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Sex and gender disparity in asthma is recognized and suggests a modulatory role for sex steroids,
particularly estrogen. However, there is a dichotomous role for estrogen in airway remodeling,
making it unclear whether sex hormones are protective or detrimental in asthma and suggesting a
need to explore mechanisms upstream or independent of estrogen. We hypothesize that kisspeptin
(Kp)/KISS1R signaling serves this role. Airway smooth muscle (ASM) is a key structural cell type
that contributes to remodeling in asthma. We explored the role of Kp/KISS1R in regulating ASM
proliferation. We report potentially novel data indicating that Kp and KISS1R are expressed in
human airways, especially ASM, with lower expression in ASM from women compared with men
and lower in patients with asthma compared with people without asthma. Proliferation studies
showed that cleaved forms of Kp, particularly Kp-10, mitigated PDGF-induced ASM proliferation.
Pharmacological inhibition and shRNA knockdown of KISS1R increased basal ASM proliferation,
which was further amplified by PDGF. The antiproliferative effect of Kp-10 in ASM was mediated
by inhibition of MAPK/ERK/Akt pathways, with altered expression of PCNA, C/EBP-a, Ki-67, cyclin
D1, and cyclin E leading to cell cycle arrest at G /G, phase. Overall, we demonstrate the importance
of Kp/KISS1R signaling in regulating ASM proliferation and a potential therapeutic avenue to blunt
remodeling in asthma.

Introduction

Asthma is a chronic inflammatory disease of the airways involving both intrinsic and extrinsic (i.e.,
environmental) factors (1-4) and affecting more than 339 million people worldwide (5). The key features
of asthma include exaggerated airway inflammation in conjunction with airway hyperresponsiveness
(AHR) and remodeling, resulting in narrowing of the airways (6—10). Among the multiple cell types
involved, the airway smooth muscle (ASM) is an important structural cell well known for contributing
to the contractile and AHR aspects of asthma (11-16). However, increased ASM mass is a commonly
found pathological feature of asthma, suggesting a role for enhanced ASM proliferation (13, 17-19),
which may further contribute to the increased extracellular matrix production within asthmatic airways.
Thus, factors that modulate ASM structure and function become important to understanding asthma
pathophysiology and, in turn, for developing novel therapeutic strategies. Here, mechanisms that influ-
ence airway remodeling are particularly appealing, given that current therapies including corticosteroids
are not effective in targeting remodeling in asthma (6).

Asthma shows age- and sex-related differences in epidemiology and clinical manifestation: prepubertal boys
are more likely to have asthma than are girls, but after puberty, adult women have greater incidence, frequency,
and severity of asthma than do men, a difference that decreases after menopause (14, 7, 20). Some female
patients with asthma have exacerbated asthma symptoms during premenstrual or menstrual phases (21, 22).
These clinical data suggest a functional role for sex steroids in asthma, especially estrogen. However, the role of
estrogen per se in asthma appears paradoxical, because some studies suggest that estrogens enhance inflamma-
tion (23), whereas others associate estrogens with an asthma-mitigating role (24). Specific to ASM, we and oth-
ers have found that differential effects 17p-estradiol depend on the contributions of estrogen receptor subtypes
(specifically, ER-a vs. ER-B) in regulating ASM structure and function (8, 9, 13, 14, 16, 25, 26), thus adding to
the complexity of sex steroid signaling in asthma pathophysiology.
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Furthermore, estrogen fluctuations in perimenopausal women suggest a role for other pathways during
the luteal period (27). This raises the possibility that other mechanisms upstream to or independent of
estrogen may play a role in the observed sex differences in asthma. Several pieces of evidence in the CNS
point to kisspeptin (Kp) being a potential modulatory mechanism upstream of sex steroids: (a) Kp is critical
for initiating puberty and regulating ovulation via controlling the hypothalamic-pituitary-gonadotropic axis
(28); (b) Kp regulates gonadotropin-releasing hormone and gonadal steroids (29); (c) administration of kis-
speptin receptor (KISS1R) agonist has been investigated as a potential treatment for sex steroid—dependent
diseases (30). Accordingly, Kp/KISS1Rs in the airways may be important for identifying pathways that
contribute to asthma, per se, and potentially the noted sex differences.

Kp is encoded by the KISS1 gene on chromosome 1, which generates a 145-amino acid Kp, which is
further cleaved to produce multiple peptides (31), including Kp-10, Kp-13, Kp-14, and Kp-54, which share
a common, functional, C-terminal, 10—amino acid sequence (32). Kp is an endogenous ligand for KISS1R
(GPR54/AXO0OR12/hOT7T175) (33), a member of the rhodopsin family of G protein-coupled receptors
with sequence homologies to the galanin receptor family (31). Studies in endocrinology and oncology
suggest a crucial role for Kp/KISSIR signaling in different cell types (34) with a pivotal contribution to
the onset of puberty (28, 35) and suppression of cancer metastasis via inhibition of proliferation (36). Kp/
KISS1R influences p38 mitogen-associated protein kinases (MAPK) signaling pathways and can thus mod-
ulate inflammation and proliferation (37), 2 aspects also important for ASM in asthma. However, to our
knowledge, there is no information on Kp/KISS1R in the lung, although data in other systems raise the
question of whether Kp/KISS1R can regulate airway remodeling in the context of asthma. We hypothe-
sized that Kp/KISS1R signaling has a protective role in regulating ASM-mediated airway remodeling, an
effect lost during inflammation and/or asthma. To address our hypothesis, we designed the present study
to determine (a) the expression of Kp and KISS1R in human ASM; (b) Kp/KISS1R expression levels with
respect to sex and asthma, (c) the role of Kp and KISSIR signaling in regulating ASM proliferation; and
(d) underlying mechanisms of Kp/KISS1R signaling.

