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Homeobox B3 promotes tumor cell proliferation
and invasion in glioblastoma
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Abstract. Glioblastoma (GBM) is the most aggressive brain
tumor in adults with the highest mortality rate. Despite
advances achieved in treatment and research, the median
survival for patients with GBM remains <1.5 years. This
figure prompted the present study to identify novel genes
associated with GBM development and progression to ulti-
mately improve GBM treatment. The current study sought to
determine the role of homeobox B3 (HOXB3) in GBM cell
invasion and proliferation. HOXB3 was highly expressed in
GBM tissues and glioma cell lines. To establish in vitro cell
models for investigation, U87-MG and U251-MG, two typical
GBM cells, were selected to generate corresponding cells
lines that constitutively silenced HOXB3 expression using a
lentivirus-mediated RNA interference approach. The results
of the knockdown revealed that glioma cells stably expressing
HOXB3 short hairpin RNA exhibited significantly decreased
proliferation levels when compared with untransfected cells.
The effect of HOXB3 on glioma cell invasion was also exam-
ined. Silencing of HOXB3 resulted in a marked reduction
in invasiveness. Furthermore, HOXB3 silencing led to the
upregulation of E-cadherin and downregulation of mesen-
chymal markers, N-cadherin and vimentin. Taken together,
the findings of the present study indicate that HOXB3
promotes cell proliferation and invasion.
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Introduction

Glioblastoma multiforme (GBM) is the most common type
of primary malignant brain tumor in adults worldwide (1).
Despite advance in its treatment, prognosis of patients with
GBM remains poor: Patients have a median survival time of
1 year and <5% of patients survive for 5 years (2). As tumor
cells can infiltrate into adjacent normal brain tissues, allowing
them to evade therapeutic interventions and proliferate rapidly;
tumor cell proliferation and invasion are regarded as primary
causes of poor prognosis in patients with GBM. Therefore,
it is essential to identify genes that contribute to GBM cell
proliferation and invasion.

Homeobox genes are regulatory genes thatencode transcrip-
tion factors during embryogenesis and normal development, in
which they regulate cell differentiation, and proliferation (3).
There are >20 subclasses of homeobox genes; most notable
among these is homeobox (HOX) gene family that consists of
39 genes (4). These genes are subdivided into four groups: A, B,
C and D (5,6). HOX genes are reportedly implicated in tumor
progression. HOXA7, HOXB7 and HOXA10 were highly
expressed in human lung cancer (7). HOXD9 mRNA was
present in cervical cancer, but absent in the normal cervix (8,9).
Overexpression of HOXB6, HOXBS8, HOXCS, and HOXC9
were observed in human colon cancer (10). High expression of
Hoxal, along with the downregulation of Hoxc9, was observed
in the neoplastic mouse mammary gland (11). Upregulation of
HOXD3 and HOXD4, and the concomitant downregulation
of HOXA11 and HOXBS5, were observed in human breast
cancer (9). In addition to the from the aforementioned HOX
members, HOXB3 has recently attracted attention as its altered
expression has been observed in a variety of cancer types. For
instance, HOXB3 was upregulated in primary prostate cancer
tissues compared with normal prostate tissues. This upregula-
tion was associated with higher Gleason grades and with poor
patient survival outcome (12). Overexpression of HOXB3 in
prostate cancer LNCaP cells promoted cellular proliferation
and migration (12). Immunocytochemical analysis of lung
carcinoma tissues exhibited high expression of HOXB3 (13).
Silencing of HOXB3 in non-small cell lung cancer A549
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cells resulted in decreased growth, whereas overexpression of
HOXB3 in non-small cell lung cancer NCI-H1437 cells mark-
edly increased tumor growth rate (14). Although HOXB3 has
been investigated in multiple cancer types, its role in GBM
remains unknown. The present study was therefore designed
to investigate whether HOXB3 contributes to cell proliferation
and invasion in GBM.

