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Downregulation of BZW?2 inhibits osteosarcoma cell growth
by inactivating the Akt/mTOR signaling pathway
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Abstract. Osteosarcoma is the most common malignant bone
tumor in adolescents. The function of basic leucine zipper
and W2 domains 2 (BZW?2) in tumor progression has been
reported. However, the role and mechanisms of BZW2 in
osteosarcoma remain to be determined. The aim of the present
study was to reveal the expression and biological functions of
BZW?2 in osteosarcoma and to elucidate the proximal mecha-
nisms underlying these functions. The expression of BZW2 in
osteosarcoma tissues and cell lines was assessed by qRT-PCR,
western blotting and immunohistochemistry. BZW2 overex-
pression was detected in osteosarcoma cell lines. Clinically,
BZW?2 expression was higher in osteosarcoma tissues than
in corresponding non-tumor tissues and was associated with
advanced Enneking stage and tumor recurrence. The knock-
down of BZW2 using siRNA inhibited osteosarcoma cell
proliferation, colony-forming ability, and the cell cycle at the
G2/M phase in vitro. Host signaling pathways affected by
BZW?2 were detected using a PathScan Intracellular Signaling
Antibody Array kit. These data demonstrated that the knock-
down of BZW?2 suppresses protein phosphorylation in the
Akt/mTOR signaling pathway. These observations suggest
that BZW?2 is upregulated and has a pro-tumor effect in osteo-
sarcoma via activation of the Akt/mTOR signaling pathway
and thus is a potential target for gene therapy.

Introduction

Osteosarcoma, the most common primary malignancy of
bones, is histologically characterized by the presence of
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malignant mesenchymal cells with a high rate of pulmonary
metastasis (1,2). In the past, the 5-year survival rate for osteo-
sarcoma was ~10-20%, indicating a very poor prognosis (3).
Multidisciplinary treatment, including limb salvage surgery
and multidrug neoadjuvant chemotherapy, has improved the
cumulative 5-year survival to 60-80% (4). Thus, osteosarcoma
is no longer incurable. However, the overall survival has
remained nearly unchanged in the last three decades owing to
genetic, epigenetic and biological complexities (5). Therefore,
elucidating the molecular mechanisms underlying osteosar-
coma is critical for developing new therapeutic strategies to
improve the prognosis of patients with osteosarcoma.

Basic leucine zipper and W2 domains 2 (BZW?2) is a
member of the bZIP superfamily of transcription factors. It is
involved in cell-cell adhesion via cadherin binding. Guo et al
reported that BZW?2 is a novel E-cadherin-interacting protein
based on a quantitative proteomic analysis (6). BZW1, another
member of the bZIP superfamily, is a novel proliferation
regulator in salivary mucoepidermoid carcinoma. The knock-
down of BZWI1 significantly inhibited the proliferation and
metastasis of Mc3 cells and a high expression of BZW1 has
been detected in high-grade mucoepidermoid carcinoma (7).
However, for BZW2, the potential roles and underlying
mechanisms in tumorigenesis remain elusive.

Accumulating studies have shown the importance of the
PI3K/AKT/mTOR signaling pathway in tumorigenesis (8,9).
Sun et al reported that the activation of the PI3K/AKT/mTOR
signaling pathway is correlated with tumor progression and
decreases patient survival for those with urothelial carcinoma
of the urinary bladder (10). Similarly, overexpression of the
PI3K/Akt/mTOR pathway proteins in sialyl-Tn antigen-positive
muscle invasive bladder cancer is independently associated
with a high risk of cancer-related deaths (11). However, it is not
clear whether the Akt/mTOR signaling pathways are involved
in the BZW2-induced effects on osteosarcoma.

In the present study, we investigated the expression of
BZW?2 in human osteosarcoma cell lines and an osteoblast cell
line. BZW?2 was overexpressed in osteosarcoma cell lines and
osteosarcoma tissues. The functions of BZW2 were further
examined in osteosarcoma cells. Our results demonstrated that
the knockdown of BZW2 hinders osteosarcoma cell prolifera-
tion and colony-formation ability by inhibiting the G2/M cell
cycle transition. The mechanism underlying the function
of BZW2 was also investigated. Decreased BZW2 down-
regulated the Akt/mTOR signaling pathway in osteosarcoma
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cells. Notably, we found that BZW2 expression was positively
correlated with the Enneking stage and the recurrence of
osteosarcoma. To the best of our knowledge, this is the first
evidence that the overexpression of BZW?2 is a prerequisite for
the development and progression in human osteosarcoma.

