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Abstract

To characterize the contributions of Dickkopf-1 (DKK1) towards the induction of vasculogenic mimicry (VM) in non-small cell lung cancer
(NSCLC), we evaluated cohorts of primary tumours, performed in vitro functional studies and generated xenograft mouse models. Vasculogenic
mimicry was observed in 28 of 205 NSCLC tumours, while DKK1 was detected in 133 cases. Notably, DKK1 was positively associated with VM.
Statistical analysis showed that VM and DKK1 were both related to aggressive clinical course and thus were indicators of a poor prognosis.
Moreover, expression of epithelial-mesenchymal transition (EMT)-related proteins (vimentin, Slug, and Twist), cancer stem-like cell (CSC)-
related proteins (nestin and CD44), VM-related proteins (MMP2, MMP9, and vascular endothelial-cadherin), and b-catenin-nu were all elevated
in VM-positive and DKK1-positive tumours, whereas the epithelial marker (E-cadherin) was reduced in the VM-positive and DKK1-positive
groups. Non-small cell lung cancer cell lines with overexpressed or silenced DKK1 highlighted its role in the restoration of mesenchymal pheno-
types and development of CSC characteristics. Moreover, DKK1 significantly promotes NSCLC tumour cells to migrate, invade and proliferate.
In vivo animal studies demonstrated that DKK1 enhances the growth of transplanted human tumours cells, as well as increased VM formation,
mesenthymal phenotypes and CSC properties. Our results suggest that DKK1 can promote VM formation via induction of the expression of
EMT and CSC-related proteins. As such, we feel that DKK1 may represent a novel target of NSCLC therapy.
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Background

Primary lung cancer is the leading cause of cancer mortality in the
world [1]. Some advances in diagnosis and treatment have made sig-
nificant strides towards improving these trends; however, the survival
rate of patients with lung cancer remains poor. Thus, further research
is critically necessary to expand our understanding of this disease and
identify novel, actionable targets. Non-small cell lung cancer (NSCLC)
comprises approximately 80% of all lung cancer cases [1, 2].

In 1999, Maniotis et al., detected a novel mode by which highly
aggressive uveal melanoma maintain blood supply. Specifically, the

authors identified blood vessels that are completely surrounded by
tumour cells, a condition that was designated vasculogenic mimicry
(VM) [3]. Since the discovery of VM, research has focused on the
molecular mechanism by which VM formation occurs in an effort to
identify actionable targets. Epithelial-mesenchymal transition (EMT)
and cancer stem-like cell (CSC) have been associated with the forma-
tion of VM in several tumours [4–6]. As the Wnt signalling pathway –
which provides important clues to embryonic development and
tumorigenesis – is implicated in both EMT and CSC, we evaluated
whether this pathway participates in VM [7, 8].

Dickkopf-1 (DKK1), which plays a crucial role in head formation in
vertebrate development, encodes a secreted protein and is a negative
regulator of the Wnt signalling pathway in numerous cancers [9, 10].
Previous studies have reported that overexpression of DKK1 is
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negatively correlated with the existence of VM, and may reduce
proliferation, migration and invasion of colon cancer cells [8]. By
contrast, DKK1 exhibits a potential oncogenic function as a result of
elevated expression detected in Wilms’ tumour, hepatoblastoma and
hepatocellular carcinoma (HCC) [11, 12]. A previous report has
shown that DKK1 is also highly expressed in NSCLC, and may be use-
ful as a novel diagnostic and prognostic marker for lung cancer [13].

However, the relationship between DKK1 and VM in NSCLC
remains unknown. In this study, we aimed to identify the potential
contribution of DKK1 in the formation of VM. We hypothesized that
DKK1 promotes VM formation via induction of EMT and development
of CSC characteristics. To evaluate or premise, we obtained large
cohorts of human NSCLC tissues to identify the clinical and biological
overlap between VM and DKK1 expression. Subsequently, cell culture
and xenograft mouse models were used for in vitro and in vivo stud-
ies, respectively.

Materials and methods

Patients

Tissue specimens were obtained from 205 patients who had undergone

surgical resection for lung cancer in Tianjin Medical University Cancer
Institute and Hospital from October 1990 to November 2010. These 205

NSCLC samples included 79 cases of squamous cell carcinoma, 75

cases of adenocarcinoma and 51 cases of large cell cancer. The diag-
noses of these samples were verified by two pathologists according to

the standards of classification [2, 14]. Clinicopathological parameters

were obtained from patients’ clinical records and pathological reports.

Total survival time, final follow-up examination and diagnosis of metas-
tasis were recorded from the date of surgery. This study was approved

by the Ethical Committee of Tianjin Medical University.

Immunofluorescence, immunohistochemistry and
CD31/periodic acid Schiff double-staining

Immunohistochemistry was performed as described by Sun et al. [4, 15].

The details of the primary antibodies are listed in Table S2. Secondary anti-

bodies were purchased from Zhongshan Golden Bridge (Beijing, China).
Positive and negative controls were run for each batch. PBS was used as

substitute for primary antibodies in the negative controls. The results were

evaluated according to the method described by Bittner et al. [16].

