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Abstract 

Background Tachykinins and their cognate receptors, neurokinin receptors (NKs) including NK1, NK2, and NK3 play 
vital roles in regulating various physiological processes including neurotransmission, nociception, inflammation, 
smooth muscle contractility, and stimulation of endocrine and exocrine gland secretion. Their abnormal expression 
has been reported to be associated with neurological disorders, inflammation, and cancer. Even though NKs are 
expressed in the same cells with their expression being inversely correlated in some conditions, there is no direct 
evidence to prove their interaction. Understanding the functional crosstalk between NKs in mediated downstream 
signaling and cellular responses may elucidate the roles of each receptor in pathophysiology.

Results In this study, we showed that NKs were co‑expressed in some cells. However, different from NK3, which 
only forms homodimerization, we demonstrated a direct interaction between NK1 and NK2 at the protein level 
using co‑immunoprecipitation and NanoBiT‑based protein interaction analysis. Through heterodimerization, NK2 
downregulated substance P‑stimulated NK1 signals, such as intracellular  Ca2+ mobilization and ERK phosphorylation, 
by enhancing β‑arrestin recruitment, even at the ligand concentration that could not activate NK2 itself or in the 
presence of NK1 specific antagonist, aprepitant. In A549 cells with receptors deleted and reconstituted, NK2 exerted 
a negative effect on substance P/NK1‑mediated cell migration.

Conclusion Our study has provided the first direct evidence of an interaction between NK1 and NK2, which 
highlights the functional relevance of their heterodimerization in cellular responses. Our findings demonstrated 
that through dimerization, NK2 exerts negative effects on downstream signaling and cellular response mediated 
by NK1. Moreover, this study has significant implications for understanding the complexity of GPCR dimerization 
and its effect on downstream signaling and cellular responses. Given the important roles of tachykinins and NKs 
in pathophysiology, these insights may provide clues for developing NKs‑targeting drugs.
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Background
The tachykinin family is a highly conserved group of 
multi-functional peptides, sharing a common C-ter-
minal sequence (-Phe-X-Gly-Leu-Met-NH2, where X 
is a hydrophobic amino acid) [1]. In mammals, three 
genes encode three major tachykinins, TAC1 (pre-pro-
tachykinin-A, Ppt-a), TAC3 (Ppt-b), and TAC4 (Ppt-c). 
Alternative splicing of TAC1 gives rise to four possible 
transcripts, including α-, β-, γ-, and δ-TAC1 mRNAs, all 
of which are capable of producing substance P (SP). Neu-
rokinin A (NKA) is generated by β- and γ-TAC1 mRNAs, 
while neurokinin B (NKB) and hemokinin-1 (HK-1, SP-
like tachykinin) are produced by proteolytic cleavage of 
TAC3 and TAC4 products, respectively [1, 2]. Tachy-
kinins are widely expressed throughout neuronal and 
non-neuronal cells including immune cells where they 
regulate a wide range of physiological processes such as 
neurotransmission, nociception, inflammation, smooth 
muscle contractility, and stimulation of endocrine and 
exocrine gland secretion [3, 4].

Tachykinins exert their biological roles by binding to 
neurokinin receptors (NKs), which belong to class A of 
G-protein coupled receptors (GPCRs), specifically neu-
rokinin 1 (NK1), neurokinin 2 (NK2), and neurokinin 3 
(NK3). Although SP, NKA, and NKB preferentially bind 
to NK1, NK2, and NK3 receptors, respectively, they 
can activate other receptors with lower affinity [2, 5, 6]. 
Upon binding to tachykinins at the plasma membrane, 
NKs can couple with different Gα subunits (e.g.,  Gq/11, 
 Gs,  G12/13,  Gi), leading to activation of phospholipase 
C (PLC) and/or adenylate cyclase. Hydrolysis of phos-
phatidylinositol 4,5-biphosphate  (PIP2) by PLC produces 
inositol (1,4,5)-trisphosphate (IP3) and diacylglycerol 
(DAG). IP3 can increase cytosolic  Ca2+ concentration 
and DAG activates protein kinase C (PKC), which in 
turn can induce transcription of early genes (e.g., c-fos, 
c-myc) and activate mitogen-activated protein kinases 
(MAPK) including extracellular signal regulated kinases 
1 and 2 (ERK1/2) [7–9]. Like most class A GPCRs, ligand 
stimulation leads to rapid desensitization and internaliza-
tion of receptors mediated by GRKs phosphorylation and 
β-arrestin recruitment [10]. Notably, β-arrestin can also 
mediate NK1-stimulated cellular responses associated 
with sustained pain transmission or cancer cell prolifera-
tion [11, 12].

While tachykinin and their cognate receptors are 
widely expressed throughout the body, their distribu-
tion is uneven among different organs, tissues, and cell 
types [1, 4, 13]. For example, SP and NK1 are expressed 
widely in various regions such as nervous, cardiovascular, 
immune, and digestive system. Their involvement in dif-
ferent pathological processes such as neurological disor-
ders, inflammation, and cancers has been widely reported 

[1, 3, 12]. Although NKA is expressed and released from 
the brain, NK2 is rarely found in adult human brain [1, 
13]. However, their expression and roles are described in 
different cell lines such as immune cells and cancer cells. 
NKB and NK3 are expressed not only in the central nerv-
ous system, but also in the reproductive system. Thus, 
their roles are implicated in neurological diseases such as 
mood disorders, learning and memory deficiencies and 
reproduction-related disorders [14, 15]. Some studies 
have suggested a possible crosstalk between SP/NK1 and 
NKA/NK2, given the wide overlap in their distribution 
[16–20]. Among them, the study on primary human bone 
marrow stroma showed that increased expression of 
NK1 was correlated with decreased expression of NK2 at 
both mRNA and protein levels. Furthermore, the results 
demonstrated a yin-yang relationship between NK1 and 
NK2 in hematopoiesis, such that upregulation of NK1 
enhanced the proliferation of bone marrow progenitors, 
while NK2 expression led to their growth inhibition [20].

Although some studies have reported that NK1 and 
NK2 are expressed in some cancers, the role of NK2 in 
cancer remains controversial. SP/NK1 has been shown 
to play a role in cancer progression by upregulating 
expression of anti-apoptotic genes and genes encod-
ing matrix metalloproteinases (MMPs) [21]. In human 
colorectal cancer cell DLD-1, inhibition of SP/NK1 
by FDA-approved NK1-specific antagonist aprepitant 
might lead to suppression of AKT/mTOR and Wnt/β-
catenin signaling pathways, which play important roles 
in tumorigenesis [22]. On the other hand, NKA and 
NK2 have been reported to induce phosphorylation of 
ERK1/2 in the same cells. Furthermore, a selective NK2 
antagonist not only reduced the viability and prolifera-
tion of DLD-1 cell, but also decreased tumor size in vivo 
[23]. However, other study has shown that NKA/NK2 
can inhibit human leukemia cell proliferation and exert 
negative effects on NK1 [24]. In prostate cancer, NK1 
and NK2 have been found to have an opposite effect 
on cancer progression [25, 26]. Overexpression of NK2 
in cells originating from prostate cancers deactivates 
the Wnt/β-catenin signaling pathway, which might 
lead to inhibition cancer cell proliferation and migra-
tion. The anticancer effect of NK2 might be related to 
immune system modulation. A recent study has shown 
that the downregulation of NK2 expression can cause 
a remarkable increase in tumor growth in mice due to 
reduced infiltration of CD8 + T cells in tumor tissues 
[27]. Although NK1 and NK2 might be co-expressed in 
the same cells and functionally involved in the regula-
tion of cancer progression, there is still a lack of direct 
evidence for the effect of their functional interaction 
on cellular responses. Moreover, most studies have 
been conducted using saturated and non-physiological 
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concentrations of SP or NKA ranging from  10–7 to 
 10–6  M. These concentrations can even activate other 
NKs with full efficacy, making it hard to dissect precise 
roles of each receptor in pathophysiology.

In this study, we aimed to provide direct evidence for 
NK1-NK2 interaction using various assays including 
co-immunoprecipitation and NanoBiT technology. We 
also investigated the possible effect of this interaction 
on downstream signaling such as calcium mobilization, 
β-arrestin recruitment, and pERK1/2 level by compar-
ing them to their individual signaling in cells expressing 
NK1 or NK2. Specifically, using human lung adeno-
carcinoma A549 cells endogenously expressing both 
receptors, we addressed the roles of individual recep-
tors and their dimerization in mediating cell migration. 
Our data suggested that NK1 and NK2 dimerization 
might negatively modulate the function of NK1 in both 
signal transduction and cellular responses.

