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Abstract

Nicotine acts as an angiogenic factor by stimulating endogenous cholinergic pathways. Several subtypes of nicotinic acetyl-
choline receptors (nAChRs) have been demonstrated to be closely correlated to the formation and progression of different
types of cancers. Recently, several studies have found that nicotinic acetylcholine receptors a9 (x9-nAChRs) are highly
expressed in breast tumors, especially in tumors derived from patients diagnosed at advanced stages. In vitro studies have
demonstrated that activation of a9-nAChRs is associated with increased proliferation and migration of breast cancer. To
study the tumor-promoting role of ®9-nAChRs in breast cancers, we generated a novel anti-a9-nAChR and methoxy-pol-
yethylene glycol (mPEG) bispecific antibody («9 BsAb) for dissecting the molecular mechanism on «9-nAChR-mediated
tumor progression. Unexpectedly, we discovered the angiogenic role of a9-nAChR in nicotine-induced neovascularization
of tumors. It revealed a9 BsAbs reduced nicotine-induced endothelial cell tube formation, blood vessel development in
Matrigel plug assay and angiogenesis in microtube array membrane murine model (MTAMs). To unbraid the molecular
mechanism of «9-nAChR in nicotine-mediated angiogenesis, the 9 BsAbs were applied and revealed the inhibitory roles
in nicotine-induced production of hypoxia-inducible factor-2 alpha (HIF-2a), vascular endothelial growth factor A (VEGF-
A), phosphorylated vascular endothelial growth factor receptor 2 (p-VEGFR?2), vascular endothelial growth factor receptor
2 (VEGFR2) and matrix metalloproteinase-9 (MMP9) from triple-negative breast cancer cells (MDA-MB-231), suggest-
ing a9-nAChRs played an important role in nicotine-induced angiogenesis. To confirm our results, the ShRNA targeting
a9-nAChRs was designed and used to silence ®9-nAChR expression and then evaluated the angiogenic role of ®9-nAChRs.
The results showed a9 shRNA also played an inhibitory effect in blocking the nicotine-induced angiogenic signaling. Taken
together, a9-nAChR played a critical role in nicotine-induced angiogenesis and this bispecific antibody (a9 BsAb) may serve
as a potential therapeutic candidate for treatments of the a9 positive cancers.

Keywords Nicotine - Nicotinic acetylcholine receptors o9 - Bispecific antibody - Angiogenesis - Microtube array
membrane murine model

Introduction

Development and growth of tumors strictly require an abun-
dant supply of nutrients and oxygen from newly formed
blood vessels [1]. Therefore, the formation of new blood
vessels is referred to as an angiogenesis which is involved
in the collected actions and processes of migration, growth
and development of endothelial cells (ECs). Interruption or
blockage of angiogenesis is considered one of the therapeutic
strategies for cancer patients. Previous studies have indicated
that vascular endothelial growth factors (VEGFs) and their

Extended author information available on the last page of the article

Published online: 23 August 2024

receptors (VEGFRs) are considered as the most critical pro-
angiogenic factors in regulating tumor angiogenesis [2—4].
In the classical paracrine signaling pathway, tumor-derived
VEGF interacts with VEGFR2 on neighboring ECs, leading
to prolonged survival, proliferation, migration, and develop-
ment of ECs through the activation of several key intermedi-
ate regulators in the VEGF-VEGFR2 axis and downstream
signaling pathways such as focal adhesion kinase (FAK),
Src, extracellular-signal-regulated kinase (ERK)1/2, and
Akt, which is resulted in angiogenesis [1]. In addition to
the constitutive expression of VEFGRs on ECs, VEGFR2
is also expressed on various forms of cancer cells includ-
ing breast cancer [5-9], lung cancer [10], glioblastoma [11],
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gastrointestinal cancer [12], bladder cancer [13], hepatocel-
lular carcinoma, renal cell carcinoma [14], ovarian cancer
[15] and osteosarcoma [16]. Therefore, VEGF-A secreted
from cancer cells binds to VEGFR?2 on their own cell surface
resembling as an autocrine loop, promoting themselves on
growth and survival [17].

It has been well known that nicotine is considered as an
agent for angiogenesis. Nicotine induces angiogenesis in a
number of settings including ischemia, inflammation, age-
related macular degeneration, atherosclerosis and cancers
[18]. This nicotine-induced pro-angiogenic activity is medi-
ated through the interaction of nicotinic acetylcholine recep-
tors (nAChRs) expressed on ECs [19].

nAChRs belong to the ligand-gated ion channel super-
family of neurotransmitter receptors and their expressions
were found throughout the entire body [20]. These receptors
consist of 5 subunits and each subunit exists as 16 isoforms
(a1-a10, p1-P4, O, y and ¢), arranging either in hetero- or
homo-pentameric configuration [21]. The combinations of
various o- and p- subunits result in functionally multiple
nAChR subtypes that behave differently in terms of ion
permeability, open time, ligand affinity and other functions.
These nAChRs are expressed on venous, lymphatic, arte-
rial or microvascular ECs equipped with possibly different
subtypes or proportions of subtypes, contributing to display
similar or divergent functions [22]. In addition, nicotine also
binds nAChRs on several types of cancer cells and activates
nAChR-mediated down signaling, promoting cell migration,
proliferation and survival [23, 24].

Although nicotine is not considered as a carcinogenic
agent, it exerts oncogenic effects such as angiogenesis and
tumor growth via cholinergic pathway [18]. Moreover, an
increased expression of VEGF-A and VEGFR?2 in several
types of cancer cells exposed to nicotine was observed,
suggesting nicotine possesses pro-angiogenic potential [25,
26]. The pharmacological inhibition or genetic disruption
of ®7-nAChR expression reversed nicotine-mediated proan-
giogenic effects in endothelial cells, indicating a7-nAChRs
played a dominant role in mediating nicotine-induced angio-
genesis [18, 19]. Nevertheless, other endothelial subunits
have not been functionally characterized yet. Currently,
the roles of homo-pentameric alpha 9 subtype of nAChRs
(x9-nAChR) in breast cancers have been carefully investi-
gated. An epidemiological cohort study demonstrated that
a9-nAChR mRNA level in breast tumor tissues was 7.84-
fold higher than in surrounding normal tissues and this
occurred more often in smokers. In addition, the authors
discovered that higher a9-nAChR expression was more fre-
quently observed in advanced-stage (stages 3 and 4) breast
cancer tissues and was associated with a poor 5-year disease-
specific survival rate [27]. Further research studies dem-
onstrated that nicotine induced significantly higher expres-
sion of ®9-nAChRs in breast cancer cells [28]. Recently, it
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also revealed that nicotine promoted migration, invasion,
proliferation and survival of various cancers including
lung cancers, breast cancer and melanoma via a9-nAChR-
mediated multiple downstream signaling pathways [27,
29-32]. It suggests that ®9-nAChRs play an important role
in nicotine-mediated tumor progression. However, the role
of 9-nAChRs in angiogenesis remains unclear.

