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HSPA12B: a novel facilitator of lung tumor growth
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Abstract
Lung tumor progression is regulated by proangiogenic factors. Heat shock protein
A12B (HSPA12B) is a recently identified regulator of expression of proangiogenic
factors. However, whether HSPA12B plays a role in lung tumor growth is unknown.
To address this question, transgenic mice overexpressing HSPA12B (Tg) and wildtype littermates (WT) were implanted with Lewis lung cancer cells to induce lung
tumorigenesis. Tg mice showed significantly higher number and bigger size of tumors
than WT mice. Tg tumors exhibited increased angiogenesis and proliferation while
reduced apoptosis compared with WT tumors. Interestingly, a significantly enhanced
upregulation of Cox-2 was detected in Tg tumors than in WT tumors. Also, Tg tumors
demonstrated upregulation of VEGF and angiopoietin-1, downregulation of AKAP12,
and increased eNOS phosphorylation compared with WT tumors. Celecoxib, a selective
Cox-2 inhibitor, suppressed the HSPA12B-induced increase in lung tumor burden.
Moreover, celecoxib decreased angiogenesis and proliferation whereas increased
apoptosis in Tg tumors. Additionally, celecoxib reduced angiopoietin-1 expression and
eNOS phosphorylation but increased AKAP12 levels in Tg tumors. Our results indicate
that HSPA12B stimulates lung tumor growth via a Cox-2-dependent mechanism. The
present study identified HSPA12B as a novel facilitator of lung tumor growth and a
potential therapeutic target for the treatment of lung cancer.

Introduction

Heat shock protein A12B (HSPA12B) is a distant
member of the mammalian heat shock protein 70 (Hsp70)
family because HSPA12B contains an atypical Hsp70
ATPase domain [3]. HSPA12B is expressed specifically
in endothelial cells, which differs from the ubiquitous
expression of other Hsp70 family members such as
HSPA1A, HSPA1B, HSPA5 and HSPA8 [4-7]. This unique
distribution pattern suggests the possible involvement of
HSPA12B in the pathogenesis of endothelium-associated
events. Indeed, previous studies from our group show
that overexpression of HSPA12B protects the heart and
brain from ischemic injury [5, 8]. Moreover, HSPA12B

Lung cancer is the leading cause of cancerrelated death in humans worldwide, with an overall 5
year survival rate of approximately 15% [1, 2]. Despite
advances in the diagnosis and treatment of lung cancer,
only modest improvements in patient survival have been
achieved in the past 25 years [1, 2]. A better understanding
of the mechanisms underlying lung cancer development
and progression is urgently needed for the design of novel
therapeutic modalities such as molecular targeted therapies
for the treatment of this disease.
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attenuates cardiac injury during endotoxemia [7]. These
effects of HSPA12B are mediated by the regulation of
the expression of proangiogenic factors such as Cox-2,
VEGF, angiopoietin-1 (Ang-1) and eNOS [5-9], which
play important roles in tumor progression [1, 2, 10, 11].
However, whether HSPA12B participates in lung cancer
growth is unknown.
To address this question, a lung cancer model was
generated by implanting Lewis lung cancer cells (LLCs)
into transgenic mice overexpressing the HSPA12B gene
(Tg) and wild-type control mice (WT). Overexpression
of HSPA12B stimulated lung tumor growth, and this
effect was mediated by Cox-2-dependent increases of
angiogenesis and cell proliferation and decrease of cell
apoptosis in lung tumors. The present study identified
HSPA12B as a novel facilitator of lung tumor growth,
which suggests that targeting HSPA12B could be a

therapeutic strategy for the treatment of lung cancer.

Results
HSPA12B is expressed in pulmonary endothelial
cells
To investigate the roles of HSPA12B in lung cancer
progression, we generated HSPA12B Tg mice. As shown
in Figure 1A, HSPA12B protein levels were significantly
higher (212.6%) in Tg lung tissues than in WT controls
(P < 0.01). Immunofluorescence staining showed that
HSPA12B (green) in Tg lung sections colocalized with
PCAM-1 (red), a marker of endothelial cells (Figure
1B). Collectively, the results suggest that HSPA12B was

Figure 1: Endothelial HSPA12B facilitated lung tumor growth. (A) Immunoblotting for HSPA12B. Lung tissues from WT
and Tg mice (8-week old) were prepared for immunoblotting for HSPA12B. The same membrane was blotted with α-Tubulin to serve
as a loading control. *P<0.01, n=6 per group. (B) Immunofluorescence for HSPA12B. Lung tissues from Tg mice (8-week old) were
prepared for cryosectioning. The immunofluorescence staining for HSPA12B and PCAM-1 was performed. Note that HSPA12B (FITC)
was colocalized with PCAM-1 (Cy3). Representative images from three independent experiments are shown. (C) Tumor formation. WT
and Tg mice were implanted with LLCs to induce lung tumorigenesis. Lung tumor formation was examined and photographed 18 days
after LLCs implantation. Note that Tg mice had a higher number and bigger size of tumors than WT mice. n=7- 9 per group. (D) Tumor
number. WT and Tg mice were implanted with LLCs to induce lung tumorigenesis. Eighteen days later, the tumors were isolated from
lungs for tumor number counting. *P<0.01, n=7- 9 per group. (E) Tumor Burden. WT and Tg mice were implanted with LLCs to induce
lung tumorigenesis. Eighteen days later, the tumors were isolated from lungs for tumor burden weighing. *P<0.01, n=7- 9 per group. All
quantitative data are expressed as means ± SD.
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HSPA12B inhibits apoptosis in lung tumors

overexpressed in pulmonary endothelial cells in Tg mice.

