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Tumor vascularization, which is mainly contributed by angiogenesis and vascularization, is necessary for
tumor maintenance and progression. Vasculogenic mimicry (VM), vascular-like channels which are lack
of the involvement of endothelial cells, has been observed in aggressive cancers and also involves in
tumor vascularization. Breast cancer stem/progenitor cells (BCSCs) have been identified as a subpopu-
lation of breast cancer cells with markers of CD24�CD44þ, high aldehyde dehydrogenase activity
(ALDHþ) or could be enriched by mammosphere cultivation. These cells have been proven to be asso-
ciated with tumor vascularization. Here we investigated the molecular mechanisms in VM activity of
BCSCs. By periodic acid-Schiff or hematoxylineeosin stain, we found that there were VM structures in
two xenografted human breast cancer tissues established from CD24�CD44þ or ALDHþ cells. Only ALDHþ

or mammosphere-forming BCSCs could form tube structures on matrigel-coated surface as similar as
microvascular endothelial cells. Inhibition of the phosphorylation of epidermal growth factor receptor
(EGFR) by gefitinib or knockdown of EGFR by lentiviral shRNA abolished the in vitro VM activity of BCSCs.
By quercetin treatment, a plant flavonoid compound which is known to suppress heat shock proteins, or
siRNA-mediated gene silencing, both Hsp27 expression and VM capability of BCSCs were suppressed.
Forced expression of phosphor-mimic form of Hsp27 in ALDHþ BCSCs could overcome the inhibitory
effect of gefitinib. In conclusion, our data demonstrate that VM activity of BCSCs is mediated by EGF/
Hsp27 signaling and targeting this pathway may benefit to breast cancer therapy.

© 2014 Elsevier Masson SAS. All rights reserved.
1. Introduction

Tumor vascularization is required for cancer progression when
tumors expand more than 1e2 mm3, a size which the delivery of
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nutrients and oxygen could not rely on diffusion [1] and is usually
explained mainly by angiogenesis, a process involves the prolifer-
ation and migration of endothelial cells from preexisting blood
vessels [2]. In addition to angiogenesis, the mechanisms of tumor
vascularization also include angioblasts recruitment, cooption,
mosaic vessels and vasculogenic mimicry [1,2]. Vasculogenic
mimicry (VM) is defined by the formation of perfusable, matrix-
rich and vasculogenic-like networks by tumor cells themselves
without endothelial cells being detected [3]. VM was first discov-
ered in aggressive uveal melanoma by a periodic acid-Schiff (PAS)
stain which revealed the matrix within tissues [4]. The red blood
cells could be found in PAS-positive VM networks and they seem to
be connected with peripheral endothelial-lined vasculatures [4].
VM is not restricted tomelanoma but also being discovered in other
cancers such as breast, prostate and ovarian carcinomas [5]. The
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invasive breast cancer cells were found to display VM activity when
cultured on matrigel and it could be inhibited by celecoxib, an in-
hibitor of cyclooxygenase-2 [6]. Overexpression of Her2 in MCF7
cells, which is a non-invasive breast cancer cell line, induced VE-
cadherin expression and VM activity [7]. Recently, VM in triple
negative breast cancer has been found to be associated with CD133
expression and CD133þ cells in triple negative cells was considered
as cancer stem cells [8].

Cancer stem/progenitor cells (CSCs) are a subpopulation of
cancer cells with tumor-initiating, differentiation and drug resis-
tance capabilities [9,10]. Targeting CSCs is considered as the key
for successful cancer therapy [11,12]. In breast cancer, CSCs could
be identified with surface markers CD24�CD44þ [13], intracellular
aldehyde dehydrogenase (ALDH) activity [14] or mammospheres
that proliferate as spheroids in a non-adherence and serum-free
condition [15,16]. From the characteristics of differentiation ca-
pacity of CSCs and the importance of tumor vascularization of
cancer progression, it is possible that CSCs may contribute to tu-
mor vascularization by transdifferentiation into endothelial pro-
genitor cells (EPCs). In ovarian cancer study, when the type I
epithelial ovarian cancer cells (EOCs), which are CD44þ cells and
with characteristics of CSCs, xenografted in nude mice, the
vascular structures within tumors were mainly consisted of cells
with positivity of human CD34 marker [17]. These type I EOCs
formed vascular structures when cultured in matrigel condition
in vitro and transdifferentiated into CD34þ cells [17]. In addition to
transdifferentiation into EPCs, CSCs may secret angiogenic factors
to stimulate tumor angiogenesis. In glioma study, the tumors of
spheroid cells, which were enriched with CSCs, exhibited higher
microvessel density and induced increased EPC recruitment [18].
The secretion of angiogenic factors, vascular endothelial growth
factor (VEGF) and stromal-derived factor 1, was responsible for the
tumor vascularization stimulation ability of glioma CSCs [18].
Other reports demonstrated that glioma CSCs could trans-
differentiate into endothelial cells and support tumor vasculari-
zation. 20e90% of tumor endothelium carried the same genetic
alteration as tumor cells [19]. When glioma CSCs cultured in
endothelial condition, their progeny displayed features of func-
tional endothelial cells [19]. Blocking VEGF signaling suppressed
the maturation of tumor endothelial progenitors into endothelium
and inhibition of Notch signaling abolished the transition of gli-
oma CSCs into endothelial progenitors [20]. These reports suggest
CSCs may support tumor vascularization through direct trans-
differentiation into endothelial cells or progenitors. In breast
cancer study, the vascular-associated markers expressed in
aggressive MDA-MB-231 breast cancer cell line, which was
described as an embryonic-like cell type, but not nonaggressive
MCF7 cells [21]. Also using spheroid culture, the sphere-forming
cells of MCF7 arranged into VM structures in response to
nutrient limitation and expressed endothelial markers CD31,
angiopoietin-1 and endoglin [22].

Although VM in breast cancer seems to be associated with
breast CSCs (BCSCs), the mechanisms are not fully understood.
Spheroid forming MCF7 cells could form VM structures in vitro
through the up-regulation of osteopontin, which was an oncopro-
tein and a target of miR-299-5p [22]. In this present study, we
investigate the regulating molecules in VM activity of BCSCs and
discover that epidermal growth factor (EGF) could stimulate VM
activity of BCSCs. It has been reported that the activation of heat
shock protein 27 (Hsp27) is required for EGF-induced angiogenesis
in endothelial cells [23]. Forced expression of Hsp27 in non-
angiogenic human breast cancer cells could induce expansive tu-
mor growth and increase vascular proliferation in vivo [24], but if
Hsp27 participates in EGF-induced VM activity of BCSCs remains
unknown. Herewe provide experimental evidences to demonstrate
that Hsp27, as well as its phosphorylation, is critical for EGF-
induced VM activity of BCSCs.