In this study, we assessed the role of a9-nAChR in angi-
ogenesis coupled with the putative molecular mechanism
using the novel bispecific monoclonal antibodies against
a9-nAChR and methoxy polyethylene glycol (mPEG) (a9
BsAb). Our results indicated that a9 BsAb blocked nico-
tine-induced angiogenesis in three typical models for angio-
genesis assessment including the tube formation assay, the
Matrigel plug assay and the Microtube Array Membrane
Hollow Fiber (MTAM-HFA) assay. We also found that
nicotine-induced activation of a9-nAChR triggered pro-
ductions of HIF-2a, VEGF-A, p-VEGFR2, VEGFR2 and
MMP9 in MDA-MB-231 cells and this nicotine-mediated
upregulated molecular signaling was blocked by a9 BsAb
and anti-o9 shRNA. In addition to a7-nAChRs, we revealed
a9-nAChRs as a new member of acetylcholine receptors
play an important role in nicotine-induced angiogenic role
in cancers. Moreover, a9 BsAb can be conjugated with Lipo-
somal Doxorubicin (Lipo-Dox) and form antibody—drug
conjugates (ADC) as a9 BsAbs-liposomal doxorubicin (9
BsAbs/Lipo-Dox) to improve therapeutic efficacy for treat-
ments of a9-nAChR positive cancers in the future.

Materials and methods
Cell lines and cell cultures

Human breast cancer cells and primary human umbilical
vein endothelial cells (HUVECs) were used in this study
according to the manufacturer’s instructions.

The human breast cancer cell lines; luminal-type (MCF7)
and TNBC-type (MDA-MB-231), were purchased from
American Type Culture Collection (ATCC, Manassas, VA,
USA). The breast cancer cells were grown in Dulbecco’s
Modified Eagle Medium/Nutrient Mixture F-12 medium
(DMEM/F12; Thermo Fisher Scientific Inc., Waltham, MA,
USA) supplemented with 10% heat-inactivated fetal bovine
serum (FBS; Thermo Fisher Scientific Inc., Waltham, MA,
USA) and 1% penicillin—streptomycin solution (HyClone™
100X solution; Cytiva, Marlborough, MA, USA).

HUVECs were purchased from Promocell (#C12200,
Heidelberg, Germany). Endothelial Cell Growth Medium
contained Endothelial Cell Growth Supplement (Pro-
mocell, Heidelberg, Germany) was mixed with 10% FBS
and 1% penicillin—streptomycin solution and used to culture
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HUVECs on gelatin-coated dishes. HUVECs at passages
from 3 to 5 were used for performing experiments.

Both cell cultures were maintained in a 5% CO, humidi-
fied incubator at 37 °C.

The preparation of bispecific antibody

Based on the DNA sequence encoding «9-nAChR scFv from
Dr. Yi-Yuan Yang’s team, Dr. Kuo-Hsiang Chuang’s team
constructed anti-a9-nAChR and anti-mPEG bispecific anti-
body (29 BsAb) by genetic engineering with minor modi-
fication as described in their previous work [33]. Briefly,
the light chain and heavy chain of humanized anti-mPEG
Fab were genetically linked with an internal ribosome entry
site (IRES) for co-expressing in a single plasmid. The Fv
fragment of anti-a9-nAChR was genetically linked after the
heavy chain of humanized anti-mPEG Fab. This chimeric
gene construct of a9 BsAb was produced by transient trans-
fection of pLNCX plasmid into Expi293 mammalian cell
expression. a9 BsAb at a concentration of 1.1 mg/ml is pre-
pared by diluting with PBS +0.05% bovine albumin serum
(BSA) and stored at —20 °C.

The collection of conditioned medium

The breast cancer cells were seeded in 6-well plates with
5% 103 cells/well density. Next, cells were treated with a9
BsAb (0.7, 7, 14 ug/ml) and nicotine (0.1, 1, 10, 100 uM)
for 72 h and then media were collected. To remove cell
debris, the collected media were centrifuged for 10 min at
10,000 rpm and 4 °C. The supernatants were derived and
used as conditioned medium. The conditioned medium
was stored in a refrigerator at —80 °C for subsequent
experiments.

Tube formation assay

Tube formation assay was performed on HUVECs using
a pu-Slide (ibidi, Martinsried, Germany). Growth Factor
Reduced Matrigel® Matrix (Cat. 356231; Corning Inc.,
New York, NY, USA) was thawed overnight at 4 °C. Using
cold pipette tips, 10 pl of Growth Factor Reduced Matrigel
was applied into the inner well of the p-Slide. Following
the polymerization of Matrigel in an incubator at 37 °C for
30 min, 50 pl of loading suspension was placed in the upper
well of the p-Slide. The loading suspension was prepared
by mixing HUVECs (1 x 10* cells/well), a9 BsAb (0.7, 7,
14 pg/ml) and nicotine (10 uM) in Endothelial Cell Growth
Medium. Then, p-Slides were placed in an incubator at
37 °C with 5% CO, for 8 h. Images of the wells were taken
using an inverted microscopy at 4 X magnification. The num-
ber of loops formed in each well was counted for analysis.

Transwell assays

The migration efficacy of MDA-MB-231 cells was inves-
tigated using 8 pm Transwell inserts (Corning, NY, USA).
1 x 10° cells/well were seeded in the inner part of the insert
filled with 300 pl of serum-free medium containing 10 pM
nicotine and different concentrations of a9 BsAb (0.7, 7,
14 pg/ml). The outer part of the inserts was filled with 750 pl
of complete culture medium. After 12 h of incubation at
37 °C with 5% CO,, the medium was carefully removed
from the inserts and the inserts were washed twice with PBS.
The migrated cells were fixed on the inserts in 100% metha-
nol for 20 min at room temperature. To stain the migrated
cells, 750 pul of 0.2% crystal violet was added to each well
of the 24-well plates and the inserts with fixed cells were
placed inside. Following the staining step, the inserts were
rinsed with distilled water to eliminate the excess crystal
violet and the non-migrating cells on the upper surface of
the insert were carefully removed with a cotton swab. The
stained membranes were then cut out from the inserts using
a surgical scalpel and mounted on a glass slide with glycerol
gelatin. Five fields (center, north, south, west and east) of
each membrane mounted on slides were randomly selected
and their images were captured under the inverted micro-
scope at 20 X magnification.

For the invasion assay, 0.1 ml of Growth Factor Reduced
Matrigel matrix (Corning, Tewksbury, MA, USA) diluted in
buffer, extracellular matrix (ECM) materials was added to
the transwell inserts for coating and placed in the incubator
at 37 °C for 2 h to solidify. The remaining steps were the
same as for the migration assay.

Enzyme-linked immunosorbent assay (ELISA)

Using a human VEGF ELISA kit (Bioss; Woburn, Mas-
sachusetts, USA), the VEGF concentration was measured
in the conditioned medium derived from the supernatant
of MDA-MB-231 cells. According to the manufacturer’s
protocol, 100 pl of standards or samples were pipetted into
96-well microplates pre-coated with VEGF monoclonal anti-
bodies and incubated at 37 °C for 1 h 30 min. Afterward,
the unbound samples were removed during a wash step, and
then the biotinylated VEGF antibody was added to the wells.
Following an hour of incubation, the unbound detection anti-
body was washed off and streptavidin solution conjugated
with the enzyme horseradish peroxidase (HRP) was added
to the wells. After subsequent incubation and wash steps, a
3,3’,5,5’-tetramethylbenzidine (TMB) substrate solution to
detect HRP activity was added, resulting in a blue-colored
product presented proportionally to the amount of VEGF
in the samples was formed. The reaction was terminated by
the addition of a stop solution. The absorbance was meas-
ured at 450 nm using the pQuant™ Universal Microplate
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Spectrophotometer (BioTek, Winowski, VT, USA). The
VEGF concentration in the sample was estimated from a
standard curve generated by making serial dilutions of the
stock solution (human VEGF standard 2000 pg/ml).

