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Hypoxia-inducible factor 1a (HIF1a) is a transcription factor involved in the growth, invasion and metas-
tasis of malignant tumors. Glycogen synthase kinase 3 beta (GSK3b) is a protein kinase involved in a vari-
ety of signaling pathways, such as the Wnt and NF-jB pathways; this kinase can affect tumor progress
through the regulation of transcription factor expression and apoptosis. Recent studies showed that
GSK3b was involved in the expression of HIF1a. However, the effect of GSK3b on HIF1a expression in
osteosarcoma cells remains unknown. To understand the relationship between GSK3b and HIF1a com-
prehensively, small RNA interference techniques, Western blot analyses, quantitative real-time PCR anal-
yses and luciferase assays were used in our study. Experimental data revealed that inhibition of GSK3b
could increase HIF1a protein levels and expression of its target genes by increasing the stability of the
HIF1a mRNA, not by affecting the HIF1a protein stability, and that this process could be mediated by
nucleolin.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Normally mammalian cells need sufficient levels of oxygen to
survive. In fact, hypoxia is a common feature of many diseases,
e.g., a hypoxic environment exists in almost all solid tumors. Under
hypoxic conditions, cells must compensate for the lack of oxygen.
HIF1a is the main regulator of tumorigenesis and tumor angiogen-
esis under hypoxic conditions and regulates the expression of more
than 100 genes, including oxygen transport, glucose metabolism,
cell proliferation and apoptosis [1–3]. Under hypoxic conditions,
HIF can promote the expression of its target genes, including VEGF,
EPO and GLUT1 [4]. HIF-1 is composed of two subunits, namely
HIF1a and ARNT [5]. HIF1a is encoded by the HIF1A gene and acti-
vated by hypoxia. Its activation is mediated by phosphorylation
while its degradation occurs through a proteasome-mediated
pathway [6]. The stability of HIF1a is primarily regulated through
the hydroxylation of two proline residues (P402 and P564) in the
oxygen-dependent degradation (ODD) domain. After hydroxyl-
ation, HIF1a binds to the tumor suppressor protein von Hippel-Lin-
dau (VHL), which is an E3 ubiquitin ligase that initiates the
ubiquitination of HIF1a and promotes its proteasomal degradation
[7,8]. Recent studies have found that HIF1a is degraded through a
VHL independent process [9]. Nonetheless, the mechanism of
HIF1a degradation in osteosarcoma remains unknown.

GSK3 is a multifunctional serine/threonine kinase first discov-
ered in rabbit skeletal muscle 30 years ago, which inactivates gly-
cogen synthase by phosphorylation [10,11]. GSK3 is associated
with the development of many human diseases, such as diabetes,
inflammation, diseases of the nervous system and various malig-
nant tumors [12,13]. So far, two members of the mammalian
GSK3 family, which belong to the CMGC protein kinase family,
have been identified, namely GSK3a and GSK3b [11]. They are
widely expressed in multiple tissues with highly conserved struc-
tures [14]. The activity of GSK3b is regulated by phosphorylation of
specific amino acid residues (Tyr 216/serine 9) [15]. Phosphoryla-
tion of serine 9 is the main cause of various pathological changes
and it inactivates GSK3b in a variety of tumors [16]. Many
upstream protein kinases, such as PKA, Akt/PKB, PKC and MAPKAP,
can phosphorylate GSK3b, and the functions of these upstream sig-
naling molecules have been repeatedly reported [17,18]. Recent
studies have shown that GSK3b affects tumor development and
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progression by regulating the expression of transcription factors,
the cell cycle and apoptosis [16]. It is interesting to note that the
role of GSK3b in tumors is associated with the tumor cell type,
which means it promotes growth in some tumors, while doing
the opposite in others [16].

It has been reported that GSK3b can regulate HIF1a; however,
the underlying mechanisms still remain incompletely understood.
Daniela Flügel reported that GSK3b regulated HIF1a via three key
amino residues in the ODD domain in the HepG2 cell line and
mutation analysis revealed that GSK3b degraded HIF1a in a VHL
independent way [19]. In their following study, they found that
GSK3b regulated cell growth, migration and angiogenesis via
Fbw7 and USP28-dependent degradation of HIF1a [9].

As is reported in other tumors, our research found that in oste-
osarcoma inhibition of GSK3b promoted the expression of HIF1a
and its target genes, which was achieved by regulation of the
HIF1a mRNA, rather than HIF1a protein stability. Furthermore, this
process could be mediated through the regulation of nucleolin,
which has not been previously reported in the literature.