2. Materials and methods

2.1. Ethics statement

All the studies involving human participates were fully encoded
to protect patient confidentiality andwere utilized under a protocol
approved by the Institutional Review Board of Human Subjects
Research Ethics Committees of Chung Shan Medical University
Hospital, Taichung, Taiwan. All the patients enrolled in this study
have signed an Informed Consent Form to agree to participate in
this study and to publish the results.

All the animal studies were operated following a protocol
approved by Institutional Animal Care & Use Committee of Chung
Shan Medical University, Taichung, Taiwan (Approval No. 1103).

2.2. Reagents

Gefitinib, the EGFR inhibitor, was purchased from Tocris
Bioscience (Bristol, UK). Quercetin was purchased from Calbiochem
(Darmstadt, Germany). These chemicals were dissolved in dimethyl
sulfoxide (DMSO, SigmaeAldrich, St. Louis, MO, USA).

2.3. Fluorescence activated cell sorting (FACS)

Anti-CD24-PE, anti-CD44-APC, antibodies were purchased form
BD Biosciences (San Jose, CA, USA). ALDEFLUOR assay, which was
originally used for isolation of human hematopoietic progenitors
[25], was used for isolation of stem/progenitor cells from AS-B244
and assay kit was purchased from StemCell Technologies Inc.
(Vancouver, BC, Canada). Cell labeling with fluorescent-conjugated
antibodies or ALDEFLUOR assay was performed according to the
manufacturer's recommendations. Sorting of antibody-labeled cells
was carried out on a FACSAria™ cell sorter (BD Biosciences).

2.4. Xenotransplantation of human breast cancer cells

BC0145 or BC0244 human breast cancer cells were established
from primary human breast cancer specimens as described previ-
ously [26,27]. Before inoculation of tumor cells, 8-week-old female
NOD/SCID mice (Tzu Chi University, Hualien, Taiwan) received a
sub-lethal dose of gamma irradiation. 105 of CD24�CD44þ BC0145
or ALDHþ BC0244 tumor cells were mixed with 5 � 105 normal
human breast fibroblasts/site in 2 mg/ml Matrigel and were sub-
cutaneously injected into mammary fat pads of mice. Mice were
monitored for tumor growth weekly.

2.5. PAS and hematoxylineeosin (H&E) stain

Xenografted tumor tissues were embedded with paraffin and
1 mm of sections were used for PAS or H&E stain after deparaffi-
nization process. PAS or H&E stainwas performed with commercial
reagent (SigmaeAldrich) according to the manufacturer's
recommendations.

2.6. Cell culture

AS-B145 and AS-B244 breast cancer cells which derived from
BC0145 or BC0244 xenograft human breast cancer cells were
established as our previous reports [26e28] and maintained in
MEMa medium (Life Technologies, Grand Island, NY, USA) supple-
mented with 10% fetal bovine serum (Hyclone Thermo Fisher Sci-
entific Inc., Waltham, MA, USA), bovine insulin (0.1 mg/ml,
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SigmaeAldrich), sodium pyruvate (1 mM, Life Technologies), and
Glutamax (2 mM, Life Technologies) in a 5% CO2 air humidified
atmosphere at 37 �C. HMEC-1, a human microvascular endothelial
cell line, was maintained in M200 medium supplemented with 1�
low serum growth supplement (LSGS, Life Technologies).

2.7. Mammosphere cultivation

Mammosphere cultivation was performed as our previous re-
ports [27e29]. Briefly, cells were harvested from a monolayer cul-
ture and prepared as density of 1 � 104 cells/ml in DMEM/F12
medium (Life Technologies) contain 0.5% methylcellulose (Sigma-
eAldrich), 0.4% bovine serum albumin (Life Technologies), 10 ng/ml
EGF (PeproTech, Rocky Hill, NJ, USA), 10 ng/ml bFGF (PeproTech),
5 mg/ml insulin (SigmaeAldrich), 1 mg/ml hydrocortisone (Sigma-
eAldrich) and 4 mg/ml heparin (SigmaeAldrich). 2 ml of cell solu-
tion were seeded into each well of ultralow attachment 6-well-
plate (Corning Life Sciences, Tewksbury, MA, USA) and incubated
for 7 days. Mammospheres were collected with a 100 mm cell
strainer (BD Biosciences) and dissociated with HyQTase (Merck
Millipore, Billerica, MA, USA).

2.8. Matrigel-based in vitro VM activity assay

Wells of m-microslide (ibidi GmbH, Martinsried, Germany) were
coated with 10 ml of matrigel (BD Biosciences) at 8 mg/ml, 37 �C for
overnight. ALDHþ or mammosphere cells were suspended at
2 � 104 cells/50 ml M200 medium containing 1� LSGS and loaded
into one matrigel-coated well. The slide was then incubated at
37 �C, 5% CO2 incubator and the VM structures were recorded by
inverted microscopy every 2 h. Images of wells were analyzed with
Tubeness function in Image J software (NIH, Bethesda, MA, USA)
and VM scores were calculated according to a formula described by
Aranda et al [30].

2.9. shRNA lentivirus transduction

Lentiviral shRNA vectors (TRCN0000231722 for sh-LacZ,
TRCN0000039634 for sh-EGFR#1, TRCN0000121067 for sh-
EGFR#2) were obtained from National RNAi Core Facility at the
Institute of Molecular Biology (Academia Sinica, Taipei, Taiwan).
VSV-G-pseudotyped lentiviruses were produced by RNAi Core Fa-
cility at the Institute of Clinical Medicine (Nation Cheng Kung
University, Tainan, Taiwan). For transduction of lentivirus, cells
were plated at 2 � 105 cells per well in six-well plates and tran-
siently transduced with lentivirus in the presence of 8 mg/ml pol-
ybrene (SigmaeAldrich) for 24 h. Successfully transduced cells
were further selected by 2 mg/ml puromycin for 3 days.

