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A B S T R A C T

Heading aims: This topic aims to clarify whether miR-22 directly targets and downregulates the expression of
ERα and NK1R-Tr to inhibit the malignant behaviors of breast cancer cells.
Materials and methods: RT-PCR and Western Blotting were used to detect the expression profile of miR-22, NK1R-
Tr and ERα. Luciferase reporter assay and CHIP experiment were conducted to investigate the regulation net-
work between miR-22, NK1R-Tr and ERα. MCF-7-ERαI and MDA-MB-231-ERα cell lines were constructed to
study the biological behaviors. The SP-NK1R-ERK1/2 signaling pathway was analyzed using Western Blotting.
The subcutaneous and metastases tumor models were employed to study the effects of miR-22 on cell pro-
liferation and metastasis of breast cancer cells in vivo.
Key findings: MiR-22 expression level was significantly lower in breast cancerous tissues and cell lines than the
adjacent normality, while that of NK1R-Tr increased. The ERα could positively regulate NK1R-Tr expression at
DNA level. The descent degree of NK1R-Tr in MCF-7-ERαI cells was far less than that in wild MCF-7 cells, while
the findings in MDA-MB-231-ERα cells was more apparent than wild MDA-MB-231 cells. The malignant phe-
notype was decreased in miR-22 overexpressing cells compared with the wild type. The peak of ERK1/2
phosphorylation was delayed and weakened in miR-22 overexpressing MCF-7 cells, which was agreed with the
findings using NK1R-Tr antagonist. The size and number of metastatic tumors declined compared to the controls.
Significance: MiR-22 downregulated the expression of NK1R-Tr and ERα to delay and weaken phosphorylation of
ERK1/2 to inhibit proliferation and metastasis of breast cancer cells.

1. Introduction

Substance P (SP), the first member of tachykinin family [1], exerts
its biological effects by connecting to the preferential ligand neuro-
kinin-1 receptor (NK1R), and this ligand-receptor compound was re-
garded as an independent anticancer target in humans [2–4]. Previous
studies reported two natural forms of NK1R mediate the effects of SP:
full-length receptor (NK1R-FL) and truncated receptor (NK1R-Tr)
[5–8], and the expression of NK1R–Tr increased with the malignant

advancement. Moreover, NK1R antagonist has used for clinical for
chemotherapy-induced side effects [9–13]. Even so, there are only a
few reports on the responses mediated by NK1R-Tr in human breast
cancer.

Breast cancer is one of the most common malignancies in women
[14], and usually classified into estrogen receptor alpha (ERα) positive
or negative subtypes. Evidence showed overexpression of ERα was
observed in approximately 70% of all breast cancer patients [15,16].
However, 20% to 40% of the patients relapsed in distant apparatuses
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after dormant for years [17–19]. Multiple ERα mechanisms have been
proposed to explain how breast cancer cells survive and remain in
dormancy [20]. For example, ERα, as a transcription factor, regulates
diverse genes, which makes it an attractive drug target [21,22]. At
molecular level, coupling with its ligand estradiol (E2), ERα forms a
homodimer and translocates into the nucleus to regulate ERα-mediated
transcription [16,17,23].

MicroRNAs (miRNAs), a cluster of endogenous short (~22 nucleo-
tides) noncoding RNAs, have the capacity to suppress the expression of
protein-coding genes by binding to the 3′-untranslated region (3′UTR)
[24–26]. So far, miRNA-22 (miR-22) has been reported involved in a
variety of cancers [27–29] including breast cancer [24], and several
target prediction algorithms have revealed that 3′UTR of both NK1R-Tr
and ERα contain the putative miR-22 binding sites, but the direct in-
teraction between them has not been confirmed.

As an important target of endocrine therapy for breast cancer, ERα
has been recognized by the whole society, which means that the en-
docrine system represented by ERα plays a crucial role in anti-tumor
therapy. SP is one of the most important neurotransmitters in the ner-
vous system, and its most sensitive receptor, NK1R, is widely dis-
tributed in various parts of the brain, including the striatum, the hip-
pocampus, and the brainstem monoamine nerve nuclei. It can be said
that SP-NK1R regulatory axis is one of the important components of the
body's neural regulation. When SP activates NK1R, the latter can par-
ticipate in the proliferation, invasion and metastasis of tumors through
direct or indirect methods, which has been proved by many studies.
According to the prediction, the 3′UTR region of mRNA of ERα and
NK1R-Tr both contained the binding site of miR-22.Therefore, the re-
searchers hypothesized that whether mir-22 could act on both of them
simultaneously, so that the endocrine system represented by ERα and
the neural regulatory network represented by NK1R could be combined
to participate in the occurrence and development of breast cancer. This
is the first study to link ERα with NK1R, if confirmed, it will provide
new possibilities for the diagnosis and treatment of breast cancer.

2. Methods and materials

2.1. Clinical specimens

A total of 50 frozen breast tumor tissues and their adjacent normal
tissues were obtained from the Tissue Bank of Tianjin Cancer Hospital.
Both tumor and normal tissues were histologically affirmed by hema-
toxylin and eosin (H&E) staining. None of patients from whom the
tissues were obtained received radiotherapy or chemotherapy prior to
surgery. According to the 2009 International Union Against Cancer
(UICC) TNM staging system, our cohort consists of 14 cases of stage I
breast cancer, 21 cases of stage II, 15 cases of stage III, 0 case of stage
IV, and includes 46 cases invasive ductal carcinoma and 4 intraductal
carcinoma. Informed consent was obtained from all individual partici-
pants and the collection of specimens received the approval from the
Institutional Research Ethics Committee and had been performed in
accordance with the ethical standards as laid down in the 1964
Declaration of Helsinki and its later amendments.

