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ABSTRACT
Lung adenocarcinoma (LAC) is the leading cause of cancer-related death
worldwide. Aberrant expression of genes expressed preferentially in the lung tumor
vasculature may yield clues for prognosis and treatment. Von Willebrand factor (vWF)
is a large multifunctional glycoprotein with a well-known function in hemostasis.
However, vWF has been reported to exert an anti-tumor effect, independent
of its role in hemostasis. We investigated the expression of vWF in LAC through
immunohistochemical staining of tumor tissue microarrays (TMAs). We found that
vWF was overexpressed preferentially in the tumor vasculature of LAC compared with
the adjacent tissue vasculature. Consistently, elevated vWF expression was found
in endothelial cells (ECs) of fresh human LAC tissues and transplanted mouse LAC
tissues. To understand the mechanism underlying vWF up-regulation in LAC vessels,
we established a co-culture system. In this system, conditioned media (CM) collected
from A549 cells increased vWF expression in human umbilical vein endothelial cells
(HUVECs), suggesting enhanced expression is regulated by the LAC secretome.
Subsequent studies revealed that the transcription factor GATA3, but not ERG, a
known regulator of vWF transcription in vascular cells, mediated the vWF elevation.
Chromatin immunoprecipitation (ChIP) assays validated that GATA3 binds directly
to the +220 GATA binding motif on the human vWF promoter and A549 conditioned
media significantly increases the binding of GATA3. Taken together, we demonstrate
that vWF expression in ECs of LAC is elevated by the cancer cell-derived secretome
through enhanced GATA3-mediated transcription.
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Table 1: vWF expression in normal lung tissues, adenocarcinoma adjacent lung tissues and lung adenocarcinoma
tissues on the tissue microarrays
Tissue sample

n

Normal lung tissues

vWF expression

P value

Negative (n, %)

Positive (n, %)

4

4(100)

0(0)

Adenocarcinoma adjacent lung tissues

35

4(11.43)

31(88.57)

P < 0.01*

Adenocarcinoma tissues

35

1(2.86)

34(97.14)

P < 0.01**

Comparison of vWF expression in adenocarcinoma adjacent lung tissues and the normal lung tissues.
Comparison of vWF expression in adenocarcinoma tissues and the normal lung tissues.

*

**

INTRODUCTION

Angiogenesis, the formation of new blood vessels
from the preexisting capillaries, is a tightly regulated,
multistep process that is restricted in adults to specific
physiological instances such as the menstrual cycle,
tissue repair and wound healing [6]. The deregulation
of angiogenic processes contributes to a spectrum of
disorders such as diabetes, chronic inflammatory disease
and tumorigenesis [7]. In LAC, angiogenesis supports
tumor growth, invasion and metastasis [8, 9]. Previous
studies have found that angiogenesis occurs mainly
at the expanding border of neoplastic cells in primary
LAC [10]. In LAC, proliferative endothelial cells (ECs)
have been observed in the immediate vicinity to juxtaalveolar microvessels and the number of microvessels in
primary LAC shows a positive correlation with relapse

Lung adenocarcinoma (LAC) is the most common
histological subtype of non-small cell lung cancer
(NSCLC) and accounts for almost 50% of all patient
deaths attributable to lung cancer [1, 2]. These tumors can
arise from the most distal epithelial cells of the lung but
can also be located adjacent to the distal bronchioles [3, 4].
LACs often maintain glandular differentiation with acini,
tubules, or papillary structures. Eventually, LAC cells
which occlude the normal alveolar architecture invade
into the alveolar interstitium and LACs often metastasize
early [5]. Unfortunately, there is a lack of diagnostic and
prognostic biomarkers to help guide therapeutic options
in LAC.

Figure 1: Immunohistochemistry for vWF using TMAs of human lung adenocarcinoma tissues and adjacent normal
lung tissues. Inserted boxes mark the region shown in higher magnification (200X). Arrows indicate vWF positive endothelial cells.
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and metastasis [5, 11, 12]. These observations underlie
the rationale for use of anti-angiogenic therapies for LAC
treatment.
The von Willebrand factor (vWF) is a large
multimeric plasma glycoprotein produced by endothelial
cells, platelets and megakaryocytes. vWF function in
haemostasis has been well described. It enables capture of
platelets at sites of endothelial damage [13–15]. However,
recent studies suggest an angiogenic function for vWF
[7, 16]. The normal alveolar capillary endothelium is
quiescent and lacking of vWF expression [10]. However,
in primary LAC, alveolar capillary ECs have been detected
with a strong expression of vWF [5]. These ECs have
proliferative activity and enhanced expression of VEGF
and its receptors, all of which are essential regulators for
the initiation of angiogenesis. Curiously, the capillaries
of lung squamous cell carcinomas (LSCC) have little
vWF expression and are not proliferative or migratory
[5], suggesting that a correlative relationship may exist
between the expression of vWF and the pro-angiogenic
potential of ECs in lung adenocarcinoma. In direct contrast
to this supposition, however, there are studies indicating
that vWF may play an anti-tumor role. This too has been
linked with angiogenesis, but to negative, not positive
regulation [17]. In addition, vWF-dependent platelet
adhesion may also play potential role in angiogenesis