Western blotting

MDA-MB-231 cells were treated with different concen-
trations of a9 BsAb (0.7, 7, 14 pg/ml) and nicotine (0.1,
1, 10, 100 uM) for different periods of time. Treated cells
were washed twice with ice-cold PBS and lysed over-
night at =20 °C in RIPA (Sigma-Aldrich) supplemented
with phosphatase and protease inhibitors. After collecting
protein samples through centrifugation at 12,000 rpm for
30 min at 4 °C, a standard curve was generated with 2 mg/
ml bovine serum albumin (BSA) to determine the protein
concentrations of the samples. Equal amounts of proteins
were separated electrophoretically on polyacrylamide gels
with sodium dodecyl sulfate and then transferred to poly-
vinylidene difluoride membranes (Millipore, CA, USA).
The membranes were blocked in 3% BSA for an hour and
kept overnight at 4 °C with the following specific primary
antibodies. CHRNA9 (ARG55213; Arigo, Glasgow, UK),
VEGF-a (Sc-7269; Santa Cruz Biotechnology, TM, US),
VEGFR2 (2472; Cell Signaling Technology, Danvers, MA,
USA), phospho-VEGFR?2 (Tyr1175) (2478; Cell Signaling
Technology, Danvers, MA, USA), HIF-2 alpha (NB100-
122; Novus Biologicals, Centennial, CO, USA), MMP2
(A6247; ABclonal, Biotech Co., Ltd., Woburn, MA, USA),
MMP9 (A0289; ABclonal, Biotech Co., Ltd., Woburn, MA,
USA) and GAPDH (GTX100118; GeneTex, Irvine, CA,
USA). The primary antibodies were probed with horserad-
ish peroxidase (HRP) conjugated anti-mouse (Cat. A9044,
Sigma-Aldrich, Burlington, VT, USA) or anti-rabbit (Cat.
SI-A0545; Sigma-Aldrich, Burlington, VT, USA) secondary
antibodies. Signals were detected with a chemiluminescent
reagent (Millipore Corporation, Billerica, MA 01821 USA)
using the ChemiDoc system (Bio-Rad Laboratories, Hercu-
les, CA, USA) and semi-quantification was performed with
the Image Lab System (Bio-Rad Laboratories, Hercules, CA,
USA).

Quantitative real-time PCR (qRT-PCR)

RNA extraction and synthesis of complementary DNA
(cDNA) were performed using the GENEzol™ TriRNA
Pure Kit (Geneaid, New Taipei City, Taiwan) and the Tools-
Quant II Fast RT Kit (BIOTOOLS Co., Ltd., New Taipei
City, Taiwan), respectively. The purity of total RNA and
the concentration of cDNA were determined using the Nan-
odrop spectrophotometer (ND 1000, Thermo Scientific). A
reaction mixture with a final volume of 20 pl was prepared
in a PCR tube containing 10 pl iTag™ Universal SYBR®
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Green Supermix (Bio-Rad, Hercules, CA, USA), 5 ul tem-
plate cDNA (10 ng/ul), 3 ul RNase-free water and 10 uM
forward and reverse primers. The following specific primer
pairs were targeted to CHRNAY (Forward: AAA GAT GAA
CTG GTC CCA TTC CT; Reverse: AAG GTC ATT AAA
CAA CTT CTG AGC ATA T), VEGF-a (Forward: AGG
AGG AGG GCA GAA TCA TCA; Reverse: CTC GAT TGG
ATG GCA GTA GCT), VEGF-b (Forward: AAG GAC AGT
GCT GTG AAG CCA G; Reverse: TGG AGT GGG ATG
GGT GAT GTC A), VEGF-c (Forward: GCC AAT CAC
ACT TCC TGC CGA T; Reverse: AGG TCT TGT TCG
CTG CCT GAC A) and GAPDH (Forward: CAT CAC TGC
CAC CCA GAA GAC TG; Reverse: ATG CCA GTG AGC
TTC CCG TTC AG). The qPCR conditions were set as
95 °C for 30 s (polymerase activation and DNA denatura-
tion), followed by 40 cycles of 95 °C for 5 s (denaturation),
and 60 °C for 30 s (annealing/extension) using the QIAGEN
Rotor-Gene Q machine. The expression level of the gene of
interest was quantified using the Livak (A ACt) method and
compared with the level of the internal control GAPDH in
all samples.

shRNA Plasmid stable transfection

In order to establish a stable knockdown of a9-nAChR
expression in MDA-MB-231 cells, shRNA clones were
purchased from the National RNAi Core Facility Platform
(RNAi Core, Academia Sinica, Taipei, Taiwan). Plasmid
DNA was then isolated using a Wizard® Plus SV Mini-
preps DNA Purification System (Promega, Madison, WI,
USA) according to the manufacturer’s protocol. Prior to
transfection, 293 T cells were seeded overnight in a culture
medium. The next day, the cells were transfected with plas-
mid DNA, the lentiviral packaging plasmid (pCMV-dR8.91)
and the envelop plasmids (pMD2.G) using PolyJet in vitro
DNA transfection reagent (SignaGen, Frederick, MD, USA)
in accordance with the manufacturer’s recommended pro-
tocol. After 12 h, the medium was replaced with a culture
medium to allow continuous production of the virus. Viral
supernatants were harvested after 48 h and filtered through
a 0.45 pm filter before either being used for transduction or
stored in a refrigerator at — 80 °C. Transduction of MDA-
MB-231 cells was performed by incubating the cells with
the viral supernatant in the presence of 10 ug/ml polybrene
for 48 h. Finally, the stably transduced cells were selected
and cultured by adding 2 pg/ml puromycin (Invivogen, San
Diego, CA, USA) in the culture medium.

Mice and housing condition
Female NOD.Cg-Prkdcscidll2rgtm1W;jl/SzJ (NSG) and

C57BL/6 mice at 4 to 6 weeks of age were purchased from
the National Laboratory Animal Center (Taipei, Taiwan).
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Upon arrival at our institute, the mice were allowed to be
adopted in the animal housing room for one week before
the experiments began. The mice were housed in groups of
five, in standard transparent Makrolon cages, under 12-h
light—dark cycle with ad libitum feeding at the Laboratory
Animal Center of Taipei Medical University.

All procedures performed on the animal models in this
study were approved by the Taipei Medical University
(TMU) Institutional Animal Care and Use Committee
(IACUC No. LAC-2021-0546).