2.2. Cell culture

Human breast cancer cell line MDA-MB-231, MCF-7, T47D and SK-
BR-3 were obtained from the American Type Culture Collection
(Manassas, Virginia, USA) and cultured in RPMI-1640 medium. The
normal mammary epithelial cell line HBL-100 was purchased from the
Shanghai Institute of Cell Biology, Chinese Academy of Sciences and
cultured in the DMEM/F12 (Hyclone, USA) medium. miR-22 over-
expressing MDA-MB-231 cells were constructed by the YueYan biolo-
gical technology co., LTD (Tianjin, China) and cultured in RPMI-1640
medium. All mediums were supplemented with 10% fetal bovine serum
(Gibco, USA), and cells were incubated at 37 °C in a 5% CO2 humidified

atmosphere.

2.3. mRNA/miRNA isolation and quantitative real-time PCR

Total RNA from tissue samples and cultured cells were extracted
using TRIzol®Reagent (Invitrogen, USA), and quantitative PCR was
performed as described according to the manufacturer's instructions.
The expression of miR-22 was quantified using Taqman microRNA
assay from Applied Biosystems (RuiBo, China). Briefly, 1 μg of total
RNA was used to synthesize the complementary DNA (cDNA) through
reverse transcription process with the existence of specific stem-loop RT
primers, and quantitative PCR was performed on an Applied Biosystems
7900 Real-time PCR System. miRNA expression in each sample was
normalized to U6 as an internal control consistently. Primers sequences
were as follows: NK1R-Tr (NM015727) forward: 5′-GACCATCTACATA
CACAGTGGC-3′; NK1R-Tr reverse: 5′-GGCTGAGTTGTGTGATGAT
AAG-3′. The RT-qPCR results were expressed with the threshold cycle
(Ct) and were converted to fold changes (2−ΔΔCt), in which
ΔΔCt= (CtmiRNA-CtU6)target-(CtmiRNA-CtU6)control.

2.4. Western blotting

In brief, cells were lysed in lysis buffer (1× SDS sample buffer) with
the protease inhibitor cocktail and the phosphatase inhibitor.
Approximately 100 μg of total protein was separated by 10% sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS–PAGE) and
then transferred onto a PVDF membrane. The PVDF membrane was
blocked with 5% milk in Tris-buffered saline with Tween 20 (TBST) for
1 h before incubation with the following primary antibodies at 4 °C
overnight: anti-N-terminus-polyclonal (1:500, R&D, Cat. MAB6687)
specific for NK1R-Tr, anti-ERα (1:1000, Cell Signaling Technology, Cat.
#8644), anti-Erk1/2 (1:800, Cell Signaling Technology, Cat. #4695),
anti-phosphorylated Erk1/2 (1:800, Cell Signaling Technology, Cat.
#9101), anti-β-actin (1:1000, Cell Signaling Technology, Cat. #3700s).
Subsequently, the PVDF membrane was incubated with a HRP-con-
jugated secondary antibody (1:5000 Goat Anti-Mouse IgG (H+L),
Proteintech, Cat. SA00001-1; 1:5000 Goat Anti-Rabbit IgG (H+L),
Proteintech, Cat. SA00001-2), and detected using an ECL kit (Millipore,
Germany).

2.5. Luciferase reporter assay

The cDNAs of NK1R-Tr and ERα were amplified by regular PCR. The
wild type (WT) and mutant type (MUT) 3′UTR sequences of NK1R-Tr
and ERα were respectively cloned into the pMIR-REPORT luciferase
reporter vector (Ambion, USA) to generate Luc-NK1R-Tr/ERα-3′-UTR-
WT and Luc-NK1R-Tr/ERα-3′-UTR-MUT constructions. HEK-293 cells
cultured in 6-well plates were co-transfected with NK1R-Tr/ERα-3′-
UTR-WT or NK1R-Tr/ERα-3′-UTR-MUT, and miR-22 mimic or mimic
control. The miR-22 mimic or mimic control was transfected at a final
concentration of 50 nM/mL using a Lipofectamine™2000 reagent kit
(Invitrogen, USA) according to the manufacturer's instructions. The cell
lysates were analyzed 48 h after transfection on a luciferase reporter
assay system (Promega, USA). All the experiments were repeated at
least three times independently.