[18]. The release of vasoactive mediators during platelet
activation may underly some of its regulatory role in
angiogenesis.
The expression of the vWF gene is tightly controlled
in endothelial cells [19]. The ETS genes encode a family of
at least thirty transcriptional regulators that share a highly
conserved 80-90 amino acid long DNA binding domain,
the ETS domain. One member, the ETS related gene
(ERG), has been shown to regulate several endothelialspecific genes, including vWF [20]. In addition, the GATA
zinc finger transcription factors are known to bind to the
promoter of vWF and activate its expression in ECs [21,
22]. There are six GATA family transcription factors that
typically bind to the element A/T GATA A/G and control
developmental processes [23–25]. Which, if any, of the
ETS or GATA factors is involved in mediating vWF
upregulation in LAC remains to be determined.
In the present study, we investigated the expression
of vWF in LAC and the mechanism underlying the
observed pattern of expression. We found that both the
mRNA and protein level of vWF were significantly
elevated in blood vessels of human and mouse LAC
tissues. We observed that vWF expression in HUVECs
was increased by A549 tumor cell-conditioned medium,
suggesting that LAC cells secrete a factor or combination
of factors that upregulate vWF. We demonstrate that

Figure 2: Analysis of vWF expression in fresh samples of human lung adenocarcinoma tissues. (A) qRT-PCR analyses of

vWF mRNA expression in lung adenocarcinoma tissue and paired normal tissue from the same patient. n = 3; *, P < 0.05; **, P < 0.01. (B)
Immunofluorescent staining for vWF in human lung adenocarcinoma tissues and the adjacent tissues. Arrows refer to positive vWF staining
in the vasculature.
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GATA3, not ERG, is the transcriptional regulator in
endothelial cells that responds to the A549 secretome,
resulting in increased binding to the +220 GATA motif on
the vWF promoter and enhanced expression.

of vWF in fresh-frozen sections was more intense in the
LAC vasculature than the IF staining of adjacent tissue
vasculature (Figure 2B).
We next examined a mouse lung adenocarcinoma
model for vWF expression. C57BL/6 mice were
subcutaneous injected with Lewis lung carcinoma (LLC)
cells. Tumors were removed for analysis. qRT-PCR
analysis showed a 2.58 fold increase of vWF mRNA
expression in LLCs, compared to that in the normal
mouse lungs (P < 0.01, Figure 3A), while the expression
of CD31 mRNA in LCCs were similar to that in normal
mouse lungs (Supplementary Figure 1B). IF analysis
demonstrated stronger vWF IF staining in LLC vessels
compared to normal mouse lungs (Figure 3B).
Overall, our findings suggested enhanced vWF
expression in the vasculature of LAC. vWF expression
in lung vasculature varies with respect to the type of
blood vessel [26]. Its expression is the highest in vein
followed by arteries, and then venules and arterioles, and
finally undetectable in capillaries [26, 27]. The vessels in
LACs develop via tumor-induced angiogenesis, in which
endothelial cell recruitment occurs primarily from adjacent
tissue capillaries. Similarly, the majority of the vessels in
LACs are capillary size [10]. Thus, the high expression of
vWF in LAC is not caused by the vessel type, but instead

RESULTS
vWF is highly expressed in LAC blood vessels
LAC tissue microarrays (TMAs) were utilized
to examine the expression pattern of vWF in LAC and
normal tissues by IHC. We found that vessels in both
LAC and adjacent tissue were positive for vWF, whereas
microvessels in all normal lung tissues examined were
negative for vWF (Table 1). However, the staining
of vWF in LAC vessels was even more pronounced
than that in adjacent tissues, suggesting a gradient of
enhanced expression originating from LAC (Figure 1).
We next collected fresh LAC tissues and examined the
mRNA level of vWF in fresh samples using qRT-PCR.
Significantly elevated mRNA levels for vWF were found
in LAC tissues compared to paired normal tissues from
each patient (Figure 2A). On the contrary, the levels of
CD31 mRNA were largely unchanged (Supplementary
Figure 1A). Similarly, immunofluorescent (IF) staining

Figure 3: The expression of vWF in mouse lung adenocarcinoma tissues. (A) qRT-PCR analyses of mouse vWF mRNA
expression in mouse lungs and lung adenocarcinoma tissues. n=5; **, P<0.01. (B) Immunofluorescent staining of vWF on mouse lung
tissues and LLC implants. LLC, Lewis lung carcinoma.
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may be associated with the LAC microenvironment. In
addition, we surmised that this could be controlled by a
gradient of secreted factors emanating from LAC cells,
since vessels in tissues directly adjacent to LAC also had
enhanced expression, albeit lower than that in LAC vessels

mRNA and protein expression of vWF was examined. As
shown in Figure 4A, the mRNA level of vWF in A549CM treated HUVECs increased by 2.8 fold (P < 0.05).
We used several techniques to confirm that vWF protein
level was higher in HUVECs treated with A549-CM
than in HUVECs treated with control media. First, vWF
protein was higher by Western blot analysis (Figure 4B),
Second, IF staining for vWF was more intense with A549CM (Figure 4C). Lastly, we collected culture media from
HUVECs exposed to A549-CM and utilized ELISA to
show that A549-CM significantly promoted the secretion
of vWF from HUVECs (Figure 4D). Taken together, the
findings suggest a non-cell autonomous mechanism by
which soluble tumor-derived factors contribute to elevated
expression of vWF in the vasculature of tumors.

Promotion of vWF expression in HUVECs by
A549-conditioned medium
Endothelial vWF expression has been previously
reported influenced by factors present in the
microenvironment [28]. To investigate the influence of
the LAC microenvironment on expression of vWF, we
collected A549-derived conditioned medium (A549-CM).
HUVECs were co-cultured with the CM and after 6 h the

Figure 4: vWF expression in HUVECs co-cultured with conditioned medium of A549 cells. (A) Relative vWF mRNA
expression in HUVECs treated control or A549 cells-derived CM for 6 h by RT-PCR. n = 6; *, P < 0.05. (B) Western blot of vWF protein in
HUVECs with the treatment of control or A549 conditioned medium for 6 h. GAPDH was used as loading control. (C) Immunofluoresent
staining of vWF in HUVECs with the treatment of control or A549 conditioned medium for 6 h. Arrows indicate vWF positive cells. (D)
ELISA of vWF secretion from HUVECs co-cultured in A549-CM for 12 h. n = 3; **, P < 0.01. CM, conditioned medium.
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A549-CM did not alter ERG expression in
HUVECs