HSPA12B facilitates lung tumor growth

Apoptosis of tumor cells is an important determinant
of tumor load [12]. We therefore examined apoptosis in
lung tumors by TUNEL staining. As shown in Figure 3A,
the rate of apoptosis was 4.9% in WT tumors and 2.7% in
Tg tumors. Interestingly, the rate of apoptosis was 45.8%
lower in Tg than in WT tumors (P < 0.01).
Figure 3B shows the levels of expression of the
antiapoptotic protein Bcl-2 and the proapoptotic protein
Bax in lung tumors. The lung tissues from salinetreated mice served as normal controls. Bcl-2 and Bax
levels were comparable between WT tumors and WT
controls. However, a significant increase in Bcl-2 levels
and decrease in Bax levels was detected in Tg tumors
compared with Tg controls (P < 0.01). Importantly, Bcl-2
levels were significantly higher by 52.2% and Bax levels
were significantly lower by 36.2% in Tg tumors than in
WT tumors (P < 0.01). No significant difference in Bcl2 or Bax levels was observed between the two normal
controls.

Lung tumorigenesis was induced by implantation
with LLCs by caudal vein injection in Tg and WT mice.
Tumor formation was analyzed 18 days after LLCs
implantation. As shown in Figure 1C, Tg mice had a
higher number and bigger size of tumors than WT mice.
The average tumor number was 28 in Tg and 17 in WT
mice (Figure 1D). The tumor burden was 0.493 g in Tg
and 0.285 g in WT mice (Figure 1E). Therefore, tumor
number and tumor burden were 64.9% and 73.3% higher,
respectively, in Tg than in WT mice (P < 0.01).

HSPA12B increases angiogenesis in lung tumors
Angiogenesis in lung tumors was evaluated by
immunostaining for PCAM-1. As shown in Figure 2, the
percentage of PCAM-1-positive areas was 4.8% in WT
tumor and 7.1% in Tg tumors. Thus, 49.3% more PCAM1 positive areas were presented in Tg tumors than that in
WT tumors (P < 0.01).

HSPA12B increases tumor cell proliferation
To determine the role of tumor cell proliferation in
the HSPA12B stimulation of lung tumor growth, cells were

Figure 2: HSPA12B increased angiogenesis in lung tumors. Lung tumor tissues were collected 18 days after LLCs implantation.

Cryosections were prepared for immunostaining for PCAM-1. Hoechst 33342 was used to counter staining nuclei. The fluorescence images
in tumors was observed and captured using a fluorescent microscope at a magnification of 400 ×. The quantitative data are expressed as
means ± SD. *P<0.01, n=4-5 per group.
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Figure 3: HSPA12B suppressed apoptosis in lung tumors. Lung tumor tissues were collected 18 days after LLCs implantation
for the following experiments. (A) TUNEL assay. Paraffin-embedded sections were prepared. A TUNEL assay was performed to detect
apoptosis. Hoechst 33342 reagent was used to counterstain the nuclei. TUNEL-positive cells in tumors were observed using a fluorescent
microscope at a magnification of 400 ×. *P<0.01, n=3-4 per group. (B) Immunoblotting analysis for Bcl-2 and Bax. Protein extracts were
prepared for immunoblotting for Bcl-2 and Bax. The same membrane was blotted with α-Tubulin to serve as a loading control. *P<0.01,
n=4-6 per group. All quantitative data are expressed as means ± SD.

Figure 4: HSPA12B increased cell proliferation in lung tumors. Lung tumor tissues were collected 18 days after LLCs
implantation for paraffin-embedded sectioning. Slides were subjected to immunofluorescence staining for Ki-67 (Cy3, red). Hoechst 33342
reagent was used to counterstain the nuclei. Images were observed using a fluorescent microscope at a magnification of 400×. Higher
magnification images of the boxed areas are shown in the down panels. The quantitative data are expressed as means ± SD. #P<0.05, n=4
per group.
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stained with Ki-67 as an indicator of cell proliferation and
analyzed by immunofluorescence. The percentage of Ki67-positive cells was 16.8% higher in Tg tumors than in
WT tumors (80.2 ± 5.4 % vs. 68.7 ± 5.0 %, P < 0.05)
(Figure 4).

16], were significantly lower in Tg tumors than in normal
Tg lung tissues (P < 0.05) (Figure 4A). Moreover, Tg
tumors exhibited significantly lower levels of AKAP12 by
38.5% compared with WT tumors (P < 0.05). AKAP12
levels were slightly lower in WT tumors than in normal
WT lung tissues, although the difference did not reach
statistical significance.

HSPA12B upregulates the expression of VEGF
and Ang-1 and increases the phosphorylation of
eNOS in lung tumors

HSPA12B enhances Cox-2 upregulation in lung
tumors

We recently reported that HSPA12B upregulates the
expression of proangiogenic factors (e.g., VEGF, Ang1 and eNOS) in the ischemic myocardium [5]. Because
these proangiogenic factors play important roles in the
regulation of angiogenesis, apoptosis proliferation [5,
10, 13, 14], their expression levels were examined in
lung tumors. As shown in Figure 5A, the levels of VEGF,
Ang-1 and eNOS were significantly increased in both
WT and Tg tumors compared with the genotype-matched
normal controls (P < 0.01 or P < 0.05), with significantly
higher levels of VEGF and Ang-1 (16.7% and 78.2%,
respectively) in Tg than in WT tumors (P < 0.01).
Although eNOS levels were comparable between WT and
Tg tumors, phospho-eNOS (p-eNOS) levels were 37.0%
higher in Tg tumors than in WT tumors (P < 0.05).

Cox-2 plays critical roles in lung tumor progression
[12, 17]. As shown in Figure 5B, Cox-2 levels were
increased by 43.3% in WT tumors and 129.1% in Tg
tumors compared with the genotype-matched normal
lungs (P < 0.01 or P < 0.05), and they were 51.6% higher
in Tg tumors than in WT tumors (P < 0.01) (Figure 5B).
No significant difference in the Cox-2 level was observed
between normal WT and Tg lungs.

