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Abstract

Substance P plays a pivotal role in human cancer development and progression by binding to its receptor, neurokinin- 1. Neurokinin-|
has 2 isoforms: full-length neurokinin- | and truncated neurokinin-1, the latter lacking the cytoplasmic terminal 96-amino acid residues
of the full-length protein. We have identified 3 candidate miR-206 target sites within the 3’-untranslated region of the full-length
neurokinin-1 gene from bioinformatics database searches. In the present study, real-time quantitative polymerase chain reaction was
performed to quantify the expression of miR-206, and the expression of neurokinin-| and full-length neurokinin-1 was detected by
immunohistochemistry in 82 clinical cases of breast cancer and paired adjacent normal tissues. The miR-206 target gene was
demonstrated by using a dual-luciferase reporter assay, quantitative real-time polymerase chain reaction, and Western blotting.
Transwell migration and invasion, colony formation, and proliferation assays were performed to evaluate the effects of miR-206
expression on various aspects of breast cancer cell behavior in vitro. We showed that miR-206 expression is upregulated in breast
cancer cell lines and breast cancer tissues when compared to that in adjacent normal tissues, and full-length neurokinin-1 expression
inversely correlates with Tumor Lymph Node Metastasis (TNM) stage and lymph node metastasis. Western blotting, quantitative real-
time polymerase chain reaction, and dual-luciferase reporter assays demonstrated that miR-206 binds the 3'-untranslated region of full-
length neurokinin-1 messenger RNA, regulating protein expression. We showed that the overexpression of miR-206 promotes breast
cancer cell invasion, migration, proliferation, and colony formation in vitro. The present study furthers the current understanding of the
mechanisms underlying breast cancer pathogenesis and may be useful for the development of novel targeted therapies.
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molecular mechanisms in the progression of this disease
remain obscure. Therefore, it is necessary to identify novel
markers for breast cancer that can more accurately define the
biological characteristics of tumors to further improve thera-
peutic measures and the prediction of clinical outcomes.

Substance P (SP), a member of the tachykinin family of
peptides, is widely distributed throughout the mammalian cen-
tral nervous system and peripheral tissues and is associated
with inflammation and viral infections, such as HIV infec-
tion.*> Substance P plays a biological function by binding the
transmembrane G-protein-coupled receptor neurokinin-1
(NKI1R). Neurokinin-1 regulates a variety of cellular processes
including pain transmission,® exocrine and endocrine secre-
tion,” vasodilatation, cell proliferation, and immune and
inflammatory responses.® Neurokinin-1 has 2 isoforms: full-
length NK1R (NK1R-FL) and truncated NK1R (NK1R-Tr), the
latter lacking the cytoplasmic terminal 96-amino acid residues
of the full-length protein. Differences in the binding and sig-
naling properties of NK1R-Tr and NK1R-FL have been
observed following their expression in various cell systems.
These studies have demonstrated that SP exerted different bio-
logical functions through NK1R-Tr and NK1R-FL, resulting in
distinct tumor-promoting properties.”We have previously
shown that both NKIR isoforms are present in breast tumor
and benign and normal tissues but that NK1R-FL expression is
significantly decreased in tumor specimens, especially in meta-
static carcinomas.'® Furthermore, we have shown that NK1R-
FL is highly expressed in the nontumorigenic breast epithelial
cell line MCF-10A, whereas the MDA-MB-231, T47D, and
MCF-7 breast cancer cell lines express only NK1R-Tr.
Decreased NK1R-FL expression was associated with tumor-
grade and lymph node metastases of breast cancer, while
NKIR-Tr expression levels were increased gradually with the
advancement of malignancy in breast cancer cells. And these 2
forms of NK1R were inversely expressed in cancer cells: one
was upregulated, and the other was downregulated.

The C-terminal domain of NKI1R is important for SP-
induced cellular Ca®" influx because the ligand-dependent
response differs between NK1R-FL and NK1R-Tr. The phos-
phatidylinositol pathway is a major signal transduction path-
way downstream of G-protein-coupled receptor. The binding
of extracellular signaling molecules to cell surface G-protein-
coupled receptors results in the recruitment and activation of
phospholipase C-B (PLC-f) at the plasma membrane, where it
catalyzes the hydrolysis of phosphatidylinositol-4,5-
diphosphate (PIP2) into the second messengers inositol 1,4,5-
triphosphate (IP3) and diacylglycerol. Once liberated, IP3,
which is a soluble second messenger, binds the ligand-gated
calcium channels of the endoplasmic reticulum and induces
intracellular Ca®" release. Therefore, to examine the role of
miR-206 in the regulation of NK1R-FL-dependent intracellular
signaling, we monitored changes in the concentration of cellu-
lar IP3.

MicroRNAs (miR-206s) are a series of endogenous short
noncoding RNAs and have been demonstrated to suppress the
expression level of protein-coding genes at the transcriptional

and posttranscriptional level by binding to the 3’-untranslated
region (3’-UTR) of specific target mRNA molecules, resulting
in its degradation or translational inhibition."' miR-206 plays
an important role in several malignancies, such as lung cancer,
gastric cancer, colorectal cancer, renal cell carcinoma, endo-
metrioid adenocarcinoma, glioma and neuroblastoma, rhabdo-
myosarcoma, and osteosarcoma.'>'* Sun et al demonstrated
that miR-206 could impact lung cancer cell proliferation,
migration, and colony formation by directly binding the
3/-UTR of c-Met and Bcl, mRNA."> The downregulation of
miR-206 suppressed clear renal cell carcinoma proliferation
and invasion by targeting vascular endothelial growth factor
A.'® However, the role and direct functional targets of miR-206
in human breast cancer remain to be clarified. By using a
bioinformatics approach, we identified 3 candidate miR-206
target sequences within the 3’-UTR region of NKI1R-FL,
followed by searches of the microRNA.org, miRanda,
Target-Scan, and Pictar databases. This finding suggests that
miR-206 can target NK1R-FL to influence breast cancer
malignancy.