Materials and methods

Cell lines and cell culture. Two osteosarcoma cell lines
(MNNG/HOS and U20S) and one human osteoblast cell
line (hFOB 1.19) were used in the present study. All three
cell lines were obtained from the Cell Bank of the Chinese
Academy of Sciences (Shanghai, China). They were cultured
in either Dulbecco's modified Eagle's medium (MNNG/HOS)
or RPMI-1640 medium (U20S) containing 10% fetal bovine
serum (Bio-west, Logan, UT, USA), 100 U/ml penicillin, and
100 mg/ml streptomycin (both from Sigma-Aldrich, St. Louis,
MO, USA). The cells were maintained at 37°C in a humidified
atmosphere containing 5% CO,. The hFOB 1.19 cell line was
cultured according to the established American Type Culture
Collection (ATCC; Mannasas, VA, USA) protocols.

Human osteosarcoma samples. From 2015 to 2016, 50 patients
with osteosarcoma were treated at Shanghai Jiaotong
University Affiliated Sixth People's Hospital. They received
primary surgical treatment and preoperative and postoperative
neoadjuvant therapy. Each osteosarcoma sample along with a
corresponding adjacent non-tumor tissue sample was obtained
during surgery. The samples were immediately frozen in liquid
nitrogen after resection and stored at -80°C in a refrigerator.
Ethics approval was obtained from the local hospital Ethics
Committees, and written informed consent was obtained
from each patient prior to sample collection (YS-2016-064,
24 February 2016).

RNA extraction and gRT-PCR analysis. Total RNAs of human
tissue samples and cultured cells were purified using TRIzol
reagent (Invitrogen, Carlsbad, CA, USA). cDNA was synthe-
sized using a PrimeScript RT Reagent kit (Takara, Shiga,
Japan). qRT-PCR was performed using SYBR-Green Premix
Ex Taq (Takara) on an ABI 7500 PCR system
(Applied Biosystems, Foster City, CA). All reactions were
performed in 10-p] reaction volumes in triplicate. The primer
sequences were as follows: BZW2 forward, 5'-GGAGCTTTC
CGACTTCCTCC-3' and reverse, 5'-~AAGCACCACCTCCTT
GATCG-3"; B-actin forward, 5S-TTGTTACAGGAAGTCC
CTTGCC-3' and reverse, 5'-ATGCTATCACCTCCCCTGT
GTG-3.

Protein extraction and western blot analysis. Lysates were
extracted from cultured cells using T-PER Protein Extraction
Reagent (Thermo Fisher Scientific, Inc., Waltham, MA,
USA) containing PhosSTOP (Roche, Basel, Switzerland) and
Complete Mini. Equal amounts of proteins were electrophoresed
and transferred to nitrocellulose membranes or polyvinylidene
fluoride membranes (Millipore, Billerica, MA, USA). After
they were blocked in 5% non-fat milk, the membranes were
incubated with the following primary antibodies: BZW2
(polyclonal; 1:500; #21001-1-AP; Proteintech, Wuhan, China),
mTOR (total) (monoclonal; 1:1,000; #2983), mTOR (Ser2448)
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(monoclonal; 1:1,000; #5536), Akt (total) (monoclonal; 1:1,000;
#4691), Akt (Thr308) (monoclonal; 1:1,000; #13038) (all from
Cell Signaling Technology), or B-actin (polyclonal; 1:5,000;
#20536-1-AP; Proteintech). The secondary antibody was goat
anti-rabbit IgG (1:5,000; #A0545; Sigma-Aldrich). Visualization
was performed using SuperSignal West Femto Maximum
Sensitivity Substrate (Thermo Fisher Scientific, Inc.).

