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Abstract
Neurokinin 2 receptor (NK2R), a G protein-coupled receptor for neurokinin A (NKA), 
a tachykinin family member, regulates various physiological functions including pain 
response, relaxation of smooth muscle, dilation of blood vessels, and vascular perme-
ability. However, the precise role and regulation of NK2R expression in cancer cells 
have not been fully elucidated. In this study, we found that high NK2R gene expres-
sion was correlated with the poor survival of colorectal cancer patients, and Interferon 
(IFN-α/β)  stimulation significantly enhanced NK2R gene expression level of colon 
cancer cells in a Janus kinas 1/2 (JAK 1/2)-dependent manner. NKA stimulation aug-
mented viability/proliferation and phosphorylation of Extracellular-signal-regulated 
kinase 1/2 (ERK1/2) levels of IFN-α/β-treated colon cancer cells and NK2R blockade 
by using a selective antagonist reduced the proliferation in vitro. Administration of an 
NK2R antagonist alone or combined with polyinosinic-polycytidylic acid, a synthetic 
analog of double-stranded RNA, to CT26-bearing mice significantly suppressed tu-
morigenesis. NK2R-overexpressing CT26 cells showed enhanced tumorigenesis and 
metastatic colonization in both lung and liver after the inoculation into mice. These 
findings indicate that IFN-α/β-mediated NK2R expression is related to the malignancy 
of colon cancer cells, suggesting that NK2R blockade may be a promising strategy for 
colon cancers.
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1  |  INTRODUC TION

Tachykinins, such as substance P (SP), neurokinin A (NKA) and B, 
hemokinin-1, and endokinins, are a family of neuropeptides that act 
through three types of G-protein coupled receptors (GPCRs), neu-
rokinin-1 receptor (NK1R), neurokinin-2 receptor (NK2R), and neu-
rokinin-3 receptor (NK3R), functioning as neurotransmitters in the 
peripheral and central nervous systems.1–3 Neuropeptide signaling 
through the receptors is well known to regulate various physio-
logical functions such as induction of pain response, relaxation of 
smooth muscle, dilation of blood vessels, and vascular permeabil-
ity. It has been demonstrated that tachykinins and their receptors 
are expressed in several non-neuronal cells, which connect the 
nervous and peripheral organ systems to control respiratory, car-
diovascular, endocrine, and gastrointestinal activity.2,4 Furthermore, 
recent studies revealed that neuropeptide receptors are expressed 
in various cancer cells in the tumor microenvironment, therefore 
tachykinin signaling through these receptors possibly regulates 
pathological functions related to the development of cancer and 
tumor malignancy.5,6

Previous research has indicated that SP–NK1R signaling is impli-
cated in the promotion of cancer incidence and facilitates metastatic 
progression. Various tumor types express NK1R, the main receptor 
of SP, such as glioblastoma,7 breast cancer,8 leukemia,9 pancreatic 
ductal adenocarcinoma,10 hepatoblastoma,11 and colon cancer,12,13 
which use SP signaling through NK1R to promote the proliferation 
and survival of cancer cells and to release soluble mediators to 
promote tumor growth or metastasis. However, the precise role of 
NK2R expression in cancer cells and the mechanism for tumor malig-
nancy have not been fully demonstrated compared with that of the 
NK1R-mediated SP signaling cascade.

Colorectal cancer (CRC) is the second leading cause of cancer 
death worldwide. With increasing mortality observed in recent 
years, the global burden of CRC is expected to increase by 60% to 
more than 2.2 million new cases and 1.1 million deaths by 2030.14 
The rise in CRC incidence can be attributed to aging populations, 
unfavorable daily diet habits, stress, and increased risk factors.15 
Recent studies indicated that the molecular pathobiology of CRC in-
volves viral and/or bacterial infection-induced inflammation, further 
promoting malignant progression, invasion, and metastasis of the tu-
mor,16–18 suggesting that patients with inflammatory bowel disease 
(IBD) have a higher risk of CRC. A recent phase II clinical trial using 
NK2R inhibitor for irritable bowel syndrome (IBS) with diarrhea re-
ported improved overall symptoms, abdominal pain, and stool pat-
terns in female patients.19