In the present study, we explored the role of miR-206 in
breast cancer development. miR-206, as a potent regulator of
NKI1R, demonstrated that miR-206 is quickly upregulated in
tumor specimens, particularly in metastatic carcinomas.
Expression level of miR206 in breast cancer tissues was 0.76
=+ 0.24 and in paracancerous tissues was 0.12 + 0.08. Expres-
sion level of miR206 in breast cancer tissues was significantly
higher than that in paracancerous tissues (# = 48.79,
P < .001)."7 In addition, functional studies have shown that
miR-206 plays an important role in NK1R-mediated tumor cell
growth and migration.

Materials and Methods

Clinical Specimens

A total of 82 freshly frozen breast tumor tissues and 82 adjacent
normal tissues were obtained from the Tissue Bank Facility of
Tianjin Cancer Hospital. Hematoxylin and eosin (H&E) stain-
ing was used for histologically confirming both tumor and
normal tissues. Before surgery, none of the patients received
radiotherapy or chemotherapy. According to the 2009 Interna-
tional Union Against Cancer (UICC) TNM staging system, the
following cases were included: breast cancer stage I, 40 cases;
stage 11, 34 cases; stage III, 8 cases; stage IV, 0 cases; and
invasive ductal carcinoma and intraductal carcinoma, 68 cases.
The collection of specimens was achieved after obtaining the
patient’s consent and received approval from the Institutional
Research Ethics Committee.

Immunohistochemical Analyses

Immunohistochemistry and H&E staining on human breast
tumor tissues and paired adjacent normal tissues were per-
formed with the following primary antibodies: anti-N-
terminus-polyclonal (1:1000, Novus, Cat. NB 300-119)
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specific for NK1R-FL and anti-C-terminus-polyclonal NK1R
(1:2000, Sigma, Cat. S8305) for NK1R-total. A normal breast
tissue that intensively expresses NK1R-FL and weakly
expresses NK1R-Tr was employed as an NKI1R-FL-positive
control. The proportion of positive cells and the staining inten-
sity of tumor cells were determined by 2 experienced patholo-
gists using a light microscope (Olympus Optical Co., Japan).
According to the percentage of positive cells, the samples were
divided into 4 grades: 0, positive cells <5%; 1, 5% to 25%; 2,
26% to 50%; 3, 51% to 75%; and 4, 76% to 100%. The staining
intensity was categorized as follows: 0, negative result; 1,
weakly positive result; 2, moderately positive result; and 3,
strongly positive result. The final score was determined from
these 2 scores as follows: 0, negative result; 1 to 4, weakly
positive result; 5 to 8, moderately positive result; and 9 to
12, strongly positive result.

Cell Culture

The human breast cancer cell lines MDA-MB-231, SK-BR-3,
and the nontumorigenic breast MCF-10A cells were obtained
from the American Type Culture Collection (Manassas, Virgi-
nia). MDA-MB-231 and SK-BR-3 cells were cultured in
RPMI-1640 (HyClone) medium. All media were supplemented
with 10% fetal bovine serum (FBS; Gibco, Tianjin yibo hengtai
biotechnology co., LTD, China). MCF-10A cells were cultured
in Dulbecco modified Eagle medium/F12 (HyClone). The
media were supplemented with 5% horse serum, 100 ng/mL
Cholera toxin, 10 ug/mL insulin, and 20 ng/mL epidermal
growth factor (Gibco). The cells were incubated at 37°C in a
5% CO, humidified atmosphere.

Cell Transfection

The miR-206 mimic control, negative control (NC), antisense
miR-206 (As-miR-206), and inhibitor control (IC) sequences
were synthesized by the RuiBo Company (Guangzhou, China).
SK-BR-3, MCF-10A, and MDA-MB-231 cells were seeded
onto 6-cm dishes and incubated overnight, and then SK-BR-3
and MCF-10A cells were transiently transfected with miR-206
mimic control or NC, while MDA-MB-231 cells were trans-
fected with As-miR-206 or IC using Lipofectamine™ 2000
(Invitrogen, Tianjin boldi biotechnology co., LTD, China)
according to the manufacturer’s instructions.

Messenger RNA/miR-206 Isolation and Quantitative
Real-Time Polymerase Chain Reaction

Total RNA from tissue samples and cell lines was extracted
using TRIzol Reagent (Invitrogen) Real-time quantitative poly-
merase chain reaction (PCR) was performed according to the
manufacturer’s instructions. The expression of miR-206 was
quantified by Tagman microRNA assays from Applied Biosys-
tems (RuiBo Company). Briefly, 1 pg of total RNA was reverse
transcribed to complementary DNA (cDNA) with specific
stem-loop RT primers, and real-time quantitative PCR with

miR-206-specific stem-loop primers was executed on an
Applied Biosystems 7900 Real-time PCR System. The
miR-206 expression in each sample was uniformly normalized
to that of U6 as an internal control. The following primer
sequences were used: NKI1R-FL (NM001058) forward 5'-
AAAGTCAGCCGCCTGGAGAC-3'; NK1R-FL reverse 5'-
TCATGGTCTTGGAGTCACTTCG-3’; miR-206 forward
5'-GATTCGCCAAAGGAAATAGC-3’; and miR-206 reverse
5'- GTTACAAGGTCATCCAAGAC-3'. The quantitative real-
time PCR (qRT-RCR) results were expressed relative to the
expression levels of miR-206 at the threshold cycle (Ct)
and converted to fold-changes (2724 in which AACt =