Cell culture and plasmid transfection

Human NSCLC cell lines H1299, H460 and A549 (Cell Resource Center,
Institute of Basic Medical Sciences, Chinese Academy of Medical

Sciences, School of Basic Medicine, Peking Union Medical College)

were cultured in RPMI-1640 with 10% foetal bovine serum (FBS; Invit-
rogen, Grand Island, NY, USA). Transfection was performed with Lipo-

fectamine 2000 (Invitrogen, Carlsbad, CA, USA) using a plasmid

carrying DKK1 o empty vector controls, purchased from Genechem

Company (Shanghai, China). Briefly, DKK1 cDNA was amplified using

the following primer sequences: forward primer: 50-CTAGCTAGCACATG
ATGGCTCTGG-30 and reverse primer: 50-GGAATTCGTGTCTCTGACAA
GTGTG-30, digested with XhoI/EcoRI and subcloned into pcDNA3.1 vec-

tors. The small interfering RNA kit (HSH005612-mH1 H1 Puromycinm-

cherry psi-mH1) was purchased from GeneCopoeia (Guangzhou, China).
Transfection was performed with Lipofectamine 2000 (Invitrogen). G418

was used to select clones to establish stable H460 cells that overex-

pressed DKK1 and A549 cells with reduced expression of DKK1.

Western blot analysis

Western blot was performed according to previously published proto-
cols [13]. A monoclonal beta-actin antibody (Santa Cruz, Dallas, TX,

USA) was used for protein loading analysis, and the other primary anti-

bodies are described above. Secondary antibodies were also purchased

from Santa Cruz Biotechnology.

Cell proliferation assay

Cells were cultured in 96-well plates at a concentration of 1 9 103 cells

per well and incubated for various periods (1, 2, 3, 4, 5 and 6 days). At

a specified time, MTT (Sigma-Aldrich, St. Louis, MO, USA) solution was

added. After 4 hrs incubation at 37°C, dimethyl sulfoxide was used to
dissolve the purple crystals by shaking for 10 min. on a table concen-

trator. The optical density was determined at 490 nm on Spectra Max

M2 (Molecular Devices, Sunnyvale, CA, USA).

Invasion assay

Cell invasion was detected using transwell cell culture inserts with
8 lm membrane pore size (BD Biosciences, San Jose, CA, USA). Matri-

gel (2 mg/ml; BD Biosciences) was placed on the upper surface of the

chamber. Subsequently, 200 ll cell suspension (2 9 105 cells/ml) with-

out bovine serum was added to the upper chamber, and 500 ll RPMI-
1640 containing 20% FBS was added to the lower chamber. Following

incubation at 37°C with 5% CO2 for 48 hrs, the passed cells were fixed,

stained and counted. Each experiment was performed in triplicate.

Migration and wound-healing assay

Migration assay was performed in the same manner as an invasion
assay, except that the inner surface was not supplied with Matrigel and

the incubation time was 24 hrs. For the wound-healing assay, cells

were placed in a 12-well plate to form a monolayer 1 day before the

assay. After making a uniform straight scratch with a pipette tip, cells
were incubated at 37°C with 5% CO2, and cell motility was assessed by

measuring the speed of wound closure at intervals. Each experiment

was performed in triplicate.

3D culture assay

This assay was conducted as previously described [4, 15]. The cells on
Matrigel were pictured with a microscope (TS100-F; Nikon, Shinagawa-
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Ku, Tokyo, Japan). Six pictures in each group were collected, and the
number of VM channels was counted.

Animal studies

A total of 20 male BALB/c nude mice, 3- to 4-weeks of age (purchased

from Beijing H\FK Bioscience Co., Ltd., Beijing, China), were divided

randomly into four groups: H460-control group, H460-transfection
group, A549-control group and A549-transfection group. Each mouse

was subcutaneously injected in the right armpit with 5 9 106 cells. The

tumour size was measured every 3 days for 21 days with sliding

calliper. The tumour volume was calculated using the following formula:
volume = (length [mm] 9 width2 [mm])/2. Tumour samples were fixed

in formalin, embedded in paraffin, slide cut (4 lm thick) and immuno-

chemically stained. All animal experiments were conducted according to

the guidelines of Tianjin Medical University, China.

Statistical analysis

All data in the study were evaluated using SPSS17.0 software (SPSS,

Chicago, IL, USA). Survival data were analysed by Kaplan–Meier

analysis. C, Pearson chi-squared test, Spearman correlation analysis

and t-test were used as needed. All P-values were two-sided, and
P < 0.05 was considered a statistically significant test.

Results

Association of VM and DKK1 with
clinicopathological features in human NSCLC
samples

Based on our previous studies [4, 15], classical endothelial ves-
sels were lined with shuttle-like endothelium, whereas the chan-
nels surrounded by tumour cells with the presence of red blood
cells were deemed VM. These channels do not display necrosis
nor were infiltrating inflammatory cells observed (Fig. 1A). As
shown by CD31/periodic acid Schiff (PAS) double staining,
endothelium-dependent vessels were positive for both CD31 and
PAS, whereas the tumour cells lining VM channels were negative
for CD31. The base membrane-like structure between red blood
cells and the tumour cells were positive for PAS (Fig. 1B). In our
study, VM was detected in 28 (13.66%) of 205 specimens. The
frequency of VM was significantly associated with histological
classification, differentiation, T stages, clinical stages, and distant
metastasis (P < 0.001, <0.001, 0.021, 0.001 and <0.001 respec-
tively). Poor differentiation, high distant metastasis, and advanced
stage were observed in samples in the VM-tumours. Among the
three histological types, the frequency of VM was greatest in large
cell lung cancer (17/51, 33.33%), followed by adenocarcinoma (7/
75, 9.33%) and squamous cell carcinoma (4/79, 5.06%). No
statistically significant correlations were observed between VM and
other clinicopathological features including: age, gender, tumour

size, tumour location, pleural invasion, lymph node metastasis and
therapy (P > 0.05; Table S1).

Of 205 NSCLCs tumours, 133 were DKK1-positive (133/205,
64.88%). The specimens were also divided into two groups according
to DKK1 presence. Tumour type and differentiation were significantly
different between DKK1-positive and DKK1-negative groups
(P = 0.028, 0.008 respectively; Fig. 1C and D), but other clinico-
pathological factors were not significantly associated with DKK1
expression (P > 0.05, Table S1). Similar to VM, DKK1 was frequently
expressed in large cell lung cancer (41/51, 80.39%) and poorly differ-
entiated lung cancer (64/83, 77.11%).