2.10. Western blot

Cells were harvested, lysed in M-PER Mammalian Protein
Extraction Reagent (Pierce Thermo Fisher Scientific Inc., Waltham,
MA, USA) and determined the protein concentration by BCA re-
agent (Pierce Thermo Fisher Scientific Inc.). 25 mg of extracted
protein were separated by using 10% SDS-PAGE and transferred to
the PVDF membrane (Immobilon-P, Merck Millipore). The mem-
brane were then blocked with 5% skimmed milk/TBS/0.05%
Tween-20 at room temperature for 1 h followed by incubation
with primary antibodies (mouse anti-EGFR and rabbit anti-
phosphor EGFRTyr1173 antibodies were purchased from Santa
Cruz Biotechnology Inc., Santa Cruz, CA, USA; rabbit anti-Hsp27
antibody was purchased from Enzo Life Sciences, Inc.; rabbit
anti-GAPDH antibody was purchased from MDBio Inc., Taipei,
Taiwan) at 4 �C overnight. Peroxidase-conjugated anti-rabbit or
anti-mouse IgG (Cell Signaling Technology, Inc., Danvers, MA, USA)
were used as secondary antibodies. Developed chem-
iluminescence signals from catalyzed ECL substrate (PerkinElmer
Inc., Waltham, MA, USA) were detected by Luminescence-Image
Analyzer (LAS-4000mini, GE Healthcare Biosciences, Pittsburgh,
PA, USA).

2.11. RNA interference

Negative control siRNAs or Hsp27 specific siRNAs were pur-
chased from Santa Cruz Biotechnology Inc., prepared by serum-free
medium as concentration of 50 nM and complexed with Turbo-
fect™ transfection reagent (Fermentas Inc. MA, USA). After incu-
bation at room temperature for 15 min, RNA-transfection reagent
mixtures were seeded in wells of 6-well-plate and then 1 ml of
2 � 105 cells/ml cell suspension were then added into wells.
Transfected cells were harvested after 48 h and used for further
application.

2.12. Plasmid construction and transfection

Phosphor-dead (Hsp27A) or phosphor-mimic (Hsp27D) form of
Hsp27 was constructed from pDsRed-Hsp27 plasmid which was
constructed previously [27] by QuikChange™ Lightning Multi Site-
Directed Mutagenesis Kit (Agilent Technologies, Santa Clara, CA,
USA) with primers as follow:

S15A-F: 50-ctgcggggccccgcctgggacccctt-30

S15A-R: 50-aaggggtcccaggcggggccccgcag-30

S78,82A-F: 50-ccgcgcgctcgcccggcaactcgccagcggggtc-30

S78-82A-R: 50-gaccccgctggcgagttgccgggcgagcgcgcgg-30

S15D-F: 50-cctgcggggccccgactgggaccccttc-30

S15D-R: 50-gaaggggtcccagtcggggccccgcagg-30

S78-82D-F: 50-gccgcgcgctcgaccggcaactcgacagcggggtct-30

S78-82D-R: 50-agaccccgctgtcgagttgccggtcgagcgcgcggc-30

For overexpression of Hsp27 mutants, plasmids were trans-
fected into cells by Turbofect transfection reagent. Briefly,
1 �106 cells were seeded in a 10 cm culture dish at one day before
transfection. 5 mg of plasmids were dissolved in 500 ml of serum-
free RPMI-1640 medium (Gibco Life Technologies) and 10 ml of
Turbofect transfection reagent were added for reagenteDNA
complexing at room temperature for 15 min. ReagenteDNA com-
plexes were then added into dish with 5 ml of antibiotics-free
culture medium, cultured for 48 h and harvested for further
experimentations.

3. Results

3.1. Vasculogenic mimicry activity of breast cancer stem/progenitor
cells

We have previously established two breast cancer xenografts
(BC0145 and BC0244) from human breast cancer specimens and
demonstrated the existence of breast cancer stem/progenitor cells
(BCSCs) [26,27]. To investigate the contribution of BCSCs in tumor
vasculogenic mimicry (VM), we first used PAS stain to observe the
VM structures within xenografted tumor tissues derived from
CD24�CD44þ BC0145 cells or ALDHþ BC0244 cells. Both xeno-
grafted BC0145 and BC0244 tumors contained PAS-positive VM
structures and some of them contained erythrocytes (Fig. 1A). The
H&E stain is commonly used for the demonstration of the presence
of erythrocytes VM structures in several reports [31e33]. In H&E
stain results, erythrocyteswere clearly found in VM channels which
were lined by tumor cells with basement membrane in both



Fig. 1. In vivo and in vitro observations of VM activity of BCSCs. (A) 105 of CD24�CD44þ BC0145 or ALDHþ BC0244 xenografted breast cancer cells were sorted and injected into
mammary fat pads of NOD/SCID mice for 4 weeks. VM in tumor tissues were determined by PAS (upper panel) and H&E (lower panel) stain. Black arrows indicated erythrocytes
containing VM structures and yellow arrows indicated erythrocytes containing endothelial vessels. (B) ALDH� or ALDHþ cells were sorted from AS-B244 cells and seeded into
matrigel-coated wells to observe the formation of vessel-like structures. HEMC-1 endothelial cells were used as positive control. Data were presented from one of three inde-
pendent experiments. (C) Parental or mammosphere-forming AS-B145 cells were collected and seeded into matrigel-coated wells to observe the formation of vessel-like structures.
HMEC-1 cells were used as positive control. Data were presented from one of three independent experiments.
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BC0145 and BC0244 tumors (Fig. 1A). Some of erythrocytes con-
taining VM structures in BC0244 tumors were observed to connect
with endothelial vessels (Fig. 1A). Both PAS and H&E stain
demonstrated the presence of VM structures in BCSCs derived
human breast cancer xenografts. We next separated ALDH� (non-
BCSCs) or ALDHþ (BCSCs) cells from AS-B244 cells by FACS and
performed in vitro VM assay by culturing on matrigel-coated wells
with medium for cultivation of endothelial cells. ALDHþ AS-B244
cells, but not ALDH�, could form vessel-like structures as similar
as HMEC-1, an immortalized human microvascular endothelial cell
line (Fig. 1B). In addition to sorting of ALDHþ cells, we also used
mammosphere cultivation to enrich BCSCs from AS-B145 cells. In
comparison with normal cultured AS-B145 cells which were
maintained in two dimensional cultures, mammosphere cells



Table 1
A comparison of components in medium for cultivation of endothelial or cancer
cells.

Cell type Endothelial cells Breast cancer cells

Medium name M200 MEMa
Supplements LSGSa contains: 10% fetal bovine serum

2% fetal bovine serum Insulin (5 mg/ml)
EGF (10 ng/ml) Penicillin (10 units/ml)
bFGF (3 ng/ml) Streptomycin (10 mg/ml)
Heparin (10 mg/ml) Glutamate (2 mM)
Hydrocortisone (1 mg/ml) Sodium pyruvate (1 mM)

a Low serum growth supplement, the information of contents was obtained from
product data sheet.
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displayed obvious VM activity (Fig. 1C). From these results, it sug-
gests that there is a strong VM activity of BCSCs.