(Ctmir-206 — Ctue)arget — (Ctmir-206 — Ctug)control-

Western Blot Analysis

Briefly, the cells were lysed in lytic buffer (1 x sodium dodecyl
sulfate sample buffer) with a phosphatase inhibitor and pro-
tease inhibitor cocktail. Approximately 120 pg of total protein
was separated by 10% sodium dodecyl sulfate polyacrylamide
gel electrophoresis for 60 minutes and then transferred to a
polyvinylidene fluoride membrane. The membrane was
blocked with 5% milk in Tris-buffered saline with Tween 20
for 1 hour and then incubated with the following primary anti-
bodies at 4°C overnight: anti-NK1R primary antibody, which
recognizes the N-terminal domain (1:100; Novus, Cat. NB300-
119), anti-Erk1/2 (1:800, Cell Signaling Technology, Beverly,
Massachusetts), and anti-phosphorylated Erk1/2 (1:800, Cell
Signaling Technology, followed by a horseradish peroxidase-
conjugated secondary antibody. Mouse monoclonal antibody to
[B-actin (1:8000; Sigma, Tianjin kangsi pute biotechnology co.,
LTD, China) was used as an endogenous reference.

Luciferase Reporter Assay

The cDNA of NK1R-FL in MCF-10A cells was amplified by
PCR, and the general method of recombinant DNA was used to
clone the wild-type (WT) 3’-UTR and mutation type (MUT)
3’-UTR of NKI1R-FL. The WT and MUT sequences of NK1R-
FL were cloned into the pmirGLO-REPORT luciferase reporter
vector (Ambion, Tianjin laibo technology co., LTD, China) to
generate constructs of Luc-NKIR-FL-3'-UTR-WT and Luc-
NKIR-FL-3’-UTR-MUT, followed by DNA sequencing veri-
fication. SK-BR-3 and MCF-10A cells cultured in 6-well plates
were cotransfected with NK1R-FL-3'-UTR-WT or NK1R-FL-
3’-UTR-MUT, miR-206 mimic control or NC, while MDA-
MB-231 cells were cotransfected with NK1R-FL-3’-UTR-
WT or NKIR-FL-3’-UTR-MUT, As-miR-206, or inhibitor
control with a 50 nM final concentration by using
Lipofectamine™ 2000 reagent (Invitrogen) according to the
manufacturer’s instructions. After transfection for 48 hours, the
cell lysates were analyzed by using a luciferase reporter assay
system (Promega, Beijing errui medical technology develop-
ment co., LTD, China).
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Measurement of Ins(1, 4, 5)P3 Content

To detect the character of miR-206 in the regulation of NK1R-
FL-dependent intracellular signaling, we monitored changes in
the concentration of cellular Ins(1, 4, 5)P3. Thus, we selected
SK-BR-3 and MCF-10A cell lines that express NK1R-FL as
target groups and the MDA-MB-231 cell line, which does not
express NK1R-FL, as a control group. These cells were treated
with 1077 M SP at different times. In some cases, cells trans-
fected with miR-206 or As-miR-206 were incubated with the
NKI1R antagonist Aprepitant (C,3H,F;N403, Merck) and then
stimulated with 1077 M SP. In other cases, the cells that had
been transfected with miR-206 or As-miR-206 and subse-
quently stimulated with 1077 M SP at the same time points.
Then, the 3 groups of cells that with different treatments were
all harvested and used to detect the Ins(1, 4, 5)P3 content with
the p-myo-inositol-1,4,5-trisphosphate[3H] assay kit (GE
healthcare, General Electric Co., USA). A standard curve was
drawn according to the levels of Ins(1, 4, 5)P3.

Transwell Migration and Invasion Assays

The migration and invasion assays were performed using 24-
well Transwell chambers (8 um; with MilliCell chambers;
Millibo company, China). For the migration assay, the breast
cancer cells, at 24 hours after transfection, were resuspended in
RPMI-1640 medium and adjusted to 2 x 10° cells/mL and
subsequently plated in the upper chambers. Then, in the bottom
chambers, we added in 0.5 mL RPMI-1640 medium compris-
ing 10% FBS. After incubating for 24 hours, the cells were
scrubbed off the upper surface of the membrane, and the
migrated cells were fixed with ice-cold ethanol and then
stained using a 3-step stain set kit and counted with a light
microscope (100x, 3 random fields per well). Except that the
upper chambers covered with a mixture of serum-free RPMI-
1640 medium and Matrigel (1:3; BD Biosciences, Tianjin
taierui technology co., LTD, China), the invasion assay was
similar to the migration assay protocol.

Cell Counting Kit 8 Assay

With cell counting kit 8 (Dojindo, Gaithersburg, Maryland), we
performed the cell proliferation assay according to manufac-
turer’s protocol. Logarithmic growth phase SK-BR-3 cells
transfected with miR-206 mimic control or NC were plated
in 96-well plates at a concentration of 2 x 10°cells per well.
Additionally, MDA-MB-231 cells were transfected with As-
miR-206 or IC, and the cell viability at different points (24,
48, 72, 96, and 120 hours) was calculated by a micro-enzyme
linked immunosorbent assay reader using a filter for 3 hours at
37°C. Each experiment was repeated 3 times using 6 replicates
for each time.

