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A B S T R A C T

Airway smooth muscle (ASM) cell hyperplasia driven by persistent inflammation is a hallmark feature of re-
modeling in asthma. Sex steroid signaling in the lungs is of considerable interest, given epidemiological data
showing more asthma in pre-menopausal women and aging men. Our previous studies demonstrated that es-
trogen receptor (ER) expression increases in asthmatic human ASM; however, very limited data are available
regarding differential roles of ERα vs. ERβ isoforms in human ASM cell proliferation. In this study, we evaluated
the effect of selective ERα and ERβ modulators on platelet-derived growth factor (PDGF)-stimulated ASM
proliferation and the mechanisms involved. Asthmatic and non-asthmatic primary human ASM cells were
treated with PDGF, 17β-estradiol, ERα-agonist and/or ERβ-agonist and/or G-protein-coupled estrogen receptor
30 (GPR30/GPER) agonist and proliferation was measured using MTT and CyQuant assays followed by cell cycle
analysis. Transfection of small interfering RNA (siRNA) ERα and ERβ significantly altered the human ASM
proliferation. The specificity of siRNA transfection was confirmed by Western blot analysis. Gene and protein
expression of cell cycle-related antigens (PCNA and Ki67) and C/EBP were measured by RT-PCR and Western
analysis, along with cell signaling proteins. PDGF significantly increased ASM proliferation in non-asthmatic and
asthmatic cells. Treatment with PPT showed no significant effect on PDGF-induced proliferation, whereas WAY
interestingly suppressed proliferation via inhibition of ERK1/2, Akt, and p38 signaling. PDGF-induced gene
expression of PCNA, Ki67 and C/EBP in human ASM was significantly lower in cells pre-treated with WAY.
Furthermore, WAY also inhibited PDGF-activated PCNA, C/EBP, cyclin-D1, and cyclin-E. Overall, we demon-
strate ER isoform-specific signaling in the context of ASM proliferation. Activation of ERβ can diminish re-
modeling in human ASM by inhibiting pro-proliferative signaling pathways, and may point to a novel perception
for blunting airway remodeling.

1. Introduction

Asthma is characterized by a chronic inflammation of conducting
airways in association with airway hyperresponsiveness (AHR) and
remodeling (Prakash, 2013, 2016; Prakash and Martin, 2014; Lazaar
and Panettieri, 2005; Sathish et al., 2011; Dekkers et al., 2009).
Structural changes in the airway walls, induced by a vicious circle of
injury and repair processes collectively represent airway remodeling.
Increased airway smooth muscle (ASM) mass is a hallmark of airway
remodeling which causes airway narrowing and obstruction (Wang
et al., 2016; Rydell-Törmänen et al., 2012). Altered extracellular matrix
also contributes to airway remodeling in asthma (Gerthoffer, 2008;
Hershenson et al., 2008; Koziol-White et al., 2011; Roscioni et al., 2010;

Coraux et al., 2008; Bossé et al., 2008). Studies including our own
supports the concept that ASM proliferation augments ECM generation
and deposition in asthmatic airways (Dekkers et al., 2009; Rydell-
Törmänen et al., 2012; Coraux et al., 2008; Bossé et al., 2008; Freeman
et al., 2017; Royce et al., 2012; Lagente and Boichot, 2010). Multiple
studies suggest that ASM cell migration towards the airway epithelium
in response to inflammatory mediators, such as platelet-derived growth
factor (PDGF) contributes to airway remodeling (Gerthoffer, 2008;
Suganuma et al., 2012; Carlin et al., 2003; Hirst et al., 1992; Ingram
and Bonner, 2006). As a result, the ASM layer in asthmatic patients is in
close proximity to airway epithelial cells (Joubert and Hamid, 2005;
James et al., 2002), which may lead to increased airway hyper-re-
sponsiveness. Thus better understanding of mechanisms that contribute
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to enhanced ASM proliferation are important in the context of devel-
oping novel strategies to address asthma.

An emerging aspect of asthma is the clinical recognition that pre-
valence of asthma is greater in boys than in girls during prepubescent
ages (Sathish et al., 2015; Bonds and Midoro-Horiuti, 2013; Bjornson
and Mitchell, 2000; Caracta, 2003; Carey et al., 2007) with this trend
reversing after puberty to become more prevalent in adult women
(Sathish et al., 2015a,b; De Marco et al., 2000; Melgert et al., 2007). In
adult women, changes in symptom severity and number of exacerba-
tions correlated to changes in hormonal status (phases of the menstrual
cycle, pregnancy, and menopause) (Bjornson and Mitchell, 2000;
Caracta, 2003; Carey et al., 2007; Townsend et al., 2012). Thus, the
potential role of sex steroids in the modulation of asthma pathophy-
siology becomes relevant in the context of understanding sex differ-
ences in this disease. Here, estrogens may be particularly important
given clinical data showing that modulating estrogen levels correlate to
changes in asthma symptoms.

The effect of estrogen is mediated by two receptors (estrogen re-
ceptors, ERα and β), which are known to act as ligand-dependent
transcription factors (Laudet and Gronemeyer, 2002). However, several
studies including our own have shown that ERs are also capable of
acting in a non-genomic fashion, for example modulating calcium re-
sponses in ASM cells (Townsend et al., 2010, 2012; Townsend et al.,
2012a,b), and furthermore acting genomically to modulate signaling
pathways relevant to airway disease (Sathish et al., 2015a,b; Prossnitz
et al., 2008; Marino et al., 2006).