Inhibition of Cox-2 with celecoxib abolishes the
HSPA12B-induced facilitation of lung tumor
growth
To further examine the role of Cox-2 in the
HSPA12B-induced facilitation of lung tumor growth,
mice were treated with the selective Cox-2 inhibitor
celecoxib after LLCs implantation. As shown in Figure
6A, tumor size was reduced in WT and Tg mice treated
with celecoxib compared to the corresponding tumors in
untreated mice. Tumor burden was significantly decreased

HSPA12B decreases AKAP12 levels in lung
tumors
The levels of A kinase anchor protein 12
(AKAP12), which exerts tumor suppressor activity [15,

Figure 5: HSPA12B upregulated the expression of Cox-2, VEGF and Ang-1, increased the phosphorylation of eNOS,
while decreased expression of AKAP12 in lung tumors. Lung tumor tissues were collected 18 days after LLCs implantation.
Protein extracts were prepared for immunoblotting with the indicated antibodies. The same membrane was blotted with α-Tubulin to serve
as a loading control. All quantitative data are expressed as means ± SD. *P<0.01 and #P<0.05, n=4-6 per group.
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Figure 6: Cox-2 inhibitor celecoxib suppressed HSPA12B-induced stimulation of lung tumor growth. WT and Tg mice
were administrated with celecoxib (cele), a selective inhibitor for Cox-2, after LLCs implantation. Lungs were isolated and photographed
18 days after LLCs implantation. Representative images from six independent experiments are shown (A). Tumors were subsequently
isolated from lungs for tumor burden weighing (B). The quantitative data are expressed as means ± SD. *P<0.01, n=6 per group.
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Figure 7: Cox-2 inhibitor celecoxib reduced angiogenesis and proliferation, and increased apoptosis in Tg lung tumors.

(A) Tg mice were administrated with celecoxib (cele) after LLCs implantation. Lung tumor tissues were collected 18 days after LLCs
implantation for the following experiments. Angiogenesis. Cryosections were prepared for immunostaining against PCAM-1. Hoechst
33342 reagent was used to counterstain the nuclei. PCAM-1-positive areas in tumors were observed and calculated using a fluorescent
microscope at a magnification of 400 ×. *P<0.01, n=4 per group. (B) TUNEL assay. Paraffin-embedded sections were prepared. A TUNEL
assay was performed to detect apoptosis. Hoechst 33342 reagent was used to counterstain the nuclei. TUNEL-positive cells in tumors
were observed using a fluorescent microscope at a magnification of 400 ×. *P<0.01, n=3-4 per group. (C) Immunoblotting for Bcl-2 and
Bax. Protein extracts were prepared for immunoblotting for Bcl-2 and Bax. The same membrane was blotted with α-Tubulin to serve as
a loading control. *P<0.01, n=4-8 per group. (D) Immunofluorescence staining for Ki-67. Paraffin-embedded sections were subjected to
immunofluorescence staining for Ki-67 (Cy3, red). Hoechst 33342 reagent was used to counterstain the nuclei. Images were observed
using a fluorescent microscope at a magnification of 400×. Higher magnification images of the boxed areas are shown in the down panels.
*P<0.01, n=4 per group. All quantitative data are expressed as means ± SD.
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Celecoxib suppresses cell proliferation in Tg
tumors

by 72.0% in WT and 87.0% in Tg mice following
celecoxib administration compared with the corresponding
untreated tumors (P < 0.01) (Figure 6B). Importantly,
no significant difference in tumor burden was observed
between WT and Tg tumors following celecoxib treatment
(0.080 ± 0.041 g vs. 0.064 ± 0.054 g, P > 0.05). These
results suggest that celecoxib abolished the HSPA12Binduced facilitation of lung tumor growth.

Figure 7D shows the rate of Ki-67-positive cells
in Tg lung tumors treated with or without celecoxib.
Celecoxib treatment significantly decreased the percentage
of Ki-67-positive cells in Tg tumors by 34.9% compared
with that in untreated Tg tumors (P < 0.01).

Celecoxib decreases angiogenesis in Tg tumors

Celecoxib reduces Ang-1 expression and eNOS
phosphorylation in Tg tumors

As shown in Figure 7A, celecoxib treatment
significantly decreased PCAM-1-positive areas by 48.2%
in Tg tumors compared with untreated Tg tumors (3.48 ±
0.76% vs. 7.11 ± 0.15%, P < 0.01).

As shown in Figure 8, Ang-1 levels were
significantly reduced by 73.9% in Tg tumors treated with
celecoxib compared with untreated Tg tumors (P < 0.01),
whereas celecoxib had no significant effect on VEGF and
eNOS expression. The levels of phosphorylated eNOS
in Tg tumors were significantly reduced by 37.6% by
celecoxib treatment compared with that in untreated Tg
tumors (P < 0.01). Celecoxib administration significantly
reduced Cox-2 levels by 18.4% in Tg tumors (P < 0.05).

Celecoxib increases cell apoptosis in Tg tumors
As shown in Figure 7B, a 360.5% increase in the
rate of apoptosis was observed in Tg tumors treated with
celecoxib compared with untreated Tg tumors (P < 0.01).
The levels of Bcl-2 decreased significantly by 52.0%
whereas Bax levels increased by 34.4% in Tg tumors
treated with celecoxib compared with untreated Tg tumors
(P < 0.01) (Figure 7C).