Colony Formation Assay

Breast cancer cells were seeded on to 6-cm dishes. After 24
hours, the cells were transfected with miR-206 mimic or As-

miR-206 and then incubated at 37°C in a 5%CO, humidified
atmosphere. For colony formation, the cells were counted, and
900 cells were seeded onto 6-cm dishes and cultured for 7 to 10
days in a sterile incubator maintained 37°C with 5% CO,. We
fixed the colonies with ice-cold methanol at 4°C and then
stained the cells with a 3-Step Stain Set kit (Thermo Scientific,
Kalamazoo, Michigan).

Nude Mice Assay

Female BALB/c-nu mice (4-5 weeks of age, 18-20 g) were
purchased from Speyfor Biotechnology Company of Beijing
and housed in barrier facilities on a 12-hour light—dark cycle.
All experimental procedures were approved by the Animal
Ethical Committee of Tianjin Medical University Cancer
Institute and Hospital. For tumor formation assay, the
BALB/c nude mice were randomly divided into 2 groups (n
= 5/group). MDA-MB-231 cells were infected with miR-206
agomir and its control. The cells were resuspended in
phosphate-buffered saline at a concentration of 2.5 x 10° cells
in 0.25 mL and injected into the mammary fat pads of female
athymic mice. Tumors were examined twice weekly. The
length, width, and thickness measurements were obtained
with calipers, and the tumor volumes were calculated. On day
27, the animals were euthanized, and the tumors were excised
and weighed.

For metastasis assay in vivo, other 10 mice were ran-
domly divided into 2 groups (n = 5/group). MDA-MB-
231 and SK-BR-3 miR-206 overexpressing and mimic con-
trol cells were injected into the tail vein of SCID mice. All
mice were observed on a weekly basis after 5 weeks of
intravenous injection; the lung tissues of each mouse were
dissected and fixed in 100-mL buffered formalin for
24 hours. The number of metastases per lung was analyzed
both macroscopically and microscopically and was quanti-
fied for each treatment group. Surface metastases were
counted first, and then paraffin-embedded sections of each
tissue were stained routinely with H&E. The histopatholo-
gical examination was carried out using microscopy, and the
metastatic nodules were recorded. The incidence of metas-
tasis was calculated as the percentage of mice that had >1
lung metastases.

Statistical Analysis

All statistical analyses were performed with the SPSS statis-
tical software package (version 20.0). Each in vitro quantita-
tive test was independently replicated, and all data are
presented as the means + standard deviations. One-way anal-
ysis of variance (ANOVA) was used to compare the expres-
sion levels of luciferase activities, transfer cell numbers, and
grayscale values of immunohistochemistry staining among
the different groups. Two-way repeated measures ANOVAs
and Bonferroni tests were used to measure the proliferation
curves in vitro. Spearman rank correlation coefficient was
used as a statistical measure of association. All the statistical
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tests were 2-sided, and P < .05 was considered to indicate
statistical significance.

Results

mir-206 and NKIR-FL Expression in Breast Tumor
Tissues and Cell Lines

To investigate the role of total NK1R and NKI1R-FL in the
progression of human breast cancer, we examined the expres-
sion of total receptor and the NK1R-FL isoform in clinical
breast cancer tissue and paired adjacent normal tissue samples
from 82 patients by immunohistochemistry. The present
results showed that total NK1R and NK1R-FL were mainly
located at the membrane of breast cancer cells, especially
within the cytoplasm (Figure 1A-D). Immunohistochemical
analysis also showed that NK1R-FL expression was signifi-
cantly deceased in breast cancer tissues when compared to
paired adjacent normal tissues (FigurelE). Full-length
neurokinin-1 (NK1R-FL) expression was lower in invasive
ductal carcinoma (33.8%) than in intraductal carcinoma
(78.6%). We also confirmed that lower NK1R-FL expression
was associated with tumor metastasis and advanced TNM
stage, especially where tumors were of more advanced histo-
logical grade. Moreover, NK1R-FL expression was signifi-
cantly lower in ERa-negative, PR-negative, and HER-2
positive breast cancer tissues (P < .05, Table 1). To further
examine correlations between the level of miR-206 expres-
sion in human breast cancer tissues and clinicopathological
features, the 82 patients were assigned to either a positive or a
negative expression group according to their median miR-206
expression score. Expression of miR-206 was significantly
higher in breast cancer tissues than in paired adjacent normal
tissues, especially in ERa-negative, PR-negative, and HER-2
positive breast cancer tissues (P < .05, Table 1). In contrast to
NKI1R-FL, the expression of miR-206 was higher in invasive
ductal carcinoma (38.3%) than in intraductal carcinoma
(14.3%). We also confirmed that miR-206 positivity was sig-
nificantly associated with tumor metastasis and advanced
TNM stage, especially when the tumors were of advanced
histological grade. Expression of miR-206 and NK1R-FL was
also examined in human breast cell lines (metastatic breast
cancer cell lines MDA-MB-231, T47D, MCF-7, and SK-BR-
3) and the nontumorigenic breast epithelial cell line MCF-
10A by qRT-PCR and normalized to U6 small nuclear RNA
or B-actin. In MDA-MB-231, T47D, and MCF-7 breast cancer
cell lines, miR-206 expression was significantly upregulated
compared to that in control MCF-10A cells (Figure 1H and
I). As shown in Figure 1G and I, MDA-MB-231, T47D, and
MCF-7 cells expressed only low levels of NK1R-FL. Given
the inverse relationship between NKI1R-FL and miR-206
expression, we hypothesized that miR-206 could regulate
NKI1R-FL expression in breast cancer cell lines. Levels of
NKI1R-FL were much higher in MCF-10A cells than in SK-
BR-3 cells as determined by qRT-PCR and Western blot
analysis. SK-BR-3, MCF-10A, and MDA-MB-231 cells

were therefore selected for analysis in further studies to
confirm the role of miR-206 in the regulation of NKIR-
FL expression.