To verify the clinical significance of VM, we investigated the
relationship between VM and survival outcome. The average survival
period for VM-positive patients was 25.95 months, whereas for
VM-negative patients, it is 68.07 months (Fig. 1E). The total survival
period of patients with VM was significantly shorter than that of
patients without VM (P = 0.001). In addition, Kaplan–Meier survival
analysis demonstrated that DKK1 had an effect similar trend, as VM-
positive versus VM-negative groups, in regard to survival. The total
survival time for patients of the DKK1-negative group was longer than
that of the DKK1-positive group (P = 0.012). The average survival per-
iod for patients of the DKK1-positive group was 55.89 months,
whereas that of the DKK1-negative patients was 76.12 months
(Fig. 1F).

Relationship between VM, DKK1 and EMT/CSC/
VM-related proteins in human NSCLC tissue

To characterize the role of DKK1 in VM formation, the relationship
between VM and DKK1 was examined in NSCLC tissues. Dickkopf-1
was positively associated with VM (P = 0.003, r = 0.203). The posi-
tive expression of DKK1 in the VM group (25/28, 89.29%) was signifi-
cantly higher than that in the non-VM group (108/177, 61.02%).
Dickkopf-1-positive and VM-positive samples included 25 cases, and
DKK1/VM-negative samples included 69 cases. All of 205 NSCLC sam-
ples had been used in IHC staining for EMT and CSC-related proteins.

Relationships between VM and EMT/CSC-related proteins were
also detected. As shown in Table 1, no significant relationship was
found between EpCAM and VM (P > 0.05), whereas the differential
expression levels of EMT-related proteins (E-cadherin, vimentin,
Twist, and Slug) and CSC-related proteins (CD44, nestin and CD34)
between VM-positive and VM-negative groups was significant
(P < 0.05, Fig. 2A and B). b-catenin nuclear expression and VM-
related proteins (VE-cadherin, matrix metalloproteinase2 (MMP2) and
MMP9) were also overexpressed in the VM group (P < 0.05, Table 1,
Fig. 2C).

The relationship between DKK1 and these related proteins was
also examined. The results were similar to those of VM, with the
CD34 as the only exception. Dickkopf-1 was significantly associated
with EMT-related proteins (E-cadherin, vimentin, Twist, and Slug),
CSC-related proteins (CD44 and nestin), VM-related proteins (VE-
cadherin, MMP2 and MMP9) and b-catenin nuclear expression
(P < 0.05). No statistically significant relationship was found between
EpCAM, CD34, and DKK1 (P > 0.05, Table 1, Fig. 2).
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Effects of DKK1-transfection on EMT-related
proteins of NSCLC cells in vitro

The expression of DKK1 was detected among three lung cancer lines
representing distinct histological entities, namely, H460 (large cell
lung cancer), H1299 (lung adenocarcinoma) and A549 (lung adeno-
carcinoma). Based on Western blot results, H460 cells were selected
as the lowest expression of DKK1, while A549 cells demonstrated the
lowest highest levels (Fig. S1A). Following transfection, DKK1 expres-
sion was evaluated by western blotting to confirm the transfection
efficiency (Fig. S1A). The effect of DKK1 on VM formation was also
investigated.

During stable transfection of the DKK1 plasmid into H460 cells,
remarkable morphological changes were observed. H460 cells are
typically polygonal and cobble-stone-like, which are features of
epithelial phenotypes. Following transfection with DKK1, the cells
gradually transformed into a spindle shape, which is a mesenchymal
phenotype (Fig. 3A). Moreover, increased expressions of vimentin,

Slug and Twist were detected, while expression of E-cadherin, which
is an epithelial marker, decreased (Fig. 3B and D).

By contrast, A549 cells exhibited more molecular characteristics
of epithelial cells following transfection of DKK1-shRNAinto these
cells. E-cadherin expression increased in the transfected cells,
whereas protein levels of vimentin, Slug, and Twist were reduced
(Fig. 3B and D).

Effects of DKK1 overexpression/deletion on
CSC-related proteins of NSCLC cells in vitro

Based on our characterization of human primary tumours, the expres-
sion of CSC-related proteins that were significantly associated with
VM and DKK1 were examined. CD44 and nestin were both overex-
pressed in H460-DKK1 cells and down-regulated in A549-siDKK1
cells (Fig. 3C). The expression of b-catenin was also investigated in
these transfected cells. We found that b-catenin expression

A B

C D

E F

Fig. 1 (A) Morphological appearance of

VM with hematoxylin and eosin staining.

The VM channel was surrounded by

tumour cells and RBC (red arrow).
Absence of necrosis and phlogocyte was

observed in the vicinity (9200). (B)
Results of CD31/PAS double-staining
(9400). The VM channel (red arrow) was

PAS-positive, but it did not expressed

CD31. Endothelium-dependent vessel (yel-

low arrow) was PAS and CD31-positive.
(C) Immunohistochemical staining for

DKK1 overexpression in the VM-positive

group (9200). (D) DKK1 was down-regu-

lated in the non-VM group (9200). (E)
Kaplan–Meier survival analysis showing

that the VM-positive patients have shorter

survival time than VM-negative patients
(P = 0.001). (F) Kaplan–Meier survival

analysis showing that the DKK1-positive

patients have shorter survival time than

DKK1-negative patients (P = 0.012).
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Table 1 Correlation between VM, DKK1 and EMT and CSC-related proteins of NSCLC