Previously we showed that in human ASM, physiologically-relevant
concentrations of estrogens act via ERs and the cAMP pathway to non-
genomically reduce [Ca2+]i, thus promoting bronchodilation (Sathish
et al., 2015a,b; Townsend et al., 2010, 2012). Our recent work showed
the differential expression of ERα and ERβ in asthmatic and non-asth-
matic ASM, and found ERβ expression is significantly greater in asth-
matic ASM in both males and females (Aravamudan et al., 2017), but
the downstream signaling has not been elucidated. There have been
studies demonstrating that 17β-estradiol increases ASM number
(Stamatiou et al., 2011) and vascular smooth muscle proliferation
(Cheng et al., 2009; Muka et al., 2016) while other studies show ERα
and ERβ agonists causing significant inhibition of proliferation of vas-
cular smooth muscle cells (Muka et al., 2016; Li et al., 2016, 2017).
There are currently no data on ER effects on human ASM proliferation,
especially in the context of inflammation or asthma. The present study
hypothesizes that differential activation of ERs plays a role in ASM
proliferation during inflammation. We investigated the role of estrogen
along with ERα and ERβ agonists in human ASM proliferation in the
presence of PDGF as mitogenic stimulus, with the idea that if ERβ is
more abundant in asthmatic ASM, this receptor isoform has greater
contribution towards ASM proliferation.

2. Materials and methods

2.1. Chemicals, drugs/inhibitors, antibodies

Cell culture reagents and other cell culture supplies including fetal
bovine serum (FBS) and Dulbecco's Modified Eagle's Medium F/12
(DMEM/F12) were purchased from Invitrogen (Carlsbad, CA).
Pharmacological agonists for ER and its isoforms such as 17β-estradiol
(E2), ERα-agonist (PPT, Propyl pyrazole triol; THC, Tetra Hydro
Chrysenediol), G-protein-coupled estrogen receptor 30 (GPR30/GPER)
agonist (G1), and ERβ-agonist (WAY-200070; FERB-033; DPN, Diaryl-
Propio-Nitrile) were obtained from Tocris (Minneapolis, MN). Human
recombinant PDGF-BB was obtained from Thermo Fisher Scientific
(Waltham, MA, USA). Pro-inflammatory cytokines tumor necrosis
factor alpha (TNFα) and interleukin-13 (IL-13) were purchased from
Santa Cruz Biotechnology, Inc (Dallas, TX). Chemicals and supplies
were from Sigma (St. Louis, MO) unless otherwise specified. ESR1,
ESR2 and negative siRNA obtained from Dharmacon (Lafayette, CO,

USA) and Ambion (Austin, TX, USA). Primary antibodies were obtained
from Cell Signaling Technology (Danvers, MA) and Santa Cruz
Biotechnology, Inc (Dallas, TX) unless otherwise mentioned. Estrogen
Receptor α Monoclonal Antibody (33, Catalog # MA1-310) and
Estrogen Receptor β Monoclonal Antibody (PPZ0506, Catalog # MA5-
24807) were obtained from Thermo Fisher Scientific (Waltham, MA,
USA). Akt1 (Cat# 9272S), pAkt1 (Cat# 4060S), p38 (Cat# 8690S), p-
p38 (Cat# 4511S), antibodies were obtained from Cell Signaling, β-
actin antibody from Sigma-Aldrich (Cat# A5316), and the remainder
(ERK1/2 (Cat# sc-94), pERK1/2 (Cat# sc-7383), PCNA (Cat# sc-
25280), C/EBP (Cat# sc-365318) Cyclin-D1 (Cat# sc-8396), and
Cyclin-E (Cat# sc-481)) from Santa Cruz. The secondary antibodies m-
IgGκ-HRP (Cat# sc-516102), Goat anti-rabbit IgG-HRP (Cat# sc-2004)
were obtained from Santa Cruz and ECL anti-mouse IgG-HRP (Cat#
NA931V) from GE healthcare UK Ltd.

2.2. Human ASM cells

The technique for isolating human ASM cells has been previously
described (Abcejo et al., 2012; Vohra et al., 2013; Sathish et al.,
2015a,b). Briefly, third to sixth generation human bronchi were ob-
tained from lung specimens incidental to patient thoracic surgery at
Mayo Clinic for focal, non-infectious causes (typically lobectomies for
focal cancers). Normal lung areas were identified with the help of a
pathologist (protocol approved by Mayo Clinic Institutional Review
Board). We used samples from both male and female adults of ages from
21 to 60 yr. Samples were denuded of epithelium and ASM tissue en-
zymatically dissociated to generate cells that were used for experi-
ments. For cells, cultures (< 3rd passage) were maintained under
standard conditions of 37 °C (5% CO2, 95% air). Cells were serum
starved for 24 h prior to experimentation. Experiments were conducted
in Hanks’ Balanced Salt Solution (HBSS, Invitrogen, Carlsbad, CA).

2.3. Cell treatment

Fully confluent T-75 flasks of ASM cells were trypsinized mixed in
10% FBS (Charcoal Stripped) Growth medium (DMEM/F12/1%
AbAm), counted and seeded ∼10,000 cells/well into 96-well culture
plates. Cells were allowed to adhere overnight, washed twice with
phosphate buffered saline (1×PBS) and incubated in serum free
medium (without FBS) for 24 h to mature and synchronize the growth
of cells. ASM cells were treated with 17β-estradiol (E2, 1 nM), ERα-
agonist (PPT, 10 nM), or ERβ-agonist (WAY, 10 nM), GPR30/GPER
agonist (G1, 1 nM) with 1% FBS in the media. After 2 h of pre-in-
cubation with respective treatment groups, cells were then exposed to
PDGF (2 ng/ml) for 24 h. DMEM/F12 with 1% FBS alone served as a
vehicle. For a set of experiments, 20 ng/ml TNFα, 50 ng/ml IL-13, 1 nM
G1 and 10 nM each of THC, FERB-033 and DPN were used.