mir-206 Targets the 3'UTR of the NKIR-FL mRNA
and Downregulates its Expression

Using microRNA.org, miRanda, Target-Scan, and Pictar data-
bases, we identified 3 candidate miR-206 target sequences
within the 3’-UTR of NK1R-FL, and there is no miR-206 bind-
ing site within the 3’-UTR of NK1R-Tr. To determine whether
miR-206 can regulate NK1R-FL by binding to its 3-UTR, we
constructed a luciferase reporter encoding the 3’-UTR of
NKI1R-FL and a variant that contained 3 mutated bases within
the predicted miR-206 target sites of the 3’-UTR (Figure 2 Al-
3). SK-BR-3 and MCF-10A cells were transiently transfected
with pmirGLO-NK1R-FL 3’-UTR and miR-206 mimics or NC.
In addition, MDA-MB-231 cells were transiently transfected
with As-miR-206 or IC.

As shown in Figure 2B and C, luciferase activity in
SK-BR-3 and MCF-10A cells substantially decreased after
miR-206 transfection, and this inhibition could be prevented
when the 3 putative miR-206 binding sites were mutated.
In contrast, luciferase activity increased in MDA-MB-231 cells
following transfection with As-miR-206.

To further show that NK1R-FL is a target gene of miR-206,
SK-BR-3 and MCF-10A cells were transiently transfected with
miR-206 and the expression of NK1R-FL subsequently exam-
ined. Western blot analysis revealed that NK1R-FL expression
was decreased in SK-BR-3 and MCF-10A cells following
transfection with miR-206 when compared to that in the control
group (Figure 2D and E). Furthermore, the transfection of
MDA-MB-231 cells with As-miR-206 resulted in significant
upregulation of NK1R-FL expression. The abovementioned
findings were also confirmed by qRT-PCR analysis (Figure
2G and H). There are 2 naturally occurring forms of NK1R:
NKIR-FL and NKIR-Tr. Previous studies have shown that
these 2 forms of NKI1R were inversely expressed in cancer
cells: one was upregulated and the other was downregulated.
In the present study, MDA-MB-231 cell expression of NK1R-
FL after transient transfection with As-miR-206, but the
NKIR-Tr expression was downregulated (Figure 2F). There-
fore, luciferase activity increased in MDA-MB-231 cells fol-
lowing transfection with As-miR-206. Collectively, these
results demonstrate that NK1R-FL is a direct target of miR-
206 and that miR-206 regulates NK1R-FL expression by
directly binding the 3’-UTR of NK1R-FL mRNA.

mir-206 Regulate SP-Induced Ca*" Influx and Erk|/2
Activation by Targeting NKR-FL

In a previous study, we examined NKIR-FL and NKIR-Tr
function in breast cancer cells, and the results showed that in
cells with high NK1R-FL expression, such as MCF-10A and

HMSC-bm, SP triggered rapid and high level of Ins(1,4,5)P3
response, while in SK-BR-3 cells, Ins(1,4,5)P3 levels were
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Figure 1. Inmunohistochemical analysis of total NK1R and NK1R-FL protein expression in breast tumor tissues (T) and paired adjacent normal
tissues (ANT). (A and B) Positive staining of total NK1R in ANT and breast tumor tissues (at x 100). (C) Positive staining of NK1R-FL in ANT
(at x100). (D) Weak staining of NK1R-FL in breast tumor tissues (at x 100). The expression levels of NK1R-FL and miR-206 in human breast
tissues and cell lines. (E and F) Average expression level of NK1R-FL and miR-206 in human breast tumor tissues (n = 82) and adjacent normal
tissues (n = 82). mRNA and miR-206 abundance was assessed by real-time quantitative PCR and normalized to -actin or U6 RNA. (G and H)
Real-time quantitative PCR analysis of NK1R-FL and miR-206 in human breast cancer cell lines (metastatic breast cancer cell lines MDA-MB-
231, T47D, MCF-7, and SK-BR-3) and nontumorigenic epithelial cell line MCF-10A. *P < .05 versus normal control. (I) The expression levels
of NK1R-FL in human breast cancer cells (metastatic breast cancer cells MDA-MB-231, T47D, MCF-7, and SK-BR-3) and MCF-10A in
nontumorigenic epithelial cells were detected by Western blotting.
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Table 1. Relationship Between NK1R, NK1R-FL,miRNA-206, and Clinic Pathological Features in Breast Cancer Patients
NKI1R NKI1R-FL miRNA-206
Clinical Pathology n Positive (%) P Positive (%) P positive (%) P
Age, years <50 44 93.2 382 47.77 .16 36.4 263
>50 38 97.4 342 31.6
Histological type Invasive ductal carcinoma 68 97.1 .681 33.8 <.01* 383 <.01*
Intraductal carcinoma 14 100.0 78.6 143
TNM stages [ 40 100.0 234 67.5 <.01* 27.5 <.01*
1T 34 94.1 20.6 353
I 8 100.0 0.00 58.5
Histological grade [ 17 100.0 .533 50.0 <.01* 29.4 <.01?
I 50 96.0 44.0 24.0
I 15 100.0 14.3 73.3
Lymphnode metastasis no 52 98.1 .688 61.5 <.01? 134 <.01*
yes 30 96.7 6.7 69.4
ER negative 20 100.0 415 15.0 <.01* 76.1 <.01?
positive 62 96.8 50.0 20.9
PR negative 32 100.0 252 12.5 <.01* 58.9 <.01*
positive 50 96.0 60.0 17.4
HER-2 negative 54 96.3 304 479 <.05° 11.2 <.01*
positive 28 100.0 17.9 78.6
P < .0l
P <.05.

lower and slowly increased after SP stimulation. In MDA-MB-
231 cells, there was low Ins(1,4,5)P3 response by SP stimula-
tion. In the extracellular signal-regulated kinase (ERK) phos-
phorylation assay, SP potently and rapidly activated ERK1/2 as
early as 5 minutes in MCF-10A cells, but in MDA-MB-231
cells, the ERK1/2 phosphorylation with activation of truncated
NKI1R increased slowly from 5 to 120 minutes with SP stimu-
lation. In the present study, Ins(1,4,5)P3 and ERK1/2 phos-
phorylation was also evaluated NKI1R function.

