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Depletion of ALX1 causes inhibition of migration and induction
of apoptosis in human osteosarcoma
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Abstract Osteosarcoma is the most common primary malig-
nant tumor in children and young adults, and the molecular
regulation of the invasion of osteosarcoma (OS) remains un-
known. In this study, we found that increased expression of
ALX1 was associated with the progression of osteosarcoma
and that ALX1 protein levels were significantly elevated in
matched distant metastases. High ALX1 levels also predict
shorter overall survival of osteosarcoma patients. We investi-
gated the therapeutic potential of targeting ALX1 expression
using the technique of RNA silencing via short hairpin RNA
(shRNA). Synthetic shRNA duplexes against ALX1 were in-
troduced to downregulate the expression of ALX1 in a highly
malignant osteosarcoma cell line, U2OS. The results obtained
indicated that shRNA targeting of ALX1 could lead to an effi-
cient and specific inhibition of endogenous ALX1 activity.
Furthermore, we found that depletion of ALX1 caused a dra-
matic cell cycle arrest, followed by massive apoptotic cell
death, and eventually resulted in a significant decrease in
migration and invasion of the osteosarcoma cell line studied.
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Introduction

Osteosarcoma (OS) is the most common malignant bone tu-
mor in children and adolescents [1–3]. Many patients experi-
ence tumor recurrence following treatment with current oste-
osarcoma therapy, which consists of chemotherapy and sur-
gery. The distal femoral and proximal tibial metaphyses are

the most common sites for development of osteosarcoma.
Although combined chemotherapy and surgery have been ap-
plied, the 5-year survival of patients with nometastatic disease
at diagnosis reaches about 70 % [4]. Nevertheless, the 5-year
survival of patients with metastatic cancer becomes as low as
about 20 %. However, the molecular regulation of the inva-
sion of osteosarcoma remains elusive. To that point, there is an
urgent need for studying the tumor biology of OS in order to
increase our understanding so as to treat it more efficiently.

In this study, we found that Aristaless-like homeobox1
(ALX1), also known as Cart1, is important for the induction
of morphologic changes in OS cells. A study on ALX1
expression levels in several OS tissue was carried out.
In order to investigate the possibility of turning ALX1
into a novel therapeutic target for the treatment of osteosar-
coma, U2OS was chosen to silence the expression of ALX1
with the highly specific post-transcriptional suppression of
RNAi. Thereafter, proliferation, cell cycle status, and apopto-
sis were also studied. The results obtained suggest that
targeting of ALX1 may be used as a potential and specific
therapeutic tool for the treatment of human osteosarcoma.

Materials and methods

Immunohistochemistry

Primary osteosarcoma biopsies of 60 patients and normal
bone tissue specimens were collected between June 2000
and December 2005 according to the regulations of the local
ethical committee. Immunohistochemistry using anti-ALX1
antibodies was performed as previously described [5].
Briefly sections were deparaffinized in xylene, rehydrated in
alcohol and water, antigen repaired, and blocked. Anti-ALX1
antibodies (1:150) were incubated overnight, followed by in-
cubation with horseradish peroxidase-labeled polymer for
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20 min. Sections were then stained with DAB for 5 min. All
sections were counterstained with hematoxylin, dehydrated,
and mounted. Scoring was performed blindly by a pathologist
according to the semiquantitative seventier system developed
by Allred et al. [6]. This system assesses the percentage of
positive cells (none=0, <10 %=1, 10–50 %=2, and
>50 %=3) and the intensity of staining (none=0, weak=1,
intermediate=2, and strong=3). The intensity and percentage
scores are then added to give a final immunoreactivity score
ranging from 0 to 6.

Cell culture

U2OS cell line was purchased from American Type Culture
Collection. Cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 20 % fetal bo-
vine serum (Invitrogen, Carlsbad, CA, USA). The cells in
which ALX1 had been knocked down (U2OS ALX1-
shRNA) and the control cells (U2OS control-shRNA) have
been described and used in previous study [7]. They were
made by the stable transfection with a shRNA-expressing
vector against ALX1 and a scrambled shRNA, respec-
tively. All the cells were maintained in DMEM supple-
mented with 10 % FBS at 37 °C in a 5 % CO2 and humidified
atmosphere.