3.2. EGF mediates VM activity of BCSCs

We next wanted to search for factors which could regulate VM
activity of BCSCs. We first compared the VM activity of ALDHþ AS-
B244 cells in medium for cultivation of endothelial cells (M200 in
supplemented with LSGS) or breast cancer cells (MEMa). ALDHþ

AS-B244 cells lost their VM activity in MEMa medium (Fig. 2Aii)
while there was a strong VM activity of these cells in M200/LSGS
medium (Fig. 2Ai). After comparison of medium used for culti-
vation of endothelial cells and breast cancer cells (Table 1), we
hypothesized that EGF or basic fibroblast growth factor (bFGF)
might involve in regulating VM activity of BCSCs. By supple-
mentation of EGF or bFGF into MEMa medium, EGF was found to
stimulate VM activity of ALDHþ AS-B244 cells in MEMa medium
(Fig. 2Aiii) and there was no significant difference between EGF
and M200/LSGS groups (P ¼ 0.239, Fig. 2B). The effect of bFGF in
stimulating VM activity of ALDHþ AS-B244 cells was minor
(Fig. 2Aiv) but still significant (P ¼ 0.03, Fig. 2B). Supplementation
with EGF plus bFGF also stimulated VM activity of ALDHþ AS-
Fig. 2. EGF stimulates in vitro VM activity of ALDHþ BCSCs. (A) ALDHþ AS-B244 cells were
structures in different conditions. i, M200 þ LSGS; ii, MEMa; iii, MEMa þ erythrocytes
ml) þ bFGF (3 ng/ml). Data were presented from one of three independent experiments. (B) I
data were presented from one of three independent experiments as the relative value to M
B244 cells in MEMa medium (Fig. 2Av) but there was no signifi-
cant difference when compared with supplementation of EGF
alone (P ¼ 0.245, Fig. 2B). To further confirm that EGF signaling is
the key factor in VM activity of BCSCs, gefitinib was used to block
the phosphorylation and activation of EGF receptor (EGFR).
Treatment of ALDHþ AS-B244 cells with gefitinib inhibited the
phosphorylation of EGFRTyr1173 in a dose-dependent manner
(Fig. 3A). 5 mM of gefitinib significantly abolished VM activity of
ALDHþ AS-B244 cells (P < 0.01, Fig. 3B). In addition to gefitinib
sorted and seeded into matrigel-coated wells to observe the formation of vessel-like
EGF (10 ng/ml); iv, MEMa þ erythrocytes bFGF (3 ng/ml); v, MEMa þ EGF (10 ng/
mages from three wells of each condition in (A) were used for analysis of VM scores and
200 group.



Fig. 3. Disruption of EGFR activation or expression suppresses VM activity of ALDHþ BCSCs. (A) ALDHþ AS-B244 cells were suspended in M200 medium containing LSGS and treated
with 0.1% DMSO or indicated concentration of gefitinib for 1 h. The activation of EGFR was determined by western blot of tyrosine 1173 phosphorylation. The inserted numbers
indicated the relative protein expression in comparison with 0.1% DMSO. Data were presented from one of three independent experiments. (B) DMSO or gefitinib treated cells were
further seeded into matrigel-coated wells to observe the formation of vessel-like structures. Images from three wells of each condition were used for analysis of VM scores and data
were presented one of three independent experiments as the relative value to 0.1% DMSO group. D, 0.1% DMSO; **, P < 0.01. (C) ALDHþ AS-B244 cells were transduced with
lentivirus carrying control shRNA (sh-LacZ) or EGFR specific shRNA (sh-EGFR#1 or sh-EGFR#2) for 24 h and selected for successfully transduced cells by 2 mg/ml puromycin for
further 3 days. Selected cells were plated on matrigel-coated microwells for in vitro VM determination. Knockdown efficiency was determined by western blot analysis of EGFR
expression. The inserted numbers indicated the relative protein expression in comparison with sh-LacZ transduced cells.

C.-H. Lee et al. / Biochimie 104 (2014) 117e126122
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treatment, we also applied lentiviral transduction of EGFR specific
short hairpin RNA (shRNA) to knockdown EGFR in ALDHþ AS-
B244 cells to examine the role of EGFR signaling in the VM ac-
tivity of BCSCs. In comparison with control sh-LacZ transduced
cells, transduction with EGFR specific shRNA lentivirus (sh-
EGFR#1 or sh-EGFR#2) in ALDHþ AS-B244 cells completely
abolished their in vitro VM activity (Fig. 3C). These results
demonstrate that EGFR signaling is the key regulator in VM ac-
tivity of BCSCs.

3.3. Hsp27 is the downstream molecule in EGF-mediated VM
activity of BCSCs

Recently, it has been reported that knockdown of Hsp27
suppressed EGF-induced endothelial cord formation within tu-
mors [23]. We have also demonstrated Hsp27 controls the
maintenance of BCSCs [27]. We next wanted to investigate the
role of Hsp27 in VM activity of breast cancer stem/progenitor
cells. Quercetin, an Hsp27 inhibitor, decreased Hsp27 expression
in ALDHþ AS-B244 cells in a dose-dependent manner (Fig. 4A).
VM activity of ALDHþ AS-B244 cells was significantly inhibited by
quercetin at 25 mM or 50 mM (P < 0.01, Fig. 4B). In addition to
quercetin, we also applied siRNA-mediated gene silencing to
decrease the Hsp27 expression. Specific Hsp27 siRNA could
effectively decrease Hsp27 expression in both AS-B145 sphere
cells and ALDHþ AS-B244 cells (Fig. 4C). Knockdown of Hsp27 in
AS-B145 sphere cells or ALDHþ AS-B244 cells significantly
Fig. 4. Disruption of Hsp27 expression suppresses EGF-induced VM activity of ALDHþ BCSC
concentration of quercetin for 1 h. Expression of Hsp27 was determined by western blot. T
DMSO. Data were presented from one of three independent experiments. (B) DMSO or q
formation of vessel-like structures. Images from three wells of each condition were used for a
D, 0.1% DMSO; **, P < 0.01. (C) Mammosphere-forming AS-B145 or ALDHþ AS-B244 cells we
Hsp27 expression as determined by western blot. The inserted numbers indicated the relati
were presented from one of two independent experiments. (D) Negative control (ctrl) or Hsp
to observe the formation of vessel-like structures. Images from three wells of each conditi
dependent experiments as the relative value to negative control siRNA transfected group. *
suppressed their VM activity in M200þ LSGS medium (P < 0.01,
Fig. 4D). We further examined if Hsp27 could be a downstream
molecule of EGF-mediated VM activity of BCSCs. Supplementation
of EGF in MEMa medium significantly stimulated VM activity of
ALDHþ AS-B244 cells transfected with negative control siRNA
(P < 0.05, Fig. 5Aiii and B) while knockdown of Hsp27 completely
blocked EGF-induced VM activity of ALDHþ AS-B244 cells
(P < 0.01, Fig. 5Aiv and B). In order to investigate the involvement
of Hsp27 activation in EGF-induced VM activity of BCSCs, we
constructed phosphor-dead (Hsp27A) and phosphor-mimic
(Hsp27D) form of Hsp27 in tagged with DsRed protein and
overexpressed them in ALDHþ AS-B244 cells. Overexpression of
Hsp27A significantly suppressed the VM activity of BCSCs in
presence of EGF (P ¼ 0.048, Fig. 6A and B). Forced expression of
Hsp27D in BCSCs did not enhance VM activity under EGF stimu-
lation (P ¼ 0.103, Fig. 6A and B) but it could overcome the
inhibitory effect of gefitinib in VM structures (P ¼ 0.005, Fig. 6A
and B). These results suggest that Hsp27 is the key downstream
molecule in EGF-mediated VM activity of BCSCs.