Variant
VM

P-value r
DKK1

P-value r
Negative Positive Negative Positive

b-catenin nuclear expression

Negative 160 13 <0.001 0.416 68 105 0.004 0.204

Positive 17 15 4 28

E-cadherin

Negative 49 19 <0.001 �0.293 17 51 0.043 �0.149

Positive 128 9 55 82

Vimentin

Negative 127 8 <0.001 0.313 55 80 0.021 0.163

Positive 50 20 17 53

Twist

Negative 126 8 <0.001 0.308 58 76 0.001 0.235

Positive 51 20 14 57

Slug

Negative 103 7 0.002 0.229 47 63 0.019 0.171

Positive 74 21 25 70

EpCAM

Negative 115 15 0.292 – 48 82 0.544 –

Positive 62 13 24 51

Nestin

Negative 150 18 0.015 0.183 65 103 0.023 0.159

Positive 27 10 7 30

CD44

Negative 83 5 0.004 0.201 39 49 0.019 0.167

Positive 94 23 33 84

CD34

Negative 174 25 0.035 0.008 72 127 0.093 –

Positive 3 3 0 6

VE-cadherin

Negative 101 3 <0.001 0.318 53 51 <0.001 0.337

Positive 76 25 19 82
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decreased in A549-siDKK1 cells and increased in H460-DKK1 cells
(Fig. 5B and D). The immunofluorescent staining for b-catenin con-
firmed the result of the western blot, and it also indicated that more
b-catenin located in the nuclei of H460-DKK1 cells (Fig. 3D).

Effects of DKK1 overexpression/silencing on
migration and invasion capability of NSCLC cells
in vitro

To investigate the impact of DKK1 on migration, a wound-healing
assay and a transwell assay without Matrigel were both performed. In
the wound-healing assay, H460-DKK1 cells migrated more rapidly
than H460 cells, and the migration distances were 0.39 and 0.28 mm
respectively (P < 0.05, Fig. 4A). Moreover, the cell numbers were
higher for H460-DKK1 cells that were passed, as compared to con-
trols (191 versus 100, P < 0.05) (Fig. 4A). In the Matrigel transwell
assay, the passed cells were also fixed, stained and counted. There
was approximately a fivefold increase in cell invasion observed in the
H460-DKK1group compared with controls (P < 0.05, Fig. 4B). In
keeping with these results, A549-siDKK1 cells showed lower migra-
tion and invasion abilities than the control (P < 0.05, Fig. 4D and E).

Abnormal expression of DKK1 regulated the
proliferation ability of NSCLC cells in vitro

To evaluate the impact of DKK1 on proliferation, an MTT assay was
performed. As expected, we observed increase in the growth rate of

H460 cells overexpressing DKK1 (P < 0.05, Fig. 4A–C). Moreover,
suppression of growth was also found as early as the fourth day in
A549-siDKK1 cells (P < 0.05, Fig. 4B and C).

Effects of DKK1 overexpression/deletion on VM
formation of NSCLC cells in vitro

We evaluated the formation of VM in NSCLC cells using a 3D culture
assay model. Compared with the control group, there were more
pipe-like structures that formed in the H460-DKK1 group, and the
inner walls of these pipes were smoother (Fig. 5A and B). Moreover,
as shown in Figure 5C and D, A549 cells were unable to form chan-
nels following transfection with DKK1-shRNA. By contrast, the control
group had numerous pipeline structures.

Vasculogenic mimicry-related proteins were also evaluated follow-
ing DKK1 overexpression or suppression. In agreement with the
results of the 3D culture, MMP2, MMP9 and VE-cadherin expressions
increased in the H460-DKK1 group and decreased in the A549-siDKK1
group compared with their corresponding controls (Fig. 5E and F).

Effects of DKK1-transfection on xenograft in vivo

To further validate the effect of DKK1 on NSCLC cells, xenograft
mouse models were performed. Following the subcutaneous trans-
plantation of H460-DKK1, A549-siDKK1 and their corresponding con-
trol cells in nude mice, xenografts were established for all 40 mice.
Compared to the corresponding control group, we found that

Table 1. Continued

Variant
VM

P-value r
DKK1

P-value r
Negative Positive Negative Positive

MMP2

Negative 125 13 0.016 0.177 55 83 0.044 0.142

Positive 52 15 17 50

MMP9

Negative 113 12 0.039 0.148 55 70 0.001 0.232

Positive 64 16 17 63

Fig. 2 Expression of EMT and CSC-related proteins in NSCLC (9200). (A) Expression of EMT-related proteins in NSCLC. E-cadherin was positively

expressed in the membrane of tumour cells. Vimentin was considered positively expressed as it was stained in the cytoplasm of tumour cells, and

the positive expression of stromal cells was considered as internal control. Positive expression of Twist was found in the cytoplasm of tumour cells,
and sometimes, in the nucleus. Slug was positively located both in the cytoplasm and in the nuclei of tumour cells. (B) Expression of CSC-related

markers in NSCLC. Positive expressions of nestin and CD34 were both found in the cytoplasm of tumour cells. CD44 and EpCAM expressions were

considered to be located in the membrane of tumour cells. Positive expressions of new blood vessels, lymphocytes and endothelial cells were con-

sidered to be internal controls for nestin, CD44 and CD34 respectively. (C) Expression of VM-related proteins and b-catenin in NSCLC. VE-cadherin,
MMP2 and MMP9 were positively expressed in the cytoplasm of tumour cells. Positive expression of b-catenin-nu was found from membrane to

nucleus. Positive expression of VE-cadherin in blood vessels, MMP2, and MMP9 in stromal cells were considered as internal control. These results

showed samples of group, which lost their epithelial phenotypes and exhibited more mesenchymal phenotypes and CSC features.
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transplanted tumour cells in H460-DKK1 group grew more rapidly,
and the tumours in A549-siDKK1 group developed at a slower rate
(P < 0.05, Fig. S2A and Fig. 6A). The tumour volume of the H460-
DKK1 group was larger than that in parental H460 cells (1736.09 and
841.60 mm3) respectively (P < 0.05, Fig. S2A). By contrast, the
tumour size in the A549-siDKK1 group (268.95 mm3) was smaller
than that in the control (533.85 mm3) (P < 0.05, Fig. 6A).

