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FBXO31 promotes cell proliferation, metastasis 
and invasion in lung cancer
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Abstract: FBXO31 is a member of F-box family which is involved in diverse biological functions and development of 
disease. Recent reports in breast cancer, hepatocellular carcinoma and ovarian cancer demonstrated inhibitory ef-
fect of FBXO31 on proliferation and tumorigenesis. However, the function of FBXO31 is not analyzed in lung cancer 
so far. In this study, we reported that expression of FBXO31 was higher in lung cancer tissues compared with non-
cancerous lung tissues, and that higher expression of FBXO31 was significantly associated with tumor size, tumor 
infiltration, clinical stages and lymph node metastasis. In addition, exogenous expression of FBXO31 promoted 
cell growth, metastasis and invasion in A549 cells. Conversely, silencing FBXO31 by specific siRNA caused inhibi-
tory effect on cell growth, metastasis and invasion. Moreover, tumorigenicity assays in nude mice showed FBXO31 
promoted tumor growth in vivo. In conclusion, our data suggest FBXO31 promotes cell proliferation, metastasis and 
invasion in lung cancer.
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Introduction 

Lung cancer is one of the most common malig-
nance in worldwide due to late diagnosis in 
advanced stages, recurrence, limited efficiency 
of chemotherapy and radiotherapy. Tumori- 
genesis of lung cancer is a complicated net-
work involving numerous oncogene [1-5], tumor 
suppressor [6-9] and their regulators [10, 11]. 
Identifying tumor suppressor may help to 
establish novel therapeutic strategy for lung 
cancer. 

FBXO31 is a member of F-box family located at 
chromosome 16q24.3 and comprises SCF 
complex with SKP1 and CUL1 [12]. FBXO31 
serves as the substrate recognition subunit in 
the SCF(FBXO31) ligase and mediates target pro-
tein degradation through ubiquitin proteasome 
pathway. FBXO31 involves in DNA damage 
response by mediating cyclin D1 degradation 
through ubiquitin proteasome pathway and 
inducing G1 arrest after DNA damage [13-15]. 

Study in neuronal development proves that 
FBXO31 involves in neuronal morphogenesis 
and migration [16]. Recent reports show that 
FBXO31 is a candidate tumor suppressor in 
breast cancer [12] and hepatocellular carcino-
ma [17]. Expression of FBXO31 determines 
poor prognosis in esophageal squamous cell 
carcinoma [18]. However, the role of FBXO31 in 
lung cancer has not been reported yet.

In this study, we investigate expression and 
effects of FBXO31 on cell growth, metastasis 
and invasion in A549 cells and in nude mice. 
This study will provide new insights on the func-
tion of FBXO31 in cancer field. 

Materials and methods

Cell culture

Human lung cancer cell lines A549 was 
obtained from Shanghai Cell Institute Country 
Cell Bank, (Shanghai, China). A549 cells were 
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grown in DMEM medium with 10% fetal bovine 
serum (FBS) (GIBCo/BRL, MD), supplemented 
with 100 U/ml penicillin G and 100 lg/ml strep-
tomycin (Sigma-Aldrich Corp., St. Louis, MO). 
Cells were maintained at 37°C in a humidified 
5% CO2 incubator.

Plasmids

EGFP-FBXO31 expressing plasmid used in this 
manuscript was constructed as previous 
described [19]. FBXO31 open reading frame 
(ORF) was PCR amplified from FBXO31 cDNA 
clone (Open Biosystem) and inserted into the 
pEGFP-C1 vector (Clontech Laboratories, Inc.) 
to generate constructs capable of expressing 
EGFP-FBXO31 protein. The sequences of all 
constructs were confirmed by DNA sequenc- 
ing. 

Oligonucleotide transfection

siRNA against FBXO31 was purchased from 
GenePharma Co,Ltd. siRNA sequences are 
shown in Table 1. Oligonucleotide transfection 
was done using Lipofectamine 2000 reagents 
according to the manufacturer’s protocol. 
Expression of FBXO31 in transfected cells was 
determined by Real-time quantitative reverse 
transcription (RT)-PCR (qRT-PCR).

RNA extraction and Real-time quantitative re-
verse transcription PCR

Total RNA was extracted from clinical samples 
using the TRIzol reagent (Invitrogen) according 

endogenous reference, and each sample was 
normalized to its β-actin content. All experi-
ments were performed in duplicate and repeat-
ed twice. Results are represented as fold induc-
tion using the ΔCt method. Primers for quanti-
tative PCR are shown in Table 2.