Figure 8: Cox-2 inhibitor celecoxib decreased Ang-1 expression, reduced eNOS activation, and increased AKAP12
expression in Tg lung tumors. Tg mice were administrated with celecoxib (cele) after LLCs implantation. Tumor tissues were

collected 18 days after LLCs implantation for immunoblotting analysis with the indicated antibodeis. The same membrane was blotted
with α-Tubulin to serve as a loading control. All quantitative data are expressed as means ± SD. *P<0.01, n=4-8 per group.
www.impactjournals.com/oncotarget
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Celecoxib increases AKAP12 expression in Tg
tumors

growth and progression of lung cancer.
HSPA12B Tg lung tumors showed a significantly
decreased rate of apoptosis, which was negatively
correlated with lung tumor growth. This was supported
by an increase in Bcl-2 levels and a decrease in Bax
levels in Tg tumors compared with those in WT tumors.
Apoptosis is an important mechanism limiting lung tumor
progression [26-28]. For example, failure to efficiently
induce apoptosis contributes to cisplatin resistance in lung
cancer [27]. On the other hand, apoptosis sensitization
mediates the tumor suppressor effects of rapamycin,
decitabine and vorinostat [26, 28]. Taken together,
our results indicate that the suppression of apoptosis
contributed to the HSPA12B-induced growth of lung
tumors.
The proliferation rate of cancer cells is positively
correlated with tumor progression [26, 29, 30]. An
increased proliferation rate is associated with the CD97promoted progression of thyroid cancer, whereas the
suppression of tumor cell proliferation mediates the
inhibitory effects of PDE4i on tumor xenograft growth
[31, 32]. In the present study, Tg lung tumors showed
an increased proliferation rate compared to WT tumors,
as indicated by the Ki-67 positive staining. Collectively,
these results suggest that the increase in cell proliferation
contributed to the growth of Tg lung tumors.
Apoptosis and proliferation of cancer cells are
regulated by proangiogenic factors such as Cox-2, VEGF,
Ang-1 and eNOS [1, 11, 33-35]. Ho et al. showed that
suppression of Cox-2 activity mediates the IL-27induced reduction of proliferation and restriction of
lung tumorigenicity [1]. Baek et al. reported that VEGF
enhances tumor survivability via suppression of apoptosis
[10]. Human lung carcinoma tissues have significantly
higher levels of Ang-1 and its receptor Tie2 than adjacent
noncancerous tissues [36]. Moreover, eNOS has been
shown to protect prostate cancer cells from TRAILinduced apoptosis [35]. In the present study, the levels
of Cox-2, VEGF, Ang-1 and phosphorylated eNOS were
significantly higher in Tg lung tumors than in WT lung
tumors. Consistent with these results, we recently reported
that overexpression of HSPA12B upregulates VEGF and
Ang-1 in ischemic hearts, and HSPA12B upregulates
Ang-1 expression in ischemia/reperfusion brains and
endotoxemic hearts [5, 7, 8, 35]. Taken together, these
findings suggest that proangiogenic factors are involved
in the HSPA12B-induced decrease in apoptosis and
increase in cell proliferation in lung tumors, which in turn
promoted lung tumor growth.
Cox-2 plays critical roles in lung tumor progression
[12, 17]. We observed that HSPA12B enhanced Cox2 upregulation in lung tumors. To determine the role of
upregulated Cox-2 in the HSPA12B-induced stimulation
of lung tumor growth, mice were treated with the selective
Cox-2 inhibitor celecoxib after LLCs implantation.
Celecoxib significantly reduced tumor burden in both

In contrast to the effects of celecoxib on Ang-1
expression, AKAP12 expression levels were increased by
91.2% in Tg tumors treated with celecoxib compared with
untreated Tg tumors (P < 0.01) (Figure 8).

Discussion
In the present study, we showed that HSPA12B
in pulmonary endothelial cells stimulated lung cancer
growth in mice by enhancing angiogenesis, increasing cell
proliferation, and suppressing apoptosis in tumors via a
Cox-2-dependent mechanism.
Recent evidence demonstrates that tumor growth
is regulated by the cross-talk between endothelial cells
and tumor cells [18, 19]. As an example, lung carcinoma
cells when co-cultured with endothelial cells modify
their cellular molecular features that encourage tumor
cell survival through an undefined mechanism [18].
Knockdown of endothelial Dll4 stimulates the xenograft
tumor growth of lung cancer cells through promoting the
proliferation of neighboring cancer cells, and vice versa
[19]. Acute depletion of endothelial β3-integrin transiently
inhibits tumor growth and angiogenesis in mice [20].
Moreover, inhibition of endothelial FAK activity prevents
tumor metastasis by enhancing barrier function [21]. These
observations suggest an important role of endothelial
events in the regulation of lung tumor progression. In this
study, we provided first evidence for that HSPA12B, which
expresses predominantly in endothelial cells, stimulated
lung tumor growth as reflected by a significant increase in
tumor number and tumor burden.
Solid tumor growth and progression is dependent
on tumor-associated angiogenesis [22, 23]. Therefore,
angiogenesis is a promising target for lung cancer.
The only antiangiogenic agent currently approved for
the treatment of lung cancer is the VEGF monoclonal
antibody bevacizumab. However, bevacizumab only
modestly improved survival time (2 months) in patients
with advanced non-small cell lung cancer. Moreover,
bevacizumab use was associated with increased
treatment-related death [22, 24, 25]. Thus, further
development of novel antiangiogenic strategies for lung
cancer is strongly needed. In this study, we observed that
HSPA12B increased angiogenesis in lung tumors, which
showed positive correlations with lung tumor growth.
In supporting this observation, previous studies by ours
and others have demonstrated that HSPA12B increased
tube formation in endothelial cells and angiogenesis
in myocardium post-infarction [5, 9, 25]. Collectively,
HSPA12B is a facilitator of lung cancer-associated
angiogenesis. Further studies are needed to investigate
whether targeted suppressing HSPA12B would limit the
www.impactjournals.com/oncotarget
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that supplied them were as follows: Bcl-2, Bax, Cox-2
and p-eNOS (Cell Signaling Technology, Beverly, MA);
PCAM-1 and Ki-67 (BD Pharmingen, San Jose, CA);
eNOS (BD Biosciences, Bedford, MA); and VEGF, Ang1 and AKAP12 (Abcam, Cambridge, UK). Celecoxib was
obtained from Pfizer Pharmaceuticals LLC (Barceloneta,
PR). The TUNEL assay kit was from Promega (Madison,
WI). The supersignal west pico chemiluminescent
substrate was obtained from Pierce (Rockford, IL).