Microtube array membranes (MTAMs)

The establishment of Microtube Array Membranes
(MTAMSs; Bioman Scientific Co., Ltd, New Taipei City, Tai-
wan) was carried out on C57BL/6 mice. First, a cell suspen-
sion in 10 pul PBS at a density of 1x 10° MDA-MB-231 cells
was loaded into sterile MTAMSs via capillary motion and
both ends of the MTAMs were folded with a forcep. After
loading cells, the MTAMs were placed in culture dishes with
culture medium and incubated at 37 °C and 5% CO, for 24 h.
Before implantation, the cell-loaded MTAMs were rinsed
with autoclaved PBS buffer to remove residual media. Under
inhalation of 3% isoflurane, the following surgical proce-
dures were performed on mice. The mice were prepared by
shaving their backs and then 5 mm length of incisions were
made on both sides of the spinal column. After mucus lay-
ers were separated from the underlying flesh with surgical
scissors, the cell-loaded MTAMs were implanted subcutane-
ously using laboratory spatulas and the wound site was then
closed with sutures. 3 d after acclimatization, the mice were
randomly divided into two groups and injected weekly with
PBS buffer (5 ml/kg) and a9 BsAb (0.42 mg/kg) through
the tail vein. 14 d after the start of the treatments, the mice
were sacrificed and their dorsal skin was surgically opened
to photograph the membranes together with a scale ruler
under a dissecting microscope.

Matrigel plug angiogenesis assay

Matrigel plug assay was performed in NOD.Cg-PrkdcscidlIl-
2rgtm1Wjl/SzJ (NSG) mice. To prepare the Matrigel mix-
ture, 2 X 10 MDA-MB-231 cells suspended in PBS were
mixed with ice-cold Growth Factor Reduced Matrigel®
Matrix in the same volume ratio. Under inhalation anes-
thesia with isoflurane, the mice were injected subcutane-
ously with a volume of 500 pl of the Matrigel mixture (day
0). After polymerization and formation of the gel plug, the
mice were randomly divided into 3 groups: PBS buffer (I),
nicotine (II) and nicotine + a9 BsAb (III). Animals were
received nicotine (200 pg/ml) from day O to 14 in their
drinking water. Animals in group I consumed water only
without nicotine and then were intravenously administrated

with PBS buffer (5 ml/kg). Animals in group II were kept
in cages with supplements of nicotine-containing water
and also received intravenous injections of PBS. Animals
in group III were provided nicotine-containing water and
intravenously received a9 BsAb (0.42 mg/kg) through tail
vein injection once a week. On day 14, the mice were sacri-
ficed and Matrigel plugs were collected for further studies.
The Matrigel plugs were photographed under a dissecting
microscope for visual analysis. The formation of new blood
vessels in the Matrigel plugs was quantified by measuring
the hemoglobin concentration.

Cyanmethemoglobin method

To evaluate the angiogenic response, the cyanmethemo-
globin method was performed to measure the hemoglobin
concentration in the Matrigel plugs. The Matrigel plugs
were homogenized in 500 pl lysis solution containing 0.1%
Brij-35 and incubated overnight at 4 °C. The hemoglobin
concentration in the samples was measured using a Drabkin
reagent kit (Sigma-Aldrich) according to the manufacturer’s
protocol [34]. Optical density at 540 nm was measured in
a microplate reader, and final hemoglobin concentrations
were calculated in accordance with hemoglobin standards.

Statistical analysis

Statistical analyses were performed using GraphPad Prism
5 software (GraphPad Software Inc.), with results presented
as mean + SD. A one-way analysis of variance (ANOVA)
followed by Tukey’s post hoc test was applied to determine
statistical significance between groups. The probability
value (p-value) of less than 0.05 was considered indicative
of statistical significance.

Results

Anti-a9-nAChR bispecific antibody inhibited
nicotine-induced a9-nAChR expression
in triple-negative breast cancer cells

Our results indicated that nicotine at 10 pM induced
significant a9-nAChR expression in mRNA and pro-
teins (Fig. 1A—C), which was consistent with previous
studies showing that nicotine induced the expression of
a9-nAChRs in breast cancer cells [32]. To confirm nico-
tine-induced mRNA and protein expression of a9-nAChR,
mRNA and protein were harvested from MDA-MB-231
cells exposed to nicotine at concentrations of 0.1, 1, 10
and 100 pM for 48 h, followed by mRNA and protein
quantification were analyzed by real-time PCR and the
western blotting analysis, respectively. The results showed

@ Springer



Angiogenesis

A B C
. CHRNAY Nicotine (uM) @ 9-nAChR
B 13-
: : 0 01 10 100 E .
2. 2
<
z W9-NACHR [#w o wm wm === | 55 kDa £ 27
£ 27 Z
z GAPDH |—————|36kDa 2
51 .
2] :
0 T T T 0-
0 0.1 1 10 100 0 0.1 1 10 100
Nicotine(u M) Nicotine (0 M)
D E a9-nAChR
2.5 "
Nicotine (pM) 0 10 10 10 10 2 2.0
=
09BsAb(ug/ml) 0 0 07 7 14 ERWE
a9-nAChR |—. — —— —.| 55 kDa S 1.0
z
GAPDH|——-——|36kDa S 057 ’l‘
0.0 T T T T

Fig.1 The nicotine-induced increased expression of a9-nAChR in
MDA-MB-231 was abrogated by a9 BsAb. The relative CHRNA9
mRNA expression of MDA-MB-231 cells exposed to nicotine at
concentrations of 0.1, 1, 10 and 100 pM for 48 h (A). The nicotine-
induced a9-nAChR protein expression at various concentrations for

that nicotine at 10 pM statistically significantly induced
CHRNAY9 mRNA expression in MDA-MB-231 cells with
a 2.2-fold increase compared to the cells without expo-
sure to nicotine (Fig. 1A). We also noticed nicotine at
10 pM increased the protein production of «9-nAChR in
MDA-MB-231 cells with a 1.7-fold increase compared to
the cells without exposure to nicotine (Fig. 1B and C),
which is consistent with the results of nicotine-induced
CHRNA9 mRNA expression. These results indicated that
10 uM of nicotine is the optimal concentration for induc-
ing ®9-nAChR expression in triple-negative breast cancer
cells in our study, which is consistent with previous studies
[35, 36].

To evaluate the antagonistic effect of anti-a9-nAChR
bispecific antibody («9 BsAb) and the role of a9-nAChR
in nicotine-induced a9-nAChR expression, we pretreated
the cells with a9 BsAb at concentrations of 0.7, 7, 14 ug/
ml for 30 min and then exposed to 10 pM nicotine for
72 h. The result indicated that a9 BsAb at 0.7, 7, 14 ug/ml
inhibited nicotine-induced a9-nAChR protein production,
suggesting a9 BsAb exhibited the antagonistic character-
istics toward a9-nAChR and abrogated nicotine-induced
a9-nAChR expression in MDA-MB-231 cells (Fig. 1D and
E).
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72 h was measured using western blotting (B) and (C). The expres-
sion of ®9-nAChR protein in ®9 BsAb-pretreated MDA-MB-231 cells
exposed to 10 pM nicotine (D) and (E). The values are calculated as
mean = SE of three independent experiments. *p <0.05; **p<0.01

The a9-nAChR expressed on endothelium
and breast cancer cells played an important role
in nicotine-induced angiogenesis

It has been demonstrated that «9-nAChRs, but not o7
subunits, contribute to retinal vascular development and
ischemia-induced retinal neovascularization (NV) in mice
with ischemic retinopathy [37]. This suggests the ®9-nAChR
may play a role in angiogenesis. In contrast, another study
found that a7-nAChRs, but not a9-nAChR subunits, medi-
ate migration, survival, proliferation and tube formation of
human dermal microvascular endothelial cells (HMVECsS)
[38]. These two contradictory findings on the role of nAChR
subunits in nicotine-mediated angiogenesis attracted our
attention to unbraid the role of ®9-nAChR in angiogenesis.