CM up-regulated vWF and GATA3 expression but did not
affect ERG expression (Supplementary Figure 2A-2C).
To confirm that GATA3 was the factor that upregulated
the transcription of vWF, we used siRNA interference.
Transfection of HUVECs with siRNA for GATA3 resulted
in an 86% reduction in GATA3 mRNA (P < 0.01) (Figure
6C), and a measureable decrease in GATA3 protein levels
(Figure 6D). Next, we measured the response of the vWF
to A549-CM when GATA3 was inhibited. In the GATA3
silenced HUVECs, no increase in vWF gene expression
was observed in response to A549-CM (P = 0.123, Figure
6E) and as expected, no elevation of vWF protein was
observed (Figure 6F). These findings suggested that
GATA3 is the transcriptional regulator that mediated the
elevation of endothelial vWF that was induced by soluble
factors in the A549-CM.

We next sought to examine what cellular factors
were upregulated by A549-CM that induced vWF
expression in HUVECs. ERG is a regulator of vWF
expression in endothelial cells [29]. However, we found
that both the mRNA levels of ERG, evidenced by qRTPCR assay (Figure 5A), and the protein levels of ERG,
as measured by Western blot and IF intensity (Figure 5B,
5C), were not altered by A549-CM. This suggests that
ERG was not directly responsible for elevated vWF in
HUVECs in response to A549-CM.

A549-CM induces GATA3 expression in
HUVECs
We next hypothesized that a GATA transcription
factor might be involved in the regulation of vWF in
LAC. By Western screening, we found that GATA3 was
expressed in HUVECs and decided to assay if GATA3
was induced by A549-CM. We found 2.5-fold increase
in GATA3 mRNA by qRT-PCR following treatment
with A549-CM (P < 0.01, Figure 6A). There was also
an elevation of GATA3 protein as measured by Western
blot analysis (Figure 6B). In addition, we examined
the effects of conditioned media from another lung
adenocarcinoma cell line NCI-H1975 on HUVECs in the
co-culture system. Just like A549-CM, the NCI-H1975-

A549-CM enhanced GATA3 binding at the +220
GATA motif on the vWF promoter
It has previously been reported that GATA factors
can bind to a GATA-binding motif (+220 nt) in the vWF
promoter [21, 22]. Our ChIP assay validated the interaction
between GATA3 and the +220 binding motif in HUVECs
(Figure 7A). A549-CM further enhanced the amount of
GATA3 binding at the +220 GATA-binding motif (P
< 0.01) (Figure 7B). Therefore, GATA3 is induced by
A549-CM and is the factor responsible for transcription
enhancement of vWF expression in LAC.

Figure 5: ERG expression in HUVECs co-cultured in A549 conditioned medium. (A) Relative ERG mRNA expression
in HUVECs with the treatment of control or A549 conditioned medium for 6 h. n = 6; n.s., non-significant. (B) Western blot
of ERG protein in HUVECs co-cultured with control or A549 conditioned medium for 6 h. GAPDH was used as loading
control. (C) Immunoflourescence staining of ERG in HUVECs co-cultured with A549 conditioned medium for 6h. ERG,
ETS related gene.
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DISCUSSION

vWF expression in ECs through increased binding of the
transcription factor GATA3.
Our findings are consistent with the previous
observations. For example, Jin et al. [10] demonstrated
that expression of vWF in normal alveolar capillary
ECs was enhanced near areas of tumor invasion, areas
of increased ECs proliferation and sprouting. Similarly,
in colorectal cancers, increased density of vWF positive
microvessels was found in cancers of higher tumor
grade [31]. In a non-cancer model, vWF biosynthesis
was markedly increased in ECs that regenerated from
aorta balloon injuries [32]. Both tumor angiogenesis and
vascular regeneration from injury require EC proliferation
and migration. These findings suggest that vWF may

vWF has been previously linked with tumor
angiogenesis and progression [30]. However, in LAC,
vWF expression and regulatory mechanisms are not well
studied. In the present study, vWF elevation was found
in ECs of human and mouse LAC tissues. We developed
an assay using A549-CM that demonstrated soluble
factors increase vWF expression in co-cultured ECs. This
occurred through upregulation of GATA3 and subsequent
enhancement of GATA3 protein bound to the +220
GATA motif of the vWF promoter. Our results highlight a
previously unknown pathway of communication between
tumor cells and ECs. Tumor cell-derived factors promote

Figure 6: GATA3 is upregulated in HUVECs co-cultured with A549 conditioned medium. (A) Relative GATA3 mRNA
expression in HUVECs co-cultured with A549 conditioned medium for 6 h by qRT-PCR. n = 5; **, P < 0.01. (B) Representative western
blot of GATA3 in HUVECs co-cultured with A549 conditioned medium for 6 h. (C) qRT-PCR analyses of GATA3 mRNA expression in
HUVECs after transfection of GATA3 siRNA. n = 4; **, P < 0.01. (D) Western blot of GATA3 protein in HUVECs after transfection of
GATA3 siRNA. (E) qRT-PCR analyses of vWF mRNA expression in HUVECs after transfection of GATA3 siRNA and co-cultured in A549
conditioned medium for 6 h. n = 3; n.s., non-significant. (F) Western blot of vWF protein in HUVECs after transfection of GATA3 siRNA
and co-cultured in A549 conditioned medium for 6 h.
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facilitate the proliferation and migration of ECs. However,
the exact function of vWF in the process is speculative
and remains controversial. For example, other studies have
found that inhibition of vWF expression in ECs causes
an increase in EC proliferation and migration, suggesting
vWF inhibits angiogenesis [7]. It may be that vWF acts
to balance angiogenic processes, ensuring an appropriate
amount and rate of angiogenesis.
It has been observed that under conditions of
hypoxia lung adenocarcinoma cells secrete angiogenic
factors into the tumor microenvironment, enhancing
angiogenesis through EC migration and proliferation [33].
In addition, a number of studies have utilized co-culture
systems to mimic the tumor microenvironment in vitro and
investigate its influence on ECs [29, 34]. Pro-angiogenic
genes such as VEGFR2, MMPs and integrins are reported
upregulated in ECs by tumor-conditioned medium [35–37].
Vascular expression of vWF can also be reprogrammed
by the tissue microenvironment [28]. However, whether
vWF gene expression is affected by factors secreted by
LAC cells remains unknown. Our results show that