WT and Tg mice. Most importantly, tumor burden was
comparable between celecoxib-treated WT and celecoxibtreated Tg mice, suggesting that Cox-2 inhibition
completely suppressed HSPA12B-induced tumor growth.
In addition, the HSPA12B-induced increase in cell
proliferation and decrease in apoptosis in lung tumors
was abolished by Cox-2 inhibition. Furthermore, Cox-2
inhibition decreased Ang-1 expression levels, suppressed
eNOS phosphorylation levels, and increased AKAP12
expression levels in HSPA12B Tg tumors compared to
those in untreated Tg tumors. Previous studies showed that
Cox-2 inhibition decreases Ang-1 expression in U-87MG
cells and eNOS activation in damaged kidneys, which is
consistent with the present results [37, 38]. Taken together,
our results suggest that the HSPA12B-induced stimulation
of lung tumor growth was mediated by Cox-2.
So far there is no direct evidence showing how
HSPA12B regulates the expression of Cox-2,VEGF,
Ang-1 and eNOS. However, evidence has suggested that
AKAP12 may play a role in this regulation based on
the following reasons. Firstly, AKAP12 has been shown
to interact directly with HSPA12B on a yeast 2-hybrid
system [9]. Secondly, AKAP12 is a kinase-scaffolding
protein possessing angiogenic inhibition characters [39].
Overexpression of AKAP12 disrupts endothelial tube
formation in Matrigel substrates, and vice versa [39].
Thirdly, AKAP12 negatively regulates the expression
of VEGF, Ang-1 and eNOS [40, 41], which could be
mediated by a downregulation of HIf-1α. Finally, though
no direct evidence showing how HSPA12B regulates Cox2 expression, VEGF may be involved in. Shtivelband and
his colleagues have reported that administration of VEGF
stimulated Cox-2 expression in human endothelial cells
[42]. Consistent with this observation, other studies also
demonstrated that VEGF serves as a regulator of Cox2 expression [43]. On the other hand, Cox-2 can affect
VEGF Production [44]. It is possible that HSPA12B
downregulated AKAP12, which in turn increased VEGF
expression and thereby stimulated Cox-2 expression.
In summary, the present study showed for the first
time that HSPA12B promotes lung tumor growth through
a mechanism involving Cox-2. Our data indicates that
HSPA12B could be an alternative therapeutic target for
the suppression of lung cancer progression.

Animals
Investigation has been conducted in accordance with
the ethical standards and according to the national and
international guidelines and has been approved by Nanjing
University review board. Transgenic mice overexpressing
the human hspa12b gene (Tg) driven by its own promoter
were developed as described in our previous studies [5,
7]. Male littermates of HSPA12B Tg mice and wild type
(WT) mice at 8-10 week of age were used in the present
study. Mice were bred and maintained at the Model
Animal Research Center of Nanjing University and
maintained in the Animal Laboratory Resource Facility at
Nanjing University.

Lung tumorigenesis induction
Lung tumorigenesis in mice was induced by
implantation with LLCs. LLCs were obtained from ATCC
and maintained in DMEM supplemented with 10% FCS.
LLCs were collected from 85% confluence cultures
and implanted into mice (1.5 × 105 cells/mice) via tail
intravenous injection. The saline-injected mice served
as normal controls. Lung tumor formation was evaluated
18 days after LLCs implantation. Briefly, the mice were
sacrificed by an overdose of anesthesia (pentobarbital
sodium 150 mg/kg, intraperitoneal injection) and cervical
dislocation. Lungs were isolated and photographed after
thoracotomy. Subsequently, the tumors were isolated from
the lungs, counted and weighed.
For Cox-2 inhibition experiments, WT and Tg mice
were fed with chows containing celecoxib (1.5 g/kg chow)
after LLCs transplantation until the experiments were
completed according to previously described methods
[45].

Materials and Methods

Immunofluorescence staining

Antibodies and chemicals

For examination of colocalization of HSPA12B
and PCAM-1, immunofluorescence experiments were
performed following previously described protocols [5,
7]. Briefly, lung tissues were collected from adult Tg
mice and prepared for cryosectioning. After blocking
with 3.5% normal goat serum for 30 min, the cryosections