Compared to the control group, after cells were transfected
with miR-206 and then stimulated 100 s by 10~7 mol/L SP,
IP3 levels were significantly decreased, and the increased
speed and magnitude were also lower in nontumorigenic
MCF-10A breast cells and breast cancer cells SK-BR-3 (Fig-
ure 3A and B). After treatment with the NKI1R antagonist
Aprepitant for 30 minutes, the IP3 levels were almost
unchanged after 10”7 mol/L SP stimulation when compared
to the control group in MCF-10A and SK-BR-3 cells that
transfected with miR-206 (Figure 3A and B). However, in
MDA-MB-231 cells transfected with As-miR-206, the IP3
levels increased, and the speed and magnitude were higher
(Figure 3C). Compared to the control group, the time of ele-
vating IP3 was prolonged in transfected with miR-206 of
MCF-10A and SK-BR-3 cell after stimulation with SP, while
the time of elevating IP3 was increased in MDA-MB-231
cells transfected with As-miR-206.

To study differences in the signaling downstream of NK1R-
FL and NK1R-Tr, we next examined Erk1/2 activity in SK-BR-
3, MCF-10A, and MDA-MB-231 cells. In MDA-MB-231 cells
expressing the NK1R-Tr receptor, Erk1/2 phosphorylation was
detected at approximately 30 minutes after treatment with SP,

whereas in MCF-10A cells and SK-BR-3 cells stably expres-
sing the NK1R-FL, Erkl1/2 phosphorylation was detected
within 5 minutes of SP treatment (Figure 3 D, F, and H). Next,
we treated SK-BR-3 and MCF-10A cells with the NK1R
antagonist Aprepitant 30 minutes to investigate whether the
SP-dependent induction of Erk1/2 phosphorylation was specif-
ically mediated by this receptor. As shown in Figure 3D, F, and
H, SP-dependent phosphorylation of Erk1/2 was prevented in
cells treated with Aprepitant, a known antagonist of SP. Treat-
ment with this inhibitor had no effect on total cellular Erk1/2
levels.

Interestingly, in MCF-10A cells transfected with miR-206, a
delay in Erk1/2 phosphorylation was observed following SP
treatment when compared to that in controls. This result was
also confirmed in SK-BR-3 (Figure 3E and G). Conversely, the
transfection of MDA-MB-231 cells with As-miR-206 resulted
in a more rapid phosphorylation of Erk1/2 (Figure 31).

miR-206 Regulates the Invasive, Migration, and
Proliferative Capacities of Breast Cancer Cells In Vitro

To investigate whether miR-206 regulates human breast cancer
cell migration, invasion, proliferation, and colony formation,
we selected MDA-MB-231 cells, which show strong migration
and invasion potential, and SK-BR-3 cells, which show weak
migration and invasion potential, for further study. We first
performed an in vitro gain-of-function analysis by overexpres-
sion of miR-206 in SK-BR-3 cells. We found that transfection
of miR-206 caused enhanced SK-BR-3 cell invasion and
migration when compared with that of controls (Figure 4A).
Ectopic expression of miR-206 also enhanced the proliferation,
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Figure 2. miR-206 downregulation NK1R-FL expression. (A) Al, A2, and A3 Discovery of 3 potential miR-206 target sites within the 3'-UTR
of NK1R-FL according to the bioinformatics analysis. A putative miR-206 binding target sites in the 3’-UTR of NK1R-FL mRNA among
mammalian species (upper panel); site-directed mutations in the sequence complimentary to the seed region for miR-206 (lower panel). (B and
C) Relative luciferase activity of NK1R-FL-3’-UTR-WT and NK1R-FL-3’-UTR-MUT in SK-BR-3 and MCF-10A cells cotransfected with miR-
206 mimic or negative control, and in MDA-MB-231 cells with As-miR-206 or inhibitor control. (D, E, and F) Protein levels of NK1R-FL were
determined by western blotting in (D, E) SK-BR-3 and MCF-10A cells transfected with miR-206 mimic or negative control; MDA-MB-231
cells transfected with As-miR-206 or inhibitor control (F). (G and H) After transfection, real-time quantitative PCR was used to examine the
mRNA expression of NK1R-FL in SK-BR-3, MCF-10A and MDA-MB-231 cells. *P < .05, **P < .01, ***P < 0005, ****P < 0001 versus
normal control.
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Figure 3. Effect of activated NK1R-FL on intracellular Ins(1,4,5)P3 response and ERK1/2 phosphorylation. (A, B, and C) The rise of
intracellular IP3 in cells that express NK1R-FL or NK1R-Tr. Cells transfected with miR-206 or As-miR-206 were stimulated with 10~ mol/L
SP only or treated for 30 minutes with the NK1R antagonist Aprepitant after that. (D, F, and H) SK-BR-3, MCF-10A, and MDA-MB-231 cells

that express NK1R-FL or NK1R-Tr transfected with miR-206 or As-miR-

206, were treated for 30 minutes with the NK1R antagonist Aprepitant

and then stimulated by 10~ 7 mol/L SP or untreated as control. (E, G, and I) SK-BR-3 and MCF-10A cells that express NK1R-FL or NKIR-Tr
were transfected with miR-206 mimic or negative control, and in MDA-MB-231 cells, with As-miR-206 or inhibitor control or untransfected as
a control. Phospho-ERK1/2 was detected by antiphospho-ERK1/2 antibody.

