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Abstract The objectives of this study were to examine

the expression levels of Homeobox A10 (HoxA10) in

prostate cancer cells and to study the molecular mechanism

of HoxA10-mediated regulation of prostate cancer cell

growth and development. We investigated the effect of

HoxA10 on cell proliferation by stably overexpressing or

silencing HoxA10 in prostate cancer PC-3 cell line using

lentiviral vectors. Quantitative real-time PCR and western

blotting analysis were used to compare the expressions of

HoxA10 in prostate cancer cell lines and normal prostate

epithelium. Cancer cell proliferation was examined by

MTT assay and colony formation assay. The levels of

HoxA10 expression were significantly increased in prostate

cancer cell lines and tissues compared to those in normal

prostate epithelium. Overexpression of HoxA10 in PC-3

cells induced significant cancer cell proliferation, whereas

silencing of HoxA10 expression by RNAi resulted in

decreased proliferation rates. HoxA10 was highly expres-

sed in prostate cancer cells and tissues, suggesting its

functional involvement in cancer cell proliferation. We

successfully overexpressed or silenced HoxA10 in prostate

cancer PC-3 cell line and discovered that the levels of

HoxA10 directly correlate with cancer cell proliferation.

These findings contribute to a better understanding of the

regulatory mechanism of HoxA10 in prostate cancer.
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Introduction

Homeobox (HOX) genes are a family of evolutionarily

highly conserved regulatory genes, encoding transcription

factors that are essential for regulating cell development,

maturation, differentiation, and proliferation. There are

numerous reports of pro-proliferative and anti-apoptotic

roles of some HOX genes and their overexpression in a

range of malignancies [1].

Homeobox A10 (HoxA10) is an important member of

the HOX family [2], which is involved in modulating

cancer cell differentiation and development in leukemia,

lung cancer, or endometrial cancer [3–7]. HoxA10 belongs

to cluster A of the class I HOX gene, located at 7p15–p14,

and its overexpression has been shown to promote exces-

sive proliferation of early hematopoietic cells, thus leading

to the development of myeloid leukemia, breast cancer,

glioma, and other forms of cancer [7–11].

Prostate cancer is the most prevalent male malignancy

with just under one million new cases worldwide each year

[12]. Recent report showed that overexpression of HOX

genes is associated with the loss of tumor differentiation in

human prostate cancer [13]. In the present study, we found

that HoxA10 was highly expressed in prostate cancer cells.

By stably overexpressing or, alternatively, silencing

HoxA10 expression, we evaluated the effect of HoxA10 on

the development of the prostate cancer cells and its role in

the pathogenesis of the prostate cancer.
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Methods

Materials

Cell Lines and Plasmid

Prostate cancer cell lines, DU145, PC-3, 22RV1, and

LNcap, were purchased from the ATCC (Manassas, VA,

USA). Lentiviral packaging cells, 293T cells, were pur-

chased from the Shanghai Academy of Sciences Library

(China). pMSCV-puro and pSuper-puro plasmids were

made in our laboratory.

Reagents

FBS, RPMI-1640, and K-SFM were purchased from Life

Technologies (Carlsbad, CA, USA), and pDH5a competent

cells were purchased from Guangzhou Bion Company

(Beijing, China). T4 DNA ligase, AMV reverse transcrip-

tase, and random 9-mer primers were purchased from

TaKaRa Shuzo Co. (Seoul, Korea), and XhoI and EcoRI

restriction endonucleases were purchased from NEB (Ips-

wich, MA, USA). PCR reagents were purchased from

Tiangen Biotech (Beijing, China), and qPCR reagents were

purchased from FulenGene (Beijing, China). Anti-

HoxA10, anti-b-actin primary antibodies, and horseradish

peroxidase (HRP)-conjugated rabbit and mouse secondary

antibodies were purchased from Sigma (St. Louis, CA,

USA), and HRP-ECL was purchased from Perkin Elmer

(Shelton, CT, USA).

Human Tissue

The human samples of prostate cancer tissue and cancer

adjacent tissues were provided by the Department of

Urology, Guangzhou First People’s Hospital. The protocol

was approved by the Ethics Committee of Guangzhou First

People’s Hospital, Guangzhou Medical University. The

written informed consent was provided by the patients.

Cell Culture

Human prostate cancer cell lines, DU145, PC-3, 22RV1,

and LNcap, were grown in RPMI-1640 medium supple-

mented with 10 % FBS.