Type I IFNs, IFN-α and IFN-β, are the two main IFNs involved in 
fighting viral and bacterial infections.20,21 Previous papers revealed 
that IFN-α/β produced in the tumor microenvironment activate anti-
cancer immunity by targeting dendritic cells (DCs) and noncancerous 
cells22 and have the capacity to control cancer cell transformation.23 
When IFN-α/β bind to the receptor, IFN-AR1, Janus kinase (JAK), 
signal transducer and activator of transcription (STAT) are activated. 
The IFN-α/β-JAK–STAT signal pathway mediates many aspects 

of cellular immunity, proliferation, apoptosis, and differentiation. 
Previous research revealed that activation of IFN-STAT1 signaling 
triggers apoptosis and cell cycle arrest in various cancer cells.24,25

In this study, we first found that high expression levels of NK2R 
gene in tumor tissues were correlated with poor survival of CRC pa-
tients. Next, we revealed that in vitro stimulation with type I inter-
ferons, IFN-α/β, or in vivo administration of a synthetic analog of 
double-stranded RNA, polyinosinic-polycytidylic acid (poly I:C), to 
tumor-bearing mice significantly augmented NK2R gene expression 
levels in colon cancer cells. NK2R antagonist treatment combined 
with IFN-α/β or poly I:C significantly suppressed the proliferation of 
colon cancer cells in vitro or tumorigenesis of colon cancer-bearing 
mice, respectively. Furthermore, we confirmed that overexpression 
of the NK2R gene in murine colon cancer cells promoted tumorigen-
esis and metastasis in vivo. Here, we report the involvement of IFN--
α/β-mediated NK2R expression in the malignancy of colon cancer 
cells, which may contribute to the development of effective therapy 
for CRC.

2  |  MATERIAL S AND METHODS

2.1  |  Antibodies and reagents

Fluorescent dye-conjugated anti-CD45 (30-F11) and anti-mouse 
CD11c (N418) were obtained from BioLegend or BD Biosciences. 
7-amino-actinomycin D (7AAD) was purchased from Beckman 
Coulter. Rabbit polyclonal antibody against NK2R (M-48) was pur-
chased from Santa Cruz Biotechnology, Inc. Recombinant murine 
IFN-α15 (752802) and human IFN-α2 (592702) were purchased from 
BioLegend and murine IFN-β (8234-MB) was from R&D systems Inc. 
Recombinant human IFN-β (092–06061) and neurokinin A agonist 
(140–07171) were purchased from Wako Pure Chemical Industries. 
An NK2R-selective antagonist (GR 159897) was purchased from 
TOCRIS Bioscience. Poly I:C (HMW) was purchased from InvivoGen. 
A selective JAK1/2 inhibitor (ruxolitinib) was purchased from abcam.

2.2  |  Patient specimens

Research protocols involving human subjects were approved by the 
institutional review board of Hokkaido University Graduate School 
of Medicine (14–043) and the Institute for Genetic Medicine (14–
0004), and Asahikawa Medical University (15143). Written informed 
consent was obtained from each patient. The study was conducted 
in accordance with the World Medical Association Declaration of 
Helsinki.

2.3  |  Cell lines and mice

The human colorectal cancer cell line DLD-1 (TKG 0379) was ob-
tained from the Cell Resource Center for Biomedical Research, 
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Institute of Development, Aging, and Cancer, Tohoku University. 
The murine colon carcinoma cell line CT26 (CRL-2638) was obtained 
from the American Type Culture Collection. Wild-type BALB/c mice 
were obtained from Charles River Japan. All mice were maintained in 
specific pathogen-free conditions and used at 6–8 weeks of age. All 
mouse experiments were approved by the Animal Ethics Committee 
of Hokkaido University (No.14–0062 and No.19–0036) and were 
conducted in accordance with the recommendations of the Guide 
for the Care and Use of Laboratory Animals of the University.

2.4  |  Knockout of the IFNAR1 gene and 
overexpression of the NK2R gene in CT26 cells

Murine IFNAR1 CRISPR/Cas9 KO (sc-421,047) and control CRISPR/
Cas9 KO plasmids (sc-418,922) were purchased from Santa Cruz 
Biotechnology. IFNAR1 gene knockout and control mock CT26 
cells were established according to the manufacturer's protocol. 
GFP-expressing CT26 (CT26-mock control) cells and murine NK2R 
gene-overexpressing CT26 (CT26-NK2R OE) cells were established 
according to the previous studies.26,27

2.5  |  Tumor-bearing mouse model

CT26 cells, CT26-NK2R OE cells, CT26-IFNAR1 KO cells, or the cor-
responding CT26 mock control cells (1 × 106) were injected intrader-
mally into BALB/c mice. NK2R antagonist (2.4 μg/mouse) or DMSO 
combined with or without control PBS or poly I:C (50 μg/mouse) was 
intratumorally injected into the CT26-bearing mice at day 5 and then 
every 4 days thereafter. Tumor size was measured from day 5 and 
tumor volumes were calculated as described previously.28 In some 
experiments, tumor tissues were collected from mice. After colla-
genase treatment and homogenization, total tumor cells were ana-
lyzed by flow cytometry.