Stable knockdown cell line generation

A vector-based RNAi approach was used to generate the sta-
ble ALX1 knockdown cell line. Briefly, according to the cor-
responding RNAi sequences used in transient experiment, the
double-stranded short hairpin RNA (shRNA) template for
both the negative control and ALX1were designed and cloned
into the Hind III/Bgl II sites of the pSUPER.retro.neo+GFP
vector (Oligoengine Corporation), respectively. The recombi-
nant RNAi constructs (pSUPER-Control-shRNA and
pSUPER-ALX1-shRNA) were confirmed by direct sequenc-
ing and transfected into U2OS cells by Lipofectamine2000
(Invitrogen), respectively. The transfected cells were then
subcultured and selected in the presence of G418 for generat-
ing the negative control and ALX1 stable knockdown cells,
designated as pControl-sh and pALX1-sh, respectively.

Migration assay

Cell motility was tested in 8-μm-pore polycarbonate mem-
brane Transwell chambers (Corning) essentially as described
previously [8]. Cells were resuspended in DMEM/F12 with-
out fetal bovine serum, and 75,000 cells were added to the top
chamber of the Transwell chambers. DMEM/F12 containing
10 % FBS was added to the bottom chamber, and cells were
allowed to migrate for 24 h. Nonmigrated cells were scraped
off the top of the membrane. Migrated cells were fixed in 4 %

formaldehyde and stained in Giemsa. Cells were counted un-
der a microscope in five different fields in duplicate wells, in
at least three independent experiments.

Apoptosis assay

Apoptosis was assayed using the Annexin V-FITC Apoptosis
Kit (keygen, China) according to the manufacturer’s instruc-
tions. Briefly, the cells were harvested and washed twice with
PBS, followed by resuspension in Annexin-V binding buffer,
and then FITC-conjugated Annexin V and PI were added.
After incubation for 10 min at room temperature in the dark,
another binding buffer was added, and the samples were im-
mediately analyzed using FCM.

Quantitative real-time PCR

Total RNAwas extracted from cultured cells using EZNATotal
Rna Kit (OMEGA Bio-tek, USA), and complementary DNA
(cDNA) was generated using PrimeScript RT reagent Kit with
gDNA Eraser (TaKaRa, Otsu, Japan). Quantitative real-time
PCR was performed using the SYBR Premix ExTaq II

Fig. 1 Expression of ALX1 in human osteosarcoma correlates with poor
patient survival. a ALX1 immunostaining of a tissue microarray
consisting of control normal bone tissue and specimens from
osteosarcoma biopsies. b ALX1 immunostaining of a randomly selected
representative tumor specimen (below) and nonspecific control staining
of a corresponding tissue specimen in the absence of primary ALX1
antibodies (up). c Kaplan–Meier plots of ALX1 expression in 20 cases
of osteosarcoma patients. Overall survival rate was performed by
log-rank test
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(TLiRNaseH Plus) (TaKaRa, Otsu, Japan) with a CFX96 Real-
Time PCR Detection System (Bio-Rad, Hercules, CA, USA).

Western blot analysis

Cells were lysed with RIPA buffer (Beyotime, China) and
boiled for 5 min. The protein concentration of each lysate
was measured using the BCA method (Beyotime, China).
Equal quantities of protein from each cell lysate were separat-
ed on SDS-polyacrylamide electrophoresis gels and trans-
ferred to PVDF membranes (Millipore, Billerica, MA). The
membranes were blocked with 5 % skimmed milk, incubated
with each primary antibody overnight at 4 °C, washed with
TBS-T buffer (10 mM Tris–HCl pH 7.4, 150 mM NaCl,
0.05 % Tween20) and incubated with secondary antibodies.
The proteins were visualized using enhanced chemilumines-
cence (GE Healthcare Biosciences)

Statistical analysis

All variables between groups were compared using the
Pearson X2 test or Student’s t test. P<0.05 was considered

statistically significant. Numerical data were calculated using
Microsoft Excel and analyzed using SPSS 17.0 (SPSS Inc.,
Chicago, IL, USA).