It has been reported that a9-nAChRs are highly
expressed, particularly in HMVECs and human umbilical
vein endothelial cells (HUVECs) [38]. Therefore, in this
study, we aimed to investigate the role of a9-nAChRs in
nicotine-mediated angiogenesis in HUVECs. To assess the
role of ®9-nAChRs in angiogenesis, we first performed tube
formation assays with HUVECs. HUVECs were cultured in
Endothelial Cell Growth Medium supplemented with 10 pM
nicotine and a9 BsAb at concentrations of 0.7, 7 or 14 ug/ml
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for 8 h and tubulogenesis was observed. The results showed
that it appeared the elongated shape and formed more loops
in HUVECs exposed to nicotine compared to the cells with-
out exposure to nicotine (control group), whereas the num-
bers of loops were decreased in the cells exposed to medium
with the addition of ®9 BsAb in a dose-dependent manner,
suggesting a9 BsAb inhibited nicotine-induced tubular for-
mation of HUVECsS (Fig. 2A and B).

In addition, we also proposed that nicotine-treated cancer
cells may release either particular cytokines, growth factors
or both to regulate migration, proliferation and tube forma-
tion of HUVECs:, resulting in promoting angiogenesis in
tumor surrounding tissue. To examine our hypothesis, cell
supernatants were harvested and collected from the culture
medium of MDA-MB-231 cells pre-incubated without or
with 0.7, 7 and 14 pg/ml o9 BsAb for 30 min followed by
re-supplement of 10 pM nicotine containing medium for an
additional 72-h culture time. In order to investigate the role
of supernatant from MDA-MB-231 cell culture medium, we

prepared the conditioned medium (CM) at 50:50 volume
ratio of cancer cell supernatant and endothelial cell growth
medium for the tube formation assessment of HUVECs.
Then, HUVECs were incubated in various combinations of
CM for 8 h to observe the differences in tube formation. The
results indicated the CM containing the supernatant from
nicotine-exposed MDA-MB-231 cells increased the number
of loops compared to the CM containing the supernatant
from MDA-MB-231 cells without exposure to nicotine (con-
trol group). As CM containing the supernatant from cells
exposed to a9 BsAb, however, the number of loops was
statistically significantly decreased and this decrease was
positively proportional to a9 BsAb concentrations in MDA-
MB-231 culture medium (Fig. 2C and D). This indicated that
the supernatant from nicotine-treated MDA-MB-231 cells
induced tube formation of ECs, but a9 BsAb impaired this
supernatant-induced enhancement of tube formation, sug-
gesting that a9 BsAb may inhibit the production or secre-
tion of pro-angiogenic factors in MDA-MB-231 cells. In
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Fig.2 The a9 BsAb against a9-nAChR reduced the number of
loops in EC tube formation assay. The image (A) and quantifica-
tion data (B) showed the number of nicotine-mediated loops in the
endothelial cells treated with 10 pM nicotine and a9 BsAb at con-
centrations of 0.7, 7 or 14 pg/ml for 8 h. The conditioned medium
containing the supernatant from nicotine-exposed MDA-MB-231 cell
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culture medium (C and D) and MCEF-7 cell culture medium (E and F)
increased HUVEC tube formation, while nicotine-induced this effect
was impaired when HUVECs were incubated with the conditioned
medium containing the supernatant of a9 BsAb treated cells. The val-
ues are calculated as mean + SE for at least three independent experi-
ments. *p <0.05; **p <0.01; ***p <0.001; ****p <0.0001
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addition to MDA-MB-231 cells, we also tested in another
a9-nAChR positive cell line MCF-7 whether it also exhibits
this nicotine-induced production of pro-angiogenic factors
and acts as the paracrine-like pattern on angiogenesis or
not. The results indicated in Fig. 2E and F showed a similar
outcome in MCF-7 as we observed in the results of tube
formation assay using MDA-MB-231 cells under the same
experimental procedure and protocol. It demonstrated that
nicotine not only directly activated ®9-nAChRs on ECs to
promote angiogenesis but also worked on a9-nAChRs of
breast cancer cells to trigger and release the angiogenic fac-
tors in regulating or promoting angiogenesis of the adjacent
ECs.

The role of a9-nAChR on nicotine-induced
angiogenesis was assessed using in vivo Matrigel
plug assay and the microtube array membranes
(MTAMs) murine models

The Matrigel plug assay for in vivo evaluation of angio-
genesis was performed in 7-8 week-old NSG mice. MDA-
MB-231 cells were infused into the cold liquid matrigel,
following subcutaneous injection into the right flank of
mice, solidification allowed to recruit ECs and form a new
microvascular network. To evaluate the role of ®9-nAChR
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Fig.3 The in vivo assessment of nicotine-induced angiogenesis in
Matrigel Plug Assay and MTAM murine model. A schematic dia-
gram for the experimental schedule of the in vivo Matrigel plug assay
(A). Representative macroscopic images of explanted Matrigel plugs
taken on day 14 after implantation (magnification, X 200) (B). Quan-
tification of hemoglobin levels in Matrigel plugs (C). A schematic
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on nicotine-induced angiogenesis in triple-negative breast
cancers, phosphate-buffered saline (PBS) (PBS +0.05%
BSA; 5 ml/kg) or a9 BsAb (0.42 mg/kg) was intravenously
administrated into animals once in a week. To increase the
angiogenic potential in mice, mice were received nico-
tine (200 pg/ml) in their drinking water for 2 weeks. On
the 14th day after Matrigel implantation, Matrigel plugs
were removed and photographed for quantitative analysis.
The schematic diagram is illustrated in Fig. 3A. These
resected Matrigel plugs from mice received different
treatments appeared differently from light to dark red, as
shown in Fig. 3B. To quantify the amount of newly formed
blood vessels in the plugs, we first homogenized these
Matrigel plugs with Drabkin's solution for hemoglobin
estimation and the quantitative results were presented in
Fig. 3C. It was found that the average hemoglobin con-
centration in Matrigel plugs from mice received only
PBS was 40.25 mg/ml, while it gained more than a three-
fold increase and reached 137.125 mg/ml in mice con-
sumed nicotine-containing drinking water. However, the
hemoglobin concentration was significantly decreased to
81.5 mg/ml in nicotine-exposed mice received intravenous
administration of a9 BsAb. Again, this also suggested that
nicotine-induced angiogenesis occurred in a9-nAChR-
dependent manner.
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diagram for the experimental schedule of the microtube array mem-
branes (MTAMs) murine models (D). Anti-angiogenic effect of a9
BsAb in MTAM murine model (E) and (F). The values are calculated
as mean=+ SE for at least three independent experiments. *p<0.05;
**p<0.01; ***p<0.001
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To confirm our findings, a novel in vivo drug screen-
ing platform of the microtube array membranes (MTAMs)
was used to assess the role of ®9-nAChRs in angiogen-
esis. In brief, 1 x 10° MDA-MB-231 cells were loaded into
MTAMs and then placed in the medium for 24 h. The cell-
loaded MTAMs were then implanted subcutaneously into
wild C57BL/6 immunocompetent mice labeled as day 1.
MTAM-implanted mice were intravenously injected with
PBS (5 ml/kg) or a9 BsAb (0.42 mg/kg) weekly. On day
14, MTAMs were surgically removed from the sacrificed
mice for angiogenesis assessment. The schematic diagram
is illustrated in Fig. 3D. Compared with the control group
received PBS treatment, a significant reduction in vascular
development was observed on implanted MTAM of mice
with the administration of a9 BsAb (Fig. 3E). The quan-
titative analysis of vascular development was analyzed
using Image J image analysis software and the results are
shown in Fig. 3F, indicating that systemic administration
of the ®9-nAChR antagonist o9 BsAb inhibited angiogene-
sis in the MDA-MB-231-loaded MTAM mice. This in vivo
evaluation for angiogenesis was consistent with the results
we observed in the Matrigel plug assay.
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Fig.4 The expressions of VEGF-A, p-VEGFR2 and VEGFR2
mRNA and protein in MDA-MB 231 cells treated with nicotine. The
expression of VEGF-A mRNA levels in MDA-MB-231 cells treated
with increasing concentrations of nicotine for 48 h (A). The mRNA
expression of VEGF-A (B) and its variants (C) levels in MDA-
MB-231 cells following nicotine and a9 BsAb treatment. The expres-
sion of VEGF-A, VEGFR-2 and p-VEGFR-2 protein levels in MDA-
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The nicotine induced VEGF-A, VEGFR2
and phosphorylated VEGFR2 expression
through the a9-nAChR activation