Results
Expression properties of NKs and their homo‑/
hetero‑dimerization
Individual NKs may play distinct roles in responses 
to their cognate neuropeptides. However, due to 
sequence similarity of peptides, these receptors are 
expected to affect each other, potentially provok-
ing diverse cellular responses through ligand bind-
ing modes and receptor complex formation. As a first 
step to prove this idea, we investigated expression 
levels of these receptors in several cell lines. RT-PCR 
revealed that all three receptors were expressed in 
most cells with some exceptions, implying that they 
might have biological relevance to each other in cel-
lular responses upon binding to ligands. According 
to their band intensities, NK1 might be the dominant 
receptor in A549 and DLD1 cells, whereas NK2 and 
NK3 might not be expressed in T98G and A549 cells, 
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Fig. 1 Expression properties and molecular interaction of neurokinin receptors (NKs). A RT‑PCR analysis of mRNA expression. Total RNAs from cell 
lines were analyzed with isotype‑specific primers and PCR products after 35 cycles for the receptors or 25 cycles for β‑actin gene were visualized 
on a 1.5% agarose gel. A 1 kb‑plus ladder was used as a size marker. B N‑terminal HiBiT‑tagged receptors were expressed in HEK293 cells 
with varying amounts of plasmids. HiBiT activity was assessed by adding Nano‑Glo® HiBiT extracellular detection reagent. **: p < 0.01 vs. vector C 
Expression of C‑terminal HA‑tagged NKs. HEK293 cells transfected with plasmids containing C‑terminal HA‑tagged NKs were lysed with RIPA buffer 
and subjected to western blotting with anti‑HA antibodies. D Luminescence induced by receptor dimerization. HEK293 cells co‑expressing NKs 
of C‑terminal SmBiT‑ and LgBiT‑tagged forms were analyzed by NanoBiT assay. **: p < 0.01 vs. vector (V). E Co‑immunoprecipitation. HEK293 cells 
co‑expressing FLAG‑ and HA‑tagged receptors were lysed and subjected to immunoprecipitation with anti‑FLAG agarose, followed by western 
blotting with anti‑HA antibody
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respectively (Fig. 1A). Next, their membrane localiza-
tion was determined in cells expressing HiBiT-tagged 
forms since GPCRs function through neuropeptide 
binding on the cell surface. HiBiT-mediated lumines-
cence increased depending on the plasmid amount 
transfected into HEK293 cells. Signals were quite 
strong in cells expressing NK1 and NK2, but relatively 
weak in NK3, implying that either protein expression 
or membrane localization of NK3 was relatively low 
(Fig. 1B). To determine protein amounts, cells express-
ing C-terminal HA-tagged receptors driven by CMV 
promoter were lysed with RIPA buffer and used for 
western blotting with anti-HA antibodies. As shown in 
Fig. 1C, the main band of NK1 was detected between 
50 and 70  kDa. NK2 was detected as multiple bands, 
with the main signal located between 35 and 50  kDa. 
A clear band of NK3 was detected at 50 kDa, although 
there were weak bands at different sizes. Comparing 
total amounts of proteins, NK3 expression was promi-
nently lower than those of others, indicating that NK3 
was expressed with a low efficiency.

Next, complex formation of these receptors was 
investigated using NanoBiT. When C-terminal LgBiT-
tagged NKs were expressed with C-terminal SmBiT-
tagged NKs in HEK293 cells, luciferase activities were 
enhanced, indicating that LgBiT/SmBiT could bind 
through homo- or hetero-dimerization of NK1 and 
NK2. However, luciferase activities in cells express-
ing NK3 with either NK1 or NK2 were not increased, 
possibly due to a low expression of NK3 by a rela-
tively weak Ubiquitin C promoter or structural incom-
patibility of NanoBiT-tagged form (Fig.  1D). Direct 
interaction between NK1 and NK2 was verified by co-
immunoprecipitation. Due to migration properties of 
GPCRs on SDS-PAGE, precipitates were subjected to 
SDS-PAGE without boiling. Interestingly, co-precipi-
tated NK1 was not detected at the size where directly 
loaded proteins were located. Instead, main precipi-
tates were detected at the start line of the running gel. 
On the other hand, co-precipitated NK2 was detected 
at the same size as directly loaded ones, suggesting 
that NK2 could be easily dissociated from the pro-
tein complex by the sample buffer, whereas NK1 could 
not (Fig.  1E). We expected that NK3 might also bind 
to NK1 or NK2 since they belong to the same recep-
tor group and share the same ligands. However, immu-
noprecipitation for NK3 revealed that NK3 itself was 
co-precipitated, whereas neither NK1 nor NK2 was 
precipitated, indicating that NK3 could homodimerize 
without heterodimerize with other members (see right 
blot in Fig. 1E). Based on these data, NK3 is expected 
to function independently without any influence from 
other receptors.

Comparison of NK subtypes‑mediated cellular responses 
using NanoBiT constructs
NKs have been extensively studied, especially with 
respect to neuropeptide-stimulated  Ca2+ responses [1]. 
Recently, we developed a real-time calcium assay based 
on NanoBiT and the  Ca2+-dependent interaction of calm-
odulin and its target proteins to analyze NK-mediated 
cellular responses [28]. First, neuropeptide-stimulated 
luciferase activation was measured in cells expressing 
NKs and calcium probes to determine the suitability of 
our assay method. Neuropeptides induced luciferase 
activation with slightly different patterns at 1  μM, indi-
cating that all receptors could mediate cellular responses 
to neuropeptides at high concentration (Additional file 1: 
Fig. S1). Next, the activation efficiency of receptors by 
each peptide was investigated on  Ca2+ responses based 
on NanoBiT assay. Dose–response curves revealed that 
all tested peptides acted as full agonists for the three 
NKs with different potency: SP > NKA = NKB for NK1; 
NKA >  > NKB > SP for NK2; NKB >  > NKA > SP for NK3. 
These preference results of tachykinin for each receptor 
were in agreement with previous reports showing that 
SP, NKA, and NKB were dominant ligands for NK1, NK2, 
and NK3, respectively (Additional file 1: Fig. S2A) [2, 4, 
29].

Ligand-stimulated β-arrestin recruitment to recep-
tors was also examined using the NanoBiT system. The 
NanoBiT system was used to create construct combina-
tions of receptors and β-arrestin, which were tagged with 
either SmBiT or LgBiT at N- or C-terminal. These con-
structs were then expressed in HEK293 cells. The com-
bination for each receptor showing the highest luciferase 
activity by ligand treatment was selected. Interaction of 
NK1-SmBiT with β-arrestin1-LgBiT was induced by all 
peptides in a dose-dependent manner, with SP being the 
dominant stimulator of this binding. The interaction of 
NK2-LgBiT with β-arrestin1-SmBiT was more sensitive 
to NKA, whereas it was barely induced by SP in terms of 
potency and efficacy (Additional file 1: Fig. S2B). Unfor-
tunately, the interaction of NK3 with β-arrestin1 was dif-
ficult to determine with NanoBiT constructs due to a low 
expression level of the receptor. Overall, despite different 
sensitivity, both calcium assay and β-arrestin recruitment 
assay are feasible for analyzing ligand stimulation proper-
ties of GPCRs since they measure separated downstream 
signaling pathways.

NK1 enhances SP‑stimulated β‑arrestin recruitment to NK2.
Recruitment of β-arrestin1 to NKs clearly demonstrated 
that SP acted as a full agonist to NK1 but partial agonist 
to NK2 with relatively low affinity. Apart from properties 
of individual receptors, co-expression of multiple recep-
tors in the same cells can result in complex formation 
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and potentially lead to distinct signaling events com-
pared to those mediated by individual receptors. Thus, 
dimerization effect of NK1 and NK2 was examined in 
SP-stimulated β-arrestin1 recruitment to receptors. We 
transfected HEK293 cells with three plasmids. Lucif-
erase activities of NK2-LgBiT and β-arrestin1-SmBiT by 
SP were similar to those obtained from the system with 
two plasmids (459 nM vs. 409 nM in  EC50) (Fig. 2A, left 
graph). Luciferase activities were slightly enhanced in 
the presence of intact NK1 (164  nM in  EC50) (Fig.  2A, 
middle graph). However, luciferase activities were not 
changed by intact NK2 (278 nM in  EC50) (Fig. 2A, right 
graph). The effect of NK1 on the interaction of NK2-
LgBiT with β-arrestin1-SmBiT was obvious at a low 
concentration of SP (see red box). Figure 2B shows real-
time luciferase activities by low concentrations of SP. The 
lowest concentration of SP to stimulate the luciferase 
activities through β-arrrestin1 interaction to NK2 was 