Results

ALX1 is over-expressed in human osteosarcoma

ALX1 immunohistochemistry was performed as outlined in
BMaterials and methods^ on an osteosarcoma tissue,
consisting of tissue cores of primary tumors collected from
60 patients with a mean age of 22 years (range 5 to 66 years)
(Fig. 1a, b). Twenty-two patients had metastatic disease,
and five of them presented with metastases at diagnosis.
A Kaplan–Meier survival analysis showed that, irrespec-
tive of metastatic or local disease, 37 patients with
immunohistochemically detectable expression of ALX1 in tu-
mor tissue had a significantly (p=0.012) shorter overall sur-
vival of 35±9 (mean±SE) months than 23 patients with
nondetectable ALX1 expression and a mean overall survival
of 69±13 months (Fig. 1c).

Fig. 2 ALX1 depletion inhibits
migration and invasion in
osteosarcoma. U2OS cells were
transiently transfected with the
control shRNA and ALX1
shRNA, respectively. Following
shRNA transfection, cells were
subjected to would healing assay
(a), transwell migration (b), and
Matrigel invasion assay (c),
respectively. *P<0.05
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ALX1 depletion inhibits the migration and invasiveness
of U2OS cells

To explore the role of ALX1 in maintaining the migratory and
invasive traits in OS cells, we then examined the effects of
ALX1 depletion in the cell lines with high ALX1 expression
using a monolayer wound-healing assay and a Matrigel-based
Boyden chamber invasion assay. Firstly, quantitative RT-PCR
and Western blot analysis demonstrated that ALX1 expression
was significantly inhibited at both mRNA and protein levels
48 h after transfection, whereas the expression of actin was
unchanged (Fig. 2a). Figure 2b shows a representative photo-
graph of cell migration, and Fig. 2c shows a statistical analysis
of the effects of depletion of ALX1 on the migration. The
percentage of relative migration distance in the ALX1-
shRNA cell clone whose ALX1 had been silenced, when com-
pared with the percentage of relative migration distance in
parent (control-shRNA, 54±6.6), is reduced. The data indicate
that silencing ALX1 decreased the cell migration, suggesting
increased expression of ALX1 in U2OS contributes to the el-
evated migration of these cells. Figure 2a shows a representa-
tive photograph of the cell invasion, and Fig. 2b shows the
statistical analysis of the effects of silencing ALX1 on cell
invasion. Numbers of invasive cells in the ALX1-shRNA cell
clone, when compared with numbers of invasive cells in par-
ent (U2OS: 410±21.1) and transfection control (control-
shRNA: 422±21.1). The data indicate that silencing ALX1
decreased the cell invasion, suggesting that high expression
of ALX1 in U2OS contributes to the elevated cell invasion.

ALX1 depletion inhibits osteosarcoma cells tumorigenesis
in vivo

To examine whether depletion of ALX1 expression could in-
hibit the tumorigenicity in vivo, the stable ALX1 knockdown
and the control cells were injected subcutaneously into nude
mice. As shown in Fig. 3, silencing of ALX1 expression re-
markably inhibited the tumor growth in both weight and size
in nude mice. Mice were sacrificed 36 days after tumor cell
injection and the tumor weight was determined, tumor weight
and tumor size of ALX1 knockdown group (0.12±0.04 g, 86±
39mm3) was only 9 and 12% of the control group (1.3±0.4 g,
720±212 mm3) (Fig. 3c).

ALX1 depletion enhanced the apoptosis of U2OS cells

Furthermore, we determined whether or not ALX1 depletion
resulted in apoptosis in osteosarcoma cells because ALX1 de-
pletion has been shown to induce apoptosis in breast cancer
cells. Flow cytometry analysis indicated that the cells with
DNA content increased dramatically at later stages after trans-
fection, suggesting that ALX1-depleted cells undergo apopto-
sis (Fig. 4a). About 14–76% ofALX1-depleted cells displayed

G1 DNA 72 h after transfection, whereas only 3–5 % of con-
trol cells had this phenotype.