Results

Expression of Kp and KISSIR in human Iung tissue and ASM cells. THC of lung tissue sections revealed that
both Kp and its receptor KISSIR are expressed in human airways, especially in ASM as determined by
colocalization using a-smooth muscle actin (0-SMA) in lung sections (Figure 1, A and B) and by multicolor
immunofluorescence staining of isolated human ASM cells (Figure 2, A and B).

Sex differences in ASM expression of Kp and KISSIR. Baseline mRNA and protein expression of KISS!
(mRNA)/Kp (protein) and KISSIR in primary ASM cells from male and female donors without asthma
showed both KISS1 (P < 0.01; Figure 3A)/Kp (P < 0.001; Figure 3C) and KISS1R were significantly lower
in women than in men for both mRNA (P < 0.01; Figure 3B) and protein (P < 0.001; Figure 3D).

Kp and KISSIR in ASM patients with asthma. mRNA expression of KISSI was significantly lower in
ASM from men (P < 0.01) and women (P < 0.05) with asthma compared with their counterparts without
asthma (Figure 4A). This was confirmed by Western analysis for Kp protein expression (P < 0.001; Figure
4C). A significant difference was noted for KISSIR mRNA in ASM from men and women with asthma (P
< 0.001; Figure 4B) compared with individuals without asthma, again confirmed by analysis for KISSIR
protein (P < 0.001 for men; P < 0.01 for women; Figure 4D).

Cleaved Kps and ASM proliferation. Previous studies have shown that all cleaved forms of Kps have com-
parable KISSIR binding affinity but have different downstream potency in terms of cellular effect (38).
Thus, Kp effects may be cell and context specific. To determine which of the cleaved Kps may be involved
in regulating ASM proliferation, we evaluated the effects of 1 uM Kp-10, Kp-13, Kp-14, and Kp-54 on
basal and PDGF-stimulated proliferation of ASM cells from individuals without asthma, using MTT assay
(Figure 5A). At baseline (without PDGF), Kp-10, Kp-14, and Kp-54 did not significantly alter ASM pro-
liferation, but Kp-13 showed a small but significant (P < 0.01) increase compared with vehicle. PDGF
substantially increased ASM proliferation (P < 0.001) compared with vehicle. However, PDGF’s effect on
proliferation was significantly blunted by treatment with Kp-10, Kp-14, or Kp-54 (P < 0.001), with a lesser
effect of Kp-13 (P < 0.05) compared with PDGF alone.

Based on these data, we selected Kp-10 as the cleaved form of Kp to further explore. We first per-
formed a concentration-dependence study at 100 nM, 1 uM, and 10 uM for PDGF-induced human
ASM proliferation using ASM cells from people without asthma and found 1 uM and 10 uM Kp-10
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Figure 1. Kp and its receptor, KISS1R, are expressed in the human airway, as shown by IHC. Human lung sections were immunostained for (A) Kp
(AF-647) and (B) KISS1R (AF-647) with a-SMA (AF-488) as a reference marker for smooth muscle-specific colocalization. DAPI was used to stain the
nucleus (AF-408). Z-stack images were taken on a Zeiss LSM900 confocal microscope with Airyscan2 settings. Scale bar: 50 um; insert: 5 um. Repre-
sentative images are from 5 independent samples from donors without asthma. Epi, epithelium.

significantly (P < 0.001) inhibited proliferation (Figure 5B). Accordingly, we selected 1 uM Kp-10 for
subsequent studies. To verify the lack of cytotoxicity from Kp-10, we performed a lactate dehydroge-
nase (LDH) assay (Figure 5C) with serum-free medium as a negative control and 0.1 % Triton-X 100 as
positive control; we found no cytotoxicity with any of the treatment groups.

Kp-10 effects on proliferation. We performed bright-field (BF) and MTT assays in both ASM cells from people
with and without asthma with and without PDGF (Figure 6, A and B). In addition, we incorporated a KISSIR
inhibitor (KI; Kp-234 trifluoroacetate; 100 nM) as a treatment group to confirm the role of this receptor. As
expected, we observed significantly higher proliferation in ASM cells from patients with asthma compared
with those from people without asthma (P < 0.05). At baseline, Kp-10 did not significantly alter proliferation
in either ASM cells from either group. Interestingly, inhibition of KISS1R with KI significantly increased the
basal proliferation of ASM cells of people without asthma (P < 0.01 in BF assay; P< 0.05 in MTT assay) and
those with asthma (BF assay, P < 0.01; MTT assay, P < 0.05). Furthermore, ASM cells exposed to PDGF
had a significant (P < 0.001 for both BF and MTT assays) increase in proliferation of ASM cells from people
with asthma and those without, with a greater effect on ASM cells from the former (P < 0.05 in BF assay; P
< 0.001 in MTT assay). Pretreatment with Kp-10 significantly blunted the pro-proliferative effect of PDGF in
ASM cells of individuals without asthma and those with asthma (both groups, P < 0.001). Interestingly, PDGF
enhancement of proliferation was unaltered by pretreatment with KI. Similarly, ASM cells first treated with KI
and then exposed to Kp-10 did not influence PDGF enhancement of proliferation in cells from either individ-
uals with asthma or those without, overall highlighting the importance of KISS1R in mediating Kp-10 effects.
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Figure 2. Kp and KISS1R expression in isolated human ASM cells. Paraformaldehyde-fixed human ASM cells were
immunostained with Kp (A) and KISS1R (B). Kp and KISS1R were probed with AF-647 secondary Abs and actin fila-
ments with phalloidin (AF-488). DAPI was used to stain the nucleus (AF-408). Z-stack images were taken on a Zeiss
LSM900 confocal microscope with Airyscan2 settings. Scale bar: 20 um. Representative images are from 5 independent
samples from donors without asthma.