78 nM, while activities were observed even at 1.2 nM SP 
in the presence of NK1, indicating that SP could stimu-
late NK1 and that ensuing GRK-dependent phospho-
rylation of both receptors in NK1/NK2-LgBiT complex 
was enough to recruit β-arrestin1-SmBiT to NK2-LgBiT 
(Fig.  2B). Basal luciferase activities of NK2-LgBiT and 
β-arrestin1-SmBiT were increased by NK1 compared to 
NK2, although the difference seemed to have no effect 
on ligand-stimulated activities (Fig.  2C). Dose-depend-
ent curves of β-arrestin1 recruitment showed that NK1 
was much more sensitive to SP than NK2. To explore the 
effect of NK2 on NK1/β-arrestin1 interaction, HEK293 
cells expressing NK1-SmBiT and β-arrestin1-LgBiT with 
intact NKs were stimulated by 0.1 nM SP, a concentration 
that could induce β-arrestin1 recruitment to NK1-SmBiT 
but not to NK2-LgBiT. Co-expression of NK1 lowered 
luciferase activities of NK1-SmBiT/β-arrestin1-LgBiT 
by SP, implying that intact NK1 might compete with 
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Fig. 2 Effect of NK1 on SP‑stimulated β‑arrestin1 recruitment to NK2. A Cells expressing NK2‑LgBiT and β‑arrestin1‑SmBiT with intact NKs 
were treated with different concentrations of SP and changes of luciferase activities were measured in real time. Maximal activities from each 
concentration were plotted on the graph. B Time‑dependent responses at designated concentration which was boxed area in graphs of (A). C 
Basal luciferase activities in cells expressing NanoBiT constructs with intact receptors. D Effect of NKs on SP‑stimulated β‑arrestin1 recruitment 
to NK1. Upper graph: dose‑dependent curves of SP‑stimulated β‑arrestin1 recruitment to NKs. Lower graph: luciferase activities of NK1‑SmBiT 
and β‑arrestin1‑LgBiT in the presence of intact NKs in cells treated with 0.1 nM SP, a concentration that stimulated NK1 but not NK2 (indicated 
by red arrow in the upper graph)
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NK1-SmBiT for limited amount of  ligands. In contrast, 
co-expression of NK2 enhanced luciferase activities, sug-
gesting that NK1-SmBiT/NK2 complex might increase 
the chance to bind β-arrestin1-LgBiT, although NK2 
itself could hardly bind to SP (Fig. 2D).

NK2 negatively regulates NK1‑mediated cellular responses 
to SP
Recruitment of β-arrestin to the cognate receptor 
upon ligand stimulation is an important step for down-
regulation of cellular responses to ligands by inducing 
receptor internalization. However, this process can 
also induce other signaling events apart from the ones 
mediated by heterotrimeric G proteins [30–32]. As pre-
viously mentioned, NK2 could enhance SP-stimulated 
β-arrestin interaction with NK1, suggesting a possible 
role of NK2 as a modulator of NK1 signaling. While 
NK1 was 100 folds more sensitive to SP than NK2 in 

terms of  Ca2+ response (0.013  nM vs 2.2  nM in  EC50, 
see Fig. S2A), both receptors had similar sensitivity 
to NKA (0.027  nM vs. 0.012  nM in  EC50). To explore 
the effect of NK2 on NK1-mediated  Ca2+ influx, cells 
expressing receptors with NanoBiT-based  Ca2+ probes 
were treated with 0.1  nM SP, a concentration that 
induced nearly maximal activation of NK1 but no 
response of NK2. Transfection with different amounts 
of NK1 plasmids did not change the  Ca2+ influx pattern 
possibly because this concentration of the ligand was 
almost at a saturation level. On the other hand,  Ca2+ 
responses were significantly decreased in cells express-
ing both NK1 and NK2, although cells expressing NK2 
alone did not show any response. This result suggests 
that NK2 might modulate NK1 activation through 
receptor complex formation (Fig. 3A, left graphs).  Ca2+ 
responses to NKA were quite similar in cells expressing 
a single receptor or co-expressing both receptors since 
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these receptors had similar sensitivity to NKA (Fig. 3A, 
right graph).

To further confirm the dimerization of NK1 and NK2, 
cells expressing receptors were pretreated with 0.1  nM 
SP for 30  min. After the medium was removed, Nano-
BiT substrate was added. Treatment with 0.1  nM NKA 
induced weak  Ca2+ responses through a small number 
of NK1 proteins that remained unresponsive to SP. Cells 
expressing NK2 showed a strong  Ca2+ response to NKA 
regardless of SP pretreatment. However, such response 
was significantly decreased in cells expressing both 
NK1 and NK2, suggesting that some NK2 proteins were 
dimerized with NK1 and internalized with their binding 
partners by SP stimulation. Consequently, the remain-
ing NK2 attended to NKA binding and mediated  Ca2+ 
response (Fig. 3B).

Most GPCRs can activate ERK phosphorylation, which 
is the most sensitive cellular response. When HEK293 
cells were treated with 0.1  nM SP, ERK phosphoryla-
tion was transiently induced probably through NK1, 
implying that NK1 dominated in response to the ligand, 
although other NKs might be expressed according to RT-
PCR. Interestingly, such ligand-stimulated phosphoryla-
tion was significantly reduced by exogenous expression 
of NK2. This might be another evidence of NK2’s abil-
ity to modulate SP-stimulated NK1 activation (Fig.  3C, 
left panel). NKA-dependent ERK phosphorylation was 
weakly induced in HEK293 cells. It was further increased 
in the presence of exogenous NK2, indicating that NK2 
was a positive mediator of NKA (Fig. 3C, right panel).

NK1‑mediated NK2/β‑arrestin1 interaction is inhibited 
by an NK1‑specific inhibitor
The interaction between NK1 and NK2 was further 
confirmed using aprepitant, an NK1-specific inhibitor. 
SP-stimulated luciferase activities of NK1-SmBiT and 
β-arrestin1-LgBiT were completely inhibited by aprepi-
tant even at a high concentration (1 μM), while luciferase 
activities of NK2-LgBiT and β-arrestin1-SmBiT were 
not affected by this inhibitor (Fig.  4A, left and middle 
graphs). However, when NanoBiT constructs of NK1 and 
β-arrestin1 were expressed with intact NK2, luciferase 
activities were slightly increased by SP even in the pres-
ence of the inhibitor (Fig.  4A, right graph). This result 
suggests that NK2 activated by high concentration of SP 
might recruit β-arrestin1-LgBiT to the complex of NK2 
and NK1-SmBiT. Subsequently, β-arrestin1-LgBiT and 
inactive NK1-SmBiT caused by aprepitant were get-
ting closer to each other enough to induce luciferase 
activation.

As another approach, cells expressing NK2-LgBiT 
and β-arrestin1-SmBiT with intact NK1 were treated 
with 10 nM SP, a non-effective concentration to activate 

NK2. Ligand-dependent luciferase activities were likely 
from NK1-dependent interaction of NK2-LgBiT and 
β-arrestin1-SmBiT, as aprepitant inhibited luciferase 
activities (Fig. 4B).

NKA-stimulated luciferase activities were not influ-
enced by aprepitant in cells expressing both NK2-LgBiT 
and β-arrestin1-SmBiT (Fig.  4C, upper left). Luciferase 
activities were not downregulated by the inhibitor in cells 
expressing NanoBiT constructs with intact NK1 either, 
implying that inactive NK1 in the receptor complex had 
no effect on NKA-stimulated interaction of NK2-LgBiT 
with β-arrestin1-SmBiT (Fig.  4C, upper right). How-
ever, NKA-stimulated luciferase activities were inhib-
ited by aprepitant in cells expressing both NK1-SmBiT 
and β-arrestin1-LgBiT, confirming that aprepitant was 
a specific inhibitor of NK1 (Fig.  4C, lower left). When 
intact NK2 was co-expressed with these NanoBiT con-
structs, NKA-stimulated luciferase activities were slightly 
increased by NKA in the presence of aprepitant, similar 
to the response to SP in cells expressing the same plas-
mids. This result indicates NK2-dependent interaction 
of inactive NK1-SmBiT and β-arrestin1-LgBiT (Fig.  4C, 
lower right).

NK1‑mediated responses to SP are downregulated by NK2 
in A549 cells
Based on results of RT-PCR (Fig.  1A), A549 cells are 
expected to express both NK1 and NK2. To confirm the 
expression of these two receptors, we measured ligand-
stimulated ERK phosphorylation. Although basal levels 
of phospho-ERK were high in 24 h serum-starved A549 
cells, treatment with 0.1 nM SP induced ERK phospho-
rylation, indicating expression of NK1 proteins in cells. 
Furthermore, exogenous expression of NK2 led to a 
decrease in SP-stimulated ERK phosphorylation, while 
0.1 nM NKA slightly increased ERK phosphorylation and 
significantly increased it in the presence of exogenous 
NK2 (Additional file 1: Fig. S3).