ALX1 depletion induces mitotic cell cycle arrest

Next, we analyzed the effect of ALX1 depletion on cell cycle
progression using flow cytometry. ALX1 depletion induced an
obvious increase in the number of cells at G0/G1 phase and
reduction in S phase, as 77.10 % of the U2OS cell in shALX1
were noticed at G0/G1 phase, compared to 63.75 and 64.84 %
cells in the control and shCtrl, respectively (Fig. 4b). Western
blot results clearly showed a reduction in the expression of
cyclin D1 and an increase of p21 in shALX1 compared to the
blank control and shCtrl (Fig. 4c).

Fig. 3 ALX1 knockdown inhibits osteosarcoma cells tumorigenicity
in vivo. a ALX1 knockdown cells (shCtrl) and control cells (shALX1)
were injected subcutaneously into the dorsal flanks of nude mice, respec-
tively. b The tumor size was measured about 5 days for tumor growth
curve construction. c The tumor weight was measured at the end of
experimental.*P<0.05
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Discussion

The analysis of novel potential cancer-associated genes is of
importance for developing diagnostic, preventive, and thera-
peutic strategies for cancer treatment and management.
Osteosarcoma is the most common primary malignant bone
tumor in children and young adults with a high propensity for

metastasis, predominantly to the lung, and consequently is
associated with poor prognosis [9–12]. Osteosarcoma treat-
ment has undergone dramatic changes over the past 20 years,
whereas the survival rate shows limited improvement. Thus so
far, the 5-year survival rate is approximately 20 % with surgi-
cal treatment alone. Moreover, half of the patients exhibit
pulmonary metastasis, which results in high patient mortality

Fig. 4 ALX1 depletion induces apoptosis and affects cell cycle
progression in osteosarcoma. a Cells were harvested and then stained
with Annexin/PI for apoptosis detection. The basal level of apoptosis in
was 4.94%, in the shCtrl and shALX1were 3.08 and 11.34%. Significant
differences in cell apoptosis were noticed among between groups
(*P<0.05). b The effect of ALX1 depletion on cell cycle distribution as

shown by FCM. Cells were collected and then stained with propidium
iodide (PI). ALX1 silencing induced an obvious increase in the number of
cells at G0/G1 phase and reduction in S phase; there were significant
differences between shCtrl and shALX1 (*P<0.05). c Western blot
analysis of cyclin D1 and p21 in shCtrl and shALX1 U2OS
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[2, 13]. Thus, chemotherapy is typically employed in an ad-
juvant basis for improving the prognosis and long-term sur-
vival. However, recurrence frequentlymanifests as pulmonary
metastasis or, less frequently, metastasis to distant bones or as
a local recurrence [14–17]. Thus, a novel strategy that would
effectively inhibit metastasis, particularly to the lungs, from
the primary osteosarcoma site is highly desirable [18–21].

These in vitro and vivo study were an effort to investigate if
ALX1 could be exploited as a novel therapeutic target for the
treatment of human osteosarcoma cancer. We have found that
the specific shRNA-mediated depletion of ALX1 leads to a
significant decrease in cell migration, with mitotic arrest
followed by massive apoptosis in the human osteosarcoma
cancer cell line studied. Moreover, we also found that deple-
tion of ALX1 reduced tumorigenicity in nude mice in vivo.
These findings indicated that ALX1 played an important role
in tumorigenesis. Our data strongly demonstrated that, apart
from being of diagnostic value in osteosarcoma, inhibition of
ALX1 in osteosarcoma may additionally serve to be of thera-
peutic value.

In summary, our present study strongly demonstrated that
the specific shRNA-mediated silencing of ALX1 resulted in
the elimination of osteosarcoma cells via the inactivation of
p21/cyclin B1-mediated mitotic cell cycle arrest followed by
massive apoptotic cell death. Therefore, ALX1 may serve as a
potential target in the treatment of human osteosarcoma.
Consequently and conceivably, gene therapeutic ap-
proaches and/or pharmacological small molecule inhibi-
tors aimed at ALX1may be developed for the management of
osteosarcoma.
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