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A B S T R A C T   

A subset of asthmatics develop a severe form of the disease whose etiology involves airway inflammation along 
with inherent drivers that remain ill-defined. To address this, we studied human airway smooth muscle cells 
(HASMC), whose relaxation drives airway bronchodilation and whose dysfunction contributes to airway 
obstruction and hypersensitivity in severe asthma. Because HASMC relaxation can be driven by the NO-soluble 
guanylyl cyclase (sGC)-cGMP signaling pathway, we questioned if HASMC from severe asthma donors might 
possess inherent defects in their sGC or in redox enzymes that support sGC function. We analyzed HASMC 
primary lines derived from 17 severe asthma and 16 normal donors and corresponding lung tissue samples 
regarding sGC activation by NO or by pharmacologic agonists, and also determined expression levels of sGC α1 
and β1 subunits, supporting redox enzymes, and related proteins. We found a majority of the severe asthma 
donor HASMC (12/17) and lung samples primarily expressed a dysfunctional sGC that was NO-unresponsive and 
had low heterodimer content and high Hsp90 association. This sGC phenotype correlated with lower expression 
levels of the supporting redox enzymes cytochrome b5 reductase, catalase, and thioredoxin-1, and higher 
expression of heme oxygenases 1 and 2. Together, our work reveals that severe asthmatics are predisposed to-
ward defective NO-sGC-cGMP signaling in their airway smooth muscle due to an inherent sGC dysfunction, 
which in turn is associated with inherent changes in the cell redox enzymes that impact sGC maturation and 
function.   

1. Introduction 

Asthma is a growing health problem that is estimated to impact 300 
million people worldwide [1,2]. A subset of asthma patients (approxi-
mately 5–10%) manifest severe disease often characterized by irre-
versible airway obstruction, frequent exacerbations and/or a significant 
oral corticosteroid burden [3,4]. Although airway inflammation is 
thought to play a role in severe asthma, inherent dysfunction in the 
airway epithelial and/or smooth muscle cells, which are pivotal in 
regulating bronchomotor tone, may also contribute to the asthma 
diathesis [4–8]. 

Human airway smooth muscle cells (HASMC) play a central role in 
bronchomotor function and in asthma their dysregulation promotes the 
airway narrowing, obstruction and hypersensitivity that characterizes 
the disease [6,9]. The β2-adrenergic-adenylyl cyclase-cAMP signaling 
pathway (β2AR-sAC-cAMP) that is present in the HASMC modulates 
bronchomotor tone [10] and is the target of current bronchodilator 
therapy. HASMC also express soluble guanylyl cyclase (sGC), which by 
signaling through the nitric oxide (NO)-sGC-cyclic GMP (cGMP) 
pathway also promotes HASMC relaxation and bronchodilation [11,12]. 
The NO-sGC-cGMP pathway is the primary driver of vascular smooth 
muscle relaxation [13–15], and its role in HASMC relaxation has long 
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been suspected [16]. However, it was only recently established that 
activating this pathway is as efficacious in evoking bronchodilation in 
human small airways as is activating the β2AR-sAC-cAMP pathway [12, 
17]. 

Both of the signaling pathways in HASMC that drive bronchodilation 
can become attenuated in asthma. This typically manifests as defective 
β2-adrenergic receptor recycling [18] or as development of sGC insen-
sitivity toward NO activation [11]. NO-insensitive sGC is thought to 
arise in situ from the increased oxidative and nitrosative stress that is 
present in the inflamed airways. For example, in murine models of 
allergen-induced airway inflammation, the airway sGC developed hall-
marks of damage that include dissociation of its active heterodimeric 
form and an association of its freed sGCβ1 subunit with heat shock 
protein 90 (hsp90), a cell chaperone [11]. In the human asthmatic 
airway, such in situ oxidative damage to sGC could occur in addition to 
any underlying genetic or epigenetic factors that might compromise the 
HASMC signaling pathways independent of the airway inflammation. 
Indeed, GWAS studies indicate that there are altered gene expression 
patterns in human asthma that associate with disease severity [4,19]. 
Despite this, how genetic predisposition or epigenetic changes may 
impair the bronchodilation signaling pathways in HASMC remains 
largely unexplored. 