Materials and methods

Cell lines and cell culture. The glioma cell line U251-MG
was obtained from the Cell Bank of the Chinese Academy
of Sciences (Shanghai, China), and U87-MG from American
Type Culture Collection (Manassas, VA, USA). The two human
glioma cell lines were cultured in Dulbecco's modified Eagle's
medium Dulbecco's modified Eagle's medium (DMEM,;
Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA)
containing 2 mM glutamine, 10% fetal calf serum (FBS)
(both Thermo Fisher Scientific, Inc.), 100 U/ml penicillin
and 100 pg/ml streptomycin (Sigma-Aldrich; Merck KGaA,
Darmstadt, Germany). Cells were maintained in an incubator
at 37°C in a 5% CO2 atmosphere. HEB cells were cultured at
37°C for 3 days in DMEM (Gibco; Thermo Fisher Scientific,
Inc.) containing 2 mM glutamine, 10% FBS (both Thermo
Fisher Scientific, Inc.), 100 U/ml penicillin (Sigma-Aldrich;
Merck KGaA) and 100 pg/ml streptomycin (Sigma-Aldrich;
Merck KGaA).

Tumor samples. Glioblastoma specimens were obtained from
patients (4 male and 2 female, ranging from 44-67 years old
and admitted between September 2015 and September 2016)
who underwent surgical resection at Hainan Provincial People's
Hospital. Normal brain specimens were acquired from
3 patients undergoing surgery for epilepsy and were reviewed
to verify the absence of tumor. All samples were collected
under protocols approved by the Institutional Review Board of
Hainan Provincial People's Hospital and each patient provided
written informed consent for inclusion in the present study.

Establishment of stably transfected HOXB3-knockdown cell
lines. DNA oligos designed by the BLOCK-iT RNAi designer
(Invitrogen; Thermo Fisher Scientific, Inc.) encoding human
HOXB3-short hairpin RNAs (sequence, 5'-CGGTAAAGC
CCACCAGAAT-3") (HOXB3-knockdown) were synthesized
and cloned into the pHY-LV-KDI.1 vector (Shanghai Hanyu
Biotechnology Co., Ltd., Shanghai, China) to generate
pHY-FoxO3a-KD. A vector expressing short hairpin RNA
(shRNA) targeted against an irrelevant sequence (shRNA-NC)
was used as a negative control. The Trans-Lentiviral
Packaging system and ViraPower Lentiviral Expression
system (Invitrogen; Thermo Fisher Scientific, Inc.) were used
to produce shRNA. These constructs were co-transfected
with 15 ug packaging plasmids (Invitrogen; Thermo Fisher
Scientific, Inc.) into 293 cells using Lipofectamine 2000
(Invitrogen; Thermo Fisher Scientific, Inc.), according to the
manufacturer's protocol, and viral particles were harvested
48 h later. Lentiviruses containing shRNAs were used to
silence FoxO3a expression in U87-MG and U251-MG cells.
Stably transfected cells that consecutively silence HOXB3
were generated using one week of puromycin selection.
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Cell proliferation. Cell counts were determined using Cell
Counting Kit-8 (Dojindo Molecular Technologies, Inc.,
Kumamoto, Japan). A total of 1x10° GBM cells were plated
onto 96-well culture plates in triplicate, and cell growth was
determined daily for 5 days using a tetrazolium salt-based
colorimetric assay (Dojindo Molecular Technologies, Inc.)
according to the manufacturer's protocol. Absorbance was
measured at 450 nm. Three independent experiments were
performed.

Transwell invasion assay. For the Transwell assay, 2x10* stably
transfected cells were plated into 24-well Boyden chambers
(Corning Incorporated, Corning, NY, USA) with an 8-ym
pore polycarbonate membrane coated with 30 g Matrigel
(BD Biosciences, San Jose, CA, USA). Cells were plated in the
upper chamber with 200 ul of serum-free medium (DMEM,;
Gibco; Thermo Fisher Scientific, Inc.), and the medium
containing 20% FBS was added to the lower chamber to serve
as a chemoattractant. After 36 h, the cells were washed three
times with PBS. Non-invasive cells were removed from the
upper well using cotton swabs, and the invasive cells were then
fixed with paraformaldehyde for 15 min at room temperature,
air-dried, and stained with 0.1% crystal violet for 15 min at
room temperature. The results were observed under a light
microscope in 5 predetermined fields (magnification, x200).