2.4. Small interfering RNA transfection

Technique to knock down the Estrogen receptor α and β by inter-
fering RNA (siRNA) has also been previously described (Aravamudan
et al., 2012). Briefly, human ASM cells were grown on 96 well plate or
100mm plates to approximately 50% confluence. Transfection was
achieved using 20 nM siRNA and Lipofectamine 3000 transfection re-
agent (Invitrogen) in DMEM F-12 lacking FBS and antibiotics. Fresh
growth medium was added after 6 h and cells analyzed after 48 h. ESR1
silencer select Pre-designed siRNA (Ambion, Austin, TX, USA, Catalog#
4392420), ON-TARGETplus Human ESR2 (2100) siRNA – Individual
(Dharmacon, Lafayette, CO, USA, Catalog # J-003402-13-0005) were
used to knock down Estrogen receptor α and β respectively. As a ne-
gative control, the Silencer Negative Control #1 (Cat# AM4611) from
Ambion was used. Knockdown efficacy and specificity was verified by
Western blot analysis. The effect of siRNA on proliferation in presence
and absence of PDGF, WAY or PPT were analyzed by MTT assay
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method.

2.5. Cell proliferation assays

2.5.1. MTT cell proliferation assay
After 24 h treatment, the medium was aspirated and replaced with

100 μl of vehicle. A total of 10 μl MTT reagent (3-(4,5-Dimethylthiazol-
2-yl) −2,5-diphenyltetrazolium bromide, 5mg/ml) was added to each
well, and cells were incubated at 37 °C for 4 h. The medium in each well
was then replaced with 100 μl DMSO. The plates were incubated on a
shaker for 15min at room temperature, and then absorbance at 570 nm
was measured using a SpectraMax M5 automated microplate reader
(Molecular Devises, Sunnyvale, CA, USA).

2.5.2. CyQuant NF proliferation assay
In parallel to the above assay, cell proliferation was confirmed using

CyQUANT® NF cell proliferation assay Kit (Molecular Probes;
Invitrogen, USA) as per manufacturer's protocol (Liu and Leung, 2015).
Fluorescence intensity at 485 nm excitation was recorded using the
plate reader. The serum-free media treated group was used for baseline
measurement and the number of cells counted in this group was sub-
tracted from all treated groups to get an estimated change in the rate of
proliferation. Standard Calibration Curve: The standard calibration curve
was plotted for both assay methods using a range of ASM cells (with
1250–40,000 cells/well). Cell numbers were determined using calibra-
tion curve and values normalized as described previously (Aravamudan
et al., 2012).

2.6. Flow cytometry

Asthmatic and non-asthmatic ASM cells were seeded in 12-well
culture plates and treated with PPT or WAY with or without PDGF for
24 h along with vehicle control. Cells were harvested and fixed with ice-
cold absolute ethanol to permeabilize cells, centrifuged, the resultant
cell pellets washed with PBS, re-suspended in PBS and stained with
propidium iodide (3 μM) for 15min for analysis using a BD Accuri® C6
CFlow cytometer (BD Biosciences, San Jose, CA USA). Approximately
40,000 events were captured per sample and cells were analyzed for
G1, S, G2/M phase using BD Accuri™ C6 Plus software.

2.7. RT-PCR analysis

Cells were washed with RNA-grade DPBS, trypsinized and cen-
trifuged. Total RNA was extracted using Quick-RNA™ MiniPrep kit
(Zymo Research, Irvine, CA) following manufacturer's protocol and
cDNA was synthesized using OneScript cDNA Synthesis Kit using 500 ng
of quantified RNA (Take3™ Micro volume plate, Synergy HTX, Biotek,
USA) for each sample (Applied Biological Materials Inc, Richmond, BC,
Canada). LightCycler 480 SYBR Green I Master PCR kit (Cat#
0470751601) protocol was followed using QuantStudio 3 RT-PCR
system as per the manufacturer's instructions. The following primers

were used for RT-PCR analysis: PCNA (forward 5′-GCC TGA ATG GCG
AAT GGA-3′; reverse 5′-GAA GGG AAG AAA GCG AAA GGA-3′), Ki67
(forward 5′-GCT TAC TCC GAC CAT GAT TTC T-3′; reverse 5′-GCC GAT
GCT TGC AAT AGT TTA G-3′), C/EBP (forward 5′-ATT GGA CCC AGA
GAA GTT GAC-3′; reverse 5′-TCG GAC CAT TTA AGT CTT CAG AGA T-
3′), s16 (forward 5′-CAA TGG TCT CAT CAA GGT GAA CGG-3′, reverse
5′-CTG GAT AGC ATA AAT CTG GGC-3′). The fold changes in mRNA
expression were calculated by normalization of cycle threshold [C(t)]
value of target genes to reference gene s16 using the ΔΔCt method.