Here, we posited that primary HASMC lines derived from severe 
asthmatic donors (SA-HASMC), but not those from non-asthma donors 
(N-HASMC), may manifest inherently dysfunctional NO-sGC-cGMP 
signaling, which could lead to an aberrant HASMC phenotype consis-
tent with asthma. To explore this, we focused on sGC and performed 
pharmacologic profiling of its activation by NO or by two pharmacores 
in a number of SA-HASMC and N-HASMC lines and lung tissues derived 
from severe asthma and non-asthma donors. Also, because gene 
expression analyses have limitations in studies of airway smooth muscle 
dysfunction due to many of their functional properties being regulated 
at the protein level [20], we performed protein expression studies in the 
HASMC and lung tissues as a means to identify abnormalities linked to 
severe asthma. In this regard, we determined the protein expression 
levels of the two sGC subunits, cell chaperone hsp90, phosphodiesterase 
5A (PDE5A), cGMP-dependent protein kinase 1(PKG-1), and five redox 
enzymes that are known to impact sGC maturation and function: cyto-
chrome b5 reductase isoform 3 (CYB5R3), catalase, thioredoxin 1 
(Trx1), and heme oxygenases 1 and 2 (HO1 and HO2). Our findings 
reveal that the airway smooth muscle of many severe asthmatics harbors 
defective NO-sGC-cGMP signaling, due to an inherent sGC dysfunction 
that correlates with an altered expression of the redox enzymes that 
govern sGC maturation and NO response. 

2. Material and methods 

Reagents, cells and tissues: All chemicals were purchased from 
Sigma (St. Louis, MO) and Fischer chemicals (New Jersey). NO donor, S- 
Nitroso-N-Acetyl-D,L-Penicillamine (SNAP), phosphodiesterase inhibi-
tor 3-isobutyl-1-methylxanthine (IBMX) and sGC activator BAY 
41–2272 were all purchased from Sigma. sGC activator BAY 60–2270 
was provided by Bayer Pharma. Smooth muscle specific cell culture 
media was purchased from Lonza. Fetal bovine serum were purchased 
from Fischer and Atlanta Biologicals. All HASMC lines from normal and 
severe asthma donors and lung tissue samples were provided by the 
laboratory of Dr. Rey Panettieri (Rutgers). We used N-HASMC lines 
derived from 19 different donors and SA-HASMC lines derived from 20 
different donors in the study (a total of 39 distinct HASMC lines). Some 
of these had corresponding lung tissue samples that we analyzed, but not 
all, which are listed Table S1. We used 12 additional donor lung tissue 
samples which did not correspond to the 39 HASMC lines. Thus, the 
HASMC lines plus tissues used in the study derived from a total of 51 
different donors. cGMP ELISA assay kits were obtained from Cell 
Signaling Technology. Catalase activity assay kit was purchased from 
Biovision. Molecular mass markers were purchased from Biorad. For 

animal experiments wild type naïve female BALB/c mice 6–8 week old 
were purchased from the Jackson Laboratory (Bar Harbor, ME). 

Antibodies: Table S2 describes various types of antibodies used and 
their sources. 

Cell culture, growth and preparation of human airway smooth 
muscle cells supernatants: All normal and asthma patient derived 
HASMCs were grown in 100 mm tissue culture dishes and harvested 
following procedures as previously described [21,22]. HASMCs were 
grown in smooth muscle specific culture media from Lonza and 
following the manufacturer’s protocol. A maximum of three passages 
were used from each set of HASMCs, after which the cultures were 
discontinued. To enable maximum efficiency of this method by working 
within this narrow window of cell culture we made multiple parallel 
liquid nitrogen stocks (10 or more stocks) for each individual HASMCs 
from the time point of its first culture. This ensured that repeated ex-
periments could be performed from each individual stock of HASMCs 
without altering its passage number. Experiments on HASMCs eg. in cell 
activation by NO or sGC activators (BAY-41/60) were performed on 
confluent (70–80%) cultures before harvest. At the point of cell harvest, 
the monolayers were washed twice with 4 ml cold PBS containing 1 
mg/ml of glucose, and cells on each plate were collected by scraping in 
presence of 250 μl of classical lysis buffer (40 mM EPPS buffer pH 7.6, 
10% Glycerol, 3 mM DTT, 150 mM NaCl and 1% NP40) or at times cell 
lysis buffer from cGMP estimation kit (Cell Signaling Technology) was 
used. The collected cells were lysed by 3 cycles of freeze-thawing (in 
liquid nitrogen and at 37 ◦C, respectively). The lysates were centrifuged 
for 30 min at 4 ◦C and the supernatants were collected and stored at 
− 80 ◦C. Total protein contents of the supernatants was determined using 
the Bio-Rad protein assay kit. 

Preparation of lung tissue homogenates: Human and mouse lung 
tissue homogenates were made by incubating about 600 mg of the lung 
tissue in 1 ml of cell lysis buffer [11] for 30 min in ice, followed by 
sonication to homogenize the softened tissue. The homogenates were 
further lysed by 3 cycles of freeze-thawing (in liquid nitrogen and at 
37 ◦C, respectively). The lysates were centrifuged for 30 min at 4 ◦C and 
the supernatants were collected and stored at − 80 ◦C. Total protein 
contents of the supernatants was determined using the Bio-Rad protein 
assay kit. 