A549-CM promotes the expression and secretion of
vWF in HUVECs, emphasizing the critical role of LAC
microenvironment. The identity of the secreted factor(s)
derived from LAC responsible for induction of vWF
expression need to be identified in further studies.
ETS transcription factors play a critical role in
regulating the expression of several vascular-specific
genes, such as VE-cadherin, VEGFR, PECAM-1
and vWF [38–40]. Unlike most ETS factors, ERG
is specifically and constitutively expressed in ECs.
Schwachtgen et.al identified two ETS transcription
factors binding sites (EBS) between nt -89 and -30 in the
promoter of vWF [40]. Of the two EBS motifs, EBS1 is
bound by ERG and is responsible for the tans-activation
of the -60/+19 vWF promoter [40]. We speculated that
the increased expression of vWF in LAC vasculature
might be regulated by ERG. However, the mRNA and
protein levels of ERG were unchanged with A549-CM.
ERG may regulate the basal expression of vWF in some
vascular beds, but is not responsible for the upregulation
observed in LAC.

Figure 7: GATA3 binds to the +220 GATA motif on the vWF promoter and treatment of A549 conditioned medium
enhances the binding affinity. ChIP assay for GATA3 binding to the +220 GATA motif of the vWF promoter in HUVECs with

treatment of control or A549 conditioned medium. (A) Representative image of the semi-quantitative PCR using the precipitated DNA
fragments and primers for vWF proximal region containing the +220 GATA site. (B) Binding ratio relative to total input chromatin in the
ChIP reaction. n = 6; *, P < 0.05. (C) Real-time PCR analysis using the precipitated DNA fragments and primers for vWF proximal region
containing the +220 GATA site. n = 6; *, P < 0.05. ChIP, chromatin immunoprecipitation.
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Table 2: qPCR primer sequences
Gene

Sense/antisene

Sequence

Size (bp)

Tm (°C)

h vWF

Sense

CGGCTTGCACCATTCAGCTA

90

61.5

Antisense

TGCAGAAGTGAGTATCACAGCCATC

Sense

GCCCAGGAAGCTATCAGCC

111

60.2

Antisense

ATACACGAAGCCACTCTCGTC

Sense

TCTTGGACCAACAAGTAGCC

151

57.5

Antisense

GTCGGGATCCGTCATCTTG

Sense

GGTCCAGCACAGAAGGCA

92

57.2

Antisense

GTTGCACAGGTAGTGTCCCG

Sense

TGATGACATCAAGAAGGTGGTGAAG

240

57.9

Antisense

TCCTTGGAGGCCATGTGGGCCAT

Sense

GGACACTGAGCAAGAGAGGC

85

60.4

Antisense

TTATGGGGGTCTGGGATGGA

m vWF
h ERG
h GATA3
h GAPDH
m GAPDH

All sequences are in the 5' to 3' orientation. bp, base pair; Tm, melting temperature.
We explored the possibility that GATA, zinc
finger transcription factors could play a role. These
are factors that typically bind to the element A/T
GATA A/G and control physiological and pathological
processes by activating or repressing transcription [24].
Several endothelial genes, such as TIE-2, VCAM-1 and
vWF are reported regulated by GATA factors [22, 23,
41]. The promoter of vWF contains a GATA-binding
motif, at position +220. Jahroudi N et al. found that
the mutation of the +220 GATA motif abolished vWF
promoter activity [22]. GATA motif was necessary
for basal vWF promoter activity in HUVECs [21].
However, a mutation of the +220 GATA site had no
effect on lipopolysaccharide (LPS)-mediated repression
of the vWF promoter in vivo [21]. While GATA2, 3, and
6 bind to the +220 GATA site [21], GATA3 is highly
expressed in lung and lung adenocarcinoma [42, 43].
Given the lack of correlation between vWF expression
and ERG activity and the fact that GATA3 is expressed
in human primary ECs [29], we investigated whether
GATA3 played a regulatory role in vWF expression in
LAC. We found that A549-CM indeed increased the
expression of GATA3 in the co-cultured HUVECs and
GATA3 mediated the expression of vWF through binding
to the +220 GATA-binding motif in the vWF promoter.
We confirmed this through CHIP assays. Our findings
suggest a direct role for soluble, tumor-derived factors
in the induction of GATA3 activity. To our knowledge,
GATA3 has not previously been implicated in mediating
vWF expression in the LAC vasculature.
Our study uncovered a previously uncharacterized
mechanism by which endothelial gene expression,
specifically vWF, is regulated in LAC. Further
investigation is needed to study the angiogenic role and
www.impactjournals.com/oncotarget

prognostic function of vWF in LAC angiogenesis and
identify secreted paracrine factors directly responsible
for modulating endothelial cell gene expression in
cancer.