2. Materials and methods

2.1. Cell culture

The MG63 cell line was purchased from the ATCC. The cells
were cultured in Dulbecco’s Modified Eagle Medium (DMEM) sup-
plemented with 10% fetal bovine serum (FBS) (Biowest, South
America Origin), 100 U/mL penicillin (Sigma–Aldrich) and
100 lg/mL streptomycin (Sigma–Aldrich) at 37 �C in 5% CO2. The
cells were regularly certified as free of mycoplasma contamination.

2.2. Antibodies and reagents

Antibodies against GSK3b, GSK3a, b-catenin and the HA tag
were purchased from Cell Signaling Technology, the Flag tag anti-
body was purchased from Sigma, the HIF1a antibody was pur-
chased from BD Biosciences and the tubulin antibody was
purchased from Santa Cruz Biotechnology. The GSK3b specific
inhibitor TDZD-8, proteasome inhibitor MG132, cycloheximide
and actinomycin D were purchased from Sigma.

2.3. siRNA and transfection

The siRNAs against GSK3b and nucleolin, negative control siRNA
and DharmaFECT transfection reagent were purchased from Ther-
mo Scientific. 40 nM siRNA was transfected into cells following the
manufacturer’s protocol.

2.4. Plasmids and transfection

Flag-HIF1aP402A, P564G (Flag-HIF1a2pm) has been described
previously [20] and was kindly provided by Dr. Jaime Caro (Thomas
Jefferson University). Flag-HIF1aP402A, P564G, S551A, T555V,
S589A (Flag-HIF1a2pmSTSm) was generated using Flag-HIF1a2pm
as a template with a site directed mutagenesis kit (Stratagene).
pcDNA3-HA-GSK3b was produced by PCR using MG63 cell cDNA
as template. pGL2-HIF1A�572 to +284 was produced by PCR using
MG63 cell genomic DNA as template. The plasmids were validated
by DNA sequencing. Transfections were performed using Lipofect-
amine 2000 (Invitrogen) based on the manufacturer’s instructions.

2.5. Western blot analysis

Equal amounts of protein extracted from the harvested cells
were resolved by 5–8% SDS–PAGE. After electrophoresis, the
proteins were electroblotted onto NC/PVDF membranes (Millipore,
USA). The blots were blocked using 5% (w/v) nonfat dry milk in PBS
overnight at 4 �C prior to immunoprobing with antibodies diluted
in PBS with 5% (w/v) milk for 2 h at room temperature. The mem-
branes were incubated overnight at 4 �C with the indicated anti-
bodies and then incubated with secondary antibodies for 2 h. The
subsequent visualization was performed using SuperSignal West
Femto Maximun Sensitivity Substrate (Thermo, Japan) with tubu-
lin levels used as the loading control. Three independent assays
were conducted.

2.6. RNA isolation and quantitative real-time PCR

Total RNA was extracted from the cultured cells using TRIzol
reagent (Invitrogen, USA) according to the manufacturer’s protocol
and quantified with the Nanodrop 2000 (Thermo, Japan). First-
strand cDNA synthesis and amplification were performed using
reverse transcription reagents (Takara, China) following the manu-
facturer’s instructions. The cDNA templates were combined with
SYBR Green premix with RoxII (Takara, China) to perform quantita-
tive-PCR reactions. GADPH was used as the endogenous control for
quantifying mRNA levels. Three independent assays were per-
formed. Details of the primer sequences used are presented in Sup-
plementary Table 1.

2.7. Luciferase assay

The luciferase assay and b-gal assay kits were purchased from
Thermo Scientific. pGL2-HIF1A�572 to +284 and the b-gal plasmid
were cotransfected into MG63 cells and b-gal levels were mea-
sured as a transfection efficiency control.

2.8. Statistics

The results are presented as the mean ± SEM. Comparisons of
quantitative data were analyzed by Student’s t-test (p < 0.05 was
considered to be significant). ⁄P < 0.05, ⁄⁄P < 0.01.

3. Results

3.1. Inhibition of GSK3b enhanced HIF1a protein expression and
expression of its target genes in osteosarcoma cells

To test the effect of GSK3b on HIF1a expression in osteosar-
coma cells, we knocked down GSK3b expression in MG63 cells,
as shown in Fig. 1A, which remarkably enhanced HIF1a expres-
sion. Similar results were obtained in cells treated with a specific
GSK3b inhibitor (Fig. 1B). Levels of b-catenin, a putative GSK3b
target gene, were increased by GSK3b inhibition. The mRNA
expression of the HIF target genes VEGF and Glut1 were evaluated
in these cells. Fig. 1C shows that the knock down of GSK3b signif-
icantly increased the mRNA expression of VEGF (a) and Glut1 (b),
suggesting that inhibition of GSK3b enhanced HIF1a protein
expression and the expression of its target genes in osteosarcoma
cells.