4. Discussion

There are several molecular pathways to regulate VM in tu-
mors including vascular, embryonic/stem cell, and hypoxia
related signaling pathways. In vascular signaling pathways, VE-
cadherin could regulate VM activity in aggressive melanoma
cells through activating erythropoietin-producing hepatocellular
s. (A) ALDHþ AS-B244 cells were sorted and treated with 0.1% DMSO (D) or indicated
he inserted numbers indicated the relative Hsp27 expression in comparison with 0.1%
uercetin treated cells were further seeded into matrigel-coated wells to observe the
nalysis of VM scores and data were presented as the relative value to 0.1% DMSO group.
re transfected with negative control (ctrl) or Hsp27 specific (KD) siRNA oligos for 48 h.
ve Hsp27 expression in comparison with negative control siRNA transfected cells. Data
27 specific (KD) oligos transfected cells were further seeded into matrigel-coated wells
on were used for analysis of VM scores and data were presented from one of two in-
*, P< 0.01.



Fig. 5. Knockdown of Hsp27 inhibits EGF-induced VM activity of ALDHþ BCSCs. (A)
ALDHþAS-B244 cellswere transfectedwithnegativecontrol (ctrl siRNA)orHsp27 specific
(si-Hsp27) siRNA oligos for 48 h, suspended inMEMamedium and seeded into matrigel-
coated wells for observation of the formation of vessel-like structures. i, non-transfected
cells; ii, non-transfected cells with EGF; iii, ctrl-siRNA transfected cells with EGF; iv, si-
Hsp27 transfected cells with EGF. (B) Images from three wells of each condition in (A)
wereused foranalysis ofVMscores anddatawerepresented fromoneof two independent
experiments as the relative value to non-transfected cells and without EGF group. *,
P < 0.05; **, P < 0.01. The expression of p-EGFRtyr1173, EGFR or Hsp27 was determined by
western blot. Data were presented from one of two independent experiments.
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carcinoma-A2 (EphA2) [34]. The activation of EphA2 in melanoma
cells further activates phosphoinositide 3-kinase (PI3K) [35],
which is a downstream molecule in receptor tyrosine kinases
signaling pathways [36]. In present study, we discovered that the
VM activity of BCSCs was regulated by EGF/EGFR signaling
pathway, which has been widely demonstrated to turn on the
activation of PI3K/Akt signaling cascade [37]. In addition to PI3K/
Akt, the activated EGFR could be internalized into nucleus and
become a co-transcriptional activator to turn on target gene
expression such as COX2 and cyclin D1 [38]. In MDA-MB-231
metastatic breast cancer cells, suppression of COX2 activity by
celecoxib or specific siRNA inhibited their VM activity [6].
Together with our findings, it will be interesting to investigate if
the nuclear EGFR pathway occurs in BCSCs to upregulate the
expression of COX2.

It has been reported that vascular endothelial growth factor
(VEGF) signal activates p38 MAPK and leads to the phosphory-
lation of Hsp27 [39]. In endothelial cells, H2O2 or VEGF-induced
actin polymerization is Hsp27 phosphorylation dependent [39].
SB203580, a small molecule inhibitor of p38 MAPK, inhibited the
phosphorylation of Hsp27 as well as actin reorganization and cell
migration in human umbilical vein endothelial cells (HUVEC)
[40]. When endothelial cells were exposed to angiogenesis in-
hibitors, such as endostatin, fumagillin or TNP-470, the expres-
sion of Hsp27 was decreased, although TNP-470 treatment in
HUVEC cells caused up-regulation of Hsp27 phosphorylation and
nuclear localization of Hsp27 [41]. These demonstrate that Hsp27
phosphorylation is a critical regulator in VEGF-induced angio-
genesis of endothelial cells. In tumor angiogenesis, Hsp27
expression has been reported to be significantly up-regulated in
angiogenic MDA-MB-436 breast cancer xenografts [24]. Knock-
down of Hsp27 in angiogenic MDA-MB-436 cells resulted in long-
term dormancy when xenotransplanted into SCID mice [24]. The
phenomena might be due to the down-regulation of angiogenic
factors, such as VEGF-A or bFGF secreted from Hsp27 knockdown
MDA-MB-436 cells [24]. In present study, suppression of Hsp27
through quercetin or specific siRNA abolished EGF-induced VM
activity of BCSCs. This is the first report to demonstrate that
Hsp27 regulates VM activity of tumor cells. We have previously
demonstrated that Hsp27 regulates epithelialemesenchymal
transition (EMT) in BCSCs and decreasing the expression of Hsp27
could inhibit cell migration capability of BCSCs [27]. The loss of
VM activity in Hsp27 downregulated BCSCs could be a result of
inhibition cell migration. In hepatocellular carcinoma cells, it has
been reported that the expression of VE-cadherin is up-regulated
by Twist1 [42], an important transcriptional factor in EMT process
[43]. Recently, Hsp27 has been demonstrated to regulate IL-6
induced EMT in prostate cancer [44]. Silencing of Hsp27
decreased the binding of STAT3, which is a main downstream
molecule in IL-6 induced signaling pathway, on Twist1 promoter
and led to its down-regulation [44]. It will be interesting to
investigate if Twist1 involves in EGF/Hsp27 mediated VM activity
of BCSCs.