Since it has been demonstrated that vascular endothelial
growth factors (VEGFs) are responsible for new blood ves-
sel formation during embryo development, ischemia injury
and angiogenesis, we aimed to determine the expression of
VEGFs in nicotine-treated MDA-MB-231 cells. We meas-
ured the mRNA and protein expressions of VEGF-A in cells
exposed to nicotine only or combination of nicotine and o9
BsAb. The results indicated that nicotine-induced VEGF-A
mRNA expression was positively correlated to the concen-
tration of nicotine and it reached the optimal production of
mRNA of VEGF-A from cells exposed to 10 pM nicotine,
which was near to twofold increase compared to control
(without exposure to nicotine) (Fig. 4A). We also meas-
ured the expression of the other forms of VEGFs, including
VEGF-B and VEGF-C, in cells treated with either medium
containing 10 pM nicotine only or supplemented with
14 pg/mL a9 BsAb. The result revealed that only mRNA
expression of VEGF-A was elevated by nicotine and this
nicotine-induced increased mRNA expression of VEGF-A
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MB-231 cells treated with nicotine concentrations from 0.1, 1, 10 and
100 pM for 72 h (D-G). The expression of VEGF-A, VEGFR-2 and
p-VEGFR-2 proteins in MDA-MB-231 cells pretreated with «9 BsAb
at 0.7, 7, 14 pg/ml for 30 min followed by exposure to 10 pM nicotine
for 72 h (H-K). The values are calculated as mean + SE for at least
three independent experiments. *p <0.05; **p <0.01; ***p <0.001
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was blocked by a9 BsAb (Fig. 4C). We also found that a9
BsAb-mediated inhibitory effect on mRNA expression of
VEGF-A was observed in MDA-MB-231 cells exposed to
nicotine and this inhibitory degree was positively correlated
to the @9 BsAb concentration, suggesting that a9-nAChR
played an important role in nicotine-mediated VEGF-A
mRNA expression (Fig. 4B). Moreover, we also measured
the protein level of VEGF-A to confirm the results acquired
from the a9 BsAb-mediated reduction of VEGF-A mRNA.
The results showed that nicotine at concentrations of 10
and 100 pM increased the expression of VEGF-A protein
(Fig. 4D and E). Nicotine at 10 pM also boosted the produc-
tion of VEGFR2 and phosphorylated VEGFR2 (p-VEGFR?2)
proteins by western blotting analysis (Fig. 4D, F and G).
To investigate the role of a9-nAChR in nicotine-mediated
downstream signaling in the elevated production of VEGF-
A, VEGFR2 and p-VEGFR?2, we examined the expression
of VEGF-A, VEGFR2 and p-VEGFR?2 proteins in MDA-
MB-231 cells pretreated with a9 BsAb at 0.7, 7, 14 ug/ml for
30 min followed by exposure to 10 pM nicotine for 72 h. The
results indicated that MDA-MB-231 cells pretreated with a9
BsAb displayed a reduction in nicotine-induced expression
of VEGF-A, VEGFR?2 and p-VEGFR?2 proteins (Fig. 4H)
and this a9 BsAb-mediated reduction appeared as in a dose-
dependent manner (Fig. 4I-K). Collectively, our results sug-
gest that nicotine activated a9-nAChR coupled with trig-
gering the downstream signaling to increase expression of
VEGF-A, VEGFR2 and p-VEGFR2 in MDA-MB-231 cells
for promoting angiogenesis, migration and proliferation.

A significant reduction in the expression of VEGF-A,
VEFGFR2 and p-VEGFR2 of MDA-MB-231 cells
pre-treated with a9 shRNA

To confirm our findings, three stable ®9-nAChR-knockdown
cell lines were selected using a9 shRNA in MDA-MB-231
cells. This «9-nAChR shRNA-mediated reduction of
a9-nAChR was evaluated by measuring the expression lev-
els of a9-nAChR mRNA and protein using real-time poly-
merase chain reaction (RT-PCR) and the western blotting,
respectively. The results showed all of three stains exhibited
a significant reduction of «9-nAChR mRNA and proteins
(Fig. 5A and B), indicating that we succeeded in generat-
ing three a9-nAChR deficient MDA-MB-231 cell lines. The
clone sh-nAChR9 #2 displayed the most significant inhibi-
tory effect on the production of a9-nAChR protein among
these three clones. Therefore, we compared the expression of
VEGF-A, VEGFR2 and p-VEGFR2 between MDA-MB-231
and sh-nAChR9 #2 clone. As shown in Fig. 5C, the expres-
sion of VEGF-A, VEFGR2 and p-VEGFR2 was reduced in
the sh-nAChR9 #2 clone. Moreover, nicotine failed to reboot
the VEGF-A, VEFGR2 and p-VEGFR?2 production in the
sh-nAChR9 #2 clone (Fig. 5C), suggesting both a9 BsAb
and a9 shRNA against 9-nAChR exhibited the antagonistic
activity to a9-nAChRs.

Detections of the pro-angiogenic factor
in conditioned medium from nicotine-exposed
MDA-MB-231 cell supernatant

To uncover the pro-angiogenic factor in conditioned medium
from nicotine-exposed MDA-MB-231 cells, we exam-
ined the expression level of VEGF in the supernatant of
MDA-MB-231 cell culture medium. MDA-MB-231 cells
were treated with nicotine at concentrations of 0.1, 1, 10
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Fig.5 The expression levels of a9-nAChR, VEGF-A, VEGFR2 and
p-VEGFR2 after transfection of shRNA-nAChR9 in MDA-MB-231
cells. The expression of a9-nAChR mRNA (A) and protein (B) levels
in MDA-MB-231 cells transfected with CHRNAO9-specific shRNA.
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The expression of VEGF-A, p-VEGFR2 and VEGFR2 protein lev-
els in MDA-MB-231 cells with or without transfection of shRNA-
nAChR9 after nicotine treatment (C). The values are calculated as
mean + SE of three independent experiments. ****p <0.0001
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and 100 pM for 72 h. The conditioned medium was then
collected for quantitative measurements of VEGF using
Enzyme-Linked Immunosorbent Assay (ELISA). The result
shown in Fig. 4A revealed that nicotine at 10 pM signifi-
cantly increased VEGEF release to the supernatant of MDA-
MB-231 cells (Fig. 6A). To evaluate the role of a9-nAChR
in VEGF release in the supernatant, MDA-MB-231 cells
were first treated with a9 BsAb at 0.7, 7 and 14 ug/ml before
exposure to 10 pM nicotine. Compared to VEGF level in
conditioned medium derived from the cells only exposed
to nicotine, the VEGF secretion was significantly decreased
and displayed in a dose-dependent inhibitory manner
(Fig. 6B). It suggested that VEGF-containing conditioned
medium from nicotine-exposed MDA-MB-231 cells modu-
lated endothelial tube-forming activities through the parac-
rine signaling pattern.