2.6. ChIP

MCF-7 and T47D cells were treated with and without 1 nmol/L E2
separately in RPMI 1640 medium (without phenol red) for 30min. A
ChIP assay was performed using a ChIP chromatin immunoprecipitation
kit (Cell Signaling Technology, USA) following the manufacturer's in-
structions. Briefly, cells were cross-linked with 1% formaldehyde, and
the cross-linking reaction was stopped by glycine solution. Cells were
then lysed with the Micrococcal Nuclease at 37 °C for 20min to cut
DNAs into 200 to 1000-bp fragments, and later the lysates were
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sonicated to shear the cytomembrane and karyolemma.
50 μl chromatin extract of each sample was added into 450 μl di-

lution buffer, and 2% of the mixture was set aside as “input” and the
rest was divided into 3 groups. Corresponding antibodies were added to
each group and incubated with rotation at 4 °C overnight. The protein G
magnetic beads were added the next day and incubated with rotation at
4 °C for 1 h, then washed the beads four times on the Magnetic Particle
Concentrator (Dynal Biotech ASA, Norway). Then, the beads were di-
gested with proteinase K and NaCl at 65 °C for 2 h. Finally, quantitative
PCR (qPCR) was performed with the purified DNA. The ChIP data were
presented as fold changes (2−ΔΔCt), in which ΔΔCt was calculated using
the formula ΔΔCt= ΔCt of anti-Era (IP)-ΔCt of IgG (IP), ΔCt (cycle
threshold)=Ct of DNA from immunoprecipitate (IP)-Ct of DNA input.

2.7. Transient transfection of miRNA mimics, inhibitors, siRNA and
plasmids

The miR-22 mimic, mimic control (MC), antisense miR-22 (anti-
miR-22) and inhibitor control (IC) were synthesized by RuiBo Company
(Guangzhou, China). Cells were seeded in 6 cm Petri dishes and in-
cubated overnight, followed by transfection with miR-22 mimic, MC,
anti-miR-22 and IC using LipofectamineTM 2000 (Invitrogen, USA)
according to the manufacturer's instructions.

The siRNA of ERα and NK1R-Tr, ERα and NK1R-Tr expression
plasmids were all synthesized by Life Technologies Company (USA),
and each siRNA had three sequences. Cells were seeded into 6 cm Petri
dishes, incubated with serum-free medium overnight, and then tran-
siently transfected with the specific siRNA using Lipofectamine ™ 2000
(Invitrogen, USA) according to the manufacturer's instructions. The
ERα and NK1R-Tr expression plasmids were transfected with the same
method.

2.8. Cell counting kit-8 assay

Cell proliferation assay was conducted using the Cell Counting Kit-8
(Dojindo, Gaithersburg, MD) according to the manufacturer's protocol.
Logarithmic growth phase MCF-7 and T47D cells stably overexpressing
miR-22 or mimic control were planted in 96-well plates at a con-
centration of 2× 103 cells per well, and the absorbance was detected
by a micro-ELISA reader 3 h after adding the color agent at 37 °C as the
first time point, and then 5 consecutive time points (24,48,72,96 and
120 h) were also detected. The experiment was carried out six replicates
for each time, and repeated at least three times.

2.9. Colony formation assay

A total of 1000 MCF-7 or T47D wild-type and transfected cells were
seeded in 6 cm Petri dishes and cultured for 7–14 days at 37 °C with 5%
CO2. The colonies were fixed with ice-cold methanol at 4 °C, stained
with a three-Step Stain Set kit (Thermo Scientific, USA), and then
photographed and counted.

2.10. Wound healing assay

For the wound healing assay, MCF-7 and T47D cells were cultured
in complete growth medium until 90% confluency. Three 1.5mm wide
parallel wounds were introduced across each plate. Cell migration was
observed under microscopy at 24 h, 48 h and 72 h after scratching and
analyzed objectively.

2.11. Transwell migration and invasion assays

The invasion assay was performed with the Transwell chambers
(8 μm MilliCell chambers, Millipore, USA), and each well was filled
with 50 μL mixture of serum-free RPMI-1640 medium and Matrigel (BD
Biosciences, USA). A total of 8× 104 cells were seeded into the upper

chambers, and 500 μL RPMI-1640 medium (contains 10% fetal bovine
serum) was added to the nether chambers. After a 24-hour incubation,
cells at the upper surface of the chamber membrane were scrubbed off.
Then the invasive cells were fixed with ice-cold methanol, stained with
a three-Step Stain Set kit and counted under the Leica Microsystem
(200×, three random fields per well).

2.12. Tumor formation and metastasis assay in vivo

Four to six-week-old female scid mice, weighing about 20 g, were
purchased from the Shanghai Institute of Material Medical, Chinese
Academy of Sciences (Shanghai, China). All experiments were per-
formed in accordance with the NIH “Guide for the Care and Use of
Laboratory Animals”. The study protocols were approved by the
Shanghai Medical Experimental Animal Care Committee. MDA-MB-231
and T47D miR-22 overexpressing and mimic control cells were injected
under the groin skin or into the tail vein of the scid mice. For the
subcutaneous tumor formation experiment, we measured the size of the
tumor every other day after injection. For the pulmonary metastasis
assay, the lung tissues of each mouse were dissected and fixed in for-
malin for 24 h. The number of metastasis of per lung was analyzed both
macroscopically and microscopically. Same treatment was operated on
all experimental groups. Paraffin-embedded sections of each lung tissue
were stained with H&E. The histopathological examination was con-
ducted with a microscopy (OLYMPUS, Japan) and the metastatic no-
dules were recorded.

2.13. Statistical analysis

All statistical analyses were performed using the SPSS statistical
software package (version 17.0). Each in vitro quantitative test was
independently replicated, and all data are presented as means ± SD.
One-way ANOVA was used to compare the expression levels of luci-
ferase activities, migrated and invaded cell numbers. Two-way ANOVA
and Bonferroni tests were used to measure the proliferation curves in
vitro. All the statistical tests were two sided, and p < 0.05 was con-
sidered with statistical significance.