To further investigate the effect of NK2 on SP-stim-
ulated NK1 signaling, we generated A549 cells lacking 
either NK1 or NK2 using CRISPR/Cas9. These cells 
did not respond to low concentrations of tachykinins 
with respect to  Ca2+ responses. When NK1 was exog-
enously expressed in A549 cells, 0.1  nM SP increased 
 Ca2+ influx, which was significantly decreased by 
co-expression of NK1 and NK2 (Fig.  5A, upper left). 
However, the  Ca2+ influx patterns by 0.1  nM NKA 
were quite the same for cells expressing NK1 with or 
without NK2 (Fig.  5A, upper right). When NK2 was 
exogenously expressed in NK1 knock-out A549 cells, 
NKA induced  Ca2+ influx, but SP did not (Fig.  5A, 
lower left). The SP-stimulated maximal  Ca2+ increase 
through NK1 was significantly downregulated by NK2 
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expression, although maximal responses to NKA were 
similar under all conditions (Fig.  5A, lower right). In 
NK2 knock-out A549 cells expressing exogenous NK1, 
treatment with 0.1  nM SP resulted in prominent and 
sustained ERK phosphorylation, while phosphorylation 
intensity was decreased in cells co-expressing NK1 and 
NK2, indicating negative modulation of NK1 by NK2. 
However, 0.1  nM NKA-stimulated ERK phosphoryla-
tion was quite similar under all expression conditions 
(Fig. 5B).

Furthermore, since SP has been reported to enhance 
cellular migration [8, 25, 33, 34], we performed a chemo-
tactic assay with NKs-deleted and reconstituted A549 
cells in the presence of the ligand. A549 cells were active 
in movement. Their migration was enhanced by 0.1 nM 
SP. However, migration was not increased in NK1 knock-
out cells with or without exogenous NK2. Interestingly, 
NK2 knock-out cells migrated well regardless of exoge-
nous NK1, while NK2 reconstitution reduced migration, 

suggesting that NK2 could negatively modulate NK1-
mediated cellular migration toward SP.

Discussion
The classical model of GPCRs pharmacology assumed 
that they exist and act as monomers. However, emerg-
ing evidence over the last two decades suggests that 
GPCRs might form and function as homo- and heter-
odimers or higher order oligomeric complexes with 
homologous receptor subtypes activated by the same 
endogenous agonists or with distantly related receptors. 
Complex formation can modulate receptor function by 
affecting coupling efficacy and preference to subtypes 
of heterotrimeric G proteins or β-arrestin and intracel-
lular trafficking [35]. Several studies have reported that 
crosstalk among receptors can enhance signaling. For 
example, dimerization between muscarinic M2 and M3 
receptors can lead to synergistic activation in secondary 
messengers [36]. Synergism in ERK1/2 activation was 
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observed in cells co-expressing α1A and α1B adrener-
gic receptors in the presence of their cognate ligands 
[37]. On the other hand, some reports have indicated 
that receptor association might bring about negative 
modulation in downstream signaling [38]. One of the 
most well-studied examples is the heterodimer between 
µ-opioid and α2A adrenergic receptors. Morphine and 
noradrenaline are endogenous ligands of µ-opioid and 
α2A adrenergic receptors, respectively. Co-expression 
of these two receptors could lead to down-regulation 
of ERK1/2 phosphorylation mediated by noradrena-
line in the presence of morphine [39]. Given their roles 
in physiological and pathological processes and their 
potential to alter pharmacologic properties, GPCR 

dimers might be unprecedented new targets for drug 
discovery.

To explore homo- or hetero-dimerization of NKs, we 
utilized protein–protein interaction (PPI)-based assays 
such as NanoBiT and co-immunoprecipitation. These 
assays take advantage of appropriate expression of target 
proteins in cells. We found that NK1 and NK2 were likely 
expressed well and localized to the cell surface where 
they would function. Although we were able to charac-
terize functional properties of NK3 in terms of tachy-
kinin stimulated  Ca2+ responses, total protein level and 
membrane expression of NK3 were too low to attempt 
these NanoBiT-based assays. Furthermore, coimmu-
noprecipitation revealed that NK3 did not interact with 
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NK1 or NK2. This finding in agreement with previous 
report [19], suggesting that NKB/NK3 tends to function 
independently. For this reason, we focused our analysis 
on crosstalk between NK1 and NK2 with their cognate 
ligands.

As previously mentioned, many cell-based assays to 
characterize NKs have been conducted with relatively 
high concentrations of neuropeptides, although their 
activation could be stimulated by authentic ligands 
at sub-nanomolar concentrations [29, 40–45]. Dose–
response curves of each receptor to tachykinins in  Ca2+ 
influx revealed that all receptors were activated by the 
three peptides with different potencies but quite similar 
efficacies. Therefore, high doses of peptides can activate 
all NKs expressed in the same cells, leading to saturated 
cellular responses. This makes it difficult to distinguish 
each ligand or receptor-specific response and study func-
tional properties of molecular interaction between recep-
tors. Our  Ca2+ data also revealed much lower  EC50 values 
for all tested peptides compared to previous studies using 
chemical synthesized  Ca2+ indicators, suggesting that 
NanoBiT-based cytosolic  Ca2+ assay is more sensitive 
and precise in characterizing GPCR-mediated  Ca2+ sign-
aling [46–48]. Furthermore, our  Ca2+ assay seems to be 
useful for investigating the effect of receptor dimeriza-
tion on cellular responses. When both NK1 and NK2 
were expressed in the same cells, NK1-mediated  Ca2+ 
influx was significantly decreased in response to 0.1 nM 
SP, a concentration that could not activate NK2. ERK 
phosphorylation is the most sensitive cellular response 
to ligand-stimulated GPCR activation. SP induced phos-
phorylation but not  Ca2+ influx without exogenous NK1 
expression in HEK293 cells. This signaling event might 
also confirm endogenous NK1 expression previously 
identified by RT-PCR. However, SP-dependent ERK 
phosphorylation was prominently decreased by exog-
enous NK2 expression.

In this study, we aimed to explore effects of receptor 
dimerization at physiological concentration of ligands 
using appropriate methodological approaches. Our pre-
vious reports have demonstrated that dimerization of 
GPCRs can be verified by coimmunoprecipitation as 
well as NanoBiT assay, which allows us to assess spa-
tiotemporal interaction of proteins. We observed that 
NK2 responded to relatively high concentrations of SP in 
comparison to NK1 based on dose–response curves for 
 Ca2+ influx and β-arrestin recruitment. However, in the 
presence of NK1, SP-stimulated β-arrestin1-SmBiT inter-
action to NK2-LgBiT occurred even at a low concentra-
tion of SP that could not induce β-arrestin recruitment to 
NK2. Interestingly, the interaction of β-arrestin1-LgBiT 
with NK1-SmBiT induced by 0.1 nM SP was declined in 
the presence of intact NK1 but enhanced in the presence 

of intact NK2. This phenomenon is likely due to the abso-
lute number of responding receptors to the ligand, which 
is affected by receptor dimerization. If receptors exist as 
monomers and homo-/hetero-dimers, there might be 
several forms of receptors in cells, including NK1, NK1-
SmBiT, NK1/NK1, NK1/NK1-SmBiT, and NK1-SmBiT/
NK1-SmBiT. NK1 and NK1/NK1 might compete with 
SmBiT-tagged forms on SP binding, thereby reducing 
luciferase activities from the interaction of NK1-SmBiT 
with β-arrestin1-LgBiT. However, co-expression of NK2 
might enhance the number of SmBiT-tagged forms such 
as NK1-SmBiT, NK1-SmBiT/NK1-SmBiT, and NK2/
NK1-SmBiT which can recruit β-arrestin1-LgBiT by 
responding to SP, thereby enhancing luciferase activities. 
Although β-arrestins are responsible for internalization 
and desensitization of ligand occupied receptors, they 
also serve as scaffolds and adapters to mediate and pro-
long SP/NK1 signaling, which is involved in different dis-
eases such as chronic pain and cancer proliferation [11, 
49]. Our data revealed that NK2 might lead to β-arrestin 
recruitment to the complex of NK1 and NK2 at a high 
concentration of SP, even in the presence of aprepitant, a 
NK1-specific antagonist. Thus, we speculated that dimer-
ization between NK1 and NK2 might partly explain lim-
ited application of aprepitant in clinical trials, although 
the compound has been proved to possess antitumor 
activities through promoting apoptotic mechanisms [50]. 
However, further studies are warranted to investigate the 
internalization and location of this complex in the endo-
some and its possible effect on NK1 endosomal signaling.