MATERIALS AND METHODS
Cell culture
HUVECs were purchased from the American
Type Culture Collection (ATCC, Manassas, VA, USA)
and cultured in endothelial growth medium (EGM2), supplemented with the EGM-2-MV bullet kit
(Lonza, Walkersville, MD, USA). The human lung
adenocarcinoma A549 cell line and normal human
bronchial epithelial cells were purchased from the Cell
Resource Center of Life Sciences (Shanghai, China)
and cultured in Dulbecco’s Modified Eagle’s medium
(DMEM) containing 10% fetal bovine serum (FBS,
Thermo Fisher Scientific, Waltham, MA, USA). The
Lewis lung carcinoma (LLC) cells and NCI-H1975 cells
were purchased from ATCC and cultured in DMEM with
10% FBS. All media used contained 100 IU/ml penicillin
and 100 μg/ml streptomycin. The cells were incubated in
a humidified atmosphere of 5% CO2 at 37 °C.

Human lung adenocarcinoma tissues
Tissue microarrays (TMAs) were purchased from
US Biomax (LC10013) and included 35 human lung
adenocarcinoma tissues paired with adjacent tissue and 4
healthy control lung tissues (http://www.alenabio.com/).
In addition, we obtained 3 primary lung adenocarcinoma
tissues from Shandong Provincial Qianfoshan Hospital
110525
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(Jinan, China), in accordance with the code established by
the Ethical Committee of Shandong University.

for 1 hour at room temperature. Nuclear staining was with
DAPI (Thermo Fisher Scientific, Waltham, MA, USA)
and slides were photographed with the Olympus LCX100
Imaging System (Olympus, Tokyo, Japan).

Preparation of mouse lung adenocarcinoma
tissue

RNA extraction and quantitative real-time PCR
(qRT-PCR)

C57BL/6 mice were obtained from the Animal
Center of Shandong University (Jinan, China). Before
injection, mice were anesthetized with 3% sodium
pentobarbital (30 mg/kg intraperitoneally; Sigma-Aldrich,
St. Louis, MO, USA). An aliquot of 1x107 LLC cells in 0.2
ml PBS were injected subcutaneously. Two weeks later,
mice were weighed before sacrifice. The subcutaneous
tumor mass and lung tissue of mice were dissected
and processed. All procedures involving animals were
conducted in accordance with the Guide for the Care and
Use of Laboratory Animals of Shandong University.

Total RNA from cells or fresh lung adenocarcinoma
tissue was extracted with the E.Z.N.A.TM Total RNA
Kit ii (OMEGA Bio-tek, Winooski, VT, USA) according
to the manufacturer's instructions. Reverse transcription
was performed with the Revert Aid First Strand cDNA
synthesis kit (Thermo Fisher Scientific, Waltham, MA,
USA). QRT-PCR was carried out using SYBR Green
(Tiangen Biotech, Beijing, China) using the ViiA 7 DX
Real-Time PCR System (Thermo Fisher Scientific,
Waltham, MA, USA). The PCR conditions were as
follows: 50 °C 2 min; 95 °C 2 min; 95 °C 15 s, 40 cycles;
60 °C 1 min. GAPDH levels were used for normalization
during the quantitative measurement of gene expression.
All PCR reactions were repeated in triplicate. The
sequences of primers used are summarized in Table 2.

Preparation of tumor-conditioned medium (CM)
A549 and NCI-H1975 cells were cultured in growth
media containing 10% FBS overnight. At confluence,
the media was replaced by media containing 0.5% FBS.
After 24 h, the CM was collected and filtered with a 0.2μm filter. The aliquots were stored at -80 °C. Control
culture media for all experiments was from human
bronchial epithelial cells (HBECs) collected under similar
conditions.

Western blotting
HUVECs were cultured in 6-well plates and treated
with the conditioned medium for 6 hour. After washing
with PBS, total protein was extracted using RIPA lysis
buffer containing PMSF (Beyotime, Shanghai, China) for
10 minutes. Protein concentration was determined using the
BCA assay (Thermo Fisher Scientific, Waltham, MA, USA).
Equal protein (50 μg) was separated on 10% acrylamide
gels for SDS-PAGE, then transferred to PVDF membrane
and blocked in 5% non-fat milk. Membranes were incubated
with primary antibodies against vWF (Dako, Glostrup,
Denmark), GATA3/ERG (Abcam, Cambridge, UK) or
GAPDH (Cell Signaling Technology, Danvers, MA, USA)
overnight at 4°C, then washed (3x TBST) and incubated
with HRP-conjugated anti-rabbit IgG secondary for 1 hour
(Santa Cruz Biotechnology, Santa Cruz, CA, USA). The
blots were developed with enhanced chemiluminescence
reagents (Millipore, Boston, MA, USA).

Immunohistochemistry (IHC)
IHC staining was performed on the TMAs. Slides
were incubated overnight at 4°C with rabbit polyclonal
anti-human von Willebrand Factor (Dako, Glostrup,
Denmark). The following day, sections were then incubated
sequentially with biotinylated secondary antibody and
HRP-conjugated streptavidin (Maixin, Fuzhou, China).
Antigenic detection was performed using DAB and the
sections were further counterstained with hematoxylin.
The TMAs were photographed with the Olympus FSX100
imaging system (Olympus, Tokyo, Japan).