To further confirm the role of KISS1R in the Kp-10 effect, we used KISS1R shRNA knockdown (with
a scrambled negative ShRNA as a control; Figure 6, C and D). The efficiency of shRNA transduction was
confirmed by Western analysis (P < 0.001; Figure 6E). Kp-10 alone did not significantly alter basal cell pro-
liferation in both negative and KISS1R knockdown cells. PDGF significantly increased ASM proliferation
in negative sShRNA-transduced cells from individuals without and those with asthma (P < 0.001 for both BF
and MTT assays): effects that were amplified in KISS1R knockdown ASM cells from individuals without
and those with asthma (P < 0.001 both BF and MTT assays). Pretreatment with Kp-10 significantly lowered
PDGF-induced ASM proliferation in negative sShRNA transduced ASM cells from individuals without and
those with asthma (P < 0.001 for both BF and MTT assays), but not in KISS1R shRNA knockdown cells.

These data suggested an autocrine effect of ASM-generated Kps on proliferation. To confirm an auto-
crine Kp effect, we measured and found endogenous ASM Kp secretion in the conditioned media of ASM
samples from individuals without and those with asthma (by ELISA; Figure 6F), with significantly lower
secretion found in patients with asthma (P < 0.05).

Effect of Kp-10 on markers of proliferation. Cell cycle analysis was performed by flow cytometry using
propidium iodide (PI)-stained human ASM cells. PDGF significantly increased the number of cells in the
S phase compared with vehicle in ASM cells from individuals without asthma (P < 0.05) and those with
asthma (P < 0.01; Figure 7B), consistent with an increase in proliferation. This mitogenic effect of PDGF
was significantly inhibited by Kp-10 pretreatment in ASM cells of individuals without asthma (P < 0.05) and
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Figure 3. Kp and KISS1R expression in primary human ASM cells from men and women. gRT-PCR and Western blot
analysis data show lower baseline Kp (A and €) and KISS1R (B and D) expression in ASM cells from women compared

with those from men. mRNA expression of KISST (A) and KISSTR (B) was normalized with housekeeping gene s16 and is
represented as Ct. Western blots of Kp (C) and KISS1R (D) are representative results from independent experiments. All
proteins were normalized to -actin. Data are reported as a minimum to maximum of 7 to 9 individual samples from male
or female donors without asthma and analyzed using a 1-tailed unpaired t test. **P < 0.01, ***P < 0.001 vs. male samples.

those with asthma (P < 0.01). Furthermore, pretreatment with Kp-10 significantly downregulated PDGF-in-
duced cell entry into the G,/M phase in ASM of individuals with and without asthma (P < 0.01; Figure 7C).
Furthermore, Kp-10 pretreatment increased the numbers of cells in G /G, phase compared with PDGF in
ASM cells from both groups (P < 0.01; Figure 7A), suggesting the arrest of cell cycle progression in the G,/
G, phase and, again, being consistent with inhibition of proliferation (Figure 6). The representative images
of cell cycle distribution profiles by various treatments in individuals with and without asthma are shown in
Figure 7, D and E.

We evaluated the expression of proliferative markers PCNA and C/EBP-a using gRT-PCR and Western
blot analyses, and we evaluated changes in Ki-67 expression by qRT-PCR and nuclear localization by immu-
nofluorescence analysis. PDGF significantly increased the mRNA expression of PCNA (P < 0.01), C/EBP-a
(individuals without asthma, P < 0.01; patients with asthma, P < 0.001), and Ki-67 (for both groups, P< 0.001;
Figure 8, A, B, and E). Kp-10 treatment inhibited PDGF-induced increase in mRNA expression of PCNA
(individuals without asthma, P < 0.05; patients with asthma, P < 0.01), C/EBP-o (individuals without asth-
ma, P<0.01; patients with asthma, P < 0.05), and Ki-67 (P < 0.001). Consistently, PDGF significantly upreg-
ulated protein expression for PCNA (individuals without asthma, P < 0.01; patients with asthma, P<0.05;
Figure 8C) and C/EBP-a (individuals without asthma, P < 0.001; patients with asthma, P < 0.05; Figure 8D).
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Figure 4. Kp and KISS1R expression in human ASM cells from individuals with and without asthma. gRT-PCR and Western blot analysis data showed lower
baseline Kp (A and €) and KISS1R (B and D) expression in ASM cells from donors with asthma than in ASM cells from individuals without asthma. Interesting-
ly, Kp and KISS1R expression was low in ASM cells from both men and women with asthma compared with ASM cells from individuals without asthma. mRNA
expression of KISST (A) and KISSTR (B) was normalized with housekeeping gene s16 and is represented as Ct. The protein expression of Kp (C) and KISS1R (D)
was determined by Western blot analysis in human ASM cells and normalized with B-actin as a loading control. Data are reported as a minimum to maximum
of 7 to 9 ASM samples from individual male and female donors and analyzed using 2-way ANOVA followed by Tukey’s post hoc test. *P < 0.05, **P < 0.01,
***p < 0.001vs. men without asthma; #P < 0.05, #*P < 0.01, *##P < 0.001 vs. women without asthma; *P < 0.05, **P < 0.001 vs. men with asthma.

Nuclear localization of Ki-67 was significantly increased with PDGF (P < 0.001, Figure 8F, which was further
inhibited by Kp-10 (individuals without asthma, P < 0.05; patients with asthma, P < 0.001). Representative
images of Ki-67 nuclear localization are shown in Figure 8, G and H.