SiRNA transfection. Human BZW2 siRNA and non-specific
control (NC) siRNA were synthesized by RiboBio (Guangzhou,
China) and were transfected into cells using Lipofectamine 2000
reagent (Invitrogen) following the manufacturer's protocol.
The sequence of the siRNA targeting BZW2 was
GGTCTTCTGTGGACATGTA. For proliferation and cell
cycle analyses as well as RNA extraction and western blotting,
cells were used 48 h after transfection.

Cell proliferation and colony formation assays. For the cell
proliferation assay, 48 h after transfection, the cells were
seeded into a 96-well plate (3,000 cells/well). A 10-1 aliquot
of Cell Counting Kit-8 (CCK-8) solution (Dojindo, Kumamoto,
Japan) was added to triplicate wells and incubated for 2 h. The
absorbance at 450 nm was assessed. Each measurement was
performed in triplicate, and experiments were repeated twice.
For the colony formation assay, 48 h after siRNA transfection,
MNNG/HOS or U20S cells (1x10° cells/well) were cultured in
6-well plates for 10 days, and then subjected to 100% methanol
fixation for 30 min and 0.1% crystal violet staining for 30 min.
The cell colonies were counted and all assays were indepen-
dently performed in triplicate.

Cell cycle analysis. Forty-eight hours after transfection, cells
were collected and fixed with 70% ethanol. The cells were
then stained with 50 pg/ml of propidium iodide containing
RNase I (both from Kaiji Biological Inc., Nanjing, China),
followed by analysis using a FACSCalibur flow cytometer
(BD Biosciences, San Jose, CA, USA). The results were
analyzed using ModFit software (BD Biosciences). Assays
were independently performed three times.

Intracellular signaling array. Forty-eight hours after transfec-
tion, MNNG/HOS and U20S cells were harvested and lysed
on ice with 0.1 ml of cell lysis buffer containing a cocktail of
protease inhibitors for 5 min. The lysates were centrifuged at
10,000 x g at 4°C for 10 min. Intracellular signaling molecules
were detected using a PathScan® Intracellular Signaling
Array kit (#7744; Cell Signaling Technology) according to the
manufacturer's procedure. Fluorescent images of the slides
were captured using the Odyssey® Infrared Imaging System
(LI-COR, Lincoln, NE, USA) and the intensities of the spots
were quantified using Image Studio analysis software.

Immunohistochemistry. A standard immunohistochemistry
(IHC) staining procedure was followed. Briefly,
paraffin-embedded sections were cut at 4 ym, dewaxed in
xylene, and heated in a microwave at 60°C for 20 min in EDTA
buffer (pH 9.0) for antigen retrieval. For each slide, endogenous
peroxidase activity was blocked by 10 min of incubation in 0.3%
H,0,, followed by incubation at 37°C with a 1:100 dilution of
the primary antibody against BZW?2 (Proteintech) or p-AKT
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Figure 1. BZW2 was upregulated in osteosarcoma tissues and cell lines. (A and B) The mRNA and protein expression levels of BZW2 were assessed by
qRT-PCR and western blotting in osteosarcoma cell lines (MNNG/HOS and U20S) and a human normal osteoblast cell line (hFOB 1.19). (C) The grey
intensity was calculated in the osteosarcoma cell lines and the osteoblast cell line. 3-actin was used as an internal control. (D and E) The expression of BZW?2
was detected in 20 pairs of osteosarcoma tissues and their adjacent non-tumor tissues. The expression of BZW?2 was overexpressed in osteosarcoma tissues

compared with non-tumor tissues.

(Thr308) (1:200; Cell Signaling Technology). Slides were
rinsed three times in phosphate-buffered saline (PBS) and
incubated for 30 min using the EnVision Staining kit (DAKO,
Glostrup, Denmark), followed by three additional washes in
PBS and color development over 3-10 min in a moist chamber
at 20°C using 3,3'-diaminobenzidine (DAB). The slides were
counterstained with hematoxylin and dehydrated in a graded
ethyl alcohol series (70, 90 and 100%). For the sections used as
negative controls, PBS was used as a substitute for the primary
antibody. IHC signal intensities were scored as follows: 0 (no
staining), 1 (staining in <1% of cells), 2 (staining in 1-10% of
cells), or 3 (staining in >10% of cells). The samples classified as
0 and 1 were considered negative, while the samples classified
as 2 and 3 were considered positive. Assessment of IHC staining
was independently performed by two expert pathologists. Any
discordance was resolved by discussion and consensus.