There are disappointing results in the clinical trials of anti-
angiogenesis agents in cancer therapy. The trial of monoclonal
anti-VEGF antibody, bevacizumab, has been failed in Phase III
which results indicated that there was no benefit when adminis-
tered with capecitabine [45,46]. One of the mechanisms of tumor
resistance to bevacizumab may be due to the VM activity of cancer
cells and there is no effect of bevacizumab to VM [5]. Gefitinib is
one of the anti-angiogenesis agents approved by Food and Drug
Administration of USA without any information about its effect to
VM [3]. Here we are the first to provide evidences that gefitinib
could suppress VM activity of BCSCs. We further demonstrated
that Hsp27 was the downstream molecule in EGF-induced VM
activity of BCSCs. These results provide a new insight to develop
therapeutic strategies in against tumor VM by combination of
anti-angiogenesis and anti-Hsp27 agents for treatment of breast
cancer.



Fig. 6. Phosphorylation status of Hsp27 determines EGF-stimulated VM activity of ALDHþ BCSCs. (A) ALDHþ AS-B244 cells were transfected with indicated plasmids for 48 h and
harvested for in vitro VM analysis. The concentration of EGF or gefitinib was 10 ng/ml or 5 mM, respectively. (B) Images from three wells of each condition in (A) were used for
analysis of VM scores and data were presented from one of two independent experiments as the relative value to pDsRed-transfected group. A P value less than 0.05 was considered
as significant difference.
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5. Conclusions

Our data demonstrate that EGF/Hsp27 pathway participates in
the VM activity of BCSCs for the first time and also discover that
gefitinib, the EGFR inhibitor, could interfere with VM for the first
time. These results provide a new insight to develop therapeutic
strategies in against tumor VM by combination of anti-angiogenesis
and anti-Hsp27 agents for treatment of breast cancer.

Disclosure statement

The authors have no conflicts of interest.

Authors' contributions

CHL participated in data analysis and manuscript preparation;
YTW, HCH and YY performed experiments and contributed to data
analysis; ALYparticipated in providing the human breast cancer cell
lines established from primary human breast cancer specimens and
research design; WWC participated in research design, analyzing
data and manuscript preparation. All authors read and approved
the final manuscript.

Acknowledgments

This work is supported by Ministry of Science and Technology,
Taiwan (grant No. NSC101-2314-B-040-015-MY2).

References

[1] P. Auguste, S. Lemiere, F. Larrieu-Lahargue, A. Bikfalvi, Molecular mech-
anisms of tumor vascularization, Crit Rev. Oncol. Hematol. 54 (2005)
53e61.

[2] P. Carmeliet, R.K. Jain, Molecular mechanisms and clinical applications of
angiogenesis, Nature 473 (2011) 298e307.

http://refhub.elsevier.com/S0300-9084(14)00154-0/sref1
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref1
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref1
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref1
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref2
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref2
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref2


C.-H. Lee et al. / Biochimie 104 (2014) 117e126126
[3] R.E. Seftor, A.R. Hess, E.A. Seftor, D.A. Kirschmann, K.M. Hardy, N.V. Margaryan,
M.J. Hendrix, Tumor cell vasculogenic mimicry: from controversy to thera-
peutic promise, Am. J. Pathol. 181 (2012) 1115e1125.

[4] A.J. Maniotis, R. Folberg, A. Hess, E.A. Seftor, L.M. Gardner, J. Pe'er, J.M. Trent,
P.S. Meltzer, M.J. Hendrix, Vascular channel formation by human melanoma
cells in vivo and in vitro: vasculogenic mimicry, Am. J. Pathol. 155 (1999)
739e752.

[5] D.A. Kirschmann, E.A. Seftor, K.M. Hardy, R.E. Seftor, M.J. Hendrix, Molecular
pathways: vasculogenic mimicry in tumor cells: diagnostic and therapeutic
implications, Clin. Cancer Res. 18 (2012) 2726e2732.

[6] G.D. Basu, W.S. Liang, D.A. Stephan, L.T. Wegener, C.R. Conley, B.A. Pockaj,
P. Mukherjee, A novel role for cyclooxygenase-2 in regulating vascular
channel formation by human breast cancer cells, Breast Cancer Res. 8
(2006) R69.

[7] T. Liu, B. Sun, X. Zhao, Q. Gu, X. Dong, Z. Yao, N. Zhao, J. Chi, N. Liu, R. Sun,
Y. Ma, HER2/neu expression correlates with vasculogenic mimicry in invasive
breast carcinoma, J. Cell. Mol. Med. 17 (2013) 116e122.

[8] T.J. Liu, B.C. Sun, X.L. Zhao, X.M. Zhao, T. Sun, Q. Gu, Z. Yao, X.Y. Dong, N. Zhao,
N. Liu, CD133þ cells with cancer stem cell characteristics associates with
vasculogenic mimicry in triple-negative breast cancer, Oncogene 32 (2013)
544e553.

[9] S. Bomken, K. Fiser, O. Heidenreich, J. Vormoor, Understanding the cancer
stem cell, Br. J. Cancer 103 (2010) 439e445.

[10] E. Charafe-Jauffret, F. Monville, C. Ginestier, G. Dontu, D. Birnbaum,
M.S. Wicha, Cancer stem cells in breast: current opinion and future chal-
lenges, Pathobiology 75 (2008) 75e84.

[11] S.Y. Yi, Y.B. Hao, K.J. Nan, T.L. Fan, Cancer stem cells niche: a target for novel
cancer therapeutics, Cancer Treat. Rev. 39 (2013) 290e296.

[12] C. Tang, B.T. Ang, S. Pervaiz, Cancer stem cell: target for anti-cancer therapy,
FASEB J. 21 (2007) 3777e3785.

[13] M. Al-Hajj, M.S. Wicha, A. Benito-Hernandez, S.J. Morrison, M.F. Clarke, Pro-
spective identification of tumorigenic breast cancer cells, Proc. Natl. Acad. Sci.
U. S. A. 100 (2003) 3983e3988.

[14] C. Ginestier, M.H. Hur, E. Charafe-Jauffret, F. Monville, J. Dutcher, M. Brown,
J. Jacquemier, P. Viens, C.G. Kleer, S. Liu, A. Schott, D. Hayes, D. Birnbaum,
M.S. Wicha, G. Dontu, ALDH1 is a marker of normal and malignant human
mammary stem cells and a predictor of poor clinical outcome, Cell Stem Cell 1
(2007) 555e567.

[15] D. Ponti, A. Costa, N. Zaffaroni, G. Pratesi, G. Petrangolini, D. Coradini, S. Pilotti,
M.A. Pierotti, M.G. Daidone, Isolation and in vitro propagation of tumorigenic
breast cancer cells with stem/progenitor cell properties, Cancer Res. 65 (2005)
5506e5511.

[16] K. Saadin, I.M. White, Breast cancer stem cell enrichment and isolation by
mammosphere culture and its potential diagnostic applications, Expert Rev.
Mol. Diagn. 13 (2013) 49e60.