2.8. Western analysis

Previously described techniques were used (Aravamudan et al.,
2017). Briefly, cells were washed, sonicated in lysis buffer (Cell Sig-
naling Technologies, Beverly, MA, USA) containing protease and
phosphatase inhibitors, and resultant supernatants were assayed for
total protein content using the DC Protein Assay kit (BioRad, Hercules,
CA, USA). 30 μg equivalent protein from each lysate were loaded on
10% SDS-page and transferred onto 0.22 μm PVDF membranes. Non-
specific binding was blocked using 5.0% bovine serum albumin (BSA)
and the membranes were probed overnight at 4 °C with specific anti-
bodies of interest. Blots were then incubated with HRP-conjugated
secondary antibodies. β-actin was used as loading control. Protein ex-
pression was detected using Luminol Reagent (Santa Cruz, then exposed
to UltraCruz Autoradiography Film (Santa Cruz), and scanned for
densitometry analysis using ImageJ 1.50i software with integrated
density values normalized for loading control and phosphorylated
proteins. The ratios obtained for western blot analysis were first nor-
malized by dividing the raw values of proteins of interest with the raw
values of either β-Actin or the total protein. The obtained values were
then normalized to vehicle.

2.9. Statistical analysis

All experiments were performed in human ASM cells from three or
more patients (non-asthmatic and asthmatic). “n” values represent pa-
tients numbers for individual experiments. All proliferation experi-
ments were repeated at least three times for each patient sample and
minimum of two times for westen blot, real time qPCR and flow cyto-
metry experiments. Statistical analysis was performed using a Sigma
Plot (SYSTAT, San Jose, CA) software statistical package. All data are
expressed as mean ± SEM. Statistical analysis was performed using
individual one way ANOVA with Bonferroni post-hoc test. Statistical
significance was tested at minimum of p < 0.05 level.

3. Results

3.1. Effect of TNFα, IL-13 and PDGF on human ASM cell proliferation

There was a significant increase in cell proliferation after 24 h
treatment with TNFα and PDGF in both asthmatic and non-asthmatic

Fig. 1. Effect of TNFα, IL-13 and PDGF on
human ASM cell proliferation. Significant
mitogenic effect in asthmatic and non-asthmatic
ASM cells was observed with 24 h treatment of
tumor necrosis factor alpha (20 ng/ml TNFα),
Interleukin-13 (50 ng/ml IL-13) or Platelet
Derived Growth Factor (2 ng/ml PDGF) by MTT
(A) and CyQuant (B) assays. PDGF-induced
proliferation was relatively higher compared to
both the pro-inflammatory cytokine exposure.
###p < 0.001, ##p<0.01, nsp>0.05 vs ve-
hicle; ***p < 0.001, **p < 0.01 vs TNFα.
Values are mean ± SEM from n of 4 samples
each from asthmatics and non-asthmatics.
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patients compared to vehicle (Fig. 1A and B). This mitogenic effect was
considerably higher in the PDGF treated group (30–40 percent more in
asthmatic and 20–30 percent more in non-asthmatic) than in human
ASM cells treated with TNFα. Hence, PDGF was used as a mitogenic
agent for further cell proliferation studies.

3.2. Mitogenic effect of PDGF in human ASM cells

To determine an appropriate PDGF concentration for evaluating the
effect of ERs on ASM cell proliferation, we first performed a dose-re-
sponse curve (Fig. 2A and B). The results showed that 2 ng/ml PGDF
produced the maximum mitogenic effect in both asthmatic and non-
asthmatic human ASM cells compared to vehicle treated controls. In
fact, a progressive decrease in cell count was noted as PDGF con-
centration increased beyond 10 ng/ml. Furthermore, the mitogenic ef-
fect of PDGF was significantly higher in asthmatic human ASM com-
pared to non-asthmatic human ASM at the same given dose.

3.3. Effect of ERα and ERβ agonists on human ASM proliferation

In the preliminary screening studies, the effect of different ERα (PPT

and THC), ERβ (WAY, FERB-033 and DPN) agonists and GPR30 agonist
(G1) on PDGF stimulated ASM cell proliferation were evaluated. ERβ
agonists produced a significant blunting effect, higher than ERα ago-
nists in all the patient samples (Fig. 3A and B). The GPR30 selective
agonist G1 did not show a significant inhibition of PDGF-induced pro-
liferation of human ASM cells. Amongst ERβ agonists, WAY showed a
significantly higher reduction in PDGF-induced proliferation under all
experimental settings and decreased the cell count by ≃ 65% and ≃ 55%
in asthmatic and non-asthmatic ASM respectively.

3.4. ERβ agonist blunts PDGF-induced proliferation in human ASM

To further evaluate the role of differential ER signaling in ASM
proliferation, the effect of estradiol (E2) and selective ER agonists in the
absence and presence of PDGF was studied. Treatment with WAY alone
for 24 h reduced asthmatic and non-asthmatic ASM proliferation sig-
nificantly compared to the vehicle. Furthermore, cells pre-treated with
WAY significantly blunted the proliferative effect of PDGF (reduced by
67.8% and 61.2% in asthmatic ASM and 48.6% and 50.3% in non-
asthmatic ASM cells using MTT and CyQuant NF assays respectively
compared to the vehicle group (Fig. 4A and B). E2 and PPT alone

Fig. 2. Mitogenic effect of PDGF on human
ASM cells. Effect of different concentrations of
PDGF on the rate of proliferation on human
airway smooth muscle (ASM) cells was mea-
sured by MTT (A) and CyQuant (B) assays. At a
dose of 2 ng/ml, maximum ASM proliferation at
24 h was observed, while further increases in
concentrations of PDGF resulted in reduced
proliferation. Notably, the rate of proliferation
was greater in asthmatic ASM compared to non-
asthmatic ASM. *Significant effect in Asthmatic
cells vs. Non-asthmatic cells at the same given
dose, (*p < 0.05). Values are mean ± SEM
from n of 4 samples each from asthmatics and
non-asthmatics.