3.2. GSK3b did not affect HIF1a protein stability in osteosarcoma cells

Previous studies have shown that GSK3b phosphorylates three
amino acid residues in the ODD domain of HIF1a, mediating a
VHL-independent proteasomal degradation of HIF1a [9,19]. To test
this in osteosarcoma cells, we knocked down GSK3b expression in
MG63 cells, exposed the cells to extreme hypoxia plus the hypoxia
mimic deferoxamine to completely rule out the effect of oxygen on
HIF1a stability, used cycloheximide (Chx) to stop protein synthesis



Fig. 1. Inhibition of GSK3 activity in osteosarcoma cells induces expression of HIF1a and its target genes. (A) The cells were infected with SiGSK3b or SiControl for the
indicated times. (B) The cells were treated with the GSK3b inhibitor TDZD-8 at the indicated concentrations. (A, B) The cells were lysed and equal amounts of protein were
separated and submitted to Western blot analysis using the indicated antibodies. (C) Total RNA was isolated from SiControl- or SiGSK3b-treated cells. VEGF and Glut1 mRNA
expression was analyzed and quantified by real-time PCR as described in the Section 2. The relative levels of VEGF and Glut1 expression in SiControl-treated cells were set at
1. ⁄⁄P < 0.01.
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for the indicated time periods, harvested the protein and subjected
it to Western blot analysis to determine the stability of HIF1a. As
shown in Fig. 2A, although knocking down GSK3b increased HIF1a
expression at each time point, the decay rates seemed very similar,
suggesting that GSK3b most likely does not affect HIF1a protein
stability in osteosarcoma cells. To further confirm the above obser-
vation, we mutated the putative GSK3b phosphorylation sites in
Fig. 2. GSK3b did not affect HIF1a protein stability in osteosarcoma cells. (A) The cells w
plasmid or Flag-HIF1a2PmSTSm plasmid was transfected into MG-63 cells. (C) The cells
cells were treated with the HA-GSK3b or vector at the indicated concentrations. (A–D) C
cells were lysed and equal amounts of protein were separated and submitted to Wester
ODD domain by site directed mutagenesis and transfected this
and its parental plasmid into MG63 cells. We found that these
mutations did not affect HIF1a protein stability (Fig. 2B). Likewise,
knocking down or overexpression of GSK3b in MG63 cells did not
affect HIF1a2pm stability (Fig. 2C and D). Altogether, our data sug-
gest that GSK3b does not affect HIF1a protein stability in osteosar-
coma cells.
ere infected with SiGSK3b or SiControl for the indicated times. (B) Flag-HIF1a2Pm
were treated with the SiGSK3b or SiControl at the indicated concentrations. (D) The
ycloheximide (Chx) was used to stop protein synthesis for the indicated times. The
n blot analysis using the indicated antibodies.
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3.3. Inhibition of GSK3b upregulated HIF1a mRNA expression and
enhanced its stability in osteosarcoma cells

The above data suggest that GSK3b could regulate HIF1a
expression through its effect on HIF1a mRNA expression in osteo-
sarcoma cells. To test this hypothesis, we knocked down GSK3b
expression in MG63 cells and performed quantitative RT-PCR to
determine HIF1a mRNA expression. As shown in Fig. 3A, knocking
down GSK3b significantly upregulated HIF1a mRNA expression. To
further confirm this result, we treated MG63 cells with the MG132
proteasome inhibitor to block HIF1a protein degradation at the
indicated time periods to evaluate whether knocking down GSK3b
affected the accumulation of the HIF1a protein. As expected,
knocking down GSK3b significantly enhanced HIF1a protein accu-
mulation (Fig. 3B). This result also ruled out the possibility that
GSK3b could affect the stability of the HIF1a protein in MG63 cells,
because if that were the case, the accumulation of the HIF1a pro-
tein would be similar. Similar observations were obtained when
the MG63 cells were treated with a specific GSK3b inhibitor
TDZD-8 (Fig. 3C). Collectively, these data indicate that inhibition
of GSK3b upregulated HIF1a mRNA expression in osteosarcoma
cells. Next, we tried to determine the underlying mechanisms
behind the GSK3b regulation of HIF1a mRNA expression. We
cloned the HIF1A promoter region �572 to +284 into the pGL2
basic vector [21] and transfected the resulting plasmid into
MG63 cells to test if GSK3b inhibition affected HIF1A promoter
Fig. 3. Inhibition of GSK3b in osteosarcoma cells upregulated HIF1a mRNA expression
SiGSK3b-treated cells. HIF1a mRNA expression was analyzed and quantified by real-tim
SiControl-treated cells was set at 1. ⁄⁄P < 0.01. (B) The cells were infected with SiGSK3b or
TDZD-8 at the indicated concentrations. (B, C) MG132 was used to block HIF1a protei
proteins were separated and submitted to Western blot analysis using the indicated antib
vector, which was transfected into MG63 cells. The cells were infected with SiGSK3b or Si
SiGSK3b or SiControl and then treated with actinomycin D for 8 h. HIF1a mRNA expressi
relative level of HIF1a expression in DMSO-treated cells was set at 1. ⁄P < 0.05.
activity. Fig. 3D shows that knocking down GSK3b did not affect
HIF1A promoter activity. Similar results were obtained when the
cells were treated with the specific GSK3b inhibitor TDZD-8 (data
not shown). These data suggest that GSK3b does not regulate
HIF1a transcription. Another possibility is that GSK3b could affect
HIF1a mRNA stability. To test this hypothesis, we knocked down
GSK3b expression in MG63 cells and then blocked mRNA synthesis
by treating the cells with actinomycin D. The relative HIF1a mRNA
levels were measured by quantitative RT-PCR, as shown in Fig. 3E.
After treatment with actinomycin D for 8 h, we found that the rel-
ative HIF1a mRNA levels in the GSK3b-knocked down cells were
higher than in control cells, suggesting that knocking down GSK3b
increased HIF1a mRNA stability in the MG63 cells.