Statistical evaluation. Data were compiled and analyzed
using SPSS version 21.0 (SPSS, Inc., Chicago, IL, USA). The
differences between groups were evaluated using a two-tailed
Student's t-test. The correlations between the IHC results
for BZW2 and the clinicopathological parameters were
determined using Chi-square tests. The correlation analysis
between BZW2 and p-Akt was performed using the Spearman
correlation test. P<0.05 was considered significant.

Results

BZW?2 is overexpressed in osteosarcoma cell lines and human
osteosarcoma tissue samples. To determine the role of BZW2 in

osteosarcoma, we first detected the mRNA and protein expres-
sion levels of BZW?2 in osteosarcoma cell lines and an osteoblast
cell line by qRT-PCR and western blot analyses. Compared with
the osteoblast cell line, BZW2 overexpression was detected
at both the mRNA and protein levels in osteosarcoma cell
lines (Fig. 1A-C). To further confirm its role, BZW2 expression
levels were investigated in 20 paired osteosarcoma and adjacent
non-tumor tissues. As shown in Fig. 1D and E, BZW2 expression
was significantly upregulated in 60% (12/20) of osteosarcoma
tissues compared with adjacent non-tumor tissues. These results
show that BZW?2 may play an important role in osteosarcoma
tumorigenesis and thus warrants further investigation.

Knockdown of BZW?2 inhibits osteosarcoma cell proliferation
in vitro. To explore the functional significance of BZW?2 in
osteosarcoma, BZW2-specific siRNA was used to knockdown
BZW?2 in osteosarcoma cells. BZW2 knockdown was validated
by qRT-PCR and western blotting. BZW2 mRNA and protein
expression levels were significantly decreased after transfec-
tion with BZW2-specific siRNA in MNNG/HOS and U20S
cells (Fig. 2A-D). Next, a CCK-8 assay was used to detect cell
proliferation. A 5-day growth curve analysis showed that the
knockdown of BZW?2 significantly inhibited the growth of
osteosarcoma cells (Fig. 2E and F). A colony formation assay
was carried out to determine the colony-forming capacity
of osteosarcoma cells after the knockdown of BZW2. The
number and size of colonies were both obviously decreased in
the BZW2-knockdown group in comparison with the control
group (Fig. 2G-J). These results demonstrate that BZW?2 plays
an oncogenic role in osteosarcoma.
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Figure 2. Knockdown of BZW2 inhibits osteosarcoma cell growth in vitro. (A-D) Levels of mRNA and protein expression were validated after si-BZW2
transfection in MNNG/HOS and U20S cells by gqRT-PCR and western blotting, respectively. (E and F) Cell Counting Kit-8 (CCK-8) assays were performed
after siRNA transfection. (G-J) Colony formation assays were performed using BZW2-silenced osteosarcoma cells and control cells. Data are representative

of results from three independent experiments’ “P<0.05.
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Figure 3. Knockdown of BZW?2 inhibits G2/M cell cycle transition in osteosarcoma cells. Representative images of the cell cycle assay results for MNNG/HOS
cells (A and B), and U20S cells (D and E) after transfection with si-NC or si-BZW2. (C and F) Diagrams showing the results of the cell cycle assays for

MNNG/HOS and U20S cells; "P<0.05.

Knockdown of BZW?2 inhibits the G2/M cell cycle transition
in osteosarcoma cells. Cell cycle changes in response to
BZW?2 knockdown were analyzed using flow cytometry. A
cell cycle assay revealed that si-BZW2-transfected cells had
a significant higher percentage of cells in the G2/M phase
than that of si-NC-transfected cells (Fig. 3A-F). However, no
significant difference was found in the G1 or S cell populations
between BZW2-knockdown and control-transfected cells.

In conclusion, these data revealed that BZW?2 knockdown
attenuated osteosarcoma cell proliferation by inhibiting the
G2/M cell cycle transition.