PDGF also significantly increased mRNA expression of the cell cycle proteins cyclin D1 (P < 0.05)
and cyclin E (individuals without asthma, P < 0.001; patients with asthma, P < 0.01; Figure 9, A and
B)—effects significantly inhibited in both ASM of individuals without asthma (P < 0.05) and those
with asthma (P < 0.01 for cyclin D1; P < 0.05 for cyclin E) pretreated with Kp-10. Consistent results
for cyclin D1 and cyclin E proteins were observed (Figure 9, C and D). PDGF effects on the cell cycle
proteins were significantly blunted with Kp-10 pretreatment in both ASM cells of individuals without
asthma (P < 0.001 for cyclin D1; P< 0.01 for cyclin E) and those with asthma (P < 0.05 for both cyclin
D1 and cyclin E).
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Figure 5. Kps and human ASM cell proliferation. The effect of different Kps (namely, Kp-10, Kp-13, Kp-14, and Kp-54)
on basal and PDGF-induced cell proliferation in ASM cells of people without asthma was evaluated using MTT assay
(A). Among the 4 forms of Kps (1 uM), Kp-10 significantly blunted PDGF-induced ASM cell proliferation. Furthermore,
the effect of different log concentrations of Kp-10 (100 nM, 1 uM, and 10 uM) on regulating PDGF-induced ASM prolifer-
ation was determined (B). The relative level of LDH was measured in ASM cell supernatants to evaluate the cytotoxicity
of the selected concentration (1 uM) of Kp-10 (C). The treatment groups did not show cytotoxicity after 24 hours of
exposure when compared with the negative control group. Data are reported as a minimum to maximum of 7 to 8 indi-
vidual ASM samples from donors without asthma and analyzed using 1-way ANOVA followed by Tukey’s post hoc test.
**P < 0.01, ***P < 0.001 vs. respective vehicle; ¥P < 0.05, #*##P< 0.001vs. PDGF-exposed groups.
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Figure 6. KISS1R activation and PDGF-induced proliferation of human ASM cells. KISS1R agonist, Kp-10, significantly blunted the mitogenic effect on
PDGF in ASM cells from individuals with and without asthma, as evaluated by high-contrast bright-field (A) and MTT (B) assays. Kl (Kp-234 trifluoroace-
tate) showed a significant increase in basal ASM proliferation compared with vehicle and did not show any changes in PDGF-induced proliferation in ASM
cells from either individuals with asthma or those without. Human ASM cells transduced with KISSTR-specific shRNA had increased basal ASM prolifer-
ation compared with those transduced with negative shRNA. Furthermore, we did not observe any significant reduction in PDGF-induced proliferation
after Kp-10 treatment in KISS1R shRNA-transduced cells as measured by high-contrast bright-field (C) and MTT (D) assays. Western blot analysis was

performed to confirm the transduction efficacy of KISS1R shRNA in ASM cells from individuals with and without asthma (E). The endogenous Kp secretion
of ASM was measured by ELISA using conditioned media. The calibration of ELISA was confirmed by a standard curve of Kp (F, top panel). ASM cells from

donors with asthma had reduced Kp secretion in conditioned media compared with those from donors without asthma (F, bottom panel). Data are report-
ed as a minimum to maximum of 5 to 7 individual ASM samples from donors with and without asthma and analyzed using 1- or 2-way ANOVA followed

by Tukey’s post hoc test or 1-tailed unpaired t test. *P < 0.05, **P < 0.01, ***P < 0.001 vs. vehicle from donors without asthma or negative shRNA vehicle;

###P < 0,001 vs. respective PDGF-exposed group; *P < 0.05, °P < 0.01, ***P < 0.001 vs. respective group without asthma or negative shRNA group.
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Effect of Kp-10 on ASM proliferative signaling pathways. We evaluated phosphorylated and total p38
MAPK, Akt, and ERK1/2 in human ASM cells (Figure 10, A—C). PDGF significantly increased phos-
phorylation of p38 MAPK, Akt, and ERK1/2 (P < 0.05) compared with the vehicle group. Pretreat-
ment with Kp-10 significantly reduced PDGF-induced phosphorylation of p38 MAPK, Akt (P < 0.05),
and pERK1/2 (P < 0.01).

Discussion

Dysregulated ASM proliferation contributes to airway remodeling and AHR in asthma (2, 13, 39-45).
Exploring the mechanisms underlying ASM remodeling is important, given that current therapies includ-
ing corticosteroids are not effective in alleviating or reversing airway remodeling in asthma (6, 12, 46-51).
In this study, we highlight what we believe is a novel and potentially targetable mechanism that modulates
ASM proliferation in the context of asthma: Kp/KISS1R signaling.

A majority of information regarding Kp derives from studies of the CNS, where Kp regulates puber-
ty and hormonal function (28, 35). Earlier studies using rat receptors suggested that all the cleaved Kps
(i.e., Kp-10, Kp-13, Kp-14, and Kp-54) possess similar affinity and efficacy in activating the KISSIR (32).
However, data from endocrinology and oncology suggest that the differential effects of Kp fragments are a
major aspect of understanding Kp biology (52). In this regard, although much attention has been given to
metastin (a term used interchangeably with Kp), our data suggest that Kp-10 is a potent Kp in the context
of ASM and remodeling. Interestingly, other Kp fragments were less effective in modulating PDGF-in-
duced proliferation. Although other Kp fragments were effective, our data clearly highlight the greater
potency of Kp-10, justifying further exploration of this fragment.