Immunofluorescence (IF)
Frozen tissue sections were used to examine
the expression and localization of vWF and ERG in
LAC tissues and co-cultured HUVECS. Sections cut
at 5 μm were fixed with 95% methyl alcohol for 5
minutes. HUVEC monolayers were fixed with 4%
paraformaldehyde for 10 minutes. After wash (3x PBS,
5 min.), the sections and cells were incubated either with
rabbit polyclonal anti-human von Willebrand Factor (Dako,
Glostrup, Denmark) or polyclonal rabbit anti-human ERG
(Abcam, Cambridge, UK) overnight at 4°C. The next day,
slides were washed (3x PBS, 5 min.) and incubated with
Alexa546- or Alexa488-labeled anti-rabbit secondary
antibody (Thermo Fisher Scientific, Waltham, MA, USA)
www.impactjournals.com/oncotarget

vWF ELISA
After HUVECs were co-cultured in tumorconditioned medium for 12 hours, the medium was
collected to examine vWF secretion using a human vWF
ELISA kit (R&D systems, Minneapolis, MN, USA)
following the manufacturer’s protocol. Three independent
measurements were performed.

siRNA transfection
Transfections were performed with Lipofectamine™
2000 (Invitrogen, Carlsbad, CA, USA) according to the
110526
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manufacturer's instructions. HUVECs were seeded into
6-well plates and growth to 50%~70% confluency. GATA3
siRNA (Genepharma, Shanghai, China) in combination
with Lipofectamine™ 2000 was added to each well. The
knockdown of GATA3 was analyzed by qRT-PCR and
Western blot analysis. The oligonucleotide sequences of
the siRNAs used were as follows:
Negative control (Random)
- sense (5′-UUCUCCGAACGUGUCACGUTT -3′)
- antisense (5′-ACGUGACACGUUCGGAGAA
TT -3′)
GATA3-homo-1538
- sense (5′-GGCUCUACUACAAGAUUCATT 3′)
- antisense (5′-UGAAGCUUGUAGUAGAGCC
TT -3′).

ChIP assay
ChIP assays were performed with the EZMagna Chip™ A kit (Millipore, Boston, MA, USA)
following the manufacturer’s instructions. A total of
1x107 HUVECs co-cultured with A549 conditioned
media or control conditioned media were cross-linked
with 1% formaldehyde at room temperature for 10
minutes. Sonication was performed on ice to get 200
to1000 bp DNA fragments. The chromatin was then
immunoprecipitated with anti-IgG antibody (Millipore,
Boston, MA, USA) and anti-GATA3 antibody (Abcam,
Cambridge, UK). After reverse cross-linking and
DNA purification, DNA from input (1:10 diluted) or
immunoprecipitated samples were assayed by semiquantitative PCR. The primers amplifying the GATA
binding motif on the vWF promoter are as follows:
sense 5′-TGGGCGGCACCATTGT-3′, and antisense 5′CATACCTTCCCCTGCAAATGA-3′. The PCR products
were analyzed by agarose gel electrophoresis.

Statistical analysis

CONFLICTS OF INTEREST
The authors declare no conflicts of interest.

FUNDING
This study was supported by the grants from
The National Natural Science Foundation of China
(81370269), Science and Technology Development Plan
of Shandong Province (2017GSF218037), Natural Science
Foundation of Shandong Province (ZR2015PH041) and
Shandong Taishan Scholarship (Ju Liu).

REFERENCES
1. Piperdi B, Merla A, Perez-Soler R. Targeting angiogenesis
in squamous non-small cell lung cancer. Drags. 2014;
74:403-13.
2. Jordan EJ, Kim HR, Arcila ME, Barron D, Chakravarty D,
Gao J, Chang MT, Ni A, Kundra R, Jonsson P, Jayakumaran
G, Gao SP, Johnsen HC, et al. Prospective comprehensive
molecular characterization of lung adenocarcinomas for
efficient patient matching to approved and emerging
therapies. Cancer Discov. 2017; 7: 596-609. https://doi.
org/10.1158/2159-8290.cd-16-1337.
3. Kadara H, Kabbout M, Wistuba II. Pulmonary
adenocarcinoma: a renewed entity in 2011.
Respirology.
2012;
17:
50-65.
https://doi.
org/10.1111/j.1440-1843.2011.02095.x.
4. Hou S, Zhou S, Qin Z, Yang L, Han X, Yao S, Ji H.
Evidence, Mechanism, and clinical relevance of the
transdifferentiation from lung adenocarcinoma to squamous
cell carcinoma. Am J Pathol. 2017; 187: 954-62. https://doi.
org/10.1016/j.ajpath.2017.01.009.

Statistically significant differences were assessed
using a paired-sample t-test or Pearson's chi-squared test.
All statistical analyses were performed using SPSS 19.0
statistical software (Chicago, IL, USA) with a P<0.05
considered significant. All the data displayed are compiled
from at least 3 independent replicates.

5. Morishita C, Jin E, Kikuchi M, Egawa S, Fujiwara M,
Ohaki Y, Ghazizadeh M, Takemura T, Kawanami O.
Angiogenic switching in the alveolar capillaries in primary
lung adenocarcinoma and squamous cell carcinoma. J
Nippon Med Sch. 2007; 74: 344-54.

Abbreviations

6. Carmeliet P. Angiogenesis in life, disease and medicine.
Nature. 2005; 438: 932-6. https://doi.org/10.1038/
nature04478.

GATA3: GATA binding protein 3; vWF: von
Willebrand factor; LAC: lung adenocarcinoma; TMAs:
tissue microarrays; ECs: endothelial cells; CM: conditioned
media; HUVECs: human umbilical vein endothelial
cells; ERG: Ets related gene; NSCLC: non -small cell
lung cancers; LSCC: lung squamous cell carcinoma;
VEGF: vascular endothelial growth factor; LLC: Lewis
lung carcinoma; ELISA: enzyme-linked immunosorbent
assay; ChIP: Chromatin immunoprecipitation; qRTwww.impactjournals.com/oncotarget

PCR: quantitative real-time polymerase chain reaction;
siRNA: small interference ribonucleic acid; VEGFR2:
vascular endothelial growth factor receptor 2; MMPs:
matrix metalloproteinase; PECAM-1: Platelet endothelial
cell adhesion molecule-1; VCAM-1: vascular adhesion
molecule-1; LPS: lipopolysaccharide.