Primary antibody against α-Tubulin was purchased
from Sigma-Aldrich (St Louis, MO). The primary
antibody against HSPA12B was a generous gift from
Dr. Zhihua Han (East Tennessee State University) [9].
The remaining primary antibodies and the companies
www.impactjournals.com/oncotarget
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were incubated with the appropriate primary antibodies
overnight, washed and incubated with FITC- and/or Cy3labelled secondary antibodies for 60 min. The sections
were observed under a fluorescent microscope (Zeiss Ltd.,
Oberkochen, Germany) at a magnification of 400×.
For evaluation of angiogenesis in lung tumors,
immunofluorescence staining for PCAM-1 was performed
on cryosections of lung tumor tissues which were collected
18 days after LLCs implantation. The staining protocol
was as same as mentioned above. The PCAM-1-positive
staining in tumors was observed using a fluorescent
microscope at a magnification of 400× .The percentages
of PCAM-1-positive areas in more than six randomly
selected tumor fields of each sample were measured using
a computerized software (Olympus, Japan).
For evaluation of cell proliferation in lung tumors,
immunofluorescence staining for Ki-67 was performed
following previously described protocols with a minor
modification [46]. Briefly, lung tumor tissues were
collected 18 days after LLCs implantation and prepared for
paraffin-embedded sectioning. Slides were deparaffinized
and microwaved to retrieve antigen. After blocking with
3.5% normal goat serum, the cryosections were incubated
with primary antibody for Ki-67 overnight followed by
incubation with Cy3-labelled secondary antibody. Hoechst
33342 reagent was used to counterstain the nuclei. The
number of Ki-67-positive cells in tumors was counted in
more than six randomly selected fields using a fluorescent
microscope at a magnification of 400× (Zeiss Ltd.
Oberkochen, German). The percentage of Ki-67-stained
nuclei over total nuclei was calculated.

signals were detected by enhanced chemiluminescence.
To control for lane loading, the same membranes were
probed with anti-α-Tubulin. The signals were quantified
by scanning densitometry and the results from each
experimental group were expressed as relative integrated
intensity compared with that of controls.

Apoptosis in tumors

References

Lung tumor tissues were collected 18 days after
LLCs implantation and processed for paraffin-embedded
sectioning. Apoptosis in tumors was examined using a
TUNEL assay kit as described in our previous studies [5,
8]. The Hoechst 33342 reagent was used to counterstain
the nuclei. The number of TUNEL-positive cells in tumors
was counted in more than five randomly selected fields
using a fluorescent microscope at a magnification of 400×
(Zeiss Ltd. Oberkochen, German). The percentage of
apoptotic cells over total cells was calculated.

1.

Ho MY, Leu SJ, Sun GH, Tao MH, Tang SJ and Sun
KH. IL-27 directly restrains lung tumorigenicity by
suppressing cyclooxygenase-2-mediated activities. Journal
of immunology. 2009; 183(10):6217-6226.

2.

Wang ZL, Fan ZQ, Jiang HD and Qu JM. Selective Cox2 inhibitor celecoxib induces epithelial-mesenchymal
transition in human lung cancer cells via activating MEKERK signaling. Carcinogenesis. 2013; 34(3):638-646.

3.

Han Z, Truong QA, Park S and Breslow JL. Two Hsp70
family members expressed in atherosclerotic lesions.
Proceedings of the National Academy of Sciences of the
United States of America. 2003; 100(3):1256-1261.

4.

Vos MJ, Hageman J, Carra S and Kampinga HH. Structural
and functional diversities between members of the human
HSPB, HSPH, HSPA, and DNAJ chaperone families.
Biochemistry. 2008; 47(27):7001-7011.

5.

Li J, Zhang Y, Li C, Xie J, Liu Y, Zhu W, Zhang X, Jiang S,
Liu L and Ding Z. HSPA12B attenuates cardiac dysfunction
and remodelling after myocardial infarction through an
eNOS-dependent mechanism. Cardiovascular research.
2013; 99(4):674-684.

Statistical analysis
Results are expressed as mean ± standard deviation
(X ± SD). Groups were compared using Student two-tailed
unpaired t test or one-way analysis of variance analysis
(ANOVA) followed by Tukey post hoc test, as appropriate
with SPSS 13.0 software (SPSS Inc., Chicago, IL).
Statistical significance was set at P< 0.05.

Acknowledgments
This work was supported by the National Natural
Science Foundation of China (81370260, 81371450,
81301616, 81170321), by Jiangsu Province’s Outstanding
Medical Academic Leader program (LJ201124), and
by Project Funded by the Priority Academic Program
Development of Jiangsu Higher Education Institutions
(PAPD), and a project funded by Collaborative Innovation
Center for Cardiovascular Disease Translational Medicine.

Conflict of interest
The authors have no conflicts of interest to declare.

Immunoblotting analysis
Lung tumor tissues were collected 18 days after
LLCs implantation. Lung tissues from saline-treated
mice served as normal controls. The protein extracts were
prepared and equal amount of proteins were separated
by 10% SDS-PAGE and transferred onto Immobilon-P
membranes (Millipore). The membranes were probed with
the appropriate primary antibodies, followed by incubation
with peroxidase-conjugated secondary antibodies. The
www.impactjournals.com/oncotarget

9934

Oncotarget

6.

7.

8.

9.

Hu G, Tang J, Zhang B, Lin Y, Hanai J, Galloway J, Bedell
V, Bahary N, Han Z, Ramchandran R, Thisse B, Thisse
C, Zon LI and Sukhatme VP. A novel endothelial-specific
heat shock protein HspA12B is required in both zebrafish
development and endothelial functions in vitro. Journal of
cell science. 2006; 119(Pt 19):4117-4126.

17. Ho MY, Liang SM, Hung SW and Liang CM. MIG-7
controls COX-2/PGE2-mediated lung cancer metastasis.
Cancer Res. 2013; 73(1):439-449.
18. Kaessmeyer S, Bhoola K, Baltic S, Thompson P and Plendl
J. Lung cancer neovascularisation: Cellular and molecular
interaction between endothelial and lung cancer cells.
Immunobiology. 2014; 219(4):308-314.

Zhou H, Qian J, Li C, Li J, Zhang X, Ding Z, Gao X, Han
Z, Cheng Y and Liu L. Attenuation of cardiac dysfunction
by HSPA12B in endotoxin-induced sepsis in mice through
a PI3K-dependent mechanism. Cardiovascular research.
2011; 89(1):109-118.