2.6  |  Metastasis mouse models

GFP-transfected CT26-NK2R OE cells or CT26 mock control cells 
(1 × 106) were inoculated intravenously into BALB/c mice. Lung tis-
sues were collected from CT26 cell-inoculated mice at day 14 and 
metastasis were evaluated according to the previous study.27 In 
some experiments, GFP-transfected CT26-NK2R OE cells or CT26 
mock control cells (2 × 105) were inoculated intrasplenically into 
BALB/c mice to evaluate metastatic colonization in the liver tissues 
on day 14.

2.7  |  Real-time PCR

Total RNA was extracted from culture cells, tumors, and liver tis-
sues and cDNA prepared as described previously.26,27 Human 

NK2R (TACR2), human TAC1 (TAC1), human GAPDH (GAPDH), mu-
rine NK2R (Tacr2), Tac1, IFN-α (Ifna), IFN-β (Ifnb), and β-actin (Actb) 
genes were amplified and detected by a real-time PCR detection 
system (Bio-Rad). The primer sequences and the probe numbers are 
shown in Table  S1. Sample signals were normalized to the house-
keeping GAPDH or β-actin gene according to the ∆∆Ct method: 
∆Ct = ∆Ctsample − ∆Ctreference.

2.8  |  Confocal microscopy

DLD-1 cells cultured on 35-mm culture dishes with glass coverslips 
(Iwaki) were stained with anti-NK2R mAb and DAPI. Fluorescence 
signals were detected with the Spectral Confocal Scanning system 
(FV300; Olympus) through a 633/1.4 Oil DIC I lens. The signals were 
visualized with standard software (Olympus).

2.9  |  Flow cytometry

DLD-1 cells were treated with a Fix/Perm Buffer kit (Biolegend) 
and stained with anti-NK2R mAb. The expression of NK2R was 
evaluated by FACSCanto II (BD Biosciences) and analyzed with 
FlowJo software (Tree Star) according to the previous study.27 In 
some animal model experiments, CD45+CD11c+7AAD− cells and 
CD45−GFP+7AAD− CT26 cells were isolated as DCs and colon can-
cer cells by FACSAria II (BD Biosciences), respectively.

2.10  |  Immunohistochemistry

Tumor specimens from patients with CRC were formalin-fixed and 
paraffin-embedded. After deparaffinization, sections were treated 
with anti-NK2R antibody (M-48; Santa Cruz Biotechnology, Inc.). 
Protein expression was visualized as described previously.27 Tumor 
tissues obtained from CT26 tumor-bearing mice were fixed in 4% 
paraformaldehyde phosphate buffer solution (Wako Pure Chemical 
Industries) and then embedded in paraffin. After deparaffinization, 
sections were stained with HE.

2.11  |  Cell proliferation assay

DLD-1 and CT26 cells were plated in 96-well plates and incubated at 
37°C for 12, 24, or 48 h. Cell proliferation was determined using a cell 
counting kit-8 (CCK-8) cellular proliferation assay (Dojindo Molecular 
Technologies, Inc.) according to the manufacturer's protocol.

2.12  |  Western blotting

Whole cell lysates prepared from DLD-1 cells or CT26 cells using 
cold RIPA buffer (Thermo Fisher Scientific) were separated on 
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SDS-PAGE and transferred to PVDF membranes (Millipore). The 
membranes were probed with anti-phospho-ERK1/2 (Thr202/
Tyr204, #4370; Cell Signaling Technology) and α-tubulin (clone 
DM1A; Sigma-Aldrich) antibodies. The protein signals were detected 
by Image Quant LAS4000 mini (GE Healthcare). The p-ERK1/2 sig-
nals were standardized based on those of α-tubulin by using Image J 
(National Institutes of Health).

2.13  |  Statistical analysis

In vitro experiments were repeated three to five times. In vivo ex-
periments consisting of three to six mice in each group were in-
dependently performed two to three times. Single representative 
experiments are indicated in the figures. All data were expressed 
as the mean ± standard deviation (SD). Significant differences in the 
results were determined by one-way or two-way analysis of variance 
(ANOVA) and Dunnett's post-test. In some experiments, the two-
tailed Student's t-test was used for the evaluation of differences be-
tween two groups. p values of <0.05 were considered statistically 
significant. Kaplan–Meier survival analysis was performed, and the 
log-rank test was used to determine statistically significant differ-
ences in survival curves among cancer patients.