and meanwhile, the number of colony-forming potential of SK-
BR-3 cells in vitro (Figure 4C and D). Furthermore, the inhibi-
tion of NK1R-FL with NK1R antagonist Aprepitant eliminated
the effects of miR-206 transfection on human breast cancer cell

invasion, migration, proliferation, and colony formation. These
data clearly demonstrate that depletion of NKI1R-FL drives
SK-BR-3 cells proliferation and invasion when compared to
the control groups.
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Figure 4. miR-206 promoted human breast cancer cell migration, invasion, proliferation, and colony formation. Growth of the SK-BR-3 cells
transfected with miR-206 mimic or negative control (NC), and in MDA-MB-231 cells, with As-miR-206 or inhibitor control at an indicated time
(at x100). (A and B) Transwell assays on SK-BR-3 and MDA-MB-231 cells were employed to analyze the effect of miR-206 on migration. For
the invasion assay, 1:3 Matrigel was added. **P <.01, ***P <.0005, ****P < .0001. (C) Representative photomicrographs of colony formation
assay of SK-BR-3 and MDA-MB-231 cells with the transfected miR-206 ***P < .0005, ****P < .0001. (D and E) The cell counting kit-8 assay
was performed to analyze the effect of miR-206 on proliferation in SK-BR-3 and MDA-MB-231 cells. Data are presented as the mean + SD
from 3 independent experiments. **P < .01 versus normal, control ****P < .0001 versus normal. The agomirs of miR-206 and their controls
were inoculated into nude mice carrying MDA-MB-231 xenografts (n = 5/group). As shown in Figure 4F, tumors transfected with miR-206
agomirs grew significantly faster than the control tumors at different time points (*P < .05), which was consistent with the present in vitro cell

proliferation results. Four weeks later, the weights of tumors in mice transfected by miR-206 silencing cells were significantly increased
compared to control cells (**P < .01, Figure 4G).
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Furthermore, to determine whether miR-206 can promote
the invasive, migration, colony formation, and proliferative
capacities of breast cancer cell lines in vitro, we next performed
transwell invasion and migration assays by using MDA-MB-
231 cells transfected with As-miR-206. As shown in Figure 4B,
downregulation of miR-206 expression impaired cell invasion
and migration compared to controls. The CCK-8 assay revealed
that downregulation of miR-206 also significantly inhibited
cell proliferation (Figure 4C). In MDA-MB-231 cells trans-
fected with As-miR-206, colony formation was suppressed
(Figure 4E). Furthermore, the pretreatment of MDA-MB-231
with NK1R antagonist Aprepitant inhibited the SP-dependent
invasion, migration, proliferation, and colony formation of
these cells when compared to that of the controls (Figure 4A-
E). These data clearly showed that miR-206 promotes breast
cancer cell invasion, migration, proliferation, and colony for-
mation in vifro by binding to the 3’-UTR region of NK1R-FL.

Transfection of mir-206 Promotes Tumor Formation
of Breast Cancer Cells In Vivo

Because overexpression of miR-206 facilitated breast cancer
cell growth in vitro, we evaluated the effect on tumor formation
in vivo. The agomirs of miR-206 and their controls were inocu-
lated into nude mice carrying MDA-MB-231 xenografts (n =
5/group). As shown in Figure 4F, tumors transfected with miR-
206 agomir grew significantly faster than the control tumors at
different time points (P < .05), which was consistent with the
present in vitro cell proliferation results. At 4 weeks later, the
weights of tumors in mice transfected by miR-206 silencing
cells were significantly increased compared to those in mice
transected with control cells (P < .01, Figure 4G). These results
suggest that miR-206 plays an important role in increasing the
tumorigenicity of breast cancer cells in vivo. As for distant
metastases, mice injected with miRNA-206-MDA-MB-231
and miR-206-SK-BR-3 cells exhibited much more distant lung
metastases compared to mimic control groups. Together, these
data suggest that miR-206 promotes in vivo tumorigenciy of
MDA-MB-231 and SK-BR-3 cells and increase the distal pul-
monary metastases, and NK1R-FL may be an important target
involved in this process.

Discussion

The protumorigenic and antitumorigenic activities of the miR-
206 are not mutually exclusive, as their functions will be dic-
tated by the presence or absence of particular targets within in a
given setting. In the present study, we demonstrated that miR-
206 functions as a tumor promoter by targeting NK1R-FL in
human breast cancer.

To date, 2 naturally occurring variants of NK1R have been
reported in humans, the full-length receptor, NK1R-FL, and the
truncated form of the receptor, NKIR-Tr.. SP, a member of
the tachykinin family of peptides encoded by TACRI1 gene,
plays an important signaling role in both the nervous and the
immune systems.'® The 3 tachykinin receptors, NK1, NK2 and