Fig. 3. Effect of ERα, ERβ and GPR30 ago-
nists on human ASM proliferation. The effect
of ERα agonists (PPT and THC), ERβ agonists
(WAY-200070, FERB033 and DPN) GPR30/
GPER agonist (G1) on PDGF-induced cell pro-
liferation of asthmatic and non-asthmatic
human ASM cells was evaluated using (A) MTT
and (B) CyQuant NF assays. ERβ agonist WAY
showed the more pronounced inhibition of
PDGF-induced proliferation in both asthmatic
and non-asthmatic samples. ERα and GPR30
agonists did not show any consistent blunting of
PDGF-induced proliferation of human ASM as
compared to ERβ agonists. ###p < 0.05 vs ve-
hicle, ***p < 0.001, **p < 0.01, *p<0.05,
nsp>0.05 vs PDGF treated group. Values are
means ± SEM from n of 5 samples each from
asthmatics and non-asthmatics.
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showed no significant effect on cell proliferation compared to vehicle.
Pre-treatment with E2 and PPT in asthmatic ASM cells showed com-
parable effects but they did not show significant inhibition or had lesser
inhibition of PDGF-induced non-asthmatic ASM cell proliferation as
compared to with ERβ agonist WAY (Fig. 4A and B).

3.5. Effect of ER siRNA on human ASM proliferation

To confirm the observed effects and the estrogen receptor mediated
mechanisms, experiments were performed with cells transfected with
ER selective siRNA. Treatment with PDGF, WAY and WAY+PDGF
significantly increased the proliferation of asthmatic and non-asthmatic
human ASM cells transfected with ERβ siRNA (Fig. 5A) as compared to

Fig. 4. ERβ agonist blunts PDGF induced
proliferation in human ASM. ERβ agonist
(WAY) significantly blunted the mitogenic effect
of PDGF as evaluated using (A) MTT and (B)
CyQuant NF assays. The inhibitory effect of PPT
on PDGF-induced ASM proliferation was sub-
stantially less compared to WAY or non-sig-
nificant in non-asthmatic patients. E2 did not
show significant decrease in PDGF-induced
proliferation in most settings. ###P < 0.001,
##P < 0.01, #P<0.05, nsP>0.05 vs vehicle;
***P < 0.001, **P<0.01 nsP>0.05 vs PDGF
treated group. Values are means ± SEM from n
of 6 samples each from asthmatics and non-
asthmatics.

Fig. 5. Effect of ER siRNA on human ASM
proliferation and ER Protein Expression.MTT
assay was used to study the effect of ERβ agonist
WAY and ERα agonist PPT on PDGF-induced
proliferation in Asthmatic and Non-Asthmatic
human ASM cells transfected with ERβ siRNA
(Fig. 5A) and ERα siRNA (Fig. 5B) respectively.
There was significant mitogenic effect observed
in ERβ siRNA transfected cells compared to ne-
gative siRNA in both asthmatic and non-asth-
matic ASM cells. ERβ siRNA transfected human
ASM cells treated with WAY and WAY+PDGF
produced a significant increase in proliferation
as compared to negative siRNA treated group.
PPT+PDGF treatment produced an increased
proliferation in ERα siRNA transfected human
ASM cells. Western blot analysis was performed
to determine the transfection efficacy of ERβ
(Fig. 5C) and ERα (Fig. 5D) receptor siRNA in
human ASM cells. Values are means ± SEM
from n of 5 samples from asthmatics and n of 6
samples from non-asthmatics for MTT assay.
Values are means ± SEM from n of 3 different
patient samples of asthmatics and non-asth-
matics for western analysis. ***p < 0.001,
**p < 0.01, *p<0.05, nsp>0.05 vs negative
siRNA.
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negative siRNA transfected cells. In siRNA mediated ERβ receptor
knockdown of human ASM, pretreatment with WAY (Fig. 5A) has a
minimal decrease of the PDGF-induced proliferation but not to the
extent observed in non-transfected cells (as compared to Fig. 4). This
confirms that the inhibitory effect of ERβ agonist WAY is through ERβ
receptor mediated function. Moreover, the basal proliferation in ERβ
siRNA transfected cells was significantly higher compared to negative
siRNA group (Fig. 5A). Interestingly, this basal effect was absent in ERα
siRNA transfected asthmatic ASM cells (Fig. 5B). Treatment with PPT in
ERα siRNA transfected non-asthmatic ASM did not show any significant
change in proliferation as compared to negative siRNA treated group.
The effectiveness of the siRNA transfection was assessed by performing
western blot analysis for ERβ and ERα expression in human ASM cells.
siRNA transfection was found to be effective as evident with the

significantly decreased ERβ (Fig. 5C) and ERα (Fig. 5D) protein ex-
pression in the transfected cells as compared to negative siRNA group.