7. Starke RD, Ferraro F, Paschalaki KE, Dryden NH,
McKinnon TA, Sutton RE, Payne EM, Haskard DO, Hughes
AD, Cutler DF, Laffan MA, Randi AM. Endothelial von
Willebrand factor regulates angiogenesis. Blood. 2011; 117:
1071-80. https://doi.org/10.1182/blood-2010-01-264507.

110527

Oncotarget

8. Folkman J. Tumor angiogenesis: therapeutic implications.
N Engl J Med. 1971; 285: 1182-6. https://doi.org/10.1056/
nejm197111182852108.

cells along the endothelial lineage. BMC Dev Biol. 2009; 9:
72. https://doi.org/10.1186/1471-213x-9-72.
21. Liu J, Kanki Y, Okada Y, Jin E, Yano K, Shih SC,
Minami T, Aird WC. A +220 GATA motif mediates basal
but not endotoxin-repressible expression of the von
Willebrand factor promoter in Hprt-targeted transgenic
mice. J Thromb Haemost. 2009; 7: 1384-92. https://doi.
org/10.1111/j.1538-7836.2009.03501.x.

9. Eberhard A, Kahlert S, Goede V, Hemmerlein B, Plate
KH, Augustin HG. Heterogeneity of angiogenesis and
blood vessel maturation in human tumors: implications
for antiangiogenic tumor therapies. Cancer Res. 2000; 60:
1388-93.
10. Jin E, Ghazizadeh M, Fujiwara M, Nagashima M, Shimizu
H, Ohaki Y, Arai S, Gomibuchi M, Takemura T, Kawanami
O. Angiogenesis and phenotypic alteration of alveolar
capillary endothelium in areas of neoplastic cell spread
in primary lung adenocarcinoma. Pathol Int. 2001; 51:
691-700.

22. Jahroudi N, Lynch DC. Endothelial-cell-specific regulation
of von Willebrand factor gene expression. Mol Cell Biol.
1994; 14: 999-1008.
23. Umetani M, Mataki C, Minegishi N, Yamamoto M,
Hamakubo T, Kodama T. Function of GATA transcription
factors in induction of endothelial vascular cell adhesion
molecule-1 by tumor necrosis factor-alpha. Arterioscler
Thromb Vasc Biol. 2001; 21: 917-22.

11. Shibusa T, Shijubo N, Abe S. Tumor angiogenesis and
vascular endothelial growth factor expression in stage I lung
adenocarcinoma. Clin Cancer Res. 1998; 4: 1483-7.

24. Zheng R, Blobel GA. GATA Transcription factors and
cancer. Genes Cancer. 2010; 1: 1178-88. https://doi.
org/10.1177/1947601911404223.

12. Yuan A, Yang PC, Yu CJ, Lee YC, Yao YT, Chen CL, Lee
LN, Kuo SH, Luh KT. Tumor angiogenesis correlates with
histologic type and metastasis in non-small-cell lung cancer.
Am J Respir Crit Care Med. 1995; 152: 2157-62. https://
doi.org/10.1164/ajrccm.152.6.8520790.

25. Guo M, Akiyama Y, House MG, Hooker CM, Heath E,
Gabrielson E, Yang SC, Han Y, Baylin SB, Herman JG,
Brock MV. Hypermethylation of the GATA genes in lung
cancer. Clin Cancer Res. 2004; 10: 7917-24. https://doi.
org/10.1158/1078-0432.ccr-04-1140.

13. Li Y, Li L, Dong F, Guo L, Hou Y, Hu H, Yan S, Zhou
X, Liao L, Allen TD, Liu JU. Plasma von Willebrand
factor level is transiently elevated in a rat model of acute
myocardial infarction. Exp Ther Med. 2015; 10: 1743-9.
https://doi.org/10.3892/etm.2015.2721.

26. Muller AM, Skrzynski C, Skipka G, Muller KM. Expression
of von Willebrand factor by human pulmonary endothelial
cells in vivo. Respiration. 2002; 69: 526-33. https://doi.
org/10.1159/000066471.

14. Lenting PJ, Pegon JN, Groot E, de Groot PG. Regulation
of von Willebrand factor-platelet interactions. Thromb
Haemost. 2010; 104: 449-55. https://doi.org/10.1160/
th09-11-0777.

27. Yamamoto K, de Waard V, Fearns C, Loskutoff DJ. Tissue
distribution and regulation of murine von Willebrand factor
gene expression in vivo. Blood. 1998; 92: 2791-801.

15. Hassan MI, Saxena A, Ahmad F. Structure and function of
von Willebrand factor. Blood Coagul Fibrinolysis. 2012; 23:
11-22. https://doi.org/10.1097/MBC.0b013e32834cb35d.

28. Aird WC, Edelberg JM, Weiler-Guettler H, Simmons WW,
Smith TW, Rosenberg RD. Vascular bed-specific expression
of an endothelial cell gene is programmed by the tissue
microenvironment. J Cell Biol. 1997; 138: 1117-24.

16. Lenting PJ, Casari C, Christophe OD, Denis CV. von
Willebrand factor: the old, the new and the unknown.
J Thromb Haemost. 2012; 10: 2428-37. https://doi.
org/10.1111/jth.12008.

29. Liu J, Yuan L, Molema G, Regan E, Janes L, Beeler D,
Spokes KC, Okada Y, Minami T, Oettgen P, Aird WC.
Vascular bed-specific regulation of the von Willebrand
factor promoter in the heart and skeletal muscle.
Blood. 2011; 117: 342-51. https://doi.org/10.1182/
blood-2010-06-287987.

17. Randi AM, Laffan MA, Starke RD. Von Willebrand factor,
angiodysplasia and angiogenesis. Mediterr J Hematol
Infect Dis. 2013; 5: e2013060. https://doi.org/10.4084/
mjhid.2013.060.