Analysis of HoxA10 Expression in Prostate Cancer

Cells

RNAs were isolated from frozen tissue, using TRIzol

reagent (Life technologies, Carlsbad, CA, USA), and 2 lg

of total RNA was used to synthesize cDNAs using AMV

reverse transcriptase and random 9-mer primers (Takara

Shuzo Co., Seoul, Korea), according to the manufacturer’s

protocols. HoxA10 gene expression was evaluated in var-

ious cell lines by SYBR qPCR using the following oligo-

nucleotides: HoxA10 F: 50-CTCCCACACTCGCCATC

TC-30; HoxA10 R: 50-CAAACCCAGCCCAGTCAGG-30.
Expression levels were normalized to b-actin.

Generation of pMSCV-HoxA10 and pSuper-puro-

HoxA10/RNAi Constructs

HoxA10 gene (NM_018951.3) was amplified by PCR,

digested with EcoRI and XhoI restriction exonucleases,

and cloned into the Xho I–EcoRI restriction site of the

pMSCV-puro and pSuper-puro expression vectors using T4

DNA ligase (Fig. 1a). The constructs were subsequently

transformed into pDH5a competent cells; plasmid DNA

from the ampicillin-resistant colonies was extracted using

QIAprep Spin miniprep kit (Quiagen, Limburg, Nether-

lands) and digested with Xho I and EcoR I restriction

endonucleases to verify the presence of 1233-bp HoxA10

insertion (Fig. 1b). Positive colonies were further verified

by sequencing at the DNA Sequencing Facility, Guangzhou

YingJun Company (China).

Stable Expression of HoxA10 in Prostate Cancer PC-3

Cells

HEK 293T cells were plated in 10-cm tissue culture dishes

at the density of 3 9 106 cells/well, and maintained at

37 �C, 5 % CO2 for 24 h. Calcium phosphate transfection

was used for viral packaging. Transfection was done in two

groups: HEK 293T cells in the experimental group were

transfected with pMSCV-puro-HoxA10 (PC-3/HoxA10

group) or pSuper-puro-HoxA10/RNAi (PC-3-HoxA10/

RNAi group), and cells in the control group were trans-

fected with pMSCV-puro (PC-3/Vector group) or pSuper-

puro-scramble (PC-3-scramble group) (Fig. 1). 24 h after

transfection, virus solution was filtered using 0.45 lm filter

and stored at -80 �C.

PC-3 cells were seeded in 10 cm cell culture dish at the

density of 2 9 106 cells/well. Upon reaching 70 % con-

fluence, the cells were treated with 8 lg/ml viral vector.

The infection was repeated every 12 h for 2 days. Cells

were passaged 24 h after the last infection and incubated in

the presence of 0.5 lg/ml puromycin (Sigma, St. Louis,

CA, USA).

Quantitative PCR of HoxA10 in PC-3 Cells

After 10 generations, puromycin-resistant PC-3/Vector,

PC-3/HoxA10, PC-3-scramble, and PC-3-HoxA10/RNAi

cells were collected, cellular DNA was extracted, and

HoxA10 gene expression was evaluated using qPCR as
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described above. Each reaction was repeated in triplicates.

Student’s t test was used for statistical analysis between

two groups. P \ 0.05 was considered as statistically

different.

Western Blotting

Cells were lysed in buffer containing 10 mM Tris–HCl pH

7.4, 1 % Triton X-100 and a protease/phosphatase inhibitor

cocktail (Thermo Fisher Scientific Inc., Rockford, IL). The

protein concentration was determined using a BCA kit

(Sigma, St. Luois, CA, USA). 20 lg of lysate proteins in

Laemmli buffer was fractionated on SDS-PAGE, trans-

ferred to polyvinylidene difluoride membranes and blotted.

Membranes were treated with 5 % skim milk and incu-

bated with anti-HoxA10 or anti-b-actin primary antibodies

overnight at 4 �C. Appropriate IgGs conjugated with HRP

were used as secondary antibodies, and the signal was

visualized by ECL method.

MTT and Colony Formation Assay

MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetra-

zolium bromide] colorimetric assay was used to assess cell

growth and viability. Cells were grown in a 96-well plate.

For a period of 7 days, 20 ll sterile MTT (5 mg/ml, Sigma,

St. Louis, CA, USA) was added into each well every 24 h,

and cells were incubated with the MTT solution for 4 h at

Fig. 1 Cloning of HoxA10 gene. a Plasmid maps of pMSCV-puro

and pSuper-puro vectors. b Restriction analysis of pMSCV-puro-

HoxA10 (lane 1) and pSuper-puro-HoxA10 (lane 2) constructs.

Plasmid DNA was digested with XhoI and EcoRI to determine the

size of the insert (1233 bp). Lane M indicates DNA ladder
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37 �C. 150 ll DMSO (Sigma, USA) was then added into

each well, and the absorbance was measured at 490 nm

using spectrophotometer (ELx 800; Bio-Tek Instruments-

Inc., Winooski, VT, USA). Each sample was measured in a

triplicate, and culture medium was used as a control.