19. Ding XY, Ding J, Wu K, Wen W, Liu C, Yan HX, Chen C,
Wang S, Tang H, Gao CK, Guo LN, Cao D, Li Z, Feng GS,
Wang HY and Xu ZF. Cross-talk between endothelial cells
and tumor via delta-like ligand 4/Notch/PTEN signaling
inhibits lung cancer growth. Oncogene. 2012; 31(23):28992906.

Ma Y, Lu C, Li C, Li R, Zhang Y, Ma H, Zhang X, Ding
Z and Liu L. Overexpression of HSPA12B protects against
cerebral ischemia/reperfusion injury via a PI3K/Aktdependent mechanism. Biochimica et biophysica acta.
2013; 1832(1):57-66.

20. Steri V, Ellison TS, Gontarczyk AM, Weilbaecher K,
Schneider JG, Edwards D, Fruttiger M, Hodivala-Dilke KM
and Robinson SD. Acute depletion of endothelial beta3integrin transiently inhibits tumor growth and angiogenesis
in mice. Circulation research. 2014; 114(1):79-91.

Steagall RJ, Rusinol AE, Truong QA and Han Z. HSPA12B
is predominantly expressed in endothelial cells and required
for angiogenesis. Arteriosclerosis, thrombosis, and vascular
biology. 2006; 26(9):2012-2018.

21. Jean C, Chen XL, Nam JO, Tancioni I, Uryu S, Lawson
C, Ward KK, Walsh CT, Miller NL, Ghassemian M,
Turowski P, Dejana E, Weis S, Cheresh DA and Schlaepfer
DD. Inhibition of endothelial FAK activity prevents tumor
metastasis by enhancing barrier function. The Journal of
cell biology. 2014; 204(2):247-263.

10. Baek JH, Jang JE, Kang CM, Chung HY, Kim ND and Kim
KW. Hypoxia-induced VEGF enhances tumor survivability
via suppression of serum deprivation-induced apoptosis.
Oncogene. 2000; 19(40):4621-4631.
11. D’Amico G, Korhonen EA, Anisimov A, Zarkada G,
Holopainen T, Hagerling R, Kiefer F, Eklund L, Sormunen
R, Elamaa H, Brekken RA, Adams RH, Koh GY, Saharinen
P and Alitalo K. Tie1 deletion inhibits tumor growth and
improves angiopoietin antagonist therapy. The Journal of
clinical investigation. 2014; 124(2):824-834.

22. Aftab BT, Dobromilskaya I, Liu JO and Rudin CM.
Itraconazole inhibits angiogenesis and tumor growth in nonsmall cell lung cancer. Cancer research. 2011; 71(21):67646772.
23. Folkman J. Tumor angiogenesis: therapeutic implications.
The New England journal of medicine. 1971; 285(21):11821186.

12. Li Y, Teo WL, Low MJ, Meijer L, Sanderson I, Pettersson
S and Greicius G. Constitutive TLR4 signalling in intestinal
epithelium reduces tumor load by increasing apoptosis in
APC(Min/+) mice. Oncogene. 2014; 33(3):369-377.

24. Ranpura V, Hapani S and Wu S. Treatment-related
mortality with bevacizumab in cancer patients: a metaanalysis. Jama. 2011; 305(5):487-494.

13. Skrzypek K, Tertil M, Golda S, Ciesla M, Weglarczyk
K, Collet G, Guichard A, Kozakowska M, Boczkowski J,
Was H, Gil T, Kuzdzal J, Muchova L, Vitek L, Loboda A,
Jozkowicz A, et al. Interplay between heme oxygenase-1
and miR-378 affects non-small cell lung carcinoma growth,
vascularization, and metastasis. Antioxidants & redox
signaling. 2013; 19(7):644-660.

25. Sandler A, Gray R, Perry MC, Brahmer J, Schiller JH,
Dowlati A, Lilenbaum R and Johnson DH. Paclitaxelcarboplatin alone or with bevacizumab for non-small-cell
lung cancer. The New England journal of medicine. 2006;
355(24):2542-2550.
26. Liang MC, Ma J, Chen L, Kozlowski P, Qin W, Li D, Goto
J, Shimamura T, Hayes DN, Meyerson M, Kwiatkowski DJ
and Wong KK. TSC1 loss synergizes with KRAS activation
in lung cancer development in the mouse and confers
rapamycin sensitivity. Oncogene. 2010; 29(11):1588-1597.

14. Ho FM, Lin WW, Chen BC, Chao CM, Yang CR, Lin
LY, Lai CC, Liu SH and Liau CS. High glucose-induced
apoptosis in human vascular endothelial cells is mediated
through NF-kappaB and c-Jun NH2-terminal kinase
pathway and prevented by PI3K/Akt/eNOS pathway.
Cellular signalling. 2006; 18(3):391-399.

27. Paul I, Chacko AD, Stasik I, Busacca S, Crawford N,
McCoy F, McTavish N, Wilson B, Barr M, O’Byrne
KJ, Longley DB and Fennell DA. Acquired differential
regulation of caspase-8 in cisplatin-resistant non-small-cell
lung cancer. Cell death & disease. 2012; 3:e449.

15. Akakura S, Huang C, Nelson PJ, Foster B and Gelman
IH. Loss of the SSeCKS/Gravin/AKAP12 gene results in
prostatic hyperplasia. Cancer research. 2008; 68(13):50965103.

28. Yang D, Torres CM, Bardhan K, Zimmerman M, McGaha
TL and Liu K. Decitabine and vorinostat cooperate to
sensitize colon carcinoma cells to Fas ligand-induced
apoptosis in vitro and tumor suppression in vivo. Journal of
immunology. 2012; 188(9):4441-4449.