The nicotine-a9-nAChR signaling axis triggered
the increased expressions of HIF-2a and MMP9
in MDA-MB-231 cells

The expression of VEGFs is regulated by various factors
such as hypoxia, pH, growth factors and cytokines [39, 40].
Under hypoxic conditions, for example, the transcription fac-
tor hypoxia-inducible factor-2a (HIF-2a) is transported into
the nucleus where it binds to HIF-1f. This complex inter-
acts with a specific sequence on the VEGF gene called the
hypoxia response element (HRE), leading to trigger VEGF
gene transcription and then VEGF protein is produced and
secreted from the cancer cells [41]. Therefore, we carried
out western blotting analysis to examine whether nicotine
induces HIF-2a expression through the activation of the
a9-nAChR in MDA-MB-231 cells. Our results presented

in Fig. 7A and B showed that nicotine at 10 pM enhanced
HIF-2a expression in MDA-MB-231 cells. However, pre-
treatment of a9 BsAb impaired nicotine-induced HIF-2a
expression of MDA-MB-231 cells. In addition, we also
evaluated the role of nicotine in modulating the expression
of matrix metalloproteinase2 (MMP2) and matrix metallo-
proteinase9 (MMP9) which are enzymes for enzymatically
hydrolyzing the type IV collagen of basement membrane.
The results indicated that nicotine induced the expression of
MMP9 expression in MDA-MB-231 cells and this nicotine-
induced increased MMP9 expression was blocked when
cells were pretreated with a9 BsAb. The image data from
western blotting and their quantitative data were indicated
as in Fig. 7A and C. But, no difference was observed in
the expression of MMP?2 protein levels between control and
nicotine-treated groups (Fig. 7A and D). Again, it suggested
nicotine induced HIF-2a and MMP9 expression through
a9-nAChRs. It has been suggested that MMP?9 is associated
with cell migration and invasion [42]. Therefore, we evalu-
ated the migration and invasive effects of nicotine on MDA-
MB-231 cells using Transwell Assays. The results revealed
nicotine increased cell migration and invasion of MDA-
MB-231 cells. Again, nicotine-mediated increase in migra-
tion and invasion were blocked by a9 BsAb (Fig. 7E-G).

Discussion

This study revealed, for the first time, the pro-angiogenic
role of ®9-nAChRs in nicotine-mediated angiogenesis in
triple-negative breast cancers. To investigate the role of
a9-nAChRs in nicotine-mediated angiogenesis, we used
the novel special bispecific monoclonal antibody as a
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Fig.6 The presence of Vascular Endothelial Growth Factor (VEGF)
in culture supernatant of MDA-MB-231 cells. The VEGF production
in the CM from the supernatant of MDA-MB-231 cells cultured in a
serum-free medium containing increasing concentrations of nicotine
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Fig.7 The expression of HIF-2a, MMP2 and MMP9 protein in
MDA-MB-231 cells exposed to nicotine. The detections of HIF-2a,
MMP2 and MMP9 protein using Immunoblotting (A) and the quanti-
tative analysis (B) and (C) showed a9 BsAb inhibits nicotine-induced
HIF-20 and MMP9 protein expressions of MDA-MB-231 cells. Nico-
tine failed to increase MMP2 expression from MDA-MB-231 cells (A
and D). The images in the migration and invasive assessments using

selective «9-nAChR antagonist against ®9-nAChRs and
then confirmed the results using the stable knockdown of
a9-nAChR expression in MDA-MB-231 cells. In addition
to a7-nAChRs [43], we demonstrated nicotine-induced
angiogenesis through activations of «9-nAChRs in the
tube formation assay, MTAM angiogenic assessment, and
Matrigel plug assay in the murine model.

Nicotine is an angiogenic factor that stimulates endoge-
nous cholinergic signaling pathways to promote angiogen-
esis. Recently, it has been described that nicotine at 10 pM
was shown to induce the transformation in normal breast
epithelial cells and proliferation of breast cancer cells [27].
It has been revealed that nicotine induces the expression of
a9-nAChRs in human breast cancer cells [44, 45]. Consist-
ent with previous findings, we also demonstrated that nico-
tine at 10 uM significantly increased the mRNA and pro-
tein expressions of a9-nAChR in MDA-MB-231 cells in
Fig. 1. Moreover, the bispecific monoclonal antibody (a9
BsAb) inhibited nicotine-induced a9-nAChR expression,
suggesting this newly developed a9 BsAbs were an effec-
tively competitive antagonist of nicotine to a9-nAChR.
This bispecific monoclonal antibody (x9 BsAb) consists
of one arm of Fab fragment against mPEG, which is a mol-
ecule on the surface of mPEGylated nanomedicine (i.e.,
PLD), and the other arm of single chain variable fragment
(scFv) against 9-nAChR antigen, which is overexpressed
on triple-negative breast cancer cells. To characterize the
angiogenic role of a9-nAChR in breast cancers in this
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Transwell assays (E). The quantitative assessment of cell migration
and invasion indicated nicotine increased migration and invasion
of MDA-MB-231 cells and this nicotine-mediated enhancement in
migration and invasion was blocked by a9 BsAb (F) and (G). The
values are calculated as mean+SE for at least three independent
experiments. *p <0.05; **p <0.01; ***p <0.001; ****p <0.0001

study, a9 BsAb without any therapeutic conjugations was
used.

The endothelial cell tube formation assay is considered
as a rapid and quantitative method for determining pro-
teins or pathways involved in angiogenesis [46, 47]. We
found nicotine and supernatants from nicotine-exposed
MDA-MB-231 or MCF-7 cell culture medium significantly
induced an increased number of loop formation in tube for-
mation assay. However, a9 BsAb blocked both nicotine- and
supernatants-induced loop formation of endothelial cells,
suggesting a9-nAChR played an important role in nicotine-
mediated angiogenesis. Although we demonstrated the pro-
angiogenetic role of a9-nAChR in the in vitro angiogenesis
assay, we wanted to confirm this observation in the in vivo
murine models, including the Matrigel plug assay [48—50]
and MTAM murine platform. These results indicated nico-
tine increases the hemoglobin contents in the subcutaneously
implanted Matrigel in murine, but this effect is blocked by
a9 BsAb. MTAM was originally designed as an in vivo cell
culture platform, subcutaneously implanted into immu-
nocompetent mice [50]. It has been applied to assess the
proliferation and angiogenesis of adenocarcinoma human
alveolar basal epithelial cells (A549 cells) in wild-type
Balb/C mice [51]. We demonstrated that 9 BsAb inhibited
blood vessel formation on the MTAM membrane by more
than 50% reduction, compared with control mice without
exposure to a9 BsAb. All three in vitro and in vivo angio-
genesis assessments indicated ®9-nAChRs were mediated
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with nicotine-induced angiogenesis. It was the first report
correlated to the previous studies by Sean F. Hackett et al.
research group, indicating the deletion of a9-nAChR was
associated with the reduced retinal neovascularization in the
murine OIR model [37].