3.6. ERβ agonist induces G0/G1 phase cell cycle arrest

There was a significant 7% increase in ‘S’ phase (Fig. 6B) and a
reciprocal decrease of cells in ‘G0-G1’ phase (Fig. 6A) among the PDGF-
treated groups in asthmatic ASM compared to vehicle, indicating an
increased proliferation (Fig. 6C). This mitogenic effect of PDGF was
inhibited by WAY as evidenced by a significant 5% decrease in ‘S’
phase. We found significant increase in the G0/G1 phase among asth-
matic cells pre-treated with WAY (Fig. 6B). Whereas, there was no
significant effect observed with pre-treatment with PPT on the G0/G1
phase or ‘S’ phase of the asthmatic cells. Similarly, a significant 10%

Fig. 6. Effect of ER agonists on different phases of human ASM cell cycles studied using flow cytometry. Cell cycle analysis showed increased cell population
in S and M phases (B and C) with PDGF treatment. Asthmatic ASM showed an increased ratio of cells in S (B) and G2/M phase (C) to G0/G1 phase (A), consistent with
a proliferative tendency of asthmatic ASM. ERβ agonist WAY significantly reduced the ratio of asthmatic human ASM cells in S to G0/G1 phase (B to A) and G2/M to
G0/G1 phase (C to A) suggesting arrest of cell cycle progression in G0/G1 phase, and thus inhibiting proliferation. The representative profiles of asthmatic (D) and
non-asthmatic (E) human ASM cell-cycle distributions by various treatment groups is shown where M5, M6 and M7 represent percentage of cells in G0/G1, S and G2/
M phase respectively. ###p < 0.001, ##p < 0.01 vs vehicle; ***p < 0.001, **p < 0.01, *p<0.05, nsp>0.05 vs PDGF treated group. Values are means ± SEM
from n of 3 samples each from asthmatics and non-asthmatics.
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increase in ‘S’ phase cell population was observed in PDGF-treated non-
asthmatic cells, which was blunted by pre-treatment with WAY
(Fig. 6B). Consistent with the findings above, flow cytometric analysis
of asthmatic ASM cells stimulated with PDGF showed a substantial
increase in the percentage of cells entering G2/M phase indicating
proliferation, while cells pre-treated with WAY and PPT showed sig-
nificantly decreased cells in G2/M phase (Fig. 6C). This effect of WAY
and PPT on G2/M phase was less significant in non-asthmatic ASM.

3.7. Expression of PDGF induced proliferative markers in human ASM

PDGF alone significantly increased mRNA expression of PCNA, Ki67
and C/EBP (Fig. 7A–C) compared to vehicle. Cells pre-treated with
WAY and PPT showed significant decrease in PDGF-induced mRNA
expression of PCNA, Ki67 and C/EBP. This mRNA expression of the
proliferative marker genes was significantly reduced by pre-treatment
with WAY and PPT (Fig. 7A–C). The effect of PPT was comparable to
that of WAY in both asthmatic and non-asthmatic ASM.

Consistent with the mRNA data, there was increased expression of
proliferative proteins PCNA, C/EBPα (Fig. 8), Cyclin-D1 and Cyclin-E
(Fig. 9) in both asthmatic and non-asthmatic ASM cells stimulated with
PDGF compared to vehicle. Interestingly, this PDGF-induced increase in
expression of all the mentioned proteins were significantly inhibited in
cells pre-treated with WAY whereas PPT did not have any significant
effect on them.

3.8. ERβ agonist inhibits cell signaling pathways

To elucidate the molecular mechanism by which WAY inhibits
PDGF stimulated ASM proliferation, we explored changes in MAPK,
ERK1/2 and Akt phosphorylation (Fig. 10A and B). Preliminary ex-
periments were carried out using protein lysates collected at different
time points following PDGF treatment. 6 h of PDGF exposure was
identified to result in maximum activation of cell signaling proteins and
hence used for further studies (data not shown with 12 h and 24 h
treatment). Cells pre-treated with WAY significantly decreased PDGF-
induced phosphorylation of p38, ERK and Akt in both asthmatic and
non-asthmatic human ASM cells. Cells pre-treated with PPT showed a
significant decrease in PDGF-induced phosphorylation of only p38 in
both asthmatic and non-asthmatic cells (Fig. 10A and B).

4. Discussion

Asthma is a chronic disorder characterized by airway obstruction
induced by hyperreactivity and remodeling promoted by inflammation
(Prakash, 2016; Puthalapattu and Ioachimescu, 2014). Clinical data
showing sex differences and potential sex steroid effects in asthma
underline the importance of understanding the mechanisms by which
sex steroids such as estrogens influence the airway. Here, given that
ASM cell proliferation and migration play a crucial role in airway re-
modeling (Sathish et al., 2013; Yang et al., 2015; Lahm et al., 2012), the
present study sought to explore the mechanisms by which estrogens
modulate ASM proliferation. We demonstrate that there are differential
effects of ER isoforms where ERβ may interestingly serve to blunt cell
proliferation, particularly in asthmatic ASM, thus pointing to the im-
portance of understanding the specific roles of ER isoforms in the
context of estrogenic effects in asthmatic airways.

Beyond its well-recognized roles in the reproductive system, recent
studies have identified other roles for estrogen in different organs and
tissues of both males and females, including cell growth and differ-
entiation (Sathish et al., 2015a,b; Townsend et al., 2012a,b; Townsend
et al., 2012, 2012). In this regard, various epidemiological and pre-
clinical data have shown sex differences in asthma, and the potential
effects of estrogens on airway function (Townsend et al., 2012a,b;
Sathish and Prakash, 2016), resulting in increased interest in exploring
sex steroid receptor expression and function in airways. Our previous