Western blot analysis. Cells were lysed in radioimmunopre-
cipitation assay buffer (50 mM Tris-HCI pH 8.0,1 mM EDTA
pH 8.0, 5 mM DTT, 2% SDS), and protein concentration
was determined using a BCA assay (Beyotime Institute of
Biotechnology, Haimen, China). Total protein (30 pg per lane)
was resolved using a 10% SDS-PAGE and electrotransferred
to polyvinylidene fluoride membranes (Invitrogen; Thermo
Fisher Scientific, Inc.), then blocked with 5% non-fat dry milk
in Tris-buffered saline, pH 7.5 for 1 h at room temperature.
Membranes were incubated with primary antibodies overnight
at 4°C. The primary antibodies used were HOXB3 (dilution,
1:400; Santa Cruz Biotechnology, Inc., Dallas, TX, USA;
cat. no. sc28606), N-cadherin (dilution, 1:800 Cell Signaling
Technology, Inc., Danvers, MA, USA; cat. no. 4061), vimentin
(dilution, 1:200; Cell Signaling Technology, Inc.: cat. no. 3932),
E-cadherin (dilution, 1:1,000; Cell Signaling Technology,
Inc.; cat. no. 3195) and B-actin (dilution, 1:4,000; ProteinTech
Group, Inc., Chicago, IL, USA; cat. no. HRP60008). A
horseradish peroxidase-conjugated IgG secondary antibody
(dilution, 1:2,000; cat. no. ab6721, Abcam, Cambridge, MA,
USA) was added and incubated at room temperature for 1 h.
Bound antibodies were detected using the BeyoECL system
(cat. no. POO18; Beyotime Institute of Biotechnology), and
densitometry was performed using ImageQuant 5.2 software
(GE Healthcare Life Sciences, Little Chalfont, UK) was used
for analysis.

Immunocytochemistry. Immunocytochemistry was performed
to detect the expression of HOXB3. Initially, 5-¢m sections
of formalin-fixed paraffin-embedded tissues were dewaxed
with xylene and rehydrated in 100 and 95% ethanol. Antigen
retrieval was performed by boiling slides in 10 mM sodium
citrate buffer pH 6.0 for 10 min. Non-specific antibody
binding in cells and slides was blocked by incubation with
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Figure 1. HOXB3 is highly expressed in primary GBM tumors and cell lines. (A) A representative immunohistochemical image of HOXB3-positive staining
in GBM tissue. Human GBM patient and normal brain specimens were subjected to immunohistochemistry using a specific antibody against HOXB3. Strong
positive staining for HOXB3 was detected in tumor specimens (n=6). Magnification, x200. (B) Negative staining was observed in normal human brain speci-
mens (n=3). (C) High expression of HOXB3 in typical glioma cell lines. Western blot analysis of HOXB3 in glioma U87-MG and U251-MG cells and a normal
glial cell HEB line revealed a significantly higher HOXB3 protein level in U87-MG and U251-MG cells than that of HOXB3 in HEB cells. As a normalizing
control, B-actin was also detected in the same blot. GBM, glioblastoma; HOXB3, homeobox B3; HEB, human embryonal brain. Magnification, x200.

blocking buffer (0.2% Triton X-100, 5% normal donkey serum,
and 5% non-fat milk in Tris-buffered saline) for 1 h at room
temperature prior to overnight incubation with affinity-puri-
fied specific primary antibody HOXB3 (dilution, 1:200; Santa
Cruz Biotechnology, Inc.; cat. no. sc28606 ) in blocking buffer
at 4°C. Human GBM sections were then incubated with alka-
line phosphatase-conjugated secondary antibody (dilution,
1:500; Cayman Chemical Company, Ann Arbor, MI, USA; cat.
no. 13460-1) in the blocking buffer for 1 h at room temperature.
Immunoreactivity was visualized by incubating the sections
with 3,3-diaminobenzidine tetrahydrochloride (Dako; Agilent
Technologies, Inc., Santa Clara, CA, USA) to produce brown
precipitates. The slides were counterstained with hematoxylin
at room temperature for 2 min for viewing negatively stained
cells.