To our knowledge, there has been no information on the expression of Kp or KISSIR in the airways.
Our findings show that Kp and its receptor, KISSIR, are expressed in human lung tissue, especially in
ASM, suggesting a plausible role for Kp/KISS1R signaling in airway biology. Interestingly, we observed
less expression of Kp and KISSIR in ASM of individuals with asthma, suggesting possible reduced or loss
of intrinsic Kp/KISSIR signaling in asthma. Here, increasing evidence from other cell types shows a cru-
cial regulatory role for Kp/KISS1R signaling in cell proliferation and migration by inhibiting NF-«B and
MAPK signaling pathways (53-55), which are also relevant to ASM remodeling. The observed reduction
of Kp/KISSIR expression and signaling in patients with asthma aligns with the increased ASM prolifera-
tion observed in airways of these patients.

In cell proliferation studies, Kp-10, Kp-14, and Kp-54 had no significant mitogenic effect at base-
line per se, suggesting that any modulatory effect of Kps occurs in the presence of extrinsic mitogenic
stimuli, as would occur in inflammation or asthma. To stimulate proliferation in ASM cells, we used
PDGF as a mitogenic agent, given its well-known effects in human ASM (13, 56-58). PDGF and its
receptor (PDGF-R) play significant roles in airway proliferation and remodeling (56, 57, 59). Addi-
tionally, in earlier studies, we established that PDGF, at a concentration of 2 ng/mL, significantly
induces ASM proliferation via activation of intracellular signaling pathways such as ERK1/2, p38,
and Akt (13) that are relevant to both asthma and Kp biology. The increased proliferation observed
with PDGF is consistent with findings of our earlier studies (13).

An interesting observation was that Kp-10 effects on proliferation were similar between ASM of individ-
uals without asthma and those with asthma despite differences in KISSIR expression. This could be due to
an enhanced inhibitory effect of Kp-10 via KISSIR in highly proliferative ASM cells or differential signaling
of ASM of patients with asthma. Regardless, what we believe is novel and potentially relevant are the data
showing that ASM from both groups secretes Kp with autocrine effects on proliferation. Here, KISSIR inhibi-
tion by KI significantly increased baseline ASM proliferation, suggesting activation of KISSIR by an autocrine
mechanism. KI prevented PDGF from further increasing ASM proliferation, which might be due to a ceiling
effect. Kp-10 did not reduce PDGF-induced ASM proliferation in KISSIR shRNA knockdown cells, indicat-
ing KISSIR-dependent activation. Kp-10 via KISSIR activation downregulated PDGF-induced expression of
cyclin D1 and cyclin E, thereby initiating cell cycle arrest at the G,/ G, phase, consistent with reports about other
cell types, which indicate that Kps initiate cell cycle arrest via KISS1R/GPR54—dependent mechanisms (60).

PCNA and C/EBP-a are established markers for proliferation because they play a crucial role during
the DNA synthesis phase of mitosis (61, 62). PDGF upregulated the expression of PCNA and C/EBP-a
in ASM cells, which is prevented by Kp-10 pretreatment, further supporting the modulatory role of Kp/
KISS1R signaling in ASM proliferation. Notably, previous studies reported a decreased C/EBP-a expression
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Figure 7. Effect of Kp-10 on different phases of human ASM cell cycle studied using flow cytometry. Cell cycle analysis showed decreased cell popula-
tionin G,/G, phase (A) and increased cell numbers in S and G,/M phases (B and C) with PDGF treatment. Kp-10 treatment significantly reversed the PDGF
effect and resulted in reduced cell populations in S and G,/M phases, suggesting the arrest of cell cycle progression in the G /G, phase. The representative
profiles of ASM cell cycle distributions of individual without asthma (D) and those with asthma (E) by various treatment groups are depicted. Data are
reported as a minimum to maximum of 5 individual samples from donors with and without asthma and analyzed using 1-way ANOVA followed by Tukey's
post hoc test. *P < 0.05 **P < 0.01 vs. respective vehicle; P < 0.05, ##P < 0.01vs. PDGF-exposed group.

in asthma (63, 64), whereas our observed data show increased C/EBP-a expression with PDGF exposure
in ASM cells from individuals with and without asthma. The reason for this discrepancy is unclear and
warrants further exploration. Ki-67 is a crucial marker for mitosis because it is exclusively detected in the
nucleus during the G, S, and G, phases of the cell cycle and is absent in the G phase (65). PDGF-induced
nuclear translocation of Ki-67 in the nucleus was blunted by Kp-10 pre-exposure, further strengthening our
findings from ASM cell cycle analysis. Furthermore, the importance of MAPK/ERK signaling pathways
in cell growth, proliferation, and differentiation of human ASM cells is well established (13, 66-68). In
other cell systems, KISSIR activation inhibits the phosphorylation of MAPK signaling via B-arrestin-1 (69).
Additionally, KISSIR via regulating the o subunit of Gq/11 inhibits the phosphorylation of PI3K/Akt and
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Figure 8. Effect of Kp-10 on PDGF-induced human ASM cell proliferative marker proteins. ASM cells from human donors with and without asthma
showed increased mRNA and protein expression of PCNA (A and C€) and C/EBP-o (B and D) after PDGF exposure, an effect substantially blunted by Kp-10.
Similarly, PDGF-induced mRNA expression and nuclear localization of Ki67 (E-H) were significantly reduced by Kp-10 treatment. Scale bar: 100 pm. Data
are reported as a minimum to maximum of 5 to 6 individual samples from donors with and without asthma and analyzed using 1-way ANOVA followed by
Tukey's post hoc test. *P < 0.05, **P < 0.01, ***P < 0.001 vs. respective vehicle; P < 0.05, #*#P < 0.01, #*#P < 0.001 vs. PDGF-exposed groups.

subsequently regulates cell growth (69, 70). Similarly, we found increased phosphorylation of ERK1/2 and
p38 MAPK upon PDGF exposure, which was inhibited by Kp-10 pretreatment. Furthermore, PDGF expo-
sure upregulated the PI3K/Akt signaling, which activates mTOR signaling, which functions as a serine/
threonine protein kinase that regulates ASM cell proliferation (71-73). These effects of Kp-10 via KISSIR
activation are consistent with data from other cells types (53, 74). The inhibition of Akt phosphorylation by
Kp-10 further indicated the importance of Kp/KISS1R regulation of ASM proliferative pathways.