Tachykinins and their receptors play important roles 
in various physiological processes. While interactions 
between ligands and receptors are important, the specific 
receptor involved can have a significant impact on cellu-
lar responses. This is particularly true given the promis-
cuity of ligand/receptor interactions, especially for NK1 
which has high affinity for all three tachykinins, despite 
SP being considered the authentic ligand. NK1 has been 
implicated as a key mediator of inflammation and cancer 
progression due to its upregulation in these pathological 
conditions [12, 21], while NK2 seems to play a negative 
modulatory role. In this study, we investigated roles of 
these receptors in A549 lung cancer cells through gene 
deletion and reconstitution. Our results showed that 
NK2 negatively modulated SP-stimulated  Ca2+ response 
and ERK phosphorylation in these cells. Although SP 
has been reported to act as universal mitogenic com-
pound in various cancer cells [25, 34], we did not observe 
the effect of SP on A549 cell proliferation in serum-free 
condition even at a high concentration (data not shown) 
in agreement with previous study [51]; however, it did 
stimulate chemotactic activity, which was found to be 
NK1-dependent. Interestingly, we found that exogenous 
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NK2 decreased SP-stimulated migration, suggesting that 
NK2 was a negative modulator of SP-stimulated migra-
tion. Taken together, our findings demonstrate a direct 
interaction between NK1 and NK2 on the cell surface, 
whose formation may facilitate SP-dependent NK1 inter-
nalization by enhancing β-arrestin recruitment. Through 
NK1 interaction, NK2 is likely to play a role as a negative 
modulator of SP to affect cellular responses, especially 
migration and metastatic activity of cancer cells. Finally, 
our study highlights the importance of using physiologi-
cal concentrations of ligands to understand functional 
properties of the ligand/receptor in cellular responses 
and related pathological conditions.

Conclusion
Although the three members of the neurokinin recep-
tors (NKs) appear to be expressed in most cell lines at 
transcription level, their preferences in forming receptor 
complex are different. The data showed that NK3 tends 
to form homodimers, suggesting its ability to function 
independently. On the other hand, NK1 and NK2 appear 
to interact with each other. Through heterodimeriza-
tion, NK2 downregulates signaling mediated by SP/NK1, 
such as  Ca2+ mobilization and ERK phosphorylation, by 
enhancing β-arrestin recruitment. This interaction fur-
ther leads to negative modulation of the chemotactic 
effect of SP in cancer cells. Our study highlighted the 
complexity of GPCR dimerization and its impact on 
downstream signaling and cellular responses. Given the 
important roles of tachykinins and NKs in pathophysiol-
ogy, these insights may provide valuable information for 
the development of drugs targeting NKs.

Materials and methods
Materials
SP (cat. no. S6883), NKA (cat. no. N4267) and NKB 
(cat. no. N4143) were acquired from Sigma-Aldrich (St. 
Louis, MO, USA) and dissolved according to the manu-
facturer’s recommendation. NanoBiT and HiBiT starter 
kits were purchased from Promega (Madison, WI, USA), 
containing plasmids and all necessary reagents for pro-
tein interaction assay and membrane protein expression 
assay, respectively. The pcDNA3.1 expression vector was 
provided by Invitrogen (San Diego, CA, USA). All PCR 
primers and related reagents were obtained from Cosmo 
Genetech (Seoul, Korea). DNA sequencing was con-
ducted by Macrogen (Seoul, Korea). Primary antibodies 
such as anti-HA antibody (cat. no. ab9110) from Abcam 
(Cambridge, UK), agarose beads conjugated with anti-
FLAG antibody (cat. no. A2220) from Sigma-Aldrich 
(St. Louis, Mo, USA), anti-ERK1/2 (cat. no. sc-514302) 
from Santa Cruz Biotechnogy (Dallas, Texas, USA), and 
anti-pERK1/2 (Thr202/Tyr204) (cat. no. 4370) from Cell 

Signaling Technology (Danvers, MA, USA) were used. 
Anti-rabbit and anti-mouse secondary antibodies were 
purchased from SeraCare (Milford, MA, USA).

Cell culture
HEK293 and A549 cells were obtained from the Ameri-
can Type Culture Collection (ATCC, Manassas, VA, 
USA) and maintained in Dulbecco’s modified Eagle 
medium (DMEM) and RPMI, respectively. Both media 
were supplemented with 10% heat-inactivated fetal 
bovine serum (FBS), 100 U/ml penicillin G, and 100 µg/
ml streptomycin. These cells were cultured in a humidi-
fied  CO2 incubator at 37 °C.

Plasmid construction
The CMV promoter sequence in pcDNA3.1 vector 
was substituted with promoters from Ubiquitin C gene 
(UbiC) to optimize expression levels of all proteins used 
for NanoBiT and HiBiT assays. HA- or FLAG-tagged 
receptors were expressed under control of CMV pro-
moter in pcDNA3.1.

RT‑PCR
The day before RNA extraction, cells were seeded in a 
60-mm cultured dish. Total RNA was extracted using 
TRIzol (Invitrogen) according to the manufacturer’s 
instruction and 3  µg of RNA was reverse transcribed 
using M-MLV reverse transcriptase (Promega, Madi-
son, WI, USA) to synthesize cDNAs. cDNAs were then 
tenfold diluted and subjected to amplification using 25 
or 35 cycles of 95 ℃ for 15  s, 57 ℃ for 30  s, and 72 ℃ 
for 30  s. The following sequence-specific primers were 
used for each gene: NK1 (461 bp), F: TGA AAT CCA CCC 
GGT ATC TCC and R: TTC CCT AAC CCA TAC TGA CC; 
NK2 (374  bp), F: GCC CTA CCA CCT CTA CTT CAT and 
R: AGC AAA CCA TAC CCA AAC CA; NK3 (425  bp), F: 
GCA GCA GAA ACC TGG ATA GA and R: AGC GCG TAG 
ATG AAA TTG AC; β-actin (313  bp), F: CAC TCT TCC 
AGC CTT CCT TC and R: CTC GTC ATA CTC CTG CTT 
GC. PCR products were separated by 1.5% agarose gel 
electrophoresis.

Western blotting and co‑immunoprecipitation
Cells were lysed using RIPA buffer (150  mM NaCl, 
50 mM Tris–HCl pH 8.0, 1% Triton X-100, 0.5% Sodium 
deoxycholate, 0.1% SDS, 20  mM NaF) and protease 
inhibitor cocktail (Roche, Indianapolis, IN, USA). Protein 
quantification was carried out using a Bradford protein 
assay kit (Bio-rad, Hercules, CA, USA). Protein extracts 
were clarified by centrifugation at 15,000 rpm for 15 min 
at 4 ℃. Subsequently, 10  µg of each sample was loaded 
and separated by 10% SDS-PAGE and transferred onto 
nitrocellulose membranes. These membranes were then 
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blocked with 5% skimmed milk in Tris-buffered saline 
with Tween 20 for 30  min and incubated with specific 
primary antibodies (anti-ERK1/2 and anti-pERK1/2, 
1:2000 dilution; anti-HA, 1:10000 dilution) overnight at 
4, followed by incubation with HRP-labeled secondary 
antibodies (1:5000 dilution) for 1 h at room temperature. 
Protein bands were detected using an enhanced chemi-
luminescence kit (Thermo Fisher Scientific, Rockford, IL, 
USA). The relative band intensity of each blot was visual-
ized and analyzed with E-blot (Shanghai, China).

To detect receptor homodimerization or heterodimeri-
zation, co-immunoprecipitation was performed. Cells 
were seeded into 60-mm dishes and transfected with 
plasmids containing either HA- or FLAG-tagged recep-
tor genes. At 36  h after transfection, cells were washed 
with cold phosphate-buffered saline (PBS) and lysed 
with 1 ml lysis buffer (150 mM NaCl, 50 mM Tris–HCl, 
pH 7.5, 10  mM KCl, 1% Triton-X100, 10  mM NaF) for 
30 min. Supernatants were collected after centrifugation 
at 15,000 rpm for 15 min at 4 ℃ and incubated with aga-
rose beads conjugated with anti-FLAG antibodies at 4 ℃ 
for 2 h. Beads were then washed briefly with lysis buffer 
five times. Precipitates were separated by 10% SDS-PAGE 
and blotted with anti-HA antibodies.

HiBiT assay for membrane expression of NKs
Membrane expression of NKs was detected using 
the Nano-Glo® HiBiT extracellular detection system. 
HEK293 cells were transiently transfected with different 
amounts (0.5, 5, 10, 50, 100 ng/well) of plasmids contain-
ing each of N-terminal HiBiT-tagged receptors. At 24 h 
after transfection, the medium was replaced with 100 µl 
of serum-free medium and the plate was equilibrated at 
room temperature for 5 min. Next, 100 µl of Nano-Glo® 
HiBiT extracellular detection system, which contained 
1  µl of LgBiT proteins, 2  µl of Nano-Glo HiBiT sub-
strate, and 97 µl of Nano-Glo HiBiT buffer, was added to 
each well. The plate was incubated at room temperature 
for 4  min before being measured with a luminometer 
(BioTek, USA).