NK3, are all G protein-coupled receptors.'® SP is the natural
ligand, shows the highest affinity for the NK1 receptor, and
regulates the biological functions encoded by the C-terminal
sequence of tachykinins receptors®’. SP controls important bio-
logical functions related to cancer, such as tumor cell prolifera-
tion, tumor cell migration, invasion, and metastasis,
neoangiogenesis, and tumor cell apoptotic.>**> Numerous
studies have reported the involvement of the SP/NK1R system
in various types of cancers,” including glioblastoma,** pan-
creatic carcinoma,”” retinoblastoma,® and breast cancer.”’ SP
induces mitogenesis in both normal cells and tumor cells and
also protects tumor cells from apoptosis and to control their
migration.”®>° Chronic inflammation may facilitate the devel-
opment of pancreatic cancer through the SP/NKIR system
because this system is upregulated in inflammatory pro-
cesses.”! To further probe the function of NKIR forming in
human breast cancer, we examined the expression of this recep-
tor in human breast cancer tissues and a panel of human breast
cancer cell lines. Initially, we analyzed correlation between the
level of NK1R-FL and the clinical characteristics of 82 patients
with breast cancer. We found that NK1R-FL expression was
downregulated in breast cancer tissues when compared to adja-
cent normal tissues. Proliferation and colony formation assays
revealed that NK1R-FL inhibited the growth of human breast
cancer cells. In a previous study, we showed that the NK1R-FL
expression is higher in the nontumorigenic epithelial cell lines
MCF-10A and HMSC-bm when compared to that in the SK-
BR-3 human breast cancer cell lines, and these findings were
further confirmed in the present study. These results suggest
that NK1R-FL performs the role of proto-oncogene in human
breast cancer.

The dysregulation of miR-206s has been reported in various
types of human cancers,*>>* but few studies have examined the
role of miR-206 in breast cancer. miR-206 is highly expressed
in human skeletal muscle and plays specific roles in modulat-
ing skeletal muscle proliferation and differentiation in vitro and
in vivo. Previous data indicate that miR-206 may function as a
tumor suppressor gene in colorectal cancer,® lung cancer,*®
and laryngeal squamous cell carcinoma,®’ but its importance
in breast cancer has, until now, largely been unexplored.
NKIR-FL can be regulated by miR-206s at the post-
transcriptional level. For example, miR-519b can bind to the
3’-UTR of NKIR-FL and suppress its translation, resulting in
higher level of NK1R-Tr protein expression and the promotion
of cancer progression,”® However, until now, it has not been
clear whether miR-206 regulates the expression of NK1R-FL
in human breast cancer. The present study indicates that miR-
206 directly targets and downregulates the expression of
NKIR-FL in human breast cancer cells. Given that cell inva-
sion, migration, proliferation, and colony formation induced by
miR-206 expression were abrogated by the inhibition of
NKI1R-FL. Moreover, the observed inverse correlation between
NKI1R-FL and miR-206 expression in breast cancer tissues and
cell lines indicates that the up-regulation of miR-206 may con-
tribute to the malignant phenotype of breast cancer by main-
taining a low level of NK1R-FL. Through binding to NK1R, SP
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promotes the activation of members of the mitogen-activated
protein kinase (MAPK) family, which includes ERK1/2 and
p38 MAPK.?*2%4% These pathways play a critical role in cell
cycle progression, proliferation, and apoptosis.*' The ERK1/2
response differed following the activation of NK1R-FL and
NKIR-Tr, which are coupled to different second messenger
systems. The present studies demonstrated that the overexpres-
sion of miR-206 in MCF-10A and SK-BR-3 cells prolonged the
duration of elevated intracellular Ca®" concentrations and
ERK1/2 activation in response to SP stimulation and that this
effect could be prevented following the inhibition of NKI1R-
FL.

In this study, miR-206 and NK1R antagonist showed differ-
ent effects on IP3 release, ERK activation, cell migration, and
colony formation. miR-206s recognize their target sites by
incomplete base pairing, and individual miR-206s may regulate
a cohort of mRNAs. Consequently, miR-206s affect a multi-
tude of signaling pathways. In addition to NK1R-FL gene,
other oncogenes were also identified as targets of miR-206.
miR-206 targets the estrogen receptor and is downregulated
in estrogen receptor-positive breast cancer. miR-206, as a proa-
poptotic activator of cell death, was associated with its inhibi-
tion of notch3 signaling and tumor formation. miR-206 is a
negative regulator of NF-kB signaling and, thereby, miR-206
as a tumor suppressor by inhibiting tumor growth, cancer cell
invasiveness, and release of an NF-kB-dependent circuit of
proangiogenic cytokines and growth factors. Therefore, estro-
gen receptor and notch3 could also be regulated by miR-206,
except the NK1R-FL gene in the present study. Compared to
miR-206, NK1R antagonist has high affinity for NK1R, could
significantly abolish the effect of substance P on NKIR, and
exerted antitumor action in breast cancer cells. miR-206 targets
many important genes, such as estrogen receptor and Notch.
Therefore, regulated by miR-206, changes in these genes and
other unclear mechanisms result in the duration of elevated
intracellular Ca®>" concentration and ERK1/2 activation in
response to SP stimulation and promotes the invasive, migra-
tion, and proliferative capacities of breast cancer cells. Finally,
the inhibition of tumor formation by miR-206 agomir and
NKIR silencing in the present in vivo mouse experiments con-
firmed the suppression of proliferation in vitro. We also
demonstrated that miR-206 overexpression promoted breast
cancer cell metastasis by targeting MDA-MB-231 and SK-
BR-3 in vitro and in vivo, and its upregulation in breast cancer
tissues was positively correlated with distant metastasis in
patients.

Altogether, these results indicated that miR-206 can directly
regulate NK1R-FL expression. We have further showed that
NKI1R-FL is potentially involved in the miR-206-mediated
repression of cellular growth in NK1R-FL-positive breast can-
cer cells. Numerous studies have reported that NK1R antago-
nist may prove useful as therapeutic agents in the treatment of
cancer, for example, in head and neck cancer.*? Thus, it would
be interesting is to further explore whether miR-206 could
serve as a potential therapeutic agent in the treatment of cancer.
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