The relevance of Kp/KISS1R expression and signaling in airways also lies in the known sex differences
of asthma (1, 3, 4, 75). Although there has been much exploration of sex-steroid effects, particularly estro-
gens and their effects on ASM proliferation (13), intracellular calcium handling (16, 76, 77), extracellular
matrix dynamics (14), and cell migration (43), it remains unclear whether female sex steroids are protective
or detrimental in asthma, given clinical observations of catamenial asthma, and some laboratory studies
showing estrogens enhance inflammation (23, 78) but others associating estrogens with an asthma-mitigat-
ing role (13, 24, 79-84). Accordingly, it becomes important to consider if mechanisms upstream or even
independent of sex hormones play a role or, alternatively, if asthma involves loss of intrinsic protective
mechanisms. Here, we found sex differences in Kp and KISSIR expression in human ASM, particularly in
people with asthma. How such differences contribute to the sex differences in airway structure and function
or to change in asthma, particularly in the concurrent presence of sex steroids, remains to be explored.

Overall, our findings suggest that Kp/KISSIR is abundantly expressed in the human airways but is
lower in ASM of individuals with asthma. KISSIR activation plays a protective role in regulating ASM
proliferation, which is lost during asthma, thereby potentially permitting exacerbated ASM remodeling.
This proliferation modulatory effect of cleaved Kp (Kp-10) in ASM is via KISS1R-mediated inhibition
of p38 MAPK/ERK/Akt signaling pathways, thereby limiting the transcription of PCNA, C/EBP-q,
Ki-67, cyclin D1, and cyclin E. Although not the primary focus of this study, we show for the first time
to our knowledge the differential expression of Kp/KISSIR in women compared with men, which may
underlie intrinsic differences and endogenous effects in vitro. Therefore, we lay the foundation for further
exploratory studies on Kp/KISSIR signaling in the airways.

Methods

Chemicals, drugs, inhibitors, Abs

Cell culture reagents, DMEM/F12, antibiotic-antimycotic (AbAm), and 0.25% trypsin-EDTA were
obtained from Invitrogen. Charcoal-stripped FBS was procured from Sigma-Aldrich. Human recom-
binant PDGF-BB (PHGO0046) and protease and phosphatase inhibitor cocktail (P178445) were pur-
chased from Thermo Fisher Scientific. Kp-10 (Metastin 45-54, KISS1R agonist; sc-221884), control
shRNA lentiviral particles-A (sc-108080), GPR54 shRNA lentiviral particles (sc-60747-V), primary
Abs for Kp (sc-101246), PCNA (sc-25280), C/EBP-a (sc-365318), cyclin D1 (sc-8396), cyclin E (sc-
377100), p38 (sc-271120), Akt1/2/3 (sc-81434), and p-ERK1/2 (Tyr204; sc-7383) were obtained from
Santa Cruz Biotechnology, Inc. KI Kp-234 trifluoroacetate (3881) was purchased from Tocris Biosci-
ence. Primary Ab for KISS1R (PA5-27179) was obtained from Thermo Fisher Scientific. Kp-13 (50-
194-6708) was procured from Bachem. Kp-14 (crb1000930) was purchased from Discovery Peptides.
Kp-54 (1443) was obtained from R&D Systems. Human Kisspeptin ELISA Kit (MBS3803580) was
procured from MyBiosouce and the LDH-Cytotoxicity Colorimetric Assay Kit (K311) from BioVi-
sion. p-p38 (Thr180/Tyr182) (45118S), p-Akt (Serd73; 4060S), ERK1/2 (9102S), and a-SMA (19245T)
were procured from Cell Signaling Technologies. B-Actin Ab (G043) was purchased from Applied
Biological Materials. IRDye goat anti-mouse and goat anti-rabbit secondary Abs were used for scan-
ning in Li-Cor Odyssey CLX (Li-Cor Systems). Other chemicals and reagents were procured from
Sigma-Aldrich unless otherwise indicated.
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Figure 9. Effect of Kp-10 on PDGF-induced human ASM cell cycle progression proteins. mRNA and protein expression of cyclin D1 (A and C) and cyclin

E (B and D) were significantly increased in ASM cells of individuals with and without asthma upon PDGF exposure. Pretreatment with Kp-10 significant-

ly decreased PDGF-induced mRNA and protein expressions of cyclin D1 and cyclin E. Data are reported as a minimum to maximum of 5 to 6 individual
samples from donors with and without asthma and analyzed using 1-way ANOVA followed by Tukey’s post hoc test. *P < 0.05, **P < 0.01, ***P < 0.001 vs.
respective vehicle; *P < 0.05, ##P < 0.01, ###P < 0.001 vs. PDGF-exposed groups.

Tissue and ASM cells

The procedure for acquiring human lung samples and isolating primary human ASM cells has been
described previously (85, 86). FFPE human lung tissue sections were used for immunofluorescence
studies. Airway samples denuded of epithelium and ASM tissue were enzymatically dissociated per
the manufacturer’s instructions (Worthington Biochemical) to generate ASM cells. For cells, cultures
(before the fifth passage) were maintained under standard conditions of 37°C (5% CO,, 95% air) using
DMEM/F12 supplemented with 10% FBS and 1% AbAm.