NanoBiT Complementation assay
NanoLuc Binary Technology (NanoBiT) was utilized to 
investigate protein–protein interaction. HEK293 cells 
were seeded in a 96-well white plate at a density of 2 ×  104 
cells per well. The following day, cells were transfected 
with 50 ng of each plasmid containing SmBiT- or LgBiT- 
tagged genes using 0.2  µl Lipofectamine 2000 (Invitro-
gen, Carlsbad, CA, USA). To investigate the effect of one 
receptor on another receptor in β-arrestin recruitment, 
100  ng of un-tagged receptor was co-transfected with 

50  ng of each of NanoBiT-tagged plasmid and mixed 
with 0.4  µl Lipofectamine 2000. At 24  h after transfec-
tion, the medium was changed to 100  µl of Opti-MEM 
and the plate was stabilized at room temperature for 
10 min before adding NanoBiT substrate. If an inhibitor 
was used, it was pre-incubated at 37 ℃ for 20 min and at 
room temperature for 10 min before substrate addition. 
Baseline luminescence was measure for 10  min using a 
SpectraMax L plate reader (Molecular Devices, San Jose, 
CA, USA). After stimulation with ligands, the lumines-
cence signal was continuously measured for 1 h.

Detection of intracellular calcium increase
Cytosolic  Ca2+ changes were detected using a NanoBiT 
system as described previously [28]. In short, HEK293 
cells were transfected with a total of 90 ng/well of plas-
mids, including 30  ng each of untagged receptor, calm-
odulin (CM) tagged with SmBiT at C-terminal, and 
the binding motif of myosin-light chain kinase 2 (M2S) 
tagged with LgBiT. In case of co-expressing the recep-
tor, an additional 30  ng of each untagged receptor was 
used, resulting in a total amount of transfected plasmids 
of 120  ng/well. The measurement of changes in lumi-
nescence signal was similar to the description provided 
above.

Changes in cytosolic  Ca2+ were examined in A549 
knockout (KO) and A549 cells stably expressing NK1 or 
NK2 using a FLIPR Calcium 6 kit (Molecular Devices, 
San Jose, CA, USA). Cells were seeded into 96-well 
black wall and clear bottom plates at density of 3 ×  104 
cells per well. The following day, cells were loaded with 
FLIPR Calcium 6 dye mixed at a 1:1 ratio with medium 
supplied with 2.5  mM probenecid. The assay plate was 
wrapped with aluminum foil and incubated at 37 ℃ for 
2  h in a humidified  CO2 incubator. To improve ligand 
stability, different concentrations of SP and NKA were 
dissolved in 0.01% fatty acid free BSA and then automati-
cally injected into the assay plate. Subsequently, changes 
in fluorescence intensity (excitation at 485 nm, emission 
at 525  nm) were recorded using a FlexStation 3 multi-
mode microplate reader (Molecular Devices, San Jose, 
CA, USA).

Establishment of knockout cells by CRISPR‑Cas9
To establish cells lacking NK1 or NK2 expression, four 
potential target sequences were selected using a guide 
design program from the Zhang Lab (https:// zlab. bio/ 
guide- design- resou rces). A set consisting of forward 
and reverse strand oligos for target sequences were 
annealed and inserted into the pRG2 vector to express 
guide RNAs. Next, a 49-nucleotide sequence including 

https://zlab.bio/guide-design-resources
https://zlab.bio/guide-design-resources
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the target site and adjacent sequences was inserted into 
the pMRS surrogate vector, which was then transfected 
into HEK293 cell together with p3S-Cas9 plasmids. The 
guide efficiency was assessed by genomic DNA PCR with 
appropriate primers and T7E1 treatment. Efficient guide 
vectors were chosen as follows: NK1: 5’-AGC TGC CTA 
CAC GGT CAT TGTGG-3’; NK2: 5’-CAG GAT GAT CCA 
GAT GAC GATGG-3’. The surrogate vector and p3S-Cas9 
with a guide vector were transfected into A549 cells. 
Potential KO cells were isolated using MACSelect Kk 
MicroBeads (Miltenyi Biotec, Bergisch Gladbach, Ger-
many) and transferred into 96-well plates at a density of 
0.5 cell/well. NK1 KO and NK2 KO were confirmed by 
genomic DNA PCR. To characterize individual signaling, 
NK1 was stably expressed in NK2 KO cells, while NK2 
was stably expressed in NK1 KO cells.

Transwell migration assay
A549 cells suspended in 100 µl RPMI with 0.1% FBS were 
seeded at a density of 1 ×  104 cells per well into the upper 
chamber of an 8-µm pore size transwell plate (Corning 
Inc. Corning, NY, USA). Next, 650 µl of RPMI contain-
ing 0.1% FBS with or without 0.1 nM SP was added to the 
lower chamber. The plate was kept at 37 °C in a humidi-
fied  CO2 incubator. After 24 h, non-migrated cells in the 
upper chamber were removed using a wet cotton swab. 
Cells that had migrated through the filter were fixed with 
methanol, stained with hematoxylin and eosin, and then 
counted from randomly chosen optical microscopic field 
(100 × objective).

Statistical analysis
All data are presented as mean ± standard deviation (SD) 
calculated by a GraphPad Prism 5 software (San Diego, 
CA, USA). Statistical significance was calculated using 
the unpaired t-test for comparison of two groups or one-
way ANOVA with Bonferroni’s tests for comparison of 
three or more groups. A p-value less than 0.05 (p < 0.05) 
was considered statistically significant. All experiments 
were independently performed at least three times unless 
otherwise indicated.
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pERK in parental cells.

Acknowledgements
Not applicable

Author contributions
LPN performed experiments and wrote the manuscript. MC, and TUN did 
RT‑PCR with cell lines. H–KP, HTN, and KM conducted plasmid construction 
and assay. SH established gene deletion system. CSL, and H‑RK analyzed and 
evaluated data. JYS, and B‑JH reviewed and edited manuscript. J‑IH supervised 
the experiments and wrote the manuscript.

Funding
This work was supported by a National Research Foundation of Korea Grant 
[NRF‑2022R1F1A1074216, 2020M3E5D9080165], which was funded by the 
Korea government (MSIT).

Availability of data and materials
Please contact the corresponding author for data, which will be provided on 
reasonable request

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of Biomedical Sciences, College of Medicine, Korea University, 
Seoul, Republic of Korea. 2 Department of Psychiatry, College of Medicine, 
Korea University, Seoul, Republic of Korea. 

Received: 20 July 2023   Accepted: 5 November 2023

https://doi.org/10.1186/s13578-023-01165-6
https://doi.org/10.1186/s13578-023-01165-6


Page 14 of 15Nguyen et al. Cell & Bioscience          (2023) 13:212 

References
 1. Steinhoff MS, et al. Tachykinins and their receptors: contributions to 

physiological control and the mechanisms of disease. Physiol Rev. 
2014;94(1):265–301. https:// doi. org/ 10. 1152/ physr ev. 00031. 2013.

 2. Palma C. Tachykinins and their receptors in human malignancies. Curr 
Drug Targets. 2006;7(8):1043–52. https:// doi. org/ 10. 2174/ 13894 50067 
78019 282.

 3. Khorasani S, et al. The immunomodulatory effects of tachykinins and 
their receptors. J Cell Biochem. 2020;121(5–6):3031–41. https:// doi. org/ 
10. 1002/ jcb. 29668.

 4. Mishra A, Lal G. Neurokinin receptors and their implications in various 
autoimmune diseases. Curr Res Immunol. 2021;2:66–78. https:// doi. org/ 
10. 1016/j. crimmu. 2021. 06. 001.

 5. García‑Aranda M, et al. Neurokinin‑1 Receptor (NK‑1R) Antagonists as a 
New Strategy to Overcome Cancer Resistance. Cancers. 2022;14(9):2255. 
https:// doi. org/ 10. 3390/ cance rs140 92255.

 6. Nässel DR, et al. Tachykinins: neuropeptides that are ancient, diverse, 
widespread and functionally pleiotropic. Front Neurosci. 2019. https:// 
doi. org/ 10. 3389/ fnins. 2019. 01262.

 7. Eapen PM, Rao CM, Nampoothiri M. Crosstalk between neurokinin recep‑
tor signaling and neuroinflammation in neurological disorders. Rev Neu‑
rosci. 2019;30(3):233–43. https:// doi. org/ 10. 1515/ revne uro‑ 2018‑ 0021.

 8. Javid H, et al. The emerging role of substance P/neurokinin‑1 recep‑
tor signaling pathways in growth and development of tumor cells. 
J Physiol Biochem. 2019;75(4):415–21. https:// doi. org/ 10. 1007/ 
s13105‑ 019‑ 00697‑1.

 9. Rodríguez FD, Coveñas R. The neurokinin‑1 receptor: structure dynamics 
and signaling. Receptors. 2022;1(1):54–71. https:// doi. org/ 10. 3390/ recep 
tors1 010004.