30. Franchini M, Frattini F, Crestani S, Bonfanti C, Lippi G.
von Willebrand factor and cancer: a renewed interest.
Thromb Res. 2013; 131: 290-2. https://doi.org/10.1016/j.
thromres.2013.01.015.

18. Randi AM, Laffan MA. Von Willebrand factor and
angiogenesis: basic and applied issues. J Thromb Haemost.
2017; 15: 13-20. https://doi.org/10.1111/jth.13551.
19. Aird WC, Jahroudi N, Weiler-Guettler H, Rayburn
HB, Rosenberg RD. Human von Willebrand factor
gene sequences target expression to a subpopulation of
endothelial cells in transgenic mice. Proc Natl Acad Sci U
S A. 1995; 92: 4567-71.

31. Lackner C, Jukic Z, Tsybrovskyy O, Jatzko G, Wette
V, Hoefler G, Klimpfinger M, Denk H, Zatloukal K.
Prognostic relevance of tumour-associated macrophages
and von Willebrand factor-positive microvessels in
colorectal cancer. Virchows Arch. 2004; 445: 160-7. https://
doi.org/10.1007/s00428-004-1051-z.

20. Nikolova-Krstevski V, Yuan L, Le Bras A, Vijayaraj P,
Kondo M, Gebauer I, Bhasin M, Carman CV, Oettgen P.
ERG is required for the differentiation of embryonic stem

www.impactjournals.com/oncotarget

32. Reidy MA, Chopek M, Chao S, McDonald T, Schwartz
SM. Injury induces increase of von Willebrand factor in rat
endothelial cells. Am J Pathol. 1989; 134: 857-64.
110528

Oncotarget

33. Rofstad EK, Halsor EF. Vascular endothelial growth factor,
interleukin 8, platelet-derived endothelial cell growth factor,
and basic fibroblast growth factor promote angiogenesis
and metastasis in human melanoma xenografts. Cancer Res.
2000; 60: 4932-8.

39. Birdsey GM, Shah AV, Dufton N, Reynolds LE, Osuna
Almagro L, Yang Y, Aspalter IM, Khan ST, Mason JC,
Dejana E, Gottgens B, Hodivala-Dilke K, Gerhardt H, et al.
The endothelial transcription factor ERG promotes vascular
stability and growth through Wnt/beta-catenin signaling.
Dev Cell. 2015; 32: 82-96. https://doi.org/10.1016/j.
devcel.2014.11.016.

34. Liu F, Wang B, Li L, Dong F, Chen X, Li Y, Dong X, Wada
Y, Kapron CM, Liu J. Low-dose cadmium upregulates
VEGF expression in lung adenocarcinoma cells. Int J
Environ Res Public Health. 2015; 12: 10508-21. https://doi.
org/10.3390/ijerph120910508.

40. Schwachtgen JL, Janel N, Barek L, Duterque-Coquillaud M,
Ghysdael J, Meyer D, Kerbiriou-Nabias D. Ets transcription
factors bind and transactivate the core promoter of the von
Willebrand factor gene. Oncogene. 1997; 15: 3091-102.
https://doi.org/10.1038/sj.onc.1201502.

35. Gorantla B, Bhoopathi P, Chetty C, Gogineni VR,
Sailaja GS, Gondi CS, Rao JS. Notch signaling regulates
tumor-induced angiogenesis in SPARC-overexpressed
neuroblastoma. Angiogenesis. 2013; 16: 85-100. https://
doi.org/10.1007/s10456-012-9301-1.

41. Song H, Suehiro J, Kanki Y, Kawai Y, Inoue K, Daida
H, Yano K, Ohhashi T, Oettgen P, Aird WC, Kodama T,
Minami T. Critical role for GATA3 in mediating Tie2
expression and function in large vessel endothelial cells. J
Biol Chem. 2009; 284: 29109-24. https://doi.org/10.1074/
jbc.M109.041145.

36. Cai H, Xue Y, Li Z, Hu Y, Wang Z, Liu W, Li Z, Liu Y.
Roundabout4 suppresses glioma-induced endothelial cell
proliferation, migration and tube formation in vitro by
inhibiting VEGR2-mediated PI3K/AKT and FAK signaling
pathways. Cell Physiol Biochem. 2015; 35: 1689-705.
https://doi.org/10.1159/000373982.

42. Hashiguchi T, Miyoshi H, Nakashima K, Yokoyama S,
Matsumoto R, Murakami D, Mitsuoka M, Takamori S,
Akagi Y, Ohshima K. Prognostic impact of GATA binding
protein-3 expression in primary lung adenocarcinoma.
Hum Pathol. 2017; 63: 157-64. https://doi.org/10.1016/j.
humpath.2017.02.024.

37. Takano S, Tsuboi K, Tomono Y, Mitsui Y, Nose T. Tissue
factor, osteopontin, alphavbeta3 integrin expression in
microvasculature of gliomas associated with vascular
endothelial growth factor expression. Br J Cancer. 2000;
82: 1967-73. https://doi.org/10.1054/bjoc.2000.1150.

43. Nakamura Y, Ghaffar O, Olivenstein R, Taha RA, SoussiGounni A, Zhang DH, Ray A, Hamid Q. Gene expression
of the GATA-3 transcription factor is increased in atopic
asthma. J Allergy Clin Immunol. 1999; 103: 215-22.

38. Birdsey GM, Dryden NH, Amsellem V, Gebhardt F,
Sahnan K, Haskard DO, Dejana E, Mason JC, Randi
AM. Transcription factor Erg regulates angiogenesis
and endothelial apoptosis through VE-cadherin.
Blood. 2008; 111: 3498-506. https://doi.org/10.1182/
blood-2007-08-105346.

www.impactjournals.com/oncotarget

110529

Oncotarget