Immunofluorescence studies

Standard immunofluorescence techniques were applied to 6 um thick human lung sections. Briefly, sections
were baked (56°C for 2 hours) and deparaffinized using xylene and ethanol. Sodium citrate buffer (pH 6.0)
was used for antigen retrieval by steaming and further rehydrated in Millipore water. Sections were then
permeabilized with 0.1% Triton X-100 in PBS (1XPBS), blocked with 10% goat serum, and incubated
with Abs against Kp, KISS1R, and o-SMA. Alexa Fluor 488 for a-SMA and Alexa Fluor 647 for Kp and
KISSI1R were used as secondary Abs with DAPI-AF408 counterstaining for nuclei. High-resolution Z-stack
images were captured on a confocal microscope (Zeiss-LSM900 with Airyscan2) (87).
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Figure 10. Effect of Kp-10 on human ASM proliferative signaling pathways. Western blot analysis showed PDGF-induced activation of p38 (A) Akt (B),
and ERK1/2 (C) in human ASM cells. Pretreatment with Kp-10 significantly reduced the PDGF-induced phosphorylation of p38, Akt, and ERK1/2. Data are

reported as a minimum to maximum of 6 individual samples from people without asthma and analyzed using 1-way ANOVA followed by Tukey’s post hoc
test. *P < 0.05 vs. vehicle; *P < 0.05, #*P < 0.01 vs. PDGF-exposed groups.

For immunofluorescence detection in human ASM cells, the cells were fixed with 4% paraformalde-
hyde in 1XPBS, pH 7.2, washed twice with PBS, and permeabilized using 0.05% Triton X-100 in PBS (the
permeabilization step was omitted for KISS1R), washed twice with PBS, and blocked with 10% goat serum.
After blocking, cells were incubated overnight at 4°C with polyclonal rabbit anti-KISSIR and monoclonal
mouse anti-Kp Abs in different wells. Primary Abs were detected with Alexa Fluor 647 secondary Abs
for Kp and KISS1R, using phalloidin as a smooth muscle marker, with DAPI-AF408 counterstaining for
nuclei. Images were acquired with the Zeiss confocal microscope (88, 89).

Cell treatments

Human ASM cells grown to confluence in T-75 flasks were trypsinized and mixed in 10% FBS—containing
medium, counted, and seeded into 100 mm culture Petri plates (for RNA, protein, and flow cytometry) or
96-well plates (~7000 cells/well for proliferation studies). Cells were allowed to adhere overnight and were
washed twice with PBS. After washing, serum medium was replaced with serum-free medium for 24 hours
to synchronize cell growth. We used 1% serum medium as a vehicle to maintain the quiescent phase for the
proliferation study. Initial studies showed that among the Kp fragments, Kp-10 was the most effective in
modulating ASM proliferation; accordingly, we focused subsequent studies on this fragment. Efficacy and
ASM toxicity of Kp-10 were determined using 3-log concentrations (0.1 uM, 1 uM, and 10 pM), alone and
in the presence of PDGF (2 ng/mL) (13, 14). ASM cells were treated with different concentrations of Kp-10
or KI (90, 91) to obtain initial optimal concentration, and all subsequent experiments followed a single
concentration of Kp-10 or KI. The cytotoxicity of Kp-10 was measured by LDH-Cytotoxicity Colorimetric
Assay Kit per the manufacturer’s protocol. To measure the endogenous ASM Kp secretion, the media were
collected after 48 hours of serum deprivation and concentrated equally to 500 pL using Amicon Ultra-15
Centrifugal Filter Units (UFC901024). The endogenous Kp levels in the concentrated conditioned media
were measured using the Kp ELISA kit per the manufacturer’s protocol. Human ASM cells were exposed
to Kp-10 or KI in the presence or absence of PDGF, added after 2 hours of preincubation with respective
treatment groups, and incubated for a total of 6 hours (RNA) and 24 hours (proteins) (13).

shRNA lentiviral particle transduction

ASM cells from individuals with and without asthma were cultured in 6-well plates to approximately 50%
to 60% confluence. Transfection was achieved using a 20-pL viral stock containing 1 X 10° infectious units
of the virus for control and KISSIR/GPR54 shRNA lentiviral particles. Once cells reached 60% to 70%,
serum medium was replaced with fresh 5% serum medium (no antibiotics) and with polybrene (Santa Cruz
Biotechnology; sc-134220). Lentiviral particles were thawed, added to the cells, and the cells were incubated
overnight. The medium was replaced with a 5% serum medium containing 1% AbAm without polybrene
and further incubated for 24 hours. After ensuring growth, the medium was replaced with a 10% serum
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medium with antibiotics for 48 hours. For the selection of cells stably transfected with shRNA, the medium
was replaced with a 10% serum medium containing 5 ng/mL puromycin and incubated for 48 to 72 hours.
Cells were replenished with medium every 3 to 4 days until several puromycin-resistant colonies were identi-
fied. Once colonies reached 50% confluence, cells were expanded by transferring them into T-25 or T-75 cell
culture flasks. Efficacy and successful shRNA transduction were verified by Western blot analysis.

Cell proliferation assays

BF cell count. After 24 hours of respective treatments, total numbers of cells were counted in each of the
96-well plates, using a high-contrast, bright-field, direct cell counting on a Lionheart FX Automated Micro-
scope (BioTek Instruments) (13).