Fig. 7. PCNA, Ki67 and C/EBP gene expression in human ASM. Cells were
treated with vehicle, ERα agonist (PPT) or ERβ agonist (WAY) for 2 h, followed
by PDGF for 24 h (A) PCNA, (B) Ki67, and (C) C/EBP mRNA expression were
measured by real time qPCR. PDGF treated group showed a significant increase
in PCNA, Ki67, and C/EBP expression; whereas pre-treatment with PPT and
WAY significantly decreased the expression of these genes. ###p < 0.001 vs
vehicle and ***p < 0.001, **p < 0.01 vs PDGF treated group. Data are pre-
sented as mean ± SEM, from n of 6 samples each from asthmatics and non-
asthmatics.
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studies demonstrated that physiological concentrations of estrogen can
induce bronchodilation by enhancing cAMP and protein kinase A and
thus decreasing [Ca2+]i levels in ASM (Townsend et al., 2010, 2012).
We and others have demonstrated the expression of both ERα and ERβ
in human ASM (Townsend et al., 2012a,b; Aravamudan et al., 2017;
Hughes et al., 2002; Dahlman-Wright et al., 2006; Jia et al., 2011). Most
recently, we evaluated the differential expression of ERα and ERβ in
asthmatic and non-asthmatic ASM, and found that ERβ expression is
significantly greater in asthmatic ASM in both males and females
(Aravamudan et al., 2017) suggesting the potential importance of ER
isoforms in asthma pathophysiology or its alleviation. The results of the
present study support this concept showing the differential effect of ER
isoforms in the context of ASM proliferation.

The present study is the first to demonstrate ER isoform specific
effects in human ASM proliferation in response to a mitogen. Some
previous animal studies suggest estrogens enhance inflammation and

have a mitogenic effect on ASM (Stamatiou et al., 2011; Sakazaki et al.,
2008; Riffo-Vasquez et al., 2007), while other studies find that estro-
gens blunt asthma symptoms (Gilliver, 2010; Lieberman et al., 1995;
Myers and Sherman, 1994) and thus likely have blunting effects on
proliferation. However, most studies utilized 10% serum medium as
mitogenic agent and have not explored the role of ER isoforms. In this
study, we demonstrated that ERβ activation significantly suppressed
PDGF-stimulated human ASM cell proliferation and arrested cell cycle
progression in G0/G1 phase.

The mitogenic effect of PDGF in human ASM cells has been pre-
viously reported (Pelaia et al., 2008), and PDGF effects in proliferation
of vascular smooth muscle cells is well-known (Li et al., 2016; Dong
et al., 2010; Guan et al., 2014). PDGF interacts with PDGF receptor
(PDGFR) on cell membrane inducing dimerization, which is essential
for activation of tyrosine kinase receptors (Dong et al., 2010; Heldin
and Östman, 1996). PDGFR activates intracellular signaling pathways

Fig. 8. Effect of ER agonists on PDGF induced
proliferative marker proteins in human ASM.
Western analysis of proliferative protein mar-
kers. (A) Asthmatic human ASM showed in-
creased protein expression of PCNA and C/EBP-
α following PDGF exposure; an effect sub-
stantially blunted by WAY but not by PPT. (B)
Similarly, non-asthmatic human ASM shows
decreased PDGF induced PCNA and C/EBP ex-
pression in cells pre-treated with WAY but PPT
had no effect on the same. β-Actin served as a
loading control ###p < 0.001, ##p < 0.01 vs
vehicle and ***p < 0.001, **p<0.01, nsp>
0.05 vs PDGF treated group. Data are presented
as mean ± SEM, from n of 5 samples each from
asthmatics and non-asthmatics.

Fig. 9. Effect of ER agonists on PDGF induced
cell cycle progression proteins in human
ASM. (A) Asthmatic and (B) Non-asthmatic
human ASM showed increased expression of
Cyclin-D1 and Cyclin E with PDGF exposure.
WAY significantly decreased PDGF induced
Cyclin-D1 and Cyclin-E protein expression in
both asthmatic and non-asthmatic human ASM.
Pre-treatment with PPT did not show any sig-
nificant effect on the expression of these pro-
teins. β-Actin served as a loading control.
###P < 0.001, ##P < 0.01 vs vehicle;
***P < 0.001, **P<0.01, nsP>0.05 vs PDGF
treated group. Data are presented as
mean ± SEM, from n of 6 samples each from
asthmatics and non-asthmatics.
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such as Ras/Rac, MAPK, PI3K, STAT and Src, which modify cellular
function and enhance cell proliferation and migration (Heldin and
Westermark, 1999; Rönnstrand and Heldin, 2001). In the present study,
we found that PDGF does activate multiple signaling intermediates
particularly in asthmatic ASM cells.

The selection of estrogen receptor selective agonists was based on
critical literature review of studies performed on ER's in the past
decade. WAY200070 is a selective estrogen receptor beta agonist (IC50

2.3 nM for ERβ and 155 nM for ERα) (Harris, 2007; Malamas et al.,
2004) with 410 times more selectivity to ERβ over ERα (Stauffer et al.,
2000). In a murine study, WAY200070 at a dose of 30mg/kg has in-
duced translocation of ERs' to the nucleus in wild type and ERα KO
mice while no translocation was observed in ERβ KO mice (Hughes
et al., 2008) indicating the mechanism of action of WAY200070
through ERβ and not ERα. Moreover, WAY200070 has an inverted U
shaped dose response curve due to high dose binding to ERα as well as
ERβ (Clipperton et al., 2008). Furthermore, ERα and ERβ act in op-
posite to each other (Gustafsson, 2006) and binding of WAY200070 to
ERα may counter the effects of ERβ. In this study, we used WAY200070
at 10 nM dose, which is potent enough to activate ERβ but not ERα
considering the IC50 values. PPT was selected as ERα selective agonist
as it is completely inactive in stimulating transcription of ERs' through
ERβ (Stauffer et al., 2000). In concurrence to this, our biochemical data
representing mechanism of action from the current study also indicates
differential signaling of ER's.