Statistical analysis. Data are presented in the graphs as the
mean =+ standard deviation of three independent experiments.
The differences among groups were determined using analysis
of variance with post hoc contrasts determined using the
Student-Newman-Keuls test, and comparisons between two
groups were analyzed using the Student's t-test. P<0.05 was
considered to indicate a statistically significant difference. All
statistical analyses were performed using GraphPad Prism 6
software (GraphPad Software, Inc., La Jolla, CA, USA).

Results

HOXBS3 is highly expressed in US7-MG and U251-MG cells.
To analyze the expression level of HOXB3 in GBM, 6 tissue

samples of GBM (from surgical biopsy specimens) were
initially examined using immunocytochemistry. Strongly posi-
tive staining was observed in human GBM patient specimens
(n=06); by contrast, HOXB3 was hardly detectable in normal
brain samples (n=3) (Fig. 1A and B). These results indicated
that HOXB3 is predominantly present in cancerous tissue,
but not in normal brain tissue. As U87-MG and U251-MG are
typical in vitro models of GBM that can authentically recapitu-
late GBM cancerous phenotypes, specifically cell proliferation
and invasion, these two cell lines were used to examine the
expression level of HOXB3. As expected, high expression of
HOXB3 was observed in U87-MG and U251-MG cells. By
contrast, HEB cells exhibited mild expression of HOXB3
that was barely detectable by western blot analysis (Fig. 1C).
These findings coincide with previous reports, which demon-
strated that HOXB3 was highly expressed in cancerous cell
lines (13,15).

Silencing of HOXB3 inhibits cell proliferation in US7-MG
and U251-MG cells. HOXB3 has been shown to serve a role in
cell proliferation in multiple types of cancer, as demonstrated
by its ability to induce cancer cell growth and tumor forma-
tion (16). To investigate the ability of HOXB3 to modulate cell
proliferation in GBM, two typical GBM cell lines, U251-MG
and U87-MG, were engineered using lentiviral gene transfer
to express a specific ShRNA against HOXB3. Upon trans-
fection, GBM cells stably silencing HOXB3 were obtained
through puromycin selection and assessed for their prolif-
eration capacities. Fig. 2A depicts stably transfected U87-MG
cells expressing significantly lower protein level of HOXB3
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Figure 2. Silencing of HOXB3 inhibits GBM cell proliferation. (A) Western blot analysis measuring HOXB3 expression demonstrated that stably transfected
U87-MG cells that constitutively silencing HOXB3 expression had been successfully generated. Densitometric analysis of the HOXB3 bands demonstrated
a significantly lower expression in stably transfected U87-MG cells when compared to NC. (B) Western blot analysis of HOXB3 expression in HOXB3-KD
U251-MG cells and its parental counterparts revealed that HOXB3-KD U251-MG cells had been successfully generated. Densitometric analysis of the HOXB3
bands demonstrated a significantly lower expression in HOXB3-KD U251-MG cells than in their parental counterparts. Cells were cultured in 96-well plates
and analyzed using a Cell Counting kit-8 assay. Cell proliferation curves were plotted and used to depict cell growth in 5 days. (C) HOXB3-KD cells exhibited
decreased proliferation relative to their parental counterparts. (D) HOXB3-KD U251-MG cells exhibited decreased proliferation relative to their parental
counterparts. GBM, glioblastoma; HOXB3-KD, homeobox B3-knockdown; NC, negative control.

compared with the parental U87-MG cells, in which HOXB3
protein level were analyzed by western blot analysis. Similarly,
this result was observed in stably transfected U251-MG cells
(Fig. 2B).