To decipher the molecular mechanism of nicotine-a9-
nAChRs axis signaling, we investigated and quantified
mRNA and protein expression of several key angiogenic
mediators in cells using reverse transcription polymerase
chain reaction (RT-PCR) and western blotting. VEGFs and
their receptors (VEGFRs) have been recognized as one
of the principal initiators in regulating tumor angiogen-
esis. VEGF-A binds to and activates both VEGFR-1 and
VEGFR-2, promoting angiogenesis, vascular permeability,
cell migration, survival, proliferation and gene expression
in endothelial cells of blood vessels [52, 53]. In addition,
VEGEF secreted from cancer cells also binds to the VEGFRs
on their own cell surface, triggering signaling to stimulate
their own growth and survival [4, 8, 17, 54]. Previous stud-
ies have shown that nicotine-induced expression of growth
factors such as VEGFs and their counterpart receptors is one
of the major molecular mechanisms underlying the pro-angi-
ogenic effects of nAChRs in several types of cancers [25,
26]. In agreement with previous studies, our results showed
that nicotine exposure stimulated the expression of VEGF-
A, VEGFR2 and p-VEGFR2 and increased VEGF secretion
in MDA-MB-231 cells. The increased expression of these
proteins was inhibited by a9 shRNA targeting a9-nAChRs
and a selective a9-nAChR antagonist (a9 BsAb), suggesting
that nicotine-induced a9-nAChR activation followed by an
increased expression and activations of VEGF and VEG-
FRs in triple-negative breast cancer cells. We also noticed
that nicotine at 10 pM induced an increased expression
of VEGF-A (~34%) in triple-negative breast cancer cells
(BT549) and then this nicotine-induced VEGF-A production
was blocked by a9 BsAb at dosage >7 pg/mL (see Sup-
plementary Fig. 1). Hypoxia-inducible factors (HIFs) are
a heterodimer complex consisting of an oxygen-dependent
a-subunit (HIF-a) and an oxygen-independent pB-subunit
(HIF-B). As cellular oxygen levels decrease, this heterodi-
mer binds to hypoxia-responsive elements (HREs) within
the promoter of hypoxia-responsive target genes including
those involved in angiogenesis and cell proliferation such as
vascular endothelial growth factor (VEGF), VEGF recep-
tors, platelet-derived growth factor B (PDGF-B) and matrix
metalloproteinases (MMP2 and MMP9) [55, 56]. HIF-2a,
one of the HIF-a, is commonly upregulated in a variety of
human tumors, including breast cancer [57]. According to
the investigation from Alexandra et al., overexpression of
HIF-2a is associated with increased vascular density and
increased metastatic capacity in breast cancer patients [58].
Shaima Salman et al., also investigated that nicotine expo-
sure leads to a slow, progressive accumulation of HIF-2a

through the activation of «7-nAChR [59]. In this study, we
revealed that nicotine exposure induced HIF-2a expres-
sion through interaction with «9-nAChR in MDA-MB-231
cells. MMPs, particularly gelatinases, contribute to angio-
genesis by degrading basement membrane and other ECM
components, allowing endothelial cells to migrate into the
tumor and develop new blood vessels [1, 60]. Gelatinase A
(MMP2) and gelatinase B (MMP?9) differ from other MMPs
because of their ability to degrade gelatin and type IV colla-
gen, the main component of the basement membrane, which
is the main barrier separating in situ and invasive carcinoma
[61]. A few studies have shown that MMP?2 positivity is
associated with an unfavorable prognosis in both premeno-
pausal and postmenopausal node-positive breast carcinoma
patients [62—64], while few others have suggested that
MMP2 negativity may be linked with a favorable prognosis
in node-negative breast carcinoma [65]. Moreover, Coussens
et al. and Bergers et al. reported that MMP9 is important for
angiogenesis in tumor xenograft models [66, 67]. Although
the precise mechanism remains unknown, MMP9 acts by
increasing the bioavailability of the pro-angiogenic factor
(VEGF). Surprisingly, MMP2 was not required to induce
angiogenesis in murine model [67]. These findings indicate
that MMP9 is more facilitated in promoting tumor growth
through induction of angiogenesis than MMP2. In line with
previous studies, our results showed that nicotine exposure
did not make a difference in MMP2 expression in MDA-
MB-231 cells, while it increased MMP9 expression and
nicotine-induced increased MMP9 expression was inhibited
by a9 BsAb, suggesting that a9-nAChR plays an important
role in regulating nicotine-induced MMP9 expression. In
addition, a significant reduction in MMP9 expression was
observed in an «9-nAChR stable knockdown MDA-MB-231
cells, compared to controls (see Supplementary Fig. 2).
Moreover, a9 BsAb also impaired the activities of migra-
tion and invasion of MDA-MB-231 cells in the transwell
assays, suggesting the nicotine-a9-nAChR-MMP9 signaling
axis impacts on angiogenesis.

In summary, our findings indicated that nicotine induced
a9-nAChR activation and then triggered the production of
HIF-2a, VEGF-A, VEGFR2, p-VEGFR2 and MMP9 in
MDA-MB-231 cells. In addition, increased VEGF secre-
tion from the nicotine-exposed cancer cells could bind to
VEGFR?2 on their own surface as well as the receptors on
endothelial cells, allowing proliferating cancer cells and pro-
longing their survival, meanwhile promoting angiogenesis of
endothelial cells in tumor microenvironments and increas-
ing gap junction of endothelial cell layers [68—70] (Fig. 8).
This nicotine-induced angiogenic effect was blocked by our
novel bispecific antibody (a9 BsAb) in triple-negative breast
cancer.

In conclusion, our findings suggest that a9-nAChR
plays a critical role in nicotine-induced angiogenesis and
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Fig.8 Proposed signaling path-
way of ®9-nAChR in nicotine-
induced triple-negative breast
cancer angiogenesis
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this bispecific antibody (a9 BsAb) may serve as a poten-
tial therapeutic candidate for treatments of the a9 positive
cancers such as triple-negative breast cancers and other
types of human mammary adenocarcinoma.
Nicotine binds and interacts with «9-nAChR on the
surface of MDA-MB-231 cells, triggering signaling in
activating HIF-2a, increasing expression of VEGF-A,
VEGFR2, p-VEGFR2 and MMP9. The elevated VEGF-A
may simultaneously modulate the activities of cancer and
endothelial cells. VEGF secreted from cancer cells can
bind to the VEGFR2 on their own surface, proliferating
cancer cells to growth and survival, appearing as an inter-
nal autocrine VEGF loop pattern in regulating their own
activities. Moreover, it may bind to VEFGR2 receptors on
endothelial cells and then promote angiogenesis. However,
a9 BsAb inhibits nicotine-induced angiogenic effects in
triple-negative breast cancer.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10456-024-09944-6.
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