Wound-healing assays 

Cell migration was examined using the wound-
healing assay. Briefly, cells were cultured to 
about 80%-90% confluence in a 6-well plate at 
37°C and 5% CO2. A wound about 1 mm width 
was created by scratching cells with a sterile 
100 μL micropipette tip. Cells were washed 
with PBS (pH 6.8) three times to remove float-
ing cells, then 1 mL serum-free DMEM was 
added. A computer-based microscopy imaging 
system was used to determine wound healing 
at 0 h, 6 h, 24 h and 48 h, with a microscope at 
200× magnification. The values of wound-heal-
ing were assessed by measuring the pixel of 
wound area by Photoshop 7.01 software. The 
experiments were performed in triplicate.

In vitro invasion assays

The assay was done by using chambers with 
polycarbonate filters (pore size, 8 µm) coated 
on the upper side with Matrigel (Becton 
Dickinson Labware). Twenty-four hours after 
siRNA transfection, A549 cells were harvested 
and 5×104 transfected cells in 200 µL of 0.1% 
serum medium were placed in the upper cham-
ber. The lower chamber was filled with 10% 
fetal bovine serum medium (600 µL). After 24 h 
incubation and removal of the cells on the 
upper chamber of the filter with a cotton swab, 
the cells on the underside were fixed with 4% 
paraformaldehyde, stained with 0.1% crystal 
violet in 20% ethanol, and counted in five ran-
domly selected fields under phase contrast 
microscope. The invasion cells were monitored 

Table 1. siRNA sequences
Cat. No. Sequences nt MW
FBXO31 siRNA 1 GAGCUCAUCCUGAUGAAGUdTdT 21 204.6
FBXO31 siRNA 1_AS ACUUCAUCAGGAUGAGCUCdTdT 21 200.8
FBXO31 siRNA 2 CGAAGCUGCUUCACCGAUAdTdT 21 197.7
FBXO31 siRNA 2_AS UAUCGGUGAAGCAGCUUCGdTdT 21 202.3
FBXO31 siRNA 3 CCUGGAUACAGCAGAUGUAdTdT 21 208.4
FBXO31 siRNA 3_AS UACAUCUGCUGUAUCCAGGdTdT 21 196.6
NC UUCUCCGAACGUGUCACGUTT 21 196.2
NC_AS ACGUGACACGUUCGGAGAATT 21 213.6

to the manufacturer’s protocol. RNA 
samples were then reverse transcribed 
into cDNA using a PrimeScriptTM RT 
reagent kit with gDNA Eraser (TaKaRa) 
in a total volume of 20 μL according to 
the manufacturer’s protocol. Equal 
amounts of cDNA samples were used 
as a template for real-time PCR to 
detect the level of FBXO31 expression. 
Quantitative PCR was performed using 
a LightCycler480 Real-Time PCR sys-
tem and a SYBR Premix Ex TaqTM II PCR 
Kit (Takara); β-actin was used as an 

Table 2. qPCR primer sequences
Genes Sequences 
FBXO31-F 5’-CCATACGGAGGACTGCTGA-3’
FBXO31-R 5’-GTACATCCACCCGATGATGA-3’
18srRNA-F 5’-CCTGGATACCGCAGCTAGGA-3’
18srRNA-R 5’-GCGGCGCAATACGAATGCCCC-3’
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by photographing at 400× magnification with 
Olympus Microscope. The assays were per-
formed in triplicate.

Western blot analysis

Western blot analysis was performed according 
to standard Western blot procedures as previ-
ously described. Briefly, proteins were separat-
ed by 10% SDS-PAGE and then transferred to 
nitrocellulose membrane (Bio-Rad). After block-
ing in 5% nonfat milk, the membranes were 
incubated with the following primary antibod-
ies: mouse anti-FBXO31 monoclonal antibody 
(mAb; 1:300; Abcam), mouse anti-β-actin mAb 
(1:1,000; Abcam). The proteins were visualized 
with enhanced chemiluminescence reagents 
(Pierce).

Tumorigenicity assays in nude mice

Six-week-old female athymic nude mice were 
subcutaneously injected in the right armpit 
region with 1×107 cells in 0.1 mL of PBS. Three 

groups of mice (n = 6/group) were tested. Group 
1 (vector) was injected with A549 cells trans-
fected with empty vector; and group 2 (FBXO31) 
was injected with A549 cells stably expressed 
FBXO31; group 3 (shRNA) was injected with 
A549 cells transfected with shRNAs targeted 
FBXO31. The tumor sizes was measured every 
7 days with calipers. The tumor volume was cal-
culated with the formula: (L×W2)/2, where L is 
the length and W is the width of the tumor. After 
the mice were killed at five weeks, the weights 
of the tumors were measured. All experimental 
procedures involving animals were in accor-
dance with the Guide for the Care and Use of 
Laboratory Animals (NIH publication no. 80-23, 
revised 1996) and were performed according 
to the institutional ethical guidelines for animal 
experiments.