These results indicated that the two stably transfected
GBM cells had been successfully generated. Whether altered
expression of HOXB3 had an effect on GBM cell proliferation
was next investigated. Stably transfected U87-MG cells that
consistently silenced endogenous HOXB3 exhibited lower cell
proliferation capacity compared with parental U87-MG cells.
This trend did not appear until day 3, and this difference was
further enhanced over time (Fig. 2C). Similarly, in the cohort
of the U251 cells, the proliferative capacity of U251 cells with
HOXB3-knockdown was severely diminished when compared
with that determined for its parental cells. Notably, the turning
point at which the growth rate of the parental cells exceeded
that of the stably transfected cells engineered to silence
HOXB3 also emerged on day 3 (Fig. 2D). It was evident that
silencing of HOXB3 alone was able to confer to GBM cells,
at least in the in vitro models in the present study, a reduced
capacity for cell proliferation, indicating that HOXB3 serves
an important role in GBM cell proliferation.

Silencing of HOXB3 inhibits cell invasion in U87-MG and
U251-MG cells. In addition to promoting cell proliferation,
HOXB3 has also been reported to be involved in cell inva-
sion (16,17). To determine the effect of HOXB3 on GBM cell
invasion, a Matrigel invasion assay was performed to analyze

the invasive capacities of the GBM cells stably expressing
HOXB3 shRNA and their corresponding parental cells.
Identical numbers of cells from the stably transfected and
parental cohorts were plated into the upper chambers and incu-
bated for 36 h. Fig. 3A shows that HOXB3-silencing U87-MG
cells exhibited a statistically significant reduction in cell inva-
sion. Consistently, the stable silencing of HOXB3 in U251-MG
cells also led to a significant reduction in cell invasion when
compared with the parental U251-MG cells (Fig. 3B).

These findings indicate that HOXB3 alone is capable of
modulating GBM cell invasion. Notably, silencing of HOXB3
in U87-MG and U251-MG cells changed some cells' elongated,
fibroblastic morphology to become relatively rounded and
cobbled (Fig. 3A and B), reminiscent of epithelial cells under-
going an epithelial-mesenchymal transition (EMT) (18,19).
Several prior studies have verified that upregulation of mesen-
chymal genes promotes cell invasion in GBM (20-24). It was
therefore examined whether silencing of HOXB3 in GBM cells
led to evident changes in the expression of EMT-associated
genes. As expected, U87-MG cells that are stably silencing
HOXB3 exhibited a marked decrease in the level of
N-cadherin and vimentin proteins, which are typical mesen-
chymal markers. By contrast, E-cadherin, which is a classical
epithelial marker, was upregulated in the stably transfected
US87-MG cells compared with its parental cells (Fig. 3C). A
similar result was observed in the cohort of U251-MG cells
(Fig. 3D). These findings demonstrate that HOXB3 is a critical
driver of GBM invasion, and its effect on cell invasion may
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Figure 3. Silencing of HOXB3 inhibits GBM cell invasion. Cells were subjected to a Matrigel invasion assay. (A) HOXB3-KD U87-MG cells exhibited

decreased invasiveness compared with their parental counterparts. (B) HOXB

3-KD U251-MG cells exhibited decreased invasiveness compared with their

parental counterparts. Expression levels of several epithelial and mesenchymal markers were analyzed in the HOXB3-KD cells and compared with their
respective parental counterparts. (C) Western blot analysis of HOXB3 expression revealing upregulated protein level of E-cadherin and downregulated
protein levels of N-cadherin and vimentin in HOXB3-KD U87-MG cells. (D) Western blot analysis of HOXB3 expression revealing upregulated protein level
of E-cadherin and downregulated protein levels of N-cadherin and vimentin in HOXB3-KD U251-MG cells. GBM, glioblastoma; HOXB3-KD, homeobox

B3-knockdown; NC, negative control.

result from triggering the increased expression of N-cadherin
and vimentin.

Discussion

High expression of HOXB3 has been reported in a variety
of cancer types, including lung and colon cancer, and its
relevance to poor prognosis of cancer has also been estab-
lished (13,15,17). However, the role for HOXB3 in GBM
remains unknown. To the best of our knowledge, this is the
first report to reveal that HOXB3 promotes cell proliferation
and invasion in GBM.