3. Results

3.1. NK1R-Tr is upregulated and miR-22 is downregulated in primary
breast cancer tissues

To identify the potential roles of NK1R-Tr and miR-22 in the pro-
gression of breast cancer, we analyzed the expression levels of NK1R-Tr
and miR-22 in 50 pairs of primay breast tumorous tissues and adjacent
normal tissues using qRT-PCR. According to the median expression
score of NK1R-Tr or miR-22, the 50 patients were assigned to either a
positive or a negative expression group. As shown in Table 1, NK1R-Tr
exhibited higher expression (p < 0.05) and miR-22 had lower ex-
pression in ERα-positive breast cancer tissues than that in ERα-negative
cancer (p < 0.001). According to this grouping method, the expression
profile of miR-22 in breast cancer tissues was negatively associated with
that of NK1R-Tr (Supplementary Fig. 1, R=−0.342, p < 0.05). Our
qRT-PCR analysis also demonstrated that the expression of miR-22 was
lower, whereas that of NK1R-Tr was higher compared with their non-
malignant counterparts (Fig. 1A, p < 0.05; B, p < 0.05).

We next studied the expression of NK1R-Tr and miR-22 in normal
breast epithelial cell line (HBL-100) and four breast cancer cell lines
(MDA-MB-231, T47D, MCF-7, SK-BR-3). As expected, NK1R-Tr was
upregulated and miR-22 was downregulated in breast cancer cells
(MDA-MB-231, T47D, MCF-7, SK-BR-3) compared with breast epithelial
cell (HBL-100) at the mRNA level (Fig. 1C, D). At protein level, NK1R-
Tr was upregulated in breast cancer cell lines compared with HBL-100
(Fig. 1E). Moreover, since NK1R-Tr, miR-22 and ERα were all expressed
in MCF-7 and T47D cells (Fig. 1E, F), these two cell lines were selected
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as the appropriate cell models for studying the regulatory network
between ERα and NK1R-Tr.

3.2. miR-22 downregulates ERα and NK1R-Tr expression and ERα
upregulates NK1R-Tr expression

Despite of an inverse expression profile of ERα, NK1R-Tr and miR-
22 in breast cancer tissues and cells, the underlying molecular me-
chanisms still remain unclear. The prediction algorithmic engine

TargetScan showed that the 3′UTR noncoding regions of both NK1R-Tr
and ERα contained putative miR-22 target sites (Fig. 2A). To determine
whether NK1R-Tr and ERα were the direct targets of miR-22, wild-type
and mutant 3′ untranslated regions (3′UTRs) of NK1R-Tr and ERα were
cloned into the upstream of the firefly luciferase coding region in a
pGL3-basic luciferase reporter vector. The vectors were co-transfected
with miR-22 and mimic control into HEK293T cells to observe the lu-
ciferase activity. The relative luciferase activity was reduced by 53% in
cells carrying miR-22 and pGL3-basic with ERα wild-type 3′UTRs

Fig. 1. The expression levels of NK1R-Tr and miR-22 in human breast tissues and cell lines. A, B Average expression levels of miR-22 and NK1R-Tr in human breast
tumor tissues (n=50) and adjacent normal tissues (n= 50). C, D Quantitative real-time PCR analysis of NK1R-Tr and miR-22 in human breast cancer cell lines
(metastatic, MDA-MB-231; nonmetastatic, T47D/MCF-7; HER2-positive, SK-BR-3) and non-tumorigenic epithelial cells, HBL-100. E The expression at protein level of
NK1R-Tr and ERα in human breast cancer cell lines (metastatic, MDA-MB-231; nonmetastatic, T47D/MCF-7; HER2-positive, SK-BR-3) and nontumorigeni epithelial
cells, HBL-100. F The negative correlation of the expression levels of NK1R-Tr and miR-22 in ERα positive human breast cancer cell lines T47D and MCF-7.Each
experiment was repeated three times independently. The loading control of Western Blot is 20 μg protein from the cell lysate. And the antibody is against β-actin.
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(Fig. 2B, C), while the relative luciferase activity was reduced by 62% in
cells transfected with miR-22 and pGL3-basic with NK1R-Tr, but not in
those with respective mutant 3′UTRs (Fig. 2C, p < 0.01). To further
explore whether miR-22 could decrease endogenous NK1R-Tr and ERα
expression, we transfected miR-22 mimics and control in MCF-7 and
T47D cells. Anti-miR-22 and inhibitor control were also transfected into
these cells for the purpose of comparison. Interestingly, we found that
overexpression of miR-22 resulted in the significant reduction of NK1R-
Tr (Fig. 2E, p < 0.01, NK1R-Tr in MCF-7; Fig. 2F, p < 0.01, NK1R-Tr
in T47D) and ERα (Fig. 2E, p < 0.01, ERα in MCF-7; Fig. 2F, p < 0.01,
ERα in T47D), while downregulation of miR-22 increased the expres-
sion of NK1R-Tr and ERα at both protein and mRNA levels (Fig. 2E,
p < 0.01, ERα in MCF-7, NK1R-Tr in MCF-7; Fig. 2F, p < 0.01, ERα in
T47D; NK1R-Tr in T47D).