16. Gelman IH. Suppression of tumor and metastasis
progression through the scaffolding functions of SSeCKS/
Gravin/AKAP12. Cancer metastasis reviews. 2012; 31(34):493-500.
www.impactjournals.com/oncotarget

9935

Oncotarget

29. Endo H, Yano M, Okumura Y and Kido H. Ibuprofen
enhances the anticancer activity of cisplatin in lung cancer
cells by inhibiting the heat shock protein 70. Cell death &
disease. 2014; 5:e1027.

of AKAP12 (gravin) in the control of human vascular
endothelial function. FASEB journal : official publication
of the Federation of American Societies for Experimental
Biology. 2014; 28(1):256-264.

30. Tedeschi PM, Markert EK, Gounder M, Lin H, Dvorzhinski
D, Dolfi SC, Chan LL, Qiu J, DiPaola RS, Hirshfield
KM, Boros LG, Bertino JR, Oltvai ZN and Vazquez A.
Contribution of serine, folate and glycine metabolism to the
ATP, NADPH and purine requirements of cancer cells. Cell
death & disease. 2013; 4:e877.

40. Su B, Zheng Q, Vaughan MM, Bu Y and Gelman IH.
SSeCKS metastasis-suppressing activity in MatLyLu
prostate cancer cells correlates with vascular endothelial
growth factor inhibition. Cancer research. 2006;
66(11):5599-5607.
41. Adluri RS, Thirunavukkarasu M, Zhan L, Akita Y, Samuel
SM, Otani H, Ho YS, Maulik G and Maulik N. Thioredoxin
1 enhances neovascularization and reduces ventricular
remodeling during chronic myocardial infarction: a study
using thioredoxin 1 transgenic mice. Journal of molecular
and cellular cardiology. 2011; 50(1):239-247.

31. Pullamsetti SS, Banat GA, Schmall A, Szibor M,
Pomagruk D, Hanze J, Kolosionek E, Wilhelm J, Braun
T, Grimminger F, Seeger W, Schermuly RT and Savai
R. Phosphodiesterase-4 promotes proliferation and
angiogenesis of lung cancer by crosstalk with HIF.
Oncogene. 2013; 32(9):1121-1134.

42. Shtivelband MI, Juneja HS, Lee S and Wu KK. Aspirin and
salicylate inhibit colon cancer medium- and VEGF-induced
endothelial tube formation: correlation with suppression of
cyclooxygenase-2 expression. Journal of thrombosis and
haemostasis : JTH. 2003; 1(10):2225-2233.

32. Ward Y, Lake R, Martin PL, Killian K, Salerno P, Wang T,
Meltzer P, Merino M, Cheng SY, Santoro M, Garcia-Rostan
G and Kelly K. CD97 amplifies LPA receptor signaling and
promotes thyroid cancer progression in a mouse model.
Oncogene. 2013; 32(22):2726-2738.

43. Prescott SM. Is cyclooxygenase-2 the alpha and the omega
in cancer? The Journal of clinical investigation. 2000;
105(11):1511-1513.

33. Tao Z, Chen B, Tan X, Zhao Y, Wang L, Zhu T, Cao K,
Yang Z, Kan YW and Su H. Coexpression of VEGF and
angiopoietin-1 promotes angiogenesis and cardiomyocyte
proliferation reduces apoptosis in porcine myocardial
infarction (MI) heart. Proceedings of the National Academy
of Sciences of the United States of America. 2011;
108(5):2064-2069.

44. Yanni SE, McCollum GW and Penn JS. Genetic deletion
of COX-2 diminishes VEGF production in mouse retinal
Muller cells. Experimental eye research. 2010; 91(1):34-41.
45. Williams CS, Tsujii M, Reese J, Dey SK and DuBois RN.
Host cyclooxygenase-2 modulates carcinoma growth. The
Journal of clinical investigation. 2000; 105(11):1589-1594.

34. Montero E, Abreu C and Tonino P. Relationship between
VEGF and p53 expression and tumor cell proliferation
in human gastrointestinal carcinomas. Journal of cancer
research and clinical oncology. 2008; 134(2):193-201.

46. Hoenerhoff MJ, Chu I, Barkan D, Liu ZY, Datta S, Dimri
GP and Green JE. BMI1 cooperates with H-RAS to
induce an aggressive breast cancer phenotype with brain
metastases. Oncogene. 2009; 28(34):3022-3032.

35. Tong X and Li H. eNOS protects prostate cancer cells from
TRAIL-induced apoptosis. Cancer letters. 2004; 210(1):6371.
36. Takahama M, Tsutsumi M, Tsujiuchi T, Nezu K, Kushibe
K, Taniguchi S, Kotake Y and Konishi Y. Enhanced
expression of Tie2, its ligand angiopoietin-1, vascular
endothelial growth factor, and CD31 in human non-small
cell lung carcinomas. Clinical cancer research : an official
journal of the American Association for Cancer Research.
1999; 5(9):2506-2510.
37. Hermann M, Shaw S, Kiss E, Camici G, Buhler N,
Chenevard R, Luscher TF, Grone HJ and Ruschitzka F.
Selective COX-2 inhibitors and renal injury in salt-sensitive
hypertension. Hypertension. 2005; 45(2):193-197.
38. Kang KB, Wang TT, Woon CT, Cheah ES, Moore XL,
Zhu C and Wong MC. Enhancement of glioblastoma
radioresponse by a selective COX-2 inhibitor celecoxib:
inhibition of tumor angiogenesis with extensive tumor
necrosis. International journal of radiation oncology,
biology, physics. 2007; 67(3):888-896.
39. Weissmuller T, Glover LE, Fennimore B, Curtis VF,
MacManus CF, Ehrentraut SF, Campbell EL, Scully M,
Grove BD and Colgan SP. HIF-dependent regulation
www.impactjournals.com/oncotarget

9936

Oncotarget