Knockdown of BZW?2 inhibits osteosarcoma cell prolifera-
tion via the AKT/mTOR signaling pathway. To determine the
mechanism by which BZW?2 affects the proliferation of osteo-
sarcoma cells, intracellular signaling arrays were used to detect
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Figure 4. Knockdown of BZW2 inhibits the Akt/mTOR signaling pathway in osteosarcoma cells. (A and D) MNNG/HOS and U20S cell extracts were
prepared and analyzed using the PathScan Intracellular Signaling Antibody Array kit (#7744). Images were captured using the Odyssey® Infrared Imaging
System (LI-COR). (B and E) Diagrams show the quantitative results for MNNG/HOS and U20S cells. (C and F) Western blot analysis of the Akt/mTOR
signaling pathway, including mTOR and Akt, in MNNG/HOS and U20S cells transfected with si-NC or si-BZW2.
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Figure 5. Clinical significance of BZW2 in patients with osteosarcoma.
(A) Representative IHC image of BZW2 expression in non-tumor adjacent
tissues. (B) Representative IHC image of BZW?2 expression in osteosarcoma
tissues. (C) Representative IHC image of p-Akt expression in osteosarcoma
tissues. Original magnification, x50 and x200.

protein expression after BZW?2 knockdown in MNNG/HOS
and U20S cells. A small decrease in the phosphorylation of
Akt-Thr308 was detected in osteosarcoma cells (Fig. 4A-D).
We then examined whether BZW2 influences the AKT/mTOR
signaling pathway in osteosarcoma cells using western blot
analysis. Based on this analysis, BZW2 knockdown inhibited
the phosphorylation of Akt and mTOR. These results support
the conclusion that BZW?2 plays a crucial role in osteosarcoma
cell growth by influencing the Akt/mTOR signaling pathway.

BZW?2 expression is correlated to Enneking stage and
tumor recurrence in osteosarcoma. To further determine the
clinicopathological significance of BZW2 in osteosarcoma,
we performed an ITHC analysis of BZW2 using 50 human
osteosarcoma tissue samples and corresponding non-tumor
tissues. Representative IHC images of BZW2 expression
in osteosarcoma tissues and adjacent non-tumor tissues are
shown in Fig. 5. Correlations between the BZW2 expression
level and the clinicopathological characteristics of patients
with osteosarcoma are summarized in Table I. BZW?2 expres-
sion levels were higher in osteosarcoma tissue samples than in
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Table I. Correlation analyses of BZW2 protein expression in
relation to clinicopathological variables of 50 patients with
osteosarcoma.

BZW?2 expression
Clinicopatho- level
logical No. of
parameters cases Negative Positive v>  P-value
Sex 1.602 0.206
Male 29 19 10
Female 21 10 11
Age (years) 0512 0474
<18 28 15 13
>18 22 14 8
Location 1.667 0434
Femur 24 12 12
Tibia 14 10
Elsewhere 12 7 5
Tumor necrosis 0.006 0.939
rate (%)
<90 36 21 15
=90 14 8 6
Cortical 0487 0.485
destruction
Yes 38 21 17
No 12 8 4
Recurrence 6226 0.013*
Yes 23 9 14
No 27 20 7
Metastasis 0.112 0.738
Yes 32 18 14
No 18 11 7
Ennecking 6912 0.009*
stage
II 34 24 10
I 16 5 11

“P<0.05. BZW2, basic leucine zipper and W2 domains 2.

corresponding non-tumor tissues (P=0.021). The expression
level of BZW2 was higher in patients at a clinically advanced
Enneking stage than in those at an early stage (P=0.009). The
BZW?2 expression level was also positively correlated with
recurrence (P=0.013). No correlation was found between
BZW?2 and other demographic and clinical factors, including
sex, age, tumor location, tumor necrosis rate, cortical destruc-
tion and metastasis. Finally, we examined p-Akt expression in
osteosarcoma tissues. Representative images of p-Akt expres-
sion in osteosarcoma tissues are shown in Fig. 5C. We found
that there was a significant correlation between the expression
of both BZW2 and p-Akt in osteosarcoma tissues (R=0.380,
P=0.006). Collectively, these results indicate that BZW?2 is
upregulated in osteosarcoma and plays a potentially important
role in osteosarcoma progression.
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Discussion