Because ERα is an important transcription factor in breast cancer,
we attempted to verify the possible relationship between ERα and
NK1R-Tr. CHIP assay was employed to detect whether ERα was re-
cruited to the ERE of NK1R-Tr promoter. As shown in Fig. 2G, we found
that ERα was able to bound to the NK1R-Tr gene promoter with the
presence of E2 (Fig. 2G). Moreover, we conducted a luciferase reporter
assay between ERα and NK1R-Tr promoter. Wild-type and mutant
promoter of NK1R-Tr were cloned into the upstream of the firefly lu-
ciferase coding region in a pGL3-basic luciferase reporter vector. Then
the report vector with NK1R-Tr wild-type or mutant type was co-
transfected with the ERα expression plasmid pcDNA3.0 into HEK293T
cells to observe the luciferase activity. Our results showed that the re-
lative luciferase activity was dramatically increased compared to the
control groups (Fig. 2H, p < 0.05). These findings suggest that miR-22
has the ability to directly downregulate ERα and NK1R-Tr expressions
through binding to their mRNA 3′UTR seed regions; meanwhile, ERα
could upregulate NK1R-Tr expression.

3.3. ERα is involved in the regulation of miR-22 and NK1R-Tr

In order to confirm whether ERα acts as an intermediate link in the
regulation between miR-22 and NK1R-Tr, we next overexpressed ERα
and knocked down its expression in MDA-MB-231 and MCF-7 cells,
respectively. The ERα expression plasmid pcDNA3.0 was transfected
into MDA-MB-231 cells and ERα overexpressing clones were selected.
Meanwhile, we transfected the plasmid PLKO.1 that connected to the
shRNA of ERα in MCF-7cells to knockdown its expression. Western
blotting results showed that there was a significantly increased ex-
pression of ERα in stable transfectants of MDA-MB-231-ERα cells and
ERα expression had been effectively suppressed in ERα knockdown
MCF-7 (MCF7-ERαI) cells compared with control cells (Fig. 3A). When
overexpressing miR-22, the decreased degree of NK1R-Tr expression in
ERα knockdown cells (MCF7-ERαI) was much lower than that in con-
trol cells, while when downregulating miR-22 with anti-miR-22, the
increased degree of NK1R-Tr expression was also minimal (Fig. 3B).
Compared to wild-type MDA-MB-231 cells, the action that miR-22
downregulated NK1R-Tr was more apparent in MDA-MB-231-ERα cells.
Furthermore, when downregulating miR-22 with anti-miR-22, the

increased degree of NK1R-Tr expression was also more outstanding
(Fig. 3C). The results at the mRNA level were consistent with our
western blot data (Fig. 3D, p < 0.05 pre-miR-22, p < 0.05 anti-miR-
22; Fig. 3E, p < 0.01 pre-miR-22, p < 0.05 anti-miR-22). Overall,
these works indicate that miR-22 is likely to have the priority to ne-
gatively regulate NK1R-Tr via ERα.

3.4. miRNA-22 inhibited the proliferation, migration, and invasion of breast
cancer cells in vitro

To better understand the exact role of miR-22 in breast tumor-
igenesis, we empolyed miR-22 overexpression assays in both MCF-7 and
MDA-MB-231 cells. Overexpression of miR-22 was confirmed by qRT-
PCR (Fig. 4A). To determine the role of miR-22 in the proliferation of
breast cancer cells in vitro, CCK-8 and colony-formation assay were
performed with the presence of SP. The original proliferation ability of
MCF-7 and MDA-MB-231 cells was weakened by overexpressing miR-22
compared with the control groups (Fig. 4B, p < 0.05 day 2,
p < 0.01 day 3, p < 0.01 day 4, p < 0.01 day 5, p < 0.01 day 6;
Fig. 4C, p < 0.05 day 2, p < 0.01 day 3, p < 0.01 day 4,
p < 0.01 day 5, p < 0.01 day 6; Fig. 4D). Consistently, the migration
ability of miR-22 overexpressing MCF-7 and MDA-MB-231 cells was
both declined apparently (by 17% and 21% respectively) with the sti-
mulation of SP in the wound healing test (Fig. 4E). The results of
transwell assays demonstrated that miR-22 overexpression in MCF-7
and MDA-MB-231 cells considerably inhibited the invasive ability with
the stimulation of SP compared to wild-type cells (Fig. 4F). The above
three results were not statistically processed, and the significance of the
difference could be seen qualitatively. Collectively, these results de-
monstrated that ectopic miR-22 depressed cell proliferation, migration
and invasion in vitro notably.