Statistical analysis

Data were shown as mean ± SD unless other-
wise noted; the clinical association of FBXO31 

Figure 1. Expression of FBXO31 was as-
sessed by qRT-PCR in lung cancer tumor 
specimens (T) and normal adjacent lung 
tissues (N). β-actin served as internal 
control. Data represent as ΔCT. Clinical 
association of FBXO31 with age, gender, 
histology type, tumor size, clinical stages 
and lymph node metastasis in lung can-
cer specimens was analyzed using the 
two-tailed Student’s t-test. A P value of < 
0.05 was considered statistically signifi-
cant.
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with age, gender, histology type, tumor size, 
clinical stage and lymph node metastasis in 
lung cancer specimens was analyzed using the 
two-tailed Student’s t-test. A P value of < 0.05 
was considered statistically significant. 

Results

Higher expression of FBXO31 correlated with 
tumor size, clinical stage and lymph node me-
tastasis in lung cancer

We investigated expression of FBXO31 in lung 
cancer tissues and corresponding non-cancer-
ous tissues. Our data showed significantly high-
er expression of FBXO31 in lung cancer tissues 
compared with corresponding non-cancerous 
lung tissues (Figure 1). We also investigated 
the association of FBXO31 expression with cli-
matological parameters of lung cancer patients. 
Our results showed higher expression of 
FBXO31 is associated with larger tumor size, 
higher clinical stages and lymph node metasta-
sis, and not with age, gender and histology type 
(Figure 1, Table 3). 

We also examined the effects of FBXO31 on 
metastasis and invasion capacity of lung can-
cer cells. The wound-healing assay and the 
transwell assay were applied in A549 cells. As 
Figure 3A shown, enforced expression of 
FBXO31 notably promoted migration of A549 
cells on the surface of the tissue culture plate, 
significantly increased area of wound-healing 
compared with controls in wound-healing 
assay. Conversely, silencing FBXO31 led to 
decreased migration of A549 cells (Figure 3A). 
Data of transwell assays showed enforced 
expression of FBXO31 enhanced and suppres-
sion of FBXO31 inhibited invasion capacity of 
A549 cells (Figure 3B). These data suggest 
FBXO31 plays a promoting role in metastasis 
and invasion.

FBXO31 promotes tumor growth in vivo

To further verify the results of in vitro cell growth 
assays, tumorigenic assays in nude mice were 
performed using A549 cells stably expressing 
or silencing FBXO31. Empty vector served as 
control. Then we evaluated the tumorigenic 

Table 3. The association of FBXO31 with clinicopathologi-
cal features of 50 patients with lung cancer

Characteristic
No. of patients FBXO31 ΔCt

P
No % Mean ± SD

Age, years
    >60 31 62% 5.356 ± 0.2192 0.0661
    ≤60 19 38% 6.015 ± 0.2407 
Sex
    Male 36 72% 5.729 ± 0.2423 0.2690
    Female 14 28% 5.346 ± 0.2143 
Size
    >3 cm 27 54% 5.255 ± 0.1630 0.0035
    ≤3 cm 23 46% 6.284 ± 0.3606 
Histology type
    Adenocarcinoma 36 72% 5.640 ± 0.1764 0.5331
    Squamous cancer 14 28% 5.400 ± 0.4140 
Histological grade
    I, II 28 56% 6.055 ± 0.2352 0.0020
    III, IV 22 44% 5.027 ± 0.2164 
Lymph node status
    No Metastasis 13 26% 6.900 ± 0.2895 0.0026
    Metastasis 37 74% 5.701 ± 0.2428 
Smoking history
    Smoker 32 64% 5.147 ± 0.1500 0.0002
    Nonsmoker 18 36% 6.433 ± 0.3657 

Effects of FBXO31 on cell growth and 
colony formation

We first investigated effects of FBXO31 
on cell growth and colony formation abil-
ity of lung cancer cells. Specific siRNA 
was used to silencing FBXO31 in A549 
cells. NC served as control. Enforced 
expression of FBXO31 was accom-
plished by transfecting FBXO31-EGFP 
expressing plasmids into A549 cells 
with empty vector served as control. 
Exogenous expression of FBXO31 and 
silencing efficiency of siRNA were con-
firmed by western blot (Figure 2C and 
2D). MTT assay showed exogenous 
expression of FBXO31 enhanced and 
suppression of FBXO31 inhibited cell 
growth in A549 cells (Figure 2A). Colony 
formation assay showed enforced 
expression of FBXO31 increased colony 
formation and silencing FBXO31 result-
ed in fewer colonies (Figure 2B). Taken 
together, these data revealed the onco-
genic potential of FBXO31 in lung cancer 
cells.