For colony formation assay, cells were seeded on 6-well

plates at a density of 1,000 cells/well, cultured at 37�C,

5 % CO2 until the appearance of cell colonies, fixed with

methanol, stained with hematoxylin, and colonies were

counted.

Statistical Analysis

Statistical analysis was performed using SPSS18.0 soft-

ware for Windows (IBM, standard version 18.0). Each set

of experimental data was presented as mean ± standard

deviations. While comparing multiple samples, one-way

ANOVA was used. P \ 0.05 (two-tailed) was considered

statistically different.

Results

The Expression of HoxA10 in Human Prostate Cancer

Cells

We first evaluated the expression of HoxA10 in prostate

cancer cell lines and tissues by qPCR and western blot ana-

lysis. PC-3, DU145, 22RV1, and LNCap prostate cancer

cells exhibited significantly elevated levels of HoxA10

mRNA expression (over 3-, 7-, 16- and 12-fold, respectively)

and increased protein expression levels, compared to control

(Fig. 2a, b). Similarly, we detected high levels of HoxA10

mRNA and protein expression in human prostate cancer

tissues compared to adjacent normal tissue (Fig. 2c, d).

The Effect of HoxA10 Overexpression and Silencing

on Proliferation of PC-3 Prostate Cancer Cells

We altered the expression of HoxA10 in PC-3 prostate

cancer cells by stably overexpressing HoxA10 using

pMSCV-HoxA10 (PC-3/HoxA10) construct or, alterna-

tively, by silencing the gene using pSuper-puro system for

expression of short interfering RNA (PC-3/HoxA10-

RNAi). The expression of HoxA10 was over fourfold

increase in cells transfected with PC-3/HoxA10, compared

to control PC-3/Vector–transfected cells. In contrast, len-

tiviral transduction with HoxA10-RNAi resulted in a

markedly decreased HoxA10 mRNA and protein levels,

comparing to cells transfected with vector alone (PC-3/

scramble), as indicated by qPCR and Western blotting

(Fig. 3a, b). We next evaluated the effect of different

HoxA10 levels on the proliferation of PC-3 cells. Cell

proliferation was measured by MTT and colony formation

assays. We found that HoxA10 overexpression induced cell

proliferation and increased the number of cell clones over

threefold, comparing to control (Fig. 3c, d). On the other

hand, silencing HoxA10 significantly inhibited cell prolif-

eration and colony formation. These results suggest that

HoxA10 may play a role in regulating cell proliferation in

prostate cancer cells.

Discussion

Prostate cancer is the second leading cause of cancer

mortality in men, with an estimated 238,000 new cases

annually in the United States alone [14]. Currently, the

main treatment options for early stages of prostate cancer

include surgery, radiotherapy, or endocrine therapy. How-

ever, these methods are all associated with various degrees

Fig. 2 Expression of HoxA10

in prostate cancer cell lines and

tumor tissues. Total RNA and

proteins were isolated from PC-

3, Du145, 22RV1, and LNcap

prostate cell lines, and mRNA

expression levels and protein

levels of HoxA10 were

measured by qPCR a and

Western blot analysis b. RNA

and protein extracts from

prostate cancer tissues and

adjacent normal tissues were

analyzed by qPCR c and

Western blotting d to evaluate

HoxA10 expression levels. Data

expressed as means and SD,

n = 4, *P \ 0.05
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of complications and side effects [15, 16]. For advanced

hormone-refractory prostate treatment, effective methods

are still lacking. The option of gene therapy has the

advantages of high selectivity and low rate of adverse side

effects. Current studies have been focusing on specific

target genes to induce apoptosis and the efficient clinical

routes to deliver genes inside tumor cells [17], and there is

a great need in identifying novel target genes for gene

therapy.

The development of tumor is a complex, multi-stage

process, with excessive cell proliferation considered as one

of the most important basic biological characteristics of

malignant transformation [18]. In the present study, we

report that the expression of HoxA10, a multifunctional

regulatory gene that is involved in regulating cell devel-

opment and maturation, is increased in prostate cancer

tissues and cell lines. In order to investigate the regulatory

effect of this gene on tumor proliferation, we used lentiv-

iral transduction system that was successfully and effi-

ciently utilized in the previous reports [19–21] to express

HoxA10 in prostate cancer cell line PC-3. Overexpressing

HoxA10 led to significant increase in cancer cell prolifer-

ation, while silencing HoxA10 expression with RNAi

resulted in reduced proliferation rates. Overall, our work

provided an important insight into the molecular mecha-

nisms of the development and proliferation of prostate

tumor cells and the role of HoxA10 in regulating these

processes.
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