 10. Schmidlin F, et al. Heterologous regulation of trafficking and signaling of 
G protein‑coupled receptors: β‑Arrestin‑dependent interactions between 
neurokinin receptors. Proc Natl Acad Sci USA. 2002;99(5):3324–9. https:// 
doi. org/ 10. 1073/ pnas. 05216 1299.

 11. Jensen DD, et al. Neurokinin 1 receptor signaling in endosomes mediates 
sustained nociception and is a viable therapeutic target for prolonged 
pain relief. Sci Transl Med. 2017. https:// doi. org/ 10. 1126/ scitr anslm ed. 
aal34 47.

 12. Suvas S. Role of substance P neuropeptide in inflammation, wound heal‑
ing, and tissue homeostasis. J Immunol. 2017;199(5):1543–52. https:// doi. 
org/ 10. 4049/ jimmu nol. 16017 51.

 13. Kleczkowska P, et al. Neurokinin‑1 receptor‑based bivalent drugs in pain 
management: the journey to nowhere? Pharmacol Ther. 2019;196:44–58. 
https:// doi. org/ 10. 1016/j. pharm thera. 2018. 11. 007.

 14. Zhang WW, Wang Y, Chu YX. Tacr3/NK3R: beyond their roles in reproduc‑
tion. ACS Chem Neurosci. 2020;11(19):2935–43. https:// doi. org/ 10. 1021/ 
acsch emneu ro. 0c004 21.

 15. García‑Ortega J, et al. Expression of neurokinin B/NK3 receptor and 
kisspeptin/KISS1 receptor in human granulosa cells. Hum Reprod. 
2014;29(12):2736–46. https:// doi. org/ 10. 1093/ humrep/ deu247.

 16. Trafton JA, Abbadie C, Basbaum AI. Differential contribution of substance 
P and neurokinin A to spinal cord neurokinin‑1 receptor signaling in the 
rat. J Neurosci. 2001;21(10):3656–64. https:// doi. org/ 10. 1523/ JNEUR OSCI. 
21‑ 10‑ 03656. 2001.

 17. Culman J, et al. Substance P and neurokinin A induced desentization to 
cardiovascular and behavioral effects: evidence for the involvement of 
different tachykinin receptors. Brain Res. 1993;625(1):75–83. https:// doi. 
org/ 10. 1016/ 0006‑ 8993(93) 90139‑E.

 18. Li P, Zhuo M. Substance P and neurokinin A mediate sensory syn‑
aptic transmission in young rat dorsal horn neurons. Brain Res Bull. 
2001;55(4):521–31. https:// doi. org/ 10. 1016/ S0361‑ 9230(01) 00553‑6.

 19. Tauer U, et al. Are biological actions of neurokinin A in the adult brain 
mediated by a cross‑talk between the NK1 and NK2 receptors? Neurop‑
harmacology. 2012;63(6):958–65. https:// doi. org/ 10. 1016/j. neuro pharm. 
2012. 06. 041.

 20. Bandari PS, et al. Crosstalk between neurokinin receptors is relevant to 
hematopoietic regulation: cloning and characterization of neurokinin‑2 
promoter. J Neuroimmunol. 2003;138(1–2):65–75. https:// doi. org/ 10. 
1016/ S0165‑ 5728(03) 00096‑1.

 21. Muñoz M, Coveñas R. Involvement of substance P and the NK‑1 receptor 
in cancer progression. Peptides. 2013;48:1–9. https:// doi. org/ 10. 1016/j. 
pepti des. 2013. 07. 024.

 22. Garnier A, et al. Targeting the neurokinin‑1 receptor inhibits growth of 
human colon cancer cells. Int J Oncol. 2015;47(1):151–60. https:// doi. org/ 
10. 3892/ ijo. 2015. 3016.

 23. Xiang H, et al. IFN‑α/β‑mediated NK2R expression is related to the malig‑
nancy of colon cancer cells. Cancer Sci. 2022;113(8):2513–25. https:// doi. 
org/ 10. 1111/ cas. 15397.

 24. Ricardo M, Trzaska KA, Rameshwar P. Neurokinin‑A inhibits cell cycle 
activators in K562 cells and activates Smad 4 through a non‑canonical 
pathway: a novel method in neural‑hematopoietic axis. J Neuroimmunol. 
2008;204(1–2):85–91. https:// doi. org/ 10. 1016/j. jneur oim. 2008. 07. 013.

 25. Ebrahimi S, et al. SP/NK1R system regulates carcinogenesis in prostate 
cancer: shedding light on the antitumoral function of aprepitant. 
Biochim Biophys Acta Mol Cell Res. 2022;1869(5): 119221. https:// doi. 
org/ 10. 1016/j. bbamcr. 2022. 119221.

 26. Jianfeng W, Yutao W, Jianbin B. TACR2 is associated with the immune 
microenvironment and inhibits migration and proliferation via the 
Wnt/β‑catenin signaling pathway in prostate cancer. Cancer Cell Int. 
2021;21(1):415. https:// doi. org/ 10. 1186/ s12935‑ 021‑ 02126‑0.

 27. Shen W, et al. IFN‑γ–STAT1‑mediated NK2R expression is involved in the 
induction of antitumor effector CD8+ T cells in vivo. Cancer Sci. 2023. 
https:// doi. org/ 10. 1111/ cas. 15738.

 28. Nguyen LP, et al. Establishment of a NanoBiT‑based cytosolic Ca(2+) 
sensor by optimizing calmodulin‑binding motif and protein expression 
levels. Mol Cells. 2020;43(11):909–20. https:// doi. org/ 10. 14348/ molce 
lls. 2020. 0144.

 29. Nederpelt I, et al. Kinetic binding and activation profiles of endog‑
enous tachykinins targeting the NK1 receptor. Biochem Pharmacol. 
2016;118:88–95. https:// doi. org/ 10. 1016/j. bcp. 2016. 08. 004.

 30. Gurevich VV, Gurevich EV. GPCR Signaling Regulation: The Role of GRKs 
and Arrestins. Front Pharmacol. 2019;10:125. https:// doi. org/ 10. 3389/ 
fphar. 2019. 00125.

 31. van Gastel J, et al. β‑Arrestin based receptor signaling paradigms: 
potential therapeutic targets for complex age‑related disorders. Front 
Pharmacol. 2018. https:// doi. org/ 10. 3389/ fphar. 2018. 01369.

 32. Jean‑Charles P‑Y, Kaur S, Shenoy SK. G protein‑coupled receptor 
signaling through β‑arrestin–dependent mechanisms. J Cardiovasc 
Pharmacol. 2017;70(3):142–58. https:// doi. org/ 10. 1097/ fjc. 00000 00000 
000482.

 33. Zhang X‑W, et al. Neurokinin‑1 receptor promotes non‑small cell lung 
cancer progression through transactivation of EGFR. Cell Death Dis. 
2022;13(1):41. https:// doi. org/ 10. 1038/ s41419‑ 021‑ 04485‑y.

 34. Deng X‑T, et al. SP/NK‑1R promotes gallbladder cancer cell proliferation 
and migration. J Cell Mol Med. 2019;23(12):7961–73. https:// doi. org/ 10. 
1111/ jcmm. 14230.

 35. Cai X, et al. The transmembrane domains of GPCR dimers as targets for 
drug development. Drug Discov Today. 2023;28(1): 103419. https:// doi. 
org/ 10. 1016/j. drudis. 2022. 103419.

 36. Hornigold DC, et al. Evidence for cross‑talk between M2 and M3 
muscarinic acetylcholine receptors in the regulation of second mes‑
senger and extracellular signal‑regulated kinase signalling pathways 
in Chinese hamster ovary cells. Br J Pharmacol. 2003;138(7):1340–50. 
https:// doi. org/ 10. 1038/ sj. bjp. 07051 78.

 37. Israilova M, et al. Pharmacological characterization and cross talk 
of α1A‑ and α1B‑Adrenoceptors coexpressed in human embryonic 
kidney 293 Cells. J Pharmacol Exp Ther. 2004;309(1):259–66. https:// doi. 
org/ 10. 1124/ jpet. 103. 061796.

 38. Maggio R, et al. Integration and spatial organization of signaling by 
G Protein‑coupled receptor homo‑ and heterodimers. Biomolecules. 
2021. https:// doi. org/ 10. 3390/ biom1 11218 28.

 39. Vilardaga JP, et al. Conformational cross‑talk between alpha2A‑adren‑
ergic and mu‑opioid receptors controls cell signaling. Nat Chem Biol. 
2008;4(2):126–31. https:// doi. org/ 10. 1038/ nchem bio. 64.