3.5. Ectopic expression of NK1R-Tr restored the inhibitory effects of miR-22
on cell proliferation and invasion in breast cancer cells in vitro

To confirm whether downregulation of NK1R-Tr by miR-22 results
in inhibition of proliferation, migration and invasion of breast cancer
cells, we knocked down the endogenous expression of NK1R-Tr by small
interfering RNAs (siRNAs) to simulate the effect of miR-22 over-
expression. When the mRNA and protein levels of NK1R-Tr were sig-
nificantly reduced by siRNA-mediated silencing in MCF-7 and MDA-
MB-231 cells (Fig. 5A, p < 0.01 siNK1R-Tr#1, p < 0.01 siNK1R-Tr#2,
in MCF-7; p < 0.01 siNK1R-Tr#1, p < 0.01 siNK1R-Tr#2, in MDA-
MB-231; Fig. 5B), the number of colony and invasive cells were cor-
respondingly reduced remarkably (Fig. 5C, p < 0.01 siNK1R-Tr#1,
p < 0.01 siNK1R-Tr#2, in MCF-7; p < 0.01 siNK1R-Tr#1, p < 0.01
siNK1R-Tr#2, in MDA-MB-231; Fig. 5D, p < 0.01 siNK1R-Tr#1,
p < 0.01 siNK1R-Tr#2, in MCF-7; p < 0.01 siNK1R-Tr#1, p < 0.01
siNK1R-Tr#2, in MDA-MB-231), suggesting that the inhibitory effects
of miR-22 on cells proliferation, migration and invasion could, at least
partially, act through its inhibition on NK1R-Tr. Meanwhile, we eval-
uated the effects of overexpression of NK1R-Tr protein by a pcDNA3.0-

Table 1
Relationship between NK1R-Tr, miRNA-22 expression and clinicopathological features in breast cancer patients.

Pathology Cases NK1R-Tr positive (%) miRNA-22 positive (%)

Histological type Invasive ductal carcinoma 68 66.2 < 0.05⁎ 27.94 <0.05⁎

Intraductal carcinoma 14 21.4 66.67
Histological grade I 17 50.0 < 0.05⁎ 67.32 <0.05⁎

II 50 56.0 43.67
III 15 85.7 18.94

ERα Negative 20 36.0 < 0.01⁎⁎ 60.34 <0.01⁎⁎

Positive 62 85.0 8.75

⁎ p < 0.05.
⁎⁎ p < 0.01.
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NK1R-Tr vector. Our data showed that pcDNA3.0-NK1R-Tr was able to
significantly increase the expression of NK1R-Tr at both mRNA and
protein levels (Fig. 5E, p < 0.01 pcDNA3.0-NK1R-Tr, in MCF-7;
p < 0.01 pcDNA3.0-NK1R-Tr, in MDA-MB-231; Fig. 5F), and also

ectopic expression of NK1R-Tr could promote cell proliferation and
invasion (Fig. 5G, p < 0.01 pcDNA3.0-NK1R-Tr, in MCF-7; p < 0.01
pcDNA3.0-NK1R-Tr, in MDA-MB-231; Fig. 5H, p < 0.01 pcDNA3.0-
NK1R-Tr, in MCF-7; p < 0.01 pcDNA3.0-NK1R-Tr, in MDA-MB-231).

Fig. 2. miR-22 downregulated NK1R-Tr and ERα expressions and ERα upregulated the expression of NK1R-Tr. A Discovery of potential miR-22 Target Sites in the 3′-
UTR of ERα and NK1R-Tr according to bioinformatics analysis. B, C Relative luciferase activity in HEK-293 cells. D Protein levels of NK1R-Tr and ERα in MCF-7 and
T47D cells transfected with pre-miR-22 mimic or mimic control, anti-miR-22 or inhibitor control. E, F Expression of NK1R-Tr and ERα at mRNA level in MCF-7 and
T47D cells transfected with pre-miR-22 mimic or mimic control, anti-miR-22 or inhibitor control; G CHIP assay between ERα and NK1R-Tr promoter region. H
Relative luciferase activity of pGL3-NK1R-Tr-WT and pGL3-NK1R-Tr-MUT in HEK-293 cells co-transfected with pcDNA3.0-ERα. *p < 0.05 vs. normal control,
**p < 0.01 vs. normal control. Each experiment was repeated three times independently. The loading control of Western Blot is 20 μg protein from the cell lysate.
And the antibody is against β-actin.

Fig. 3. Transfection and identification of MCF-7 and MDA-MB-231 cells, ERα enhanced the downregulated effect of pre-miR-22 on NK1R-Tr. A Western blotting for
ERα in MCF-7 and MDA-MB-231 cells. B, C Western blotting assay for NK1R-Tr in MCF-7 cells and MDA-MB-231 cells. D, E Expression of NK1R-Tr at mRNA level,
assessed by real-time PCR in the MCF-7 cells that were untreated or knocked out ERα and the MDA-MB-231 cells that were transfected or untreated ERα. *p < 0.05
vs. normal control. Each experiment was repeated three times independently. The loading control of Western Blot is 20 μg protein from the cell lysate. And the
antibody is against β-actin.
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Moreover, we co-transfected miR-22 and NK1R-Tr into MCF-7 and
MDA-MB-231 cells to test whether the overexpression of NK1R-Tr could
reverse the inhibitory effects of miR-22 on migration and invasion of
breast cancer cells. As predicted, NK1R-Tr expression was markedly

decreased in breast cancer cells after the transfection of miR-22, and
was restored when cells were co-transfected with pcDNA3.0- NK1R-Tr
and miR-22 mimics (Fig. 5I). These findings demonstrate that miR-22
inhibits migration and invasion of breast cancer via the miR-22/NK1R-

Fig. 4. miR-22 inhibited the proliferation, migration, and invasion of breast cancer cells in vitro. A High expression of miR-22 in MCF-7 and MDA-MB-231cells. B, C
The cell counting kit-8 assay was performed in MCF-7 and MDA-MB-231 cells. D Representative photomicrographs of colony formation assay of MCF-7cells and MDA-
MB-231cells. E Wound healing assay operated on MCF-7 and MDA-MB-231cells. F Transwell assay in MCF-7cells and MDA-MB-231cells. Data are presented as
means ± SD from three independent experiments. *p < 0.05 vs. normal control, **p < 0.01 vs. normal control.
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Tr signaling axis.