Effects of FBXO31 on metastasis and 
invasion
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Figure 2. Effects of FBXO31 on cell proliferation and colony formation of lung cancer cells. A. MTT assay of A549 
cells. Data represent the means ± SD. B. Colony formation assay of A549 cells. Left, images are representative of 
three independent experiments. Right, columns, mean of three separate experiments; bars, SD. **P < 0.01. C and 
D. Expression of FBXO31 in A549 cells. Columns, mean of three separate experiments; bars, SD. ***P < 0.001.
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effects of each of these cells in BALB/C nude 
mice. The tumors in mice injected with A549 
cells stably expressing FBXO31 showed a prolif-
erative tendency, with significantly bigger tumor 
volume compared with the control group (Figure 
4). Moreover, suppression of FBXO31 in A549 
cells led to consequential suppression of tumor 
growth in nude mice (Figure 4). These results 
indicate that FBXO31 promotes tumor growth 
in vivo.

Discussion 

FBXO31 is a member of F-box protein family, 
which contains a F-box motif and functions as a 
substrate recognized unit in ubiquitin protea-
some system [12]. Recent studies in breast 
cancer [12], hepatocellular carcinoma [19] and 
gastric cancer [20] indicated FBXO31 functions 
as a tumor suppressor. The expression of 

FBXO31 is relatively lower in tumor tissues 
compared to their corresponding non-cancer-
ous tissues. However, a study in esophageal 
squamous cell carcinoma (ESCC) showed a dif-
ferent story about the function and expression 
profile of FBXO31. They showed the expression 
of FBXO31 was associated with tumor invasion 
depth and clinical stage [18]. Moreover, higher 
expression of FBXO31 correlated with poor 
prognosis in ESCC patients [18]. Therefore, the 
expression and function of FBXO31 is contro-
versial in different type of cancers. Until recent-
ly, the expression profile, clinical significance 
and biological function of FBXO31 in lung can-
cer remains unclear. In the present study, we 
investigated the expression of FBXO31 in lung 
cancer tissues and corresponding non-cancer-
ous lung tissues. The association between the 
expression of FBXO31 and clinical parameters 
was analyzed. We further evaluated the effects 

Figure 3. Effects of FBXO31 on metastasis and invasion of lung cancer cells. (A and B) Enforced expression of 
FBXO31 promotes (A) and silencing FBXO31 inhibits (B) metastasis of A549 cells. Cells were plated in 6-well plates, 
transfected as indicated. Monolayer was then disrupted with a cell scraper (1 mm width), and photographs were tak-
en at 0, 6, 24 and 48 h in a phase-contrast microscope. Experiments were carried out in triplicate, and four fields of 
each plate were recorded. (C and D) Enforced expression of FBXO31 promotes (C) and silencing FBXO31 inhibits (D) 
invasion of A549 cells. The cells that invasion through the pores to the lower surface of the filter were stained with 
crystal violet and counted under a microscope. The values obtained were calculated by averaging the total number 
of cells from three separate experiments. Columns, mean of three separate experiments; bars, SD. *P < 0.05.

Figure 4. FBXO31 promotes tumor growth in nude mice. A. Images of nude mice that were injected with the three 
different groups of A549 cells (vector, FBXO31 and shFBXO31. B. Representative images of tumors isolated from 
nude mice. The images shown are representative of the results from 6 mice. C. HE staining of tumors tissues. Im-
ages are representative of three independent experiments. Original magnification 200×. D. The tumor volumes 
were estimated using calipers. Data represent the means ± SD of 6 mice per group. **p < 0.001.



FBXO31 and lung cancer

1821 Am J Cancer Res 2015;5(5):1814-1822

of FBXO31 on cell growth, colony formation, 
metastasis and invasion in lung cancer cells 
and nude mice xenograft model. 

Our results showed significantly higher expres-
sion of FBXO31 in lung cancer tissues com-
pared with corresponding non-cancerous tis-
sues. Further analysis showed expression of 
FBXO31 correlated with tumor size, clinical 
stage and lymph node metastasis in lung can-
cer patients, suggesting that FBXO31 might 
play an important role in tumor development 
and progression. Cell proliferation assays and 
colony formation assays showed enforced 
expression of FBXO31 promoted and silencing 
of FBXO31 suppressed cell growth and colony 
formation in lung cancer cells. Wound healing 
assays and matrigel-based in vitro invasion 
assays showed overexpression of FBXO31 
increased and suppression of FBXO31 
decreased metastasis and invasion abilities of 
lung cancer cells. Moreover, tumorigenicity 
assays in nude mice verified the finding in vitro 
proliferation assays and demonstrated FBXO31 
promoted tumor growth in vivo. Taken together, 
our data indicated FBXO31 might play an onco-
genic role in lung cancer development and 
progression.

In conclusion, FBXO31 promotes tumor growth, 
invasion and metastasis in lung cancer. Our 
results demonstrated the oncogenic potential 
and clinical significance of FBXO31 in lung can-
cer. This study provides new insights on the 
function of FBXO31 in cancer field and help 
establishing novel strategy for lung cancer 
therapy.
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