MTT cell proliferation assay. After cell counting, the medium was aspirated carefully from the wells and
replaced with 100 pL of 1% serum medium. For each well, 10 pL. MTT [3-(4,5-dimethylthiazol-2-yl1)-2,5-
diphenyltetrazolium bromide, 5 mg/mL] reagent was then added and incubated at 37°C for 4 hours. The
medium was aspirated, followed by the addition of 100 L. of DMSQO, and cells were maintained with gen-
tle shaking for 15 minutes at room temperature. Absorbance at 570 nm was then measured using a Synergy
HTX Multi-Mode Plate Reader (BioTek Instruments).

Flow cytometry

We seeded 12-well culture plates with ASM cells from individuals with and without asthma, and these were
treated with appropriate treatments for 24 hours. Cells were trypsinized and fixed with ice-cold ethanol,
followed by centrifugation at 2,000g. Pellets were washed and resuspended in PBS followed by PI (3 uM)
staining for 15 minutes. PI-stained cells were analyzed using a BD Accuri C6 Flow cytometer (BD Biosci-
ences). A minimum of 40,000 events were captured per sample and cells were analyzed for G, /G, S, and
G,/M phases using BD Accuri C6 Plus software (13).

Western blot analysis

Human ASM cell lysates for individual treatment groups were prepared using cell lysis buffer as previously
described (25). Briefly, cells were washed once with PBS and thereafter vortexed in lysis buffer supplement-
ed with protease and phosphatase inhibitors, and subsequent supernatants were determined for protein
content using a DC Protein Assay Kit (Bio-Rad). From respective treatment groups, 30 pg of equivalent
protein was loaded on 4% to 15% gradient gels (Criterion Gel System; Bio-Rad) and transferred onto 0.22
um PVDF membranes using a Bio-Rad Trans-Blot Turbo rapid transfer system. As a blocking buffer, we
used 5% BSA in Tris-buffered saline for 1 hour at room temperature, and membranes were incubated over-
night at 4°C with specific primary Abs of interest. After 3 washes for 8 min/wash with Tris-buffered saline
containing 0.1% Tween, blots were incubated with LiCOR near-red conjugated secondary Abs at room
temperature for 1 hour. f-Actin was used as a loading control. Protein expression was determined by imag-
ing the membrane on a Li-Cor Odyssey XL system, and densitometry analysis was performed using Image
Studio Lite software. Western blot analysis was performed by normalizing the raw values of the protein of
interest to respective raw values of B-actin.

gRT-PCR analysis

Cells were washed with RNA-grade PBS before trypsinization and then proceeded to RNA isola-
tion. RNA cell isolation was performed using the Quick-RNA MiniPrep Kit (Zymo Research), and
OneScript cDNA Synthesis Kit (Applied Biological Materials) was used for cDNA synthesis using a
minimum of 500 ng of RNA for each sample. Genomic DNA contamination was avoided by using
DNAse I treatment. BrightGreen 2x qPCR Master Mix (Applied Biological Materials, Master-
Mix-S-XL) was used on the QuantStudio 3 RT-PCR system following the manufacturer’s instructions.
The following primers were used for qRT-PCR analysis (“h” before a primer refers to human): hKISS1
(forward 5-CAAGCCTCAAGGCACTTCTA-3"; reverse 5-AAAGTGGGTGGCACAGAG-3");
hKISSIR (forward 5-ATCGGAATTCACCATGCACACCGTGG-3'; reverse 5'-ATCATCTAGAA-
CAGATAGCCGC-3"); hPCNA (forward 5-GCCTGAATGGCGAATGGA-3'; reverse 5-GAAG-
GGAAGAAAGCGAAAGGA-3'); hKi67 (forward 5-GCTTACTCCGACGATTTCT-3'; reverse
5-GCCGATGCTTGCAATAGTTTAG-3"); hC/EBP-a (forward 5-ATTGGACCCAGAGAAGTT-
GAC-3’; reverse 5-TCAGACCATTTAAGTCTTCAGAGAT-3"); hcyclin-D1 (forward 5-GACGGG
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TAGAACCTCAGTAATC-3'; reverse 5-CTCGGGTGTTTCCCTATAATC-3'); hcyclin E (forward
5-GTCCTGGCTGAATGTATACATGC-3"; reverse 5-CCCTATTTTGTTCAGACATGGC-3'); and
hS16 (forward 5-CAATGGTCTCATCAAGGTGAACGG-3'; reverse 5-CTGACGGATAGCATA-
AATCTGGGC-3'). Ct values of target mRNA were normalized to reference gene s16 (13, 92). Final
graphs were plotted using a range of Ct values for each mRNA, and accuracy was confirmed by a
single peak in the melt curves.

Statistics

Human ASM cells from at least 5 donors (men and women; without asthma and with asthma) were used
for all experiments. For expression studies, cell lysates for Western blot analysis and cDNA for qRT-PCR
were obtained from at least 5 different, individual donor samples. Statistical analysis was performed using
a 1-tailed unpaired ¢ test or 1- or 2-way ANOVA followed by Tukey’s post hoc multiple comparisons test
using GraphPad Prism version 9.1.0 for Windows. Statistical significance was tested at a minimum level of
P < 0.05. All values are expressed as mean + SEM.

Study approval

Human bronchi from third to sixth generations were isolated from lung specimen incidental to donor tho-
racic surgeries at Mayo Clinic (focal, noninfectious indications; typically, lobectomies, rarely pneumonec-
tomies). Normal lung areas were identified by a pathologist. Donors with no prior history of obstructive
lung disease (including chronic obstructive pulmonary disease) were considered to have an otherwise nor-
mal lung function and classified as not having asthma (deidentified pulmonary conditions of the donors).
The protocols were approved by the Mayo Clinic Institutional Review Board (IRB no. 08-002518).
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