[17] A.B. Alvero, H.H. Fu, J. Holmberg, I. Visintin, L. Mor, C.C. Marquina, J. Oidtman,
D.A. Silasi, G. Mor, Stem-like ovarian cancer cells can serve as tumor vascular
progenitors, Stem Cells 27 (2009) 2405e2413.

[18] C. Folkins, Y. Shaked, S. Man, T. Tang, C.R. Lee, Z. Zhu, R.M. Hoffman,
R.S. Kerbel, Glioma tumor stem-like cells promote tumor angiogenesis and
vasculogenesis via vascular endothelial growth factor and stromal-derived
factor 1, Cancer Res. 69 (2009) 7243e7251.

[19] L. Ricci-Vitiani, R. Pallini, M. Biffoni, M. Todaro, G. Invernici, T. Cenci, G. Maira,
E.A. Parati, G. Stassi, L.M. Larocca, R. De Maria, Tumour vascularization via
endothelial differentiation of glioblastoma stem-like cells, Nature 468 (2010)
824e828.

[20] R. Wang, K. Chadalavada, J. Wilshire, U. Kowalik, K.E. Hovinga, A. Geber,
B. Fligelman, M. Leversha, C. Brennan, V. Tabar, Glioblastoma stem-like cells
give rise to tumour endothelium, Nature 468 (2010) 829e833.

[21] M.J. Hendrix, E.A. Seftor, D.A. Kirschmann, R.E. Seftor, Molecular biology of
breast cancer metastasis. Molecular expression of vascular markers by
aggressive breast cancer cells, Breast Cancer Res. 2 (2000) 417e422.

[22] L.A. Shevde, B.J. Metge, A. Mitra, Y. Xi, J. Ju, J.A. King, R.S. Samant, Spheroid-
forming subpopulation of breast cancer cells demonstrates vasculogenic
mimicry via hsa-miR-299-5p regulated de novo expression of osteopontin,
J. Cell. Mol. Med. 14 (2010) 1693e1706.

[23] C.M. Tate, W. Blosser, L. Wyss, G. Evans, Q. Xue, Y. Pan, L. Stancato, LY2228820
dimesylate, a selective inhibitor of p38 mitogen-activated protein kinase,
reduces angiogenic endothelial cord formation in vitro and in vivo, J. Biol.
Chem. 288 (2013) 6743e6753.

[24] O. Straume, T. Shimamura, M.J. Lampa, J. Carretero, A.M. Oyan, D. Jia,
C.L. Borgman, M. Soucheray, S.R. Downing, S.M. Short, S.Y. Kang, S. Wang,
L. Chen, K. Collett, I. Bachmann, K.K. Wong, G.I. Shapiro, K.H. Kalland,
J. Folkman, R.S. Watnick, L.A. Akslen, G.N. Naumov, Suppression of heat shock
protein 27 induces long-term dormancy in human breast cancer, Proc. Natl.
Acad. Sci. U. S. A. 109 (2012) 8699e8704.
[25] R.W. Storms, A.P. Trujillo, J.B. Springer, L. Shah, O.M. Colvin, S.M. Ludeman,
C. Smith, Isolation of primitive human hematopoietic progenitors on the basis
of aldehyde dehydrogenase activity, Proc. Natl. Acad. Sci. U. S. A. 96 (1999)
9118e9123.

[26] W.W. Chang, R.J. Lin, J. Yu, W.Y. Chang, C.H. Fu, A.C. Lai, J.C. Yu, A.L. Yu, The
expression and significance of insulin-like growth factor-1 receptor and its
pathway on breast cancer stem/progenitors, Breast Cancer Res. 15 (2013) R39.

[27] L. Wei, T.T. Liu, H.H. Wang, H.M. Hong, A.L. Yu, H.P. Feng, W.W. Chang, Hsp27
participates in the maintenance of breast cancer stem cells through regulation
of epithelial-mesenchymal transition and nuclear factor-kappaB, Breast Can-
cer Res. 13 (2011) R101.

[28] C.H. Lee, H.M. Hong, Y.Y. Chang, W.W. Chang, Inhibition of heat shock protein
(Hsp) 27 potentiates the suppressive effect of Hsp90 inhibitors in targeting
breast cancer stem-like cells, Biochimie 94 (2012) 1382e1389.

[29] W.W. Chang, Y.D. Kuan, M.C. Chen, S.T. Lin, C.H. Lee, Tracking of mouse breast
cancer stem-like cells with Salmonella, Exp. Biol. Med. (Maywood) 237 (2012)
1189e1196.

[30] E. Aranda, G.I. Owen, A semi-quantitative assay to screen for angiogenic
compounds and compounds with angiogenic potential using the EA.hy926
endothelial cell line, Biol. Res. 42 (2009) 377e389.

[31] J.T. Zhang, W. Sun, W.Z. Zhang, C.Y. Ge, Z.Y. Liu, Z.M. Zhao, X.S. Lu, Y.Z. Fan,
Norcantharidin inhibits tumor growth and vasculogenic mimicry of human
gallbladder carcinomas by suppression of the PI3-K/MMPs/Ln-5gamma2
signaling pathway, BMC Cancer 14 (2014) 193.

[32] H. Wang, W. Sun, W.Z. Zhang, C.Y. Ge, J.T. Zhang, Z.Y. Liu, Y.Z. Fan, Inhibition of
tumor vasculogenic mimicry and prolongation of host survival in highly
aggressive gallbladder cancers by norcantharidin via blocking the ephrin type
a receptor 2/focal adhesion kinase/paxillin signaling pathway, PLoS One 9
(2014) e96982.

[33] Y. Qu, L. Zhang, Z. Rong, T. He, S. Zhang, Number of glioma polyploid giant
cancer cells (PGCCs) associated with vasculogenic mimicry formation and
tumor grade in human glioma, J. Exp. Clin. Cancer Res. 32 (2013) 75.

[34] M.J. Hendrix, E.A. Seftor, P.S. Meltzer, L.M. Gardner, A.R. Hess,
D.A. Kirschmann, G.C. Schatteman, R.E. Seftor, Expression and functional
significance of VE-cadherin in aggressive human melanoma cells: role in
vasculogenic mimicry, Proc. Natl. Acad. Sci. U. S. A. 98 (2001) 8018e8023.

[35] A.R. Hess, E.A. Seftor, L.M. Gardner, K. Carles-Kinch, G.B. Schneider, R.E. Seftor,
M.S. Kinch, M.J. Hendrix, Molecular regulation of tumor cell vasculogenic
mimicry by tyrosine phosphorylation: role of epithelial cell kinase (Eck/
EphA2), Cancer Res. 61 (2001) 3250e3255.