Osteosarcoma exhibits a propensity to affect children and
adolescents. The treatment for osteosarcoma has advanced
from amputation to complex limb salvage surgery combined
with systemic multiagent chemotherapy (12). However, robust
evidence indicates that in the 30 years since the dramatic
increase in survival in the late 1980s, the 5-year survival rate
for osteosarcoma has not improved substantially (13). Thus, it
is important to identify additional potential therapeutic targets.
ROCKI has been reported as a potential therapeutic target
in osteosarcoma. The knockdown of ROCKI inhibits prolif-
eration and induces apoptosis in osteosarcoma cell lines (14).
GLI2 regulates metastasis as well as progression in osteosar-
coma. The depletion of GLI2 may be an effective therapeutic
method for preventing osteosarcoma metastasis (15). In addi-
tion, ROR2 and Trpsl are potential therapeutic targets (16,17).
In the present study, we demonstrated that BZW2 was
upregulated in osteosarcoma cell lines and osteosarcoma tissue
samples in comparison with corresponding adjacent non-tumor
tissues. The knockdown of BZW2 impaired osteosarcoma cell
proliferation as well as colony-formation ability, and led to
cell cycle arrest in the G2/M phase. These results indicated
that BZW?2 plays a critical role in osteosarcoma cell growth
and functions as an oncogene in osteosarcoma. Notably, in the
present study, we found that the expression of BZW2 is posi-
tively correlated with osteosarcoma recurrence and Enneking
stage according to IHC staining results. BZW?2 plays a role in
the regulation of translation initiation. Singh et al reported that
BZW?2, also termed SMP1, interacts with human translation
factor elF2 and elF3 in vitro and promotes ternary complex
formation (18). Subsequent research revealed that the expres-
sion of BZW2 could induce ATF4 translation, which plays an
important role in eukaryotic gene regulation (19). ATF4 is a
pro-oncogenic transcription factor that drives the transcription
of various genes involved in amino acid synthesis, nutrient
uptake, autophagy and the inhibition of apoptosis (20).
According to acombined analysis of murine and human gene
expression using microarray and chip analyses, BZW2 is asso-
ciated with the ability of MYC to maintain tumorigenesis (21).
However, the potential mechanism by which BZW2 functions
in osteosarcoma remains far from clear. In the present study,
to further investigate the underlying mechanisms of BZW2,
we used the PathScan Intracellular Signaling Antibody Array
kit to identify the host signaling pathway affected by BZW2
depletion. These data revealed a small decrease in the phos-
phorylation of some components of the Akt/mTOR pathway in
BZW2 knockdown cells. The Akt/mTOR signaling pathway is
tightly associated with progression in various types of cancer,
such as breast (8), lung (22) and prostate cancer (23). Recently,
the Akt/mTOR signaling pathway was also found to partici-
pate in the tumorigenesis of osteosarcoma. Song et al reported
that p53 suppresses osteosarcoma cell growth, metastasis
and angiogenesis via the inhibition of the PI3K/AKT/mTOR
signaling pathway (24). Upon phosphorylation, activated
mTOR contributes to osteosarcoma cellular transformation and
a poor prognosis (25). We detected changes in the Akt/mTOR
pathway after BZW2 knockdown by western blotting.
Specifically, the knockdown of BZW?2 inhibited the expres-
sion of phosphorylated Akt and mTOR, indicating that BZW?2
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influences osteosarcoma progression partly via the Akt/mTOR
signaling pathway. The possible mechanism of BZW?2 interac-
tion with Akt/mTOR signaling pathway is as follows. It was
reported that BZW?2 induced ATF4 translation (19). ATF4
and phosphorylated Akt are important endoplasmic reticulum
(ER) stress proteins (26). Therefore, BZW2 may interact with
ATF4 to regulate the Akt/mTOR signaling pathway.

In conclusion, we demonstrated for the first time that
BZW?2 is upregulated in human osteosarcoma cell lines and
clinical tissues. High expression of BZW2 was positively
correlated to the Enneking stage and the recurrence of osteo-
sarcoma, and these correlations may be explained by its effects
on cell proliferation. More importantly, we demonstrated that
BZW?2 has an oncogenic function by affecting the Akt/mTOR
signaling pathway in osteosarcoma cells. These data provide
compelling evidence that BZW?2 is a potential therapeutic
target for osteosarcoma.
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