 40. Beinborn M, et al. TGF‑β regulates T‑cell neurokinin‑1 receptor inter‑
nalization and function. Proc Natl Acad Sci USA. 2010;107(9):4293–8. 
https:// doi. org/ 10. 1073/ pnas. 09058 7710.

 41. Rameshwar P, Gascón P. Substance P (SP) mediates production of 
stem cell factor and interleukin‑1 in bone marrow stroma: potential 
autoregulatory role for these cytokines in SP receptor expression and 
induction. Blood. 1995;86(2):482–90. https:// doi. org/ 10. 1182/ blood. 
V86.2. 482. blood journ al862 482.

https://doi.org/10.1152/physrev.00031.2013
https://doi.org/10.2174/138945006778019282
https://doi.org/10.2174/138945006778019282
https://doi.org/10.1002/jcb.29668
https://doi.org/10.1002/jcb.29668
https://doi.org/10.1016/j.crimmu.2021.06.001
https://doi.org/10.1016/j.crimmu.2021.06.001
https://doi.org/10.3390/cancers14092255
https://doi.org/10.3389/fnins.2019.01262
https://doi.org/10.3389/fnins.2019.01262
https://doi.org/10.1515/revneuro-2018-0021
https://doi.org/10.1007/s13105-019-00697-1
https://doi.org/10.1007/s13105-019-00697-1
https://doi.org/10.3390/receptors1010004
https://doi.org/10.3390/receptors1010004
https://doi.org/10.1073/pnas.052161299
https://doi.org/10.1073/pnas.052161299
https://doi.org/10.1126/scitranslmed.aal3447
https://doi.org/10.1126/scitranslmed.aal3447
https://doi.org/10.4049/jimmunol.1601751
https://doi.org/10.4049/jimmunol.1601751
https://doi.org/10.1016/j.pharmthera.2018.11.007
https://doi.org/10.1021/acschemneuro.0c00421
https://doi.org/10.1021/acschemneuro.0c00421
https://doi.org/10.1093/humrep/deu247
https://doi.org/10.1523/JNEUROSCI.21-10-03656.2001
https://doi.org/10.1523/JNEUROSCI.21-10-03656.2001
https://doi.org/10.1016/0006-8993(93)90139-E
https://doi.org/10.1016/0006-8993(93)90139-E
https://doi.org/10.1016/S0361-9230(01)00553-6
https://doi.org/10.1016/j.neuropharm.2012.06.041
https://doi.org/10.1016/j.neuropharm.2012.06.041
https://doi.org/10.1016/S0165-5728(03)00096-1
https://doi.org/10.1016/S0165-5728(03)00096-1
https://doi.org/10.1016/j.peptides.2013.07.024
https://doi.org/10.1016/j.peptides.2013.07.024
https://doi.org/10.3892/ijo.2015.3016
https://doi.org/10.3892/ijo.2015.3016
https://doi.org/10.1111/cas.15397
https://doi.org/10.1111/cas.15397
https://doi.org/10.1016/j.jneuroim.2008.07.013
https://doi.org/10.1016/j.bbamcr.2022.119221
https://doi.org/10.1016/j.bbamcr.2022.119221
https://doi.org/10.1186/s12935-021-02126-0
https://doi.org/10.1111/cas.15738
https://doi.org/10.14348/molcells.2020.0144
https://doi.org/10.14348/molcells.2020.0144
https://doi.org/10.1016/j.bcp.2016.08.004
https://doi.org/10.3389/fphar.2019.00125
https://doi.org/10.3389/fphar.2019.00125
https://doi.org/10.3389/fphar.2018.01369
https://doi.org/10.1097/fjc.0000000000000482
https://doi.org/10.1097/fjc.0000000000000482
https://doi.org/10.1038/s41419-021-04485-y
https://doi.org/10.1111/jcmm.14230
https://doi.org/10.1111/jcmm.14230
https://doi.org/10.1016/j.drudis.2022.103419
https://doi.org/10.1016/j.drudis.2022.103419
https://doi.org/10.1038/sj.bjp.0705178
https://doi.org/10.1124/jpet.103.061796
https://doi.org/10.1124/jpet.103.061796
https://doi.org/10.3390/biom11121828
https://doi.org/10.1038/nchembio.64
https://doi.org/10.1073/pnas.090587710
https://doi.org/10.1182/blood.V86.2.482.bloodjournal862482
https://doi.org/10.1182/blood.V86.2.482.bloodjournal862482


Page 15 of 15Nguyen et al. Cell & Bioscience          (2023) 13:212  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 42. Schratzberger P, et al. Differential chemotactic activities of sensory 
neuropeptides for human peripheral blood mononuclear cells. J 
Immunol. 1997;158(8):3895–901. https:// doi. org/ 10. 4049/ jimmu nol. 
158.8. 3895.

 43. Wils J, et al. The neuropeptide substance P regulates aldosterone secre‑
tion in human adrenals. Nat Commun. 2020;11(1):2673. https:// doi. org/ 
10. 1038/ s41467‑ 020‑ 16470‑8.

 44. Fiebich BL, et al. The neuropeptide substance P activates p38 mitogen‑
activated protein kinase resulting in IL‑6 expression independently from 
NF‑kappa B. J Immunol. 2000;165(10):5606–11. https:// doi. org/ 10. 4049/ 
jimmu nol. 165. 10. 5606.

 45. Zhang N, et al. Effects of neuropeptide substance P on proliferation and 
β‑Cell differentiation of adult pancreatic ductal cells. Front Neurosci. 
2018;12:806. https:// doi. org/ 10. 3389/ fnins. 2018. 00806.

 46. Sarau HM, et al. Nonpeptide tachykinin receptor antagonists: I. Pharma‑
cological and pharmacokinetic characterization of SB 223412, a novel, 
potent and selective neurokinin‑3 receptor antagonist. J Pharmacol Exp 
Therap. 1997;281(3):1303–11.

 47. Rupniak NMJ, et al. Affinity, potency, efficacy, and selectivity of neurokinin 
A analogs at human recombinant NK2 and NK1 receptors. PLoS ONE. 
2018;13(10): e0205894. https:// doi. org/ 10. 1371/ journ al. pone. 02058 94.

 48. Azimi E, et al. Dual action of neurokinin‑1 antagonists on Mas‑related 
GPCRs. JCI Insight. 2016. https:// doi. org/ 10. 1172/ jci. insig ht. 89362.

 49. Zhang Y‑X, et al. β‑Arrestin 1 has an essential role in neurokinin‑1 recep‑
tor‑mediated glioblastoma cell proliferation and G2/M phase transition. 
J Biol Chem. 2017;292(21):8933–47. https:// doi. org/ 10. 1074/ jbc. M116. 
770420.

 50. Muñoz M, Coveñas R. The neurokinin‑1 receptor antagonist aprepitant: 
an intelligent bullet against cancer? Cancers. 2020. https:// doi. org/ 10. 
3390/ cance rs120 92682.

 51. Yaraee R, Ghazanfari T. Substance P potentiates TGFbeta‑1 production in 
lung epithelial cell lines. Iran J Allergy Asthma Immunol. 2009;8(1):19–24.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

https://doi.org/10.4049/jimmunol.158.8.3895
https://doi.org/10.4049/jimmunol.158.8.3895
https://doi.org/10.1038/s41467-020-16470-8
https://doi.org/10.1038/s41467-020-16470-8
https://doi.org/10.4049/jimmunol.165.10.5606
https://doi.org/10.4049/jimmunol.165.10.5606
https://doi.org/10.3389/fnins.2018.00806
https://doi.org/10.1371/journal.pone.0205894
https://doi.org/10.1172/jci.insight.89362
https://doi.org/10.1074/jbc.M116.770420
https://doi.org/10.1074/jbc.M116.770420
https://doi.org/10.3390/cancers12092682
https://doi.org/10.3390/cancers12092682

	Neurokinin-2 receptor negatively modulates substance P responses by forming complex with Neurokinin-1 receptor
	Abstract 
	Background 
	Results 
	Conclusion 

	Background
	Results
	Expression properties of NKs and their homo-hetero-dimerization
	Comparison of NK subtypes-mediated cellular responses using NanoBiT constructs
	NK1 enhances SP-stimulated β-arrestin recruitment to NK2.
	NK2 negatively regulates NK1-mediated cellular responses to SP
	NK1-mediated NK2β-arrestin1 interaction is inhibited by an NK1-specific inhibitor
	NK1-mediated responses to SP are downregulated by NK2 in A549 cells

	Discussion
	Conclusion
	Materials and methods
	Materials
	Cell culture
	Plasmid construction
	RT-PCR
	Western blotting and co-immunoprecipitation
	HiBiT assay for membrane expression of NKs
	NanoBiT Complementation assay
	Detection of intracellular calcium increase
	Establishment of knockout cells by CRISPR-Cas9
	Transwell migration assay
	Statistical analysis

	Anchor 28
	Acknowledgements
	References