Vasculogenic mimicry was also examined in seven of the mice in
the H460-transfection group, and was found to be higher than that in
the control group (4/10, P < 0.05, Fig. S2G). Vasculogenic mimicry
was found in two mice in the A549-transfection group, and was lower
than that in the A549-control group (5/10, P < 0.05, Fig. 6G).

Moreover, compared to the corresponding control, E-cadherin
expression decreased in the H460-DKK1 group and increased in the
A549-siDKK1 group (P < 0.05, Fig. 6, Figs S2–S4). The expression
of other related proteins (vimentin, Twist, Slug, CD44, nestin, VE-cad-
herin, MMP2, MMP9 and b-catenin nuclear) increased in the H460-

DKK1 group and decreased in the A549-siDKK1 group (P < 0.05,
Fig. 6, Figs S2–S4).

Discussion

Vasculogenic mimicry has been identified in several malignant
tumours, including HCC, glioblastoma and breast cancer [17–20].
Based on these studies, VM results in more aggressive cancer and is
associated with a poor prognosis. We found similar findings, in
NSCLC specimens through the identification of VM which was associ-
ated with poor differentiation, metastasis, advanced stage, and a
shorter survival period. With the unique structure of VM, tumour cells
are exposed directly to the blood flow, which enable them to enter the
microcirculation and metastasize to other organs with greater ease. In
addition, VM most often occurs in large cell lung cancer, followed by
lung adenocarcinoma and squamous cell carcinoma. Large cell lung

Fig. 3 Differences between transfection group and the control (HT: H460transfaected with a pcDNA3.1-DKK1 vector; HC: H460 cells transfected with

an empty vector; AT: A549 cells silenced by a DKK1-targeting siRNA; AC: A549 cells transfected with a non-targeting siRNA). (A) Morphological
appearances between HT cells and HC cells. HC cells were polygonal and cobble-stone-like, whereas HT cells were spindle shaped. (B) Changes in

EMT-related proteins following transfection. (C) Diversities of expression of CSC-associated markers in transfected NSCLC cells. HT cells developed

and AT cells lost more CSC features. (D) Immunofluorescence analysis showed changes in b-catenin, E-cadherin and vimentin expressions between
transfection and control groups (9400). Both (B) and (D) showed that HT cells underwent EMT, whereas AT cells underwent mesenchymal–epithe-
lial transition.
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cancer is the most pernicious subtype, which may have contributed
to this result. We also evaluated the expression of DKK1 in human
NSCLC tissues, and found that DKK1 was related with histological
classification and differentiation similar to that in VM. Moreover, over-
expression of DKK1 positively correlated with the existence of VM
and high expression of some VM-related proteins (MMP2, MMP9 and
VE-cadherin).

Several studies have shown that VM is usually regarded as an
example of aggressive tumour cells with remarkable differentiation
plasticity [20, 21]. In this process, more aggressive tumour cells
transdifferentiated, altered their cell markers, acquired more embry-
onic stem characteristics, and acted as endothelium cells to form the
VM structure. Therefore, we can assume that the actions of EMT and
CSC may be involved in VM formation.

Epithelial-mesenchymal transition describes a series of events dur-
ing which epithelial cells lose many of their epithelial characteristics
and take on properties typical of mesenchymal cells, implying complex
changes in cell architecture and behaviour [22, 23]. Wnt signalling
pathway is essential to the EMT induction. Cell division cycle 6 (Cdc6),
a component of Wnt signalling pathway, has been shown to inhibit the
translational activity of E-cadherin [24]. Overexpression of Cdc6 can

suppress E-cadherin and lead to EMT in a lung cancer cell line [24].
Dickkopf-1 is also a regulator of Wnt signalling pathway. Our data
highlight a correlation between the existence of VM, overexpression of
DKK1 and decreased E-cadherin expression, and increased vimentin
expression in NSCLC tissues. Moreover, overexpression of DKK1 in
lung tumour cells decreased E-cadherin expression and increased
vimentin expression. b-catenin, the central molecule of the Wnt path-
way, and its nuclear expression, which has been shown to induce EMT
and is used as a mesenchymal marker, was also positively related to
VM and DKK1. Furthermore, VM and DKK1 demonstrated a correlation
with Slug and Twist, which are two important positive regulators of
EMT. Results of in vitro and in vivo experiments further indicate that
DKK1 can sufficiently induce EMT and promote VM formation.

The CSC theory may explain the biological heterogeneity of solid
tumours [25]. Similar to normal adult stem cells, cancer stem cells
possess high tumorigenic ability, as well as self-renewal and pluripo-
tency that could differentiate into different cell types [26]. Our data
suggest that CSC phenotype was associated with VM and concomi-
tantly with DKK1 overexpression. Our in vivo studies also showed that
DKK1-overexpression in lung cancer cells exhibited CSC phenotype
and were more aggressive. These xenograft tumours were more vas-

A B C

D E F

Fig. 4 Changes in migration, invasion and proliferation abilities following DKK1 transfection into H460 cells and sh-DKK1 in A549 cells. (A) Both
wound-healing and transwell assays without Matrigel demonstrated that transfected H460 cells migrate more readily than the control (P < 0.05). (B)
Invasion number of H460-DKK1 cells was higher than the control in Matrigel transwell assay (P < 0.05). (C) H460-DKK1 cells proliferated quicker

than the cells in the control group in the MTT assay (P < 0.05). Accordingly, transfected A549 cells showed less (D) migration, (E) invasion, and
(F) proliferation abilities (P < 0.05) compared with the control.
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cular and displayed more VM than cells from normal lung cancer
cells. Cancer stem-like cell may also directly contribute to tumour
angiogenesis by converting into endothelial cell [18, 27].