GBM cells often invade into adjacent 1-2 cm of the normal
brain tissue, which allows tumor cells to evade standard treat-
ment interventions (2). Thus, there is a pressing requirement

to define the molecular mechanisms responsible for invasion.
The present study focused on HOXB3, and demonstrated that
silencing of HOXB3 was able to inhibit tumor cell invasion
in glioblastoma. These findings indicate that HOXB3 serves
a role in GBM cell invasion. In this regard, it is unexpected
in that HOXB3 has been reported to suppress or has no effect
on cell invasion and migration. Weiss et al (25) observed that
the specific silencing of HOXB3 was sufficient to reduce the
migration of pancreatic cancer cells in vitro, and invasion and
metastasis of pancreatic cancer in vivo, indicating that HOXB3
functions as a suppressor of cell invasion. In colorectal cancer,
high expression of HOXB3 had no effect on cell invasion, but
instead participates in regulation of cell proliferation (18).
Therefore, the present findings increase the body of under-
standing regarding the role of HOXB3 in cancer.
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EMT is an important regulatory program by which trans-
formed epithelial cells acquire enhanced invasiveness (26).
Carcinoma cells that arise from normal epithelial cells acquire
multiple attributes of EMT, including alterations to their shape,
and abrogation of cell-cell interactions (14) (such as altered
expression of cadherins), that enable their invasion. Whereas
GBMs are non-epithelial tumors, highly invasive GBM cells
necessarily undergo a switch to a more mesenchymal and
aggressive state, referred to as an EMT-like program, similar
to the classical EMT characterized in epithelial cells (27). The
present study initially observed that silencing of HOXB3 led
to a resulting change in cell shape, a typical sign of EMT, and
concomitant reduction in invasiveness. Therefore, we hypoth-
esized that reduced cell invasion may result from molecular
events associated with the EMT-like program. The results of the
present study indicated that expression of molecules associated
with EMT, including N-cadherin and vimentin, were down-
regulated in the cancer cells that silence HOXB3 expression. By
contrast, the epithelial marker E-cadherin was upregulated in
the HOXB3-silencing cells. These findings are consistent with
those obtained from previous studies (28,29), in which GBM
cell invasion is associated with the altered expression of key
EMT-associated genes.

Although multiple examples of aberrantly high HOXB3
expression, combined with the data presented in the present
report, demonstrate that HOXB3 has been implicated in tumor
development and progression, its effect on cancerous pheno-
types, particularly cancer cell proliferation, remains poorly
characterized. Several findings otherwise provide evidence
against the positive role of HOXB3 in cancer cell prolifera-
tion, as exemplified by: i) 19 malignant mammary cell lines,
including MDA-MB-231 and MCF-7 cells, exhibited down-
regulated level of HOXB3 compared with the non-malignant
SVCT cell line and human breast tissue; ii) malignant mela-
noma cell lines also exhibited downregulation of HOXB3
expression (30). Additionally, the biological effects of Hox
genes vary and exhibit tissue specificity (31). It is therefore
possible that the HOXB3 functions as a pro-proliferative
factor depending on the cell type. In certain types of cancer,
including leukemia, a set of Hox genes acting cooperatively
promote clonal expansion (32). By contrast, Zhang et al (33)
observed that forced expression of a single Hox gene can affect
tumorigenesis in neuroblastoma. Coinciding with the latter, the
results of the proliferation assay in the present study revealed
that HOXB3 had a noticeable effect on cell growth. To further
investigate the effect of HOXB3 signaling on cell prolifera-
tion, future studies should specifically examine which of the
cell cycle genes may be regulated by the action of HOXB3.

In conclusion, the findings presented in the present study
reveal that HOXB3 mediates cell proliferation and invasion in
UB7-MG and U251-MG cells, providing an insight into the active
role of HOXB3 in GBM. The current study raises the possibility
that HOXB3 acts as a potential therapeutic target, information
that potentially contributes to GBM therapy in the future.
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