3.6. NK1R-Tr transmitted its regulatory signals via the classic ERK1/2
pathway

Our previous study revealed that 5min after the NK1R-Tr activation
with the stimulation of SP, phosphorylation of extracellular signal-
regulated kinase 1 and 2 (ERK1/2) began to increase gradually until
120min. To study whether miR-22 regulates the biological behaviors of
breast cancer cells in the same manner via ERK1/2 signal pathway by
targeting NK1R-Tr, we examined the expression level of phosphoryla-
tion ERK1/2 in MCF-7 and MDA-MB-231 cells. In both wild types, the
phosphorylation of ERK1/2 was detected approximately 30min after
the stimulation of SP, and this signal increased continuously and had no
sign of declining before 150min after the stimulation (Fig. 6A, C). Next,
we treated both cell lines with the NK1R antagonist GR73632 for
30min to explore whether the SP-dependent increase of phosphoryla-
tion level of ERK1/2 was specifically mediated by NK1R receptor. Ex-
pectedly, the SP-dependent increase in phosphorylation of ERK1/2 was
prevented in both cell lines after treatment with GR73632, with no
effect on the total cellular ERK1/2 levels (Fig. 6A, C). In addition, in
MCF-7 cells transfected with pre-miR-22, a noticeable delay and re-
duction of phosphorylation of ERK1/2 was observed compared to the
control group after the stimulation of SP. The similar result was also
found in MDA-MB-231 cells (Fig. 6B, D). These results suggest that
NK1R-Tr may promote cancer cell proliferation by sustainedly acti-
vating ERK1/2, while miR-22, as a tumor suppressor, may inhibit this
process by targeting NK1R-Tr.

3.7. miR-22 inhibited the growth of MDA-MB-231 and MCF-7 engrafted
tumors and repressed the distal pulmonary metastases in vivo

To further demonstrate the contribution of miR-22 in the NK1R-Tr
mediated breast tumorigenesis and metastasis, we transplanted miR-22
overexpressing MDA-MB-231 and MCF-7 cells into scid mice via either
subcutaneous injection or tail vein injection, and monitored the phy-
sical state and tumor growth in the xenograft. The tumor xenograft
studies revealed that the volume of tumors resulting from miR-22-MDA-
MB-231 and miR-22-MCF-7 injection were significantly smaller than
those resulting from the mimic control groups (Fig. 7A). As for distant
metastases, mice injected with miR-22-MDA-MB-231 and miR-22-MCF-
7 cells exhibited much less distant lung metastases compared to mimic
control groups (Fig. 7B), which was further confirmed by the H&E
stained sections (Fig. 7C, D, p < 0.01 for MDA-MB-231, p < 0.01 for
MCF-7). Together, these data suggest that miR-22 inhibits tumorigen-
esis of MDA-MB-231 and MCF-7 cells and represses the distal pul-
monary metastases in vivo, and NK1R-Tr may be an important target
involved in this process.

4. Discussion

NK1R-Tr coupling to SP plays an imperative role as an autocrine/
paracrine growth factor in many cancers, and ERα plays a fatal role in
tumor occurrence and progression. Thus far, it remains ambiguous
whether these two tumor control factors are functionally relevant for
co-regulating tumor formation. miRNAs have multiple expression forms
in various cell types, and it is well accepted that miRNAs regulate many

Fig. 5. Ectopic expression of NK1R-Tr restored the inhibitory effects of miR-22 on cell proliferation and invasion in breast cancer cells in vitro. A, B The low
expression of NK1R-Tr at mRNA and protein levels in both MCF-7 cells and MDA-MB-231 cells. C, D Inhibition of cell proliferation and invasion by knockdown of
NK1R-Tr. E, F The high expression of NK1R-Tr at mRNA and protein levels in both MCF-7 cells and MDA-MB-231 cells. G, H Promotion of cell proliferation and
invasion by overexpression of NK1R-Tr. I Protein expression of NK1R-Tr in MCF-7 and MDA-MB-231 cell lines transfected with miR-MC, pre-miR-22, or co-trans-
fected with pre-miR-22 and pcDNA3.0-NK1R-Tr. Data are presented as means ± SD from three independent experiments. **p < 0.01 vs. normal control. Each
experiment was repeated three times independently. The loading control of Western Blot is 20 μg protein from the cell lysate. And the antibody is against β-actin.

Fig. 6. NK1R-Tr transmitted its regulational signals via the classic ERK1/2 passway. A, C The MCF-7 and MDA-MB-231 cells were treated with SP for different time
intervals with and without incubation of NK1R antagonist. B, D The MCF-7 and MDA-MB-231 cells were treated with SP for different time intervals with and without
the co-transfection of pre-miR-22. The results were representative of three independent western blot assays. Each experiment was repeated three times in-
dependently. The loading control of Western Blot is 20 μg protein from the cell lysate. And the antibody is against β-actin.
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pathological and physiological processes. Therefore, clarifying the
regulatory network between these three aspects will provide theoretical
and practical guidance for the next step of breast cancer treatment.