[36] M.P. Wymann, C. Schultz, The chemical biology of phosphoinositide 3-kinases,
Chembiochem 13 (2012) 2022e2035.

[37] H. Masuda, D. Zhang, C. Bartholomeusz, H. Doihara, G.N. Hortobagyi,
N.T. Ueno, Role of epidermal growth factor receptor in breast cancer, Breast
Cancer Res. Treat. 136 (2012) 331e345.

[38] H.W. Lo, S.C. Hsu, M.C. Hung, EGFR signaling pathway in breast cancers: from
traditional signal transduction to direct nuclear translocalization, Breast
Cancer Res. Treat. 95 (2006) 211e218.

[39] S. Rousseau, F. Houle, J. Huot, Integrating the VEGF signals leading to actin-
based motility in vascular endothelial cells, Trends Cardiovasc. Med. 10
(2000) 321e327.

[40] S. Rousseau, F. Houle, J. Landry, J. Huot, p38 MAP kinase activation by vascular
endothelial growth factor mediates actin reorganization and cell migration in
human endothelial cells, Oncogene 15 (1997) 2169e2177.

[41] S.M. Keezer, S.E. Ivie, H.C. Krutzsch, A. Tandle, S.K. Libutti, D.D. Roberts,
Angiogenesis inhibitors target the endothelial cell cytoskeleton through
altered regulation of heat shock protein 27 and cofilin, Cancer Res. 63 (2003)
6405e6412.

[42] T. Sun, N. Zhao, X.L. Zhao, Q. Gu, S.W. Zhang, N. Che, X.H. Wang, J. Du, Y.X. Liu,
B.C. Sun, Expression and functional significance of Twist1 in hepatocellular
carcinoma: its role in vasculogenic mimicry, Hepatology 51 (2010) 545e556.

[43] Q. Qin, Y. Xu, T. He, C. Qin, J. Xu, Normal and disease-related biological
functions of Twist1 and underlying molecular mechanisms, Cell Res. 22 (2012)
90e106.

[44] M. Shiota, J.L. Bishop, K.M. Nip, A. Zardan, A. Takeuchi, T. Cordonnier,
E. Beraldi, J. Bazov, L. Fazli, K. Chi, M. Gleave, A. Zoubeidi, Hsp27 regulates
epithelial mesenchymal transition, metastasis, and circulating tumor cells in
prostate cancer, Cancer Res. 73 (2013) 3109e3119.

[45] D.W. Miles, Bevacizumab in breast cancer: fundamental questions remain,
Lancet Oncol. 14 (2013) 99e101.

[46] I. Lang, T. Brodowicz, L. Ryvo, Z. Kahan, R. Greil, S. Beslija, S.M. Stemmer,
B. Kaufman, Z. Zvirbule, G.G. Steger, B. Melichar, T. Pienkowski, D. Sirbu,
D. Messinger, C. Zielinski, Bevacizumab plus paclitaxel versus bevacizumab
plus capecitabine as first-line treatment for HER2-negative metastatic breast
cancer: interim efficacy results of the randomised, open-label, non-inferiority,
phase 3 TURANDOT trial, Lancet Oncol. 14 (2013) 125e133.

http://refhub.elsevier.com/S0300-9084(14)00154-0/sref3
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref3
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref3
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref3
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref4
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref4
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref4
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref4
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref4
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref5
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref5
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref5
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref5
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref6
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref6
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref6
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref6
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref7
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref7
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref7
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref7
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref8
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref8
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref8
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref8
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref8
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref8
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref9
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref9
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref9
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref10
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref10
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref10
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref10
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref11
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref11
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref11
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref12
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref12
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref12
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref13
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref13
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref13
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref13
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref14
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref14
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref14
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref14
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref14
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref14
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref15
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref15
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref15
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref15
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref15
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref16
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref16
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref16
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref16
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref17
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref17
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref17
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref17
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref18
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref18
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref18
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref18
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref18
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref19
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref19
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref19
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref19
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref19
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref20
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref20
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref20
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref20
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref21
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref21
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref21
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref21
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref22
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref22
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref22
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref22
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref22
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref23
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref23
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref23
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref23
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref23
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref24
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref24
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref24
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref24
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref24
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref24
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref24
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref25
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref25
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref25
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref25
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref25
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref26
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref26
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref26
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref27
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref27
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref27
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref27
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref28
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref28
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref28
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref28
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref29
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref29
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref29
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref29
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref30
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref30
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref30
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref30
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref31
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref31
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref31
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref31
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref32
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref32
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref32
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref32
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref32
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref33
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref33
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref33
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref34
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref34
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref34
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref34
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref34
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref35
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref35
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref35
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref35
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref35
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref36
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref36
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref36
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref37
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref37
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref37
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref37
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref38
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref38
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref38
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref38
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref39
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref39
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref39
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref39
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref40
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref40
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref40
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref40
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref41
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref41
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref41
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref41
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref41
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref42
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref42
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref42
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref42
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref43
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref43
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref43
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref43
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref44
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref44
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref44
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref44
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref44
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref45
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref45
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref45
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref46
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref46
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref46
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref46
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref46
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref46
http://refhub.elsevier.com/S0300-9084(14)00154-0/sref46

	Epidermal growth factor/heat shock protein 27 pathway regulates vasculogenic mimicry activity of breast cancer stem/progeni ...
	1 Introduction
	2 Materials and methods
	2.1 Ethics statement
	2.2 Reagents
	2.3 Fluorescence activated cell sorting (FACS)
	2.4 Xenotransplantation of human breast cancer cells
	2.5 PAS and hematoxylin–eosin (H&E) stain
	2.6 Cell culture
	2.7 Mammosphere cultivation
	2.8 Matrigel-based in vitro VM activity assay
	2.9 shRNA lentivirus transduction
	2.10 Western blot
	2.11 RNA interference
	2.12 Plasmid construction and transfection

	3 Results
	3.1 Vasculogenic mimicry activity of breast cancer stem/progenitor cells
	3.2 EGF mediates VM activity of BCSCs
	3.3 Hsp27 is the downstream molecule in EGF-mediated VM activity of BCSCs

	4 Discussion
	5 Conclusions
	Disclosure statement
	Authors' contributions
	Acknowledgments
	References