3  |  RESULTS

3.1  |  High NK2R expression is correlated with poor 
prognosis in CRC patients and IFN-α/β augments 
NK2R expression in human colon cancer cells

To clarify the involvement of NK2R expression in the pathology of 
patients with CRC, we first evaluated NK2R expression levels in 
the tumor tissues of 25 CRC patients (Table S2). NK2R was overex-
pressed in cancerous cells compared with normal mucosal epithelial 
cells in 22 of 25 CRC patients (Figures 1A and S1). Next, we inves-
tigated the relationship between NK2R gene expression levels and 
survival of patients with CRC through the analysis of existing TCGA 
RNA-seq data (The Cancer Genome Atlas, TCGA datasets). Kaplan–
Meier survival analysis revealed that the higher expression levels of 
NK2R gene were correlated with poorer survival in CRC patients 
(Figure 1B).

To address the precise regulation of NK2R-mediated neuro-
peptide signaling in cancer cells, we next investigated the gene 
expression levels of NK2R and TAC1, which encodes SP and NKA, 
in human colon cancer cells. Stimulation with IFN-α or IFN-β sig-
nificantly induced NK2R gene expression in DLD-1 cells, whereas 
IFN-γ, IFN-λ1, IFN-λ2, IFN-λ3, IL-6, or TGF-β stimulation did not 
alter the expression levels (Figures  1C and S2). After the IFN-α/β 
treatment of DLD-1 cells, upregulation of NK2R protein expression 
was observed by confocal microscopy (Figure 1D) and flow cytom-
etry (Figure 1E). The upregulation of NK2R gene expression levels 
was significantly suppressed in the presence of a JAK1/2 inhibitor 
(Figure 1F). Furthermore, we found that TAC1 gene expression lev-
els were significantly enhanced by IFN-α/β stimulation, and this up-
regulation was reduced by the JAK1/2 inhibitor (Figure 1G). Analysis 
for ISRE and GAS sequences on the promoters of NK2R and TAC1 
genes revealed that STAT1:STAT2 or IRF9 binding motifs existed in 
the promoter regions of NK2R (TACR2, Tacr2) and TAC1 (TAC1, Tac1) 
genes in both humans and mouse (Figure S3). These findings suggest 
that IFN-α/β type I interferons may augment neuropeptide signaling 
in colon cancer cells through the induction of both the NKA ligand 
and the receptor, NK2R.

3.2  |  NK2R-mediated signaling regulates the 
viability and proliferation of human and murine colon 
cancer cells in vitro

Next, we investigated the effect of NK2R-mediated neuropeptide 
signaling on the viability and proliferation of human colon cancer 
cells. Treatment with NK2R antagonist significantly suppressed the 
viability and proliferation of DLD-1 cells in the presence of IFN-α or 
IFN-β (Figure  2A,B). IFN-α/β stimulation reduced the viability and 
proliferation of DLD-1 cells in vitro and this reduction was recovered 
by treatment with NKA (Figure 2C,D). We confirmed that stimula-
tion of NKA combined with IFN-α/β enhanced phospho-ERK1/2 ex-
pression revel in DLD-1 cells compared to stimulation with IFN-α/β 
alone (Figure 2E,F). These data suggest that NK2R-mediated neuro-
peptide signaling may be related to the viability and proliferation of 
human colon cancer cells.

Furthermore, we found that IFN-α/β stimulation significantly en-
hanced NK2R and TAC1 gene expression levels in CT26 murine colon 
cancer cells in a JAK1/2-dependent manner (Figure 3A,B). Treatment 