3.4. Inhibition of GSK3b upregulated nucleolin mRNA expression in
osteosarcoma cells

A previous study has shown that nucleolin physically binds to
HIF1a mRNA and maintains its stability [22]. To test the role of
nucleolin in GSK3b mediated HIF1a mRNA stability, we first deter-
mined whether GSK3b affected nucleolin expression. As shown in
Fig. 4A and B, knocking down GSK3b in MG63 cells significantly
increased nucleolin mRNA and protein levels. Next, we examined
if nucleolin contributed to the stability of HIF1a mRNA in MG63
cells by knocking down expression of nucleolin, which significantly
decreased HIF1a mRNA and protein expression (Fig. 4C and D).
and enhanced its mRNA stability. (A) Total RNA was isolated from SiControl- or
e PCR as described in the Section 2. The relative level of HIF1a expression in the

SiControl for the indicated times. (C) The cells were treated with the GSK3b inhibitor
n degradation for the indicated times. The cells were lysed and equal amounts of
odies. (D) The HIF1A promoter region �572 to +284 was cloned into the pGL2 basic

Control, lysed and luciferase activity was measured. (E) The cells were infected with
on was analyzed and quantified by real-time PCR as described in the Section 2. The



Fig. 4. Inhibition of GSK3b in osteosarcoma cells upregulated nucleolin mRNA expression. (A) The cells were infected with SiGSK3b or SiControl. Nucleolin mRNA expression
was analyzed and quantified by real-time PCR as described in the Section 2. The relative level of nucleolin expression in SiControl-treated cells was set at 1. ⁄⁄P < 0.01. (B) The
cells were infected with SiGSK3b or SiControl for the indicated times. (C) The cells were infected with SiNucleolin or SiControl. HIF1a mRNA expression was analyzed and
quantified by real-time PCR as described in the Section 2. The relative level of HIF1a expression in SiControl-treated cells was set at 1. ⁄⁄P < 0.01. (D) The cells were infected
with SiNucleolin or SiControl for the indicated times. (B, D) The cells were lysed and equal amounts of protein were separated and submitted to Western blot analysis using
the indicated antibodies.
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These data suggest that GSK3b affects HIF1a mRNA stability in
MG63 cells via regulation of nucleolin expression.