Recent study questioned about the expression of ERβ receptor in the
peripheral tissues including the lung and suggested the verified anti-
body for ERβ detection (Andersson et al., 2017). In light of this, we
conducted the additional experiments on freshly isolated human ASM
tissue bundles which were denuded of epithelium by mild abrasions and
confirmed the expression of ERβ protein by western analysis using
verified ERβ antibody (not shown) (Andersson et al., 2017). Our study
showed that the ERβ selective agonist WAY has a more prominent effect
in blunting ASM proliferation supporting our hypothesis regarding
differential ER isoform effects. Furthermore, siRNA studies confirmed
the crucial role of ERβ in PDGF induced human ASM proliferation albeit
only moderate siRNA transfection efficiency observed. In siRNA

mediated knock down of ERβ receptor, WAY did not reduce PDGF in-
duced human ASM proliferation indicating that WAY act through ERβ
receptor in regulating proliferation. We did not observe any significant
effect of GPR30/GPER agonist G1 on PDGF induced human ASM pro-
liferation. Most of the reported studies primarily implicate non-genomic
activations of GPR30/GPER rather than genomic (Pupo et al., 2016;
Feldman and Limbird, 2017; Filardo et al., 2006) which aligns with our
observed data.

However, we did not observe any significant effect of ERα activa-
tion alone in human ASM cell cycle phases, ERβ activation down-
regulated G2/M phase activated by PDGF in both asthmatic and non-
asthmatic ASM cells and arrested the cell cycle in G0/G1, consequently
leading to inhibited proliferation. G0/G1 phase represents quiescent
state, whereas S is synthesis phase, where DNA replication occurs and
G2/M phase in which cell division take place (Di Sante et al., 2017;
Casimiro et al., 2014). Cyclin-D1 is closely associated with cell-cycle
transition through G1 phase and commitment to enter S phase
(Casimiro et al., 2014; Xiong et al., 1997). Earlier studies have shown
that cyclin-D1 is responsible for shortening G1 and is rate limiting in G1
phase progression (Jiang et al., 1993; Quelle et al., 1993; Resnitzky
et al., 1994). Regulation of cyclin-D1 expression in ASM cells is con-
trolled by catalytic activation of ERKs (Ramakrishnan et al., 1998).
Cyclin-E is an important protein responsible for activation of cyclin-
dependent kinase 2 (CDK2) to sustain the hyperphosphorylation of re-
tinoblastoma protein (Rb) which is responsible for transcription of S
phase (Nevins, 1998; Pavletich, 1999). ERβ activation of human ASM
cells significantly blunted PDGF-induced protein expression of cyclin-
D1 and cyclin-E in asthmatic and non-asthmatic ASM, which is further
supported by our flow cytometry analysis indicating the potential role
of ERβ signaling in ASM proliferation, and the involvement of ERKs.

The role of PCNA, Ki-67 and C/EBPs in cell proliferation and dif-
ferentiation are well known (Ruffell et al., 2009; Wylam et al., 2015).
PDGF receptor activation initiates an intracellular cascade leading to an
increase in gene expression of these proliferative markers. PDGF effects
on these markers was suppressed by ERβ activation again supporting
the role for ERβ per se in modulating proliferation. The importance of
MAPK pathways in proliferation and migration of human ASM cells has

Fig. 10. Effect of ER agonists on MAPK ex-
pression in PDGF induced human ASM cells.
Western analysis shows PDGF induced activa-
tion of p38, ERK and Akt in (A) Asthmatic and
(B) Non-asthmatic human ASM. Pre-treatment
with WAY significantly reduced this PDGF-in-
duced phosphorylation of p38, ERK and Akt in
both asthmatic and non-asthmatic human ASM.
Pre-treatment with PPT significantly decreased
only p38 activation in both asthmatic and non-
asthmatic human ASM and the effect is sig-
nificantly lesser when compared to WAY.
###p < 0.001, ##p < 0.01, #p < 0.05 vs ve-
hicle; ***p < 0.001, **p<0.01, nsp>0.05 vs
PDGF treated group. Data are presented as
mean ± SEM, from n of 6 samples each from
asthmatics and non-asthmatics.
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been established (Zhai et al., 2004), including ERK 1/2 JNK and p38
MAPK (Gerthoffer and Singer, 2003). Consistent with reported data we
observed increased phosphorylation of ERK 1/2, and p38 MAPK upon
PDGF exposure. These signaling pathways were inhibited by ERβ acti-
vation, particularly in asthmatic ASM. These effects of ERβ are con-
sistent with data from mammary epithelium and breast cancer cells
(Cotrim et al., 2013; Helguero et al., 2005, 2008).

Activation of PDGFR upregulates PI3K/Akt signaling and directs the
phosphorylation of p70S6 kinase, a primary mTOR substrate re-
sponsible for ASM cell proliferation (Garat et al., 2006). Inhibition of
PI3K signaling has a significant role in repressing PDGF-induced ASM
cell proliferation. Our data show significant decrease in phosphoryla-
tion of Akt with ERβ activation, indicating the distinctive role of ERβ in
modulating ASM proliferative pathways.

Overall, the present study shows that PDGF upregulates a variety of
mechanisms to contribute in ASM cell proliferation in the context of
airway remodeling. ERβ activation significantly inhibits PDGF-induced
cell proliferation in non-asthmatic and asthmatic ASM cells by sup-
pressing proliferative proteins along with MAPKs and PI3K signaling
pathway. These findings further broaden the role of ER regulation in
asthma pathophysiology and point to a potentially niche role for ERβ
receptor to be a novel target for airway remodeling.
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