Previous studies have reported that the cells engaged in VM may
come from cancer cells endowed with transdifferentiation and stem-
cell plasticity, and may represent an incomplete differentiation of CSC
towards endothelial lineage [18, 20, 28, 29]. Smadja et al. also found
that DKK1 enhanced angiogenic properties of endothelial colony-form-
ing cells in vitro and was required for endothelial colony-forming cell
and mesenchymal stem cell angiogenic phenotypes in vivo in breast
cancer [30]. Based on previous studies and our data, we postulate that
overexpression of DKK1 can lead to transdifferentiation of lung cancer
cells, resulting in the loss of their epithelial cell phenotypes and the

occurrence of more mesenchymal cell phenotypes. Meanwhile, in the
EMT process, these tumour cells also develop cancer stem cell fea-
tures, which enhance their abilities of proliferation, invasion, migration
and tumorigenesis. These cells can act as endothelium cells, which
are known as mesenchymal cells, to form the VM channel. Thus, the
tumour with VM shows more aggressive behaviour, can metastasize
more easily, and leads to poorer prognosis. These CSCs are assumed
to generate erythroid cells, as Zhang reported [31]. Dickkopf-1 seems
to have opposing roles in different tissues and types of tumours. Simi-
lar to DKK1, the functions of the E2F transcription factors can vary sig-
nificantly in malignancies of the digestive system [32]. Previously, Qi
et al. in our laboratory found that DKK1 inhibited EMT and VM in
colon cancer. Considering the conflicting results in our laboratory, we

Fig. 5 Varieties of VM formation between

transfection and control groups (HT:

H460transfaected with a pcDNA3.1-DKK1

vector; HC: H460 cells transfected with an
empty vector; AT: A549 cells silenced by

a DKK1-targeting siRNA; AC: A549 cells

transfected with a non-targeting siRNA).
(A and C) Compared with the control,

H460-DKK1 cells formed more typical

pipe-like structures, and the inner walls of

these tubes were smoother, whereas
A549-siDKK1 cells did not form these

structures (9200). (B and D) Quantifica-

tion of VM channels in each group. (E and

F) VM-related proteins (MMP2, MMP9
and VE-cadherin) and b-catenin were

overexpressed in HT and obviously

reduced in AT.

Fig. 6 Effects of siDKK1-transfection on xenograft (AC, A549 Group; AT, A549-siDKK1 Group). (A) Xenografts in the AT group developed more

slowly than those in the AC group (P < 0.05). (B) Hematoxylin and eosin staining of xenografts. (C) Xenografts in AT showed reduced DKK1-expres-

sion than the control, which further confirmed the effect of transfection. (D) Results of endomucin/PAS double-staining. The VM channel was posi-
tively expressed for PAS but negatively expressed for endomucin (red arrow). The endothelial channel was positively expressed for both endomucin

and PAS (yellow arrow). (E) Nestin and CD44 were significantly down-regulated in xenografts of AT, suggesting that AT cells lost CSC features. (F)
Xenografts in AT showed up-regulation of E-cadherin and down-regulation of vimentin, Slug, and Twist, indicating that AT cells experienced reverse

EMT. (G) Xenografts in AT showed the attenuating abilities of VM formation by decreased expression of VE-cadherin, MMP2 and MMP9. b-catenin
was also expressed in the membrane of AT cells, whereas a more positive expression was found in the nuclei of AC cells (red arrows), bars:

50 lm.
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speculate that the differences in results were because of the use of
colon cancer cells in the previous study [8], whereas we used NSCLC
[8]. Ultimately, the role of DKK1 in cancer is not completely under-
stood [33]. Dickkopf-1 can bind to the Wnt co-receptor LRP5/6 and
transmembrane proteins Kremen1/2 to form a tripolymer that block
the binding of Wnt, LRP5/6 and Fz receptor to cause the degradation
of b-catenin [34]. Hence, DKK1is able to inhibit the b-catenin-mediated
transcription of the EMT-related molecule including snail, slug and
twist1 in breast cancer, melanoma and colon cancer [35–37]. Interest-
ingly, DKK1 is also a downstream target of Wnt signalling [33], and
thus there is a negative feedback loop that activation of the canonical
Wnt signalling (but not non-canonical Wnt signalling) which causes
up-regulation of DKK1 expression [10]. The DKK1 promoter can be
transactivated by the b-catenin/ T-cell factor (TCF) complex [38]. Dick-
kopf-1 is overexpressed in human hepatoblastomas, multiple mye-
loma, Wilms’ tumours and oesophageal carcinomas, which display
unregulated activation of Wnt signalling [11, 33].