F I G U R E  1  Correlation of NK2R expression with prognosis of CRC patients and regulation in human colon cancer cells. (A) NK2R 
expression was evaluated for sections of lesions and inflammatory areas from 25 patients with CRC. A representative microphotograph of 
each patient is indicated. Bars represent 200 μm. (B) Kaplan–Meier estimates of survival for 597 CRC patients in TCGA datasets stratified 
into two groups: high (red, 466 patients) or low (black, 131 patients) NK2R gene expression group. *P < 0.05 by a log-rank Mantel-cox test. 
(C) DLD-1 cells were treated with IFN-α (50 ng/ml), IFN-β (50 ng/ml), IL-6 (50 ng/ml) and TGF-β (50 ng/ml) for 3 h. Mean and SD (n = 4) of 
relative NK2R gene expression levels are indicated. *P < 0.05 by Tukey's multiple comparisons test after ANOVA test. (D, E) DLD-1 cells were 
treated with IFN-α and IFN-β for 24 h. Expression levels of NK2R were evaluated by confocal microscopy and flowcytometry. Representative 
images of NK2R (green) and DAPI (blue) staining of DLD-1 cells are indicated. Bars represent 20 μm. Representative histograms are 
indicated. ΔMFIs against each isotype control were calculated. Means and SDs (n = 4) are shown. *P < 0.05 by Student's t test. (F, G) DLD-1 
cells were treated with IFN-α and IFN-β in the absence and presence of JAK1/2 inhibitor (1 μM) for 3 h. Mean and SD (n = 4) of relative 
NK2R and TAC1 gene expression levels are indicated. *P < 0.05 by Tukey's multiple comparisons test after ANOVA test
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with NK2R antagonist effectively suppressed the viability and prolif-
eration of the IFN-α/β-stimulated CT26 cells (Figure 3C,D). IFN-α/β 
stimulation reduced the viability and proliferation of CT26 cells in 
vitro and this reduction was recovered by the treatment with NKA 
(Figure  3E,F). We confirmed that NKA stimulation combined with 

IFN-α/β augmented phospho-ERK1/2 expression levels in CT26 cells 
compared to stimulation with IFN-α/β alone, as in the case of DLD-1 
cells (Figure 3G,H). These data suggest that NK2R-mediated neuro-
peptide signaling is also involved in the viability and proliferation of 
murine colon cancer cells.
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F I G U R E  2  NK2R expression and the viability and proliferation of human colon cancer cells in vitro. DLD-1 cells were cultured in the 
absence and presence of the NK2R antagonist (10 μM) and/or IFN-α (50 ng/ml) and IFN-β (50 ng/ml). (A, B) Viability and proliferation were 
evaluated at 24 and 48 h. Means and SDs (n = 4) of data are indicated. *P < 0.05 by Tukey's multiple comparisons test after ANOVA test. 
(C, D) Recovery rates of cell viability/proliferation were evaluated for the IFN-α/β-treated DLD-1 cells in the presence of NK2R agonist 
(0, 10−3 μM, 10−1 μM, 1 μM) for 24 h. Means and SDs (n = 4) of data are indicated. *P < 0.05 by Student's t test. (E, F) DLD-1 cells were 
treated with IFN-α/β in the absence or presence of NKA (10 μM) for 24 h. Representative images of p-ERK1/2 and α-tubulin and the relative 
expression levels of p-ERK1/2 are shown

F I G U R E  3  The effect of NK2R-mediated neuropeptide signaling on IFN-α/β-stimulated CT26 cells in vitro. CT26 cells were treated 
with IFN-α (50 ng/ml) and IFN-β (50 ng/ml) in the absence and presence of JAK1/2 inhibitor (5 μM) for 6 h. (A, B) Mean and SD (n = 3–4) 
of relative NK2R and TAC1 gene expression levels are indicated. *P < 0.05 by Tukey's multiple comparisons test after ANOVA test. (C, D) 
Viability and proliferation were evaluated for IFN-α/β-treated CT26 cells in the presence of NK2R antagonist (10 μM) for 12 and 24 h. Means 
and SDs (n = 4) of data are indicated. *P < 0.05 by Tukey's multiple comparisons test after ANOVA test. (E, F) Recovery rates of cell viability/
proliferation were evaluated for the IFN-α/β-treated CT26 cells in the presence of NK2R agonist (0, 10−3 μM, 10−1 μM, 1 μM) for 12 h. Means 
and SDs (n = 4) of data are indicated. *P < 0.05 by Student's t test. (G, H) CT26 cells were treated with IFN-α/β in the absence or presence of 
NKA (10 μM) for 24 h. Representative images of p-ERK1/2 and α-tubulin and the relative expression levels of p-ERK1/2 are shown
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3.3  |  Administration of poly I:C augments NK2R 
expression in murine colon cancer cells and NK2R 
blockade reduces tumorigenesis in vivo

Next, we investigated the roles of NK2R-mediated neuropeptide sign-
aling in the malignancy of colon cancer cells in vivo. Administration of 

NK2R antagonist into CT26-bearing mice significantly reduced the 
tumor growth of CT26 cells (Figure 4A–C). Furthermore, we found that 
NK2R blockade augmented the reduction of tumorigenesis of CT26 
cells by poly I:C treatment in vivo. We attempted to elucidate the in 
vivo regulation mechanism of NK2R gene expression in the tumor mi-
croenvironment. In tumor tissues of the CT26-bearing model, we found 
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