4. Discussion

Expression of HIF1a is the main response to hypoxia and it is
highly expressed in many tumors. HIF1a affects tumor angiogene-
sis, invasion and metastasis by activating a series of downstream
proteins. However, the mechanism of HIF1a regulation under hy-
poxia is still controversial. It has been reported that TRAF6 can
upregulate the expression of HIF1a and promote tumorigenesis
[23]. Yeh et al. recently found that HEXIM1 reduced HIF1a protein
stability, a process that is dependent on pVHL-mediated ubiquiti-
nation [24]. GSK3b is a serine/threonine kinase that phosphory-
lates glycogen synthase and is associated with many human
diseases, especially the development and metastasis of a variety
of malignant tumors [25]. GSK3b regulates tumor cell autophagy
through the transcription factors CHOP and caspase-8 in MCF7
breast cancer cell lines [26]. Similarly, GSK3b is also an important
oncogene and therapeutic target in endometrial carcinoma [13].
However, in lung cancer, GSK3b expression is low and it has been
shown to act as a tumor suppressor gene and regulate tumor cell
metastasis by phosphorylating Slug [27]. GSK3b is an important
regulatory factor in nasopharyngeal carcinoma metastasis [28].
Celecoxib inhibits b-catenin by activating GSK3b to have an anti-
tumor effect in osteosarcoma [29]. Currently, there are very few re-
ports on the regulation of HIF1a by GSK3b in osteosarcoma in the
literature. For the first time, we elaborate on the GSK3b-regulation
of HIF1a in an osteosarcoma cell line at the protein and mRNA lev-
els. Our results suggest that GSK3b negatively regulates HIF1a in
the MG63 osteosarcoma cell line. This regulation does not occur
by direct HIF1a protein phosphorylation inducing HIF1a protein
degradation in a VHL independent manner but rather by the regu-
lation of the stability of the HIF1a mRNA, which is a new type of
regulating mechanism that has not been reported in the literature
to date.
In our study, to verify the regulation of HIF1a by GSK3b in
osteosarcoma, a GSK3b inhibitor or RNA interference was used
to reduce the expression of GSK3b. Western blot analysis revealed
that HIF1a protein expression levels were higher in these groups
than in the control group, which was consistent with a previous
report [19]. To explore the underlying mechanism, we used a
small interfering RNA to inhibit levels of GSK3b, while excluding
the impact of oxygen on HIF1a. The data showed that the HIF1a
protein degradation rate did not change. To further verify this
result, the Flag-HIF1a2Pm plasmid was constructed. The HIF1a
protein stability produced by this plasmid was not affected by
the oxygen content. Likewise, suppression or overexpression of
GSK3b did not alter the degradation rate of HIF1a either. The
above data showed us that GSK3b did not affect HIF1a protein
stability in osteosarcoma cells. Using mutagenesis technology,
Flag-HIF1a2Pm was mutated into Flag-HIF1a2PmSTSm (with
S551A, T555V S589A mutations that could not be phosphory-
lated). The results showed that GSK3b had no effect on the degra-
dation rate of HIF1a. Altogether, this means that GSK3b did not
phosphorylate the three key amino acids in the ODD domain,
resulting in the VHL-independent degradation of HIF1a, which
implies that the regulation of HIF1a by GSK3b in osteosarcoma
is via a distinct mechanism. Real-time PCR was used to detect
the effect of GSK3b on HIF1a mRNA, and the experimental data
indicated that inhibition of GSK3b promoted HIF1a mRNA expres-
sion. To verify this result, we used the protein degradation inhib-
itor MG132 to inhibit the degradation of HIF1a. Inhibition of
GSK3b increased HIF1a accumulation. Therefore, GSK3b affected
HIF1a mRNA levels. To further explore the role of GSK3b on the
mechanism of HIF1a mRNA, we cloned the HIF1A promoter region
�572 to +284 and used a luciferase assay to show that inhibition
of GSK3b did not affect the HIF1A promoter activity. After inhibi-
tion of mRNA synthesis by actinomycin D, inhibition of GSK3b in-
creased HIF1a mRNA stability. To sum up, GSK3b negatively
regulated HIF1a protein by affecting its mRNA stability in the
MG63 osteosarcoma cell line.
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Nucleolin is a multifunctional phosphorylated protein that
plays a critical role in DNA and RNA metabolism, and its expression
is rather extensive. Nucleolin also participates in malignant tumors
[30]. It has been shown that nucleolin binds to the mRNA of many
important genes, including p53 and bcl-2, to affect mRNA transla-
tion [31]. Gonzalea et al. found that nucleolin could bind to the
G-quadruplex structure in the 50-UTR of the HIF1a mRNA [32].
For the first time, we have uncovered a role of nucleolin in the reg-
ulation of HIF1a in the MG63 osteosarcoma cell line. We found
that inhibition of GSK3b could increase nucleolin protein and
mRNA levels. Further experiments showed that inhibition of nucle-
olin could reduce HIF1a protein and mRNA levels, suggesting that
regulation of HIF1a mRNA stability by GSK3b could be mediated
through the regulation of nucleolin.

Current evidence suggests that in the MG63 osteosarcoma cell
line, inhibition of GSK3b could increase HIF1a protein levels and
the expression of its target genes by increasing the stability of
the HIF1a mRNA, not by affecting the HIF1a protein stability,
and that this process could be mediated by nucleolin. The manner
by which GSK3b inhibition induces nucleolin expression remains
to be elucidated.
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