In conclusion, this study describes the previously unrecognized
role of DKK1 and authenticates the hypothesis that DKK1 promotes
VM formation by inducing EMT-related proteins and by developing
CSC characteristics in NSCLC. Our findings may benefit future studies
on the mechanism of NSCLC progression and provide new hope for
NSCLC diagnosis and therapeutic strategies.
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Figure S1 Detection of DKK1 expression by western blot. (A) Three
NSCLC cell lines, A549, H460 and H1299, are used to detect the
expression of DKK1 in this study. Western blot shows that A549 cells
expressed highest level of DKK1, and the level of DKK1 expression in
H460 is lowest in three cell lines. (B and C) H460 cells are selected
for overexpression of DKK1, and A549 cells are selected for down-
regulation of DKK1. After transfection, DKK1 expression is detected
by western blot to confirm the transfection efficiency. HT: H460 trans-
faected with a pcDNA3.1-DKK1 vector; HC: H460 cells transfected
with an empty vector; AT: A549 cells silenced by a DKK1-targeting
siRNA; AC: A549 cells transfected with a non-targeting siRNA.

Figure S2 Effects of DKK1-transfection on xenograft (HT: H460-
DKK1 group; HC: H460 control group). (A) Xenografts showed higher
rate of tumour growth in the HT group compared with the HC group
(P < 0.05). (B and D) Hematoxylin and eosin staining and endo-
mucin/PAS double-staining. Red arrow showed that the VM channel
and yellow arrow showed an endothelial vessel, which was further
demonstrated by endomucin/PAS double-staining in (D). (C) Xeno-
grafts in HT showed increased DKK1-expression than the control,
which also confirmed the effect of transfection. (E) Expressions of
nestin and CD44 were significantly augmented in xenografts of HT,
and HT cells acquired CSC features. (F) Xenografts in HT showed
EMT by the down-regulation of E-cadherin and up-regulation of
vimentin, Slug and Twist. (G) VE-cadherin, MMP2 and MMP9 were
increasingly expressed in transplanted tumours of HT, which indi-
cated the fortified abilities of VM formation. b-catenin nuclear expres-
sion also increased in HT tumours, bars: 50 lm.

Figure S3 Quantifications of the expression of CSC-related and VM-
related proteins in the A549 Control Group (AC) and the A549-siDKK1
Group (AT). (A) Quantifications of the expression of DKK1, Nestin and
CD44. (B) Quantifications of the expression of E-cadherin, vimentin,
Twist and Slug. (C) Quantifications of the expression of VE-cadherin,
MMP2, MMP9 and b-catenin-nu. Error bar: standard deviation (S.D.).

Figure S4 Quantifications of the expression of CSC-related and VM-
related proteins in the H460-DKK1 group (HT) and H460 control
group (HC). (A) Quantifications of the expression of DKK1, Nestin and
CD44. (B) Quantifications of the expression of E-cadherin, vimentin,
Twist and Slug. (C) Quantifications of the expression of VE-cadherin,
MMP2, MMP9 and b-catenin-nu. Error bar: standard deviation (S.D.).

Table S1 Correlation among VM, DKK1 and clinicopathological
features of NSCLC.

Table S2 Information of primary antibodies used in this study.

1684 ª 2016 The Authors.

Journal of Cellular and Molecular Medicine published by John Wiley & Sons Ltd and Foundation for Cellular and Molecular Medicine.



References

1. Cancer statistics. JAMA. 2013; 310: 982.

2. Beasley MB, Brambilla E, Travis WD. The
2004 World Health Organization classifica-
tion of lung tumors. Semin Roentgenol.

2005; 40: 90–7.
3. Maniotis AJ, Folberg R, Hess A, et al. Vas-

cular channel formation by human mela-

noma cells in vivo and in vitro: vasculogenic

mimicry. Am J Pathol. 1999; 155: 739–52.
4. Sun T, Zhao N, Zhao XL, et al. Expression

and functional significance of Twist1 in

hepatocellular carcinoma: its role in vasculo-

genic mimicry. Hepatology. 2010; 51: 545–
56.

5. Zhang D, Sun B, Zhao X, et al. Twist1

expression induced by sunitinib accelerates

tumor cell vasculogenic mimicry by increas-

ing the population of CD133+ cells in triple-
negative breast cancer. Mol Cancer. 2014;

13: 207.

6. Schnegg CI, Yang MH, Ghosh SK, et al.
Induction of vasculogenic mimicry overrides

VEGF-A silencing and enriches stem-like

cancer cells in melanoma. Cancer Res.

2015; 75: 1682–90.
7. Yang DH, Yoon JY, Lee SH, et al. Wnt5a is

required for endothelial differentiation of

embryonic stem cells and vascularization via

pathways involving both Wnt/beta-catenin
and protein kinase Calpha. Circ Res. 2009;

104: 372–9.
8. Qi L, Sun B, Liu Z, et al. Dickkopf-1 inhibits

epithelial-mesenchymal transition of colon

cancer cells and contributes to colon cancer

suppression. Cancer Sci. 2012; 103: 828–35.
9. Niida A, Hiroko T, Kasai M, et al. DKK1, a

negative regulator of Wnt signaling, is a tar-

get of the beta-catenin/TCF pathway. Onco-

gene. 2004; 23: 8520–6.
10. Gonzalez-Sancho JM, Aguilera O, Garcia

JM, et al. The Wnt antagonist DICKKOPF-1

gene is a downstream target of beta-catenin/

TCF and is downregulated in human colon
cancer. Oncogene. 2005; 24: 1098–103.

11. Wirths O, Waha A, Weggen S, et al. Over-
expression of human Dickkopf-1, an antago-

nist of wingless/WNT signaling, in human
hepatoblastomas and Wilms’ tumors. Lab

Invest. 2003; 83: 429–34.
12. Yu B, Yang X, Xu Y, et al. Elevated expres-

sion of DKK1 is associated with cytoplas-
mic/nuclear beta-catenin accumulation and

poor prognosis in hepatocellular carcino-

mas. J Hepatol. 2009; 50: 948–57.
13. Yamabuki T, Takano A, Hayama S, et al.