Previous studies have demonstrated that miR-22, both as a tumor
suppressor and promoter, functioned in multiple cellular processes,
including proliferation, differentiation, senescence and apoptosis, and
its deregulation is a hallmark of human cancers [30]. In all the earlier
observations, Kong, L.M., et al. [31] demonstrated the loss-of-function
analyses by silencing the miR-22 in MCF-7 cells resulted in the en-
hanced cell invasion and migration compared with control cells
(p < 0.05). Their wound healing assay also indicated that miR-22
downexpression can significantly promote cell motility compared with
control group. miR-22 inhibitor treated MCF-7 cells showed higher
proliferative capacities than control cells by MTT assay (p < 0.001). As
a contrast, when they overexpressed miR-22 in MDA-MB-231cells, the
protein expression of CD147 was reduced, and the cell migration was
also inhibited compared to the control group. In vivo experiment, their
mice injected with miR-22 mimics exhibited little increase in the GFP
fluorescence signal of primary tumor during the same observation
period. The results were in accordance with ours. Yang et al. [32]
showed that miR-22 had a tumor-suppressive effect by repressing cyclin
A2 expression. Their data exhibited the reduced miR-22 level was along
with the increased protein level of CCNA2, which were of hepatic and
colonic origin. Ling et al. [33] reported that miR-22 suppressed lung
cancer cell progression via post-transcriptional regulation of epidermal
growth factor receptor 3. Their data showed that ErbB3 is a direct target
of miR-22, and at 48 h after miR-22 transfection, the over-expression of
miR-22 could significantly inhibit the cellular numbers by 70% for

A549 cells and 60% for H1229 cells, respectively. And the apoptosis is
an important cause for the reduction of cell number.

In contrast, it was documented that miR-22 suppressed DNA repair
and promoted genomic instability by targeting MDC1, leading to det-
rimental chromosomal abnormalities and establishing a cellular en-
vironment fostering tumorigenesis and cancer progression in colon and
liver cancer [34]. Jung-Hee Lee Let al. found that MDC1 is crucial
component of the DNA damage response (DDR) machinery and ensures
assembly of the DDR protein at the DNA damage sites, and therefore
loss of MDC1 results in genomic instability and tumorigenicity. They
made the further confirmation that miR-22 can downregulate MDC1 at
both mRNA level and protein levels. Their study adds to the polyhedral
nature of miR-22 in tumor regulatory networks.

Most importantly, our results suggest that the inverse regulation
between miR-22 and NK1R-Tr was more significant with the existence
of ERα. Our CHIP assay supported this point because the activated ERα
can promote the transcription and expression of NK1R-Tr by combining
to its ERE in the form of homodimers or heterodimers. This regulation
indicates that there is a cross-talk between the endocrine system and
the neural control system represented by ERα and NK1R, respectively.
Similarly, ERα upregulates c-Myc expression by binding to its ERE, and
the high-level expression of c-Myc would then downregulate ERα via a
negative autoregulatory feedback loop [35]. Our previous study
showed that high NK1R-Tr expression has a positive correlation with
the advanced malignancy of breast cancer cells, the reason for which
may be due to the impairment of its desensitization and internalization
[36–38]. Our existing results show that NK1R-Tr promotes cancer
progression by extending and enhancing the activation of ERK and that

Fig. 7. miR-22 inhibited the tumor growth of MDA-MB-231 and MCF-7 engrafted and repressed the distal pulmonary metastases in vivo. A Photographs of tumors
harvested from mice injected with MDA-MB-231 and MCF-7cells transfected with mimic control or miR-22 mimics. B Representative tumor nodules in the lungs of
scid mice injected miR-22-MDA-MB-231 and miR-22- MCF-7 cells and the respective control group of each. C H&E staining of lung tissues isolated from the scid mice
(n=6), The metastasis nodules are indicated by arrows. D The statistical results of the metastases in mice. Data are presented as means ± SD from three in-
dependent experiments. **p < 0.01 vs. normal control.
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miR-22 inhibits this process. Further, NK1R-Tr is involved in other
signaling pathways, such as the epidermal growth factor receptor
(EGFR) and the mitogen-activated protein kinases (MAPK), in which
NK1R-Tr regulates DNA synthesis [1,39]. Moreover, the anti-apoptotic
effect of NK1R-Tr involves the activation of the anti-apoptotic molecule
Akt (protein kinase B) mediated by the Janus kinase 2 (JAK-2) and
phosphoinositide 3-kinase (PI3K). According to the most recent report,
NK1R could mediate migration by increasing the expression of MMP-2
and MMP-14 in breast cancer cells and MMP-2 and MT1-MMP in mel-
anoma cells.

In summary, we showed that miR-22 is a potential tumor suppressor
in breast cancer and that miR-22 downregulation promotes breast
cancer cell invasion and metastasis by upregulating ERα and NK1R-Tr.
This will delay and weaken the activation of ERK1/2 and then induce
malignant behavior (Fig. 8). To our best knowledge, this is the first
study to demonstrate that the miR-22/ERα/NK1R-Tr axis regulates the
proliferation, migration and invasion of breast cancer cells. These
findings provide a better understanding of the development and pro-
gression of breast cancer and may have significant implications for the
future therapy of breast cancer.
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