Dikkopf-1 as a novel serologic and prognos-

tic biomarker for lung and esophageal carci-

nomas. Cancer Res. 2007; 67: 2517–25.
14. Travis WD, Brambilla E, Noguchi M, et al.

International association for the study of

lung cancer/american thoracic society/euro-

pean respiratory society international
multidisciplinary classification of lung ade-

nocarcinoma. J Thorac Oncol. 2011; 6: 244–
85.

15. Sun T, Sun BC, Zhao XL, et al. Promotion of
tumor cell metastasis and vasculogenic

mimicry by way of transcription coactivation

by Bcl-2 and Twist1: a study of hepatocellu-

lar carcinoma. Hepatology. 2011; 54: 1690–
706.

16. Bittner M, Meltzer P, Chen Y, et al. Molecu-

lar classification of cutaneous malignant

melanoma by gene expression profiling. Nat-
ure. 2000; 406: 536–40.

17. Liu TJ, Sun BC, Zhao XL, et al. CD133+ cells
with cancer stem cell characteristics associ-
ates with vasculogenic mimicry in triple-

negative breast cancer. Oncogene. 2013; 32:

544–53.
18. Ricci-Vitiani L, Pallini R, Biffoni M, et al.

Tumour vascularization via endothelial dif-

ferentiation of glioblastoma stem-like cells.

Nature. 2010; 468: 824–8.
19. Wu S, Yu L, Wang D, et al. Aberrant expres-

sion of CD133 in non-small cell lung cancer

and its relationship to vasculogenic mimicry.

BMC Cancer. 2012; 12: 535.
20. Liu Z, Sun B, Qi L, et al. Zinc finger E-box

binding homeobox 1 promotes vasculogenic

mimicry in colorectal cancer through induc-

tion of epithelial-to-mesenchymal transition.
Cancer Sci. 2012; 103: 813–20.

21. Hendrix MJ, Seftor EA, Hess AR, et al.
Molecular plasticity of human melanoma

cells. Oncogene. 2003; 22: 3070–5.
22. Kang Y, Massague J. Epithelial-mesenchy-

mal transitions: twist in development and

metastasis. Cell. 2004; 118: 277–9.
23. Thiery JP, Sleeman JP. Complex networks

orchestrate epithelial-mesenchymal transi-

tions. Nat Rev Mol Cell Biol. 2006; 7: 131–42.
24. Sideridou M, Zakopoulou R, Evangelou K,

et al. Cdc6 expression represses E-cadherin

transcription and activates adjacent replica-

tion origins. J Cell Biol. 2011; 195: 1123–40.
25. Pardal R, Clarke MF, Morrison SJ. Applying

the principles of stem-cell biology to cancer.

Nat Rev Cancer. 2003; 3: 895–902.
26. Reya T, Morrison SJ, Clarke MF, et al.

Stem cells, cancer, and cancer stem cells.
Nature. 2001; 414: 105–11.

27. Salmaggi A, Boiardi A, Gelati M, et al.
Glioblastoma-derived tumorospheres iden-

tify a population of tumor stem-like cells
with angiogenic potential and enhanced mul-

tidrug resistance phenotype. Glia. 2006; 54:

850–60.
28. Wang R, Chadalavada K, Wilshire J, et al.

Glioblastoma stem-like cells give rise to

tumour endothelium. Nature. 2010; 468:

829–33.
29. Mani SA, Guo W, Liao MJ, et al. The epithe-

lial-mesenchymal transition generates cells

with properties of stem cells. Cell. 2008;

133: 704–15.
30. Smadja DM, d’Audigier C, Weiswald LB,

et al. The Wnt antagonist Dickkopf-1

increases endothelial progenitor cell angio-

genic potential. Arterioscler Thromb Vasc
Biol. 2010; 30: 2544–52.

31. Zhang S, Mercado-Uribe I, Liu J. Generation
of erythroid cells from fibroblasts and can-
cer cells in vitro and in vivo. Cancer Lett.

2013; 333: 205–12.
32. Evangelou K, Havaki S, Kotsinas A. E2F

transcription factors and digestive system
malignancies: how much do we know?

World J Gastroenterol. 2014; 20: 10212–6.
33. Menezes ME, Devine DJ, Shevde LA, et al.

Dickkopf1: a tumor suppressor or metasta-
sis promoter? Int J Cancer. 2012; 130:

1477–83.
34. Wang K, Zhang Y, Li X, et al. Characteriza-

tion of the Kremen-binding site on Dkk1 and

elucidation of the role of Kremen in Dkk-

mediated Wnt antagonism. J Biol Chem.

2008; 283: 23371–5.
35. Kuphal S, Lodermeyer S, Bataille F, et al.

Expression of Dickkopf genes is strongly

reduced in malignant melanoma. Oncogene.

2006; 25: 5027–36.
36. DiMeo TA, Anderson K, Phadke P, et al. A

novel lung metastasis signature links Wnt

signaling with cancer cell self-renewal and
epithelial-mesenchymal transition in basal-

like breast cancer. Cancer Res. 2009; 69:

5364–73.
37. Micalizzi DS, Farabaugh SM, Ford HL.

Epithelial-mesenchymal transition in cancer:

parallels between normal development and

tumor progression. J Mammary Gland Biol

Neoplasia. 2010; 15: 117–34.
38. Chamorro MN, Schwartz DR, Vonica A,

et al. FGF-20 and DKK1 are transcriptional

targets of beta-catenin and FGF-20 is impli-

cated in cancer and development. EMBO J.
2005; 24: 73–84.

ª 2016 The Authors.

Journal of Cellular and Molecular Medicine published by John Wiley & Sons Ltd and Foundation for Cellular and Molecular Medicine.

1685

J. Cell. Mol. Med. Vol 20, No 9, 2016