Western blots and immunoprecipitations (IPs): Western blots were 
peformed using standard protocols as previously mentioned [11,21,22]. 
For westerns involving multiple samples (16 normals and 17 asthma 
HASMC supernatants), 80 μg of the supernatants from normals or 
asthma were run separately on two large SDS-PAGE (8% or 15%), 
transferred to the same PVDF membrane, probed with a specific anti-
body and developed at the same time. In all cases β-actin was used as a 
loading control. Multiple protein detection was achieved by stripping 
the membranes and re-probing with specific antibodies. For immuno-
precipitations (IP), 600 μg of the total cell supernatant was precleared 
with 20 μl of protein G-sepharose beads (Amersham) for 1 h at 4 ◦C, 
beads were pelleted, and the supernatants incubated overnight at 4 ◦C 
with 3 μg sGCβ1 antibody. Protein G-sepharose beads (20 μL) were then 
added and incubated for 1 h at 4 ◦C. The beads were micro-centrifuged 
(6000 rpm), washed three times with wash buffer (50 mM HEPES pH 
7.6, 100 mM NaCl, 1 mM EDTA and 0.5% NP-40) and then boiled with 
SDS-buffer and centrifuged. The supernatants were then loaded on 
SDS-PAGE gels and western blotted with specific antibodies. For IPs 
depicted in Fig. 2 where multiple samples were involved, similar pro-
cedures of gel running, transfer and blot development were followed as 
mentioned earlier. Band intensities on westerns were quantified using 
Image J quantification software (NIH). 

Determination of relative sGC heterodimer levels in cells: To esti-
mate the relative level of sGC heterodimer, the Western blots were 
scanned to obtain band intensities of the sGCα1 and sGCβ1 bands that 
were present in each pulldown sample. The relative heterodimer value 
was calculated as (intensity sGCα1 band/intensity sGCβ1 band) x 100. 

cGMP enzyme-linked immunosorbent assay: The cGMP 
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concentration in various cell supernatants made from intact cells that 
had been given NO from NO donor SNAP (50 μM) or sGC activators 
(BAY-41/60) in the presence of 250 μM IBMX, was estimated using the 
cGMP ELISA assay kit (Cell Signaling Technology). sGC activation 

profile ratios, BAY-41/BAY-60 or vice versa were determined from the 
mean values of three independent experiments (n = 3). sGC enzymatic 
activity in human lung tissue supernatants was determined as previously 
described [21]. Briefly the lung tissue supernatants were passed through 

Fig. 1. sGC activation response profiles of HASMC lines isolated from non-asthma or severe asthmatic donors. Sixteen non-asthma HASMC and seventeen 
asthma HASMC lines were cultured, their sGC underwent no activation or was activated by NO donor, BAY-41, or BAY-60, and their cGMP production measured. (A) 
cGMP production values. Data are means (n = 3 repeats per condition) ± SD. *p < 0.05, by one-way ANOVA, ns = not significant. (B) Distribution of the indicated 
sGC activation ratios (in terms of natural log, LN) among all 33 HASMC lines. (C) Distribution of the 33 HASMC lines regarding their being predominantly activated 
by NO or BAY-41 versus BAY-60. 
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the desalting PD-spin trap G-25 columns (GE healthcare), then activated 
by adding 250 μM GTP, 10 μM of sGC activators BAY-41 or BAY-60 in 
the presence of 250 μM IBMX and incubated for 10 min at 37 ◦C [21]. 
Reactions were quenched by addition of 10 mM Na2CO3 and Zn 
(CH3CO3)2 and the generated cGMP was then determined by ELISA. The 
cGMP concentrations as determined by ELISA was a measure of sGC 

activity in the cells. 
Catalase Activity assay: Catalase activity assays in the HASMC su-

pernatants was estimated using a Colorimetric assay kit from Biovision. 
This kit assays catalase activity in biological samples or cell super-
nantants by allowing the cellular catalase to reduce hydrogen peroxide 
(H2O2) into water (H2O) and oxygen (O2). The unconverted H2O2 then 

Fig. 2. An aberrant sGC activation response in HASMC lines correlates with their having a diminished sGC-α1β1 heterodimer and an increased hsp90 
association. Supernatants were prepared from the designated non-asthma and severe asthma HASMC lines and subject to IP to compare the releative extents of sGC- 
β1association with sGC-α1 or with hsp90. (A) Representative Western blots from IP pulldowns of sGC-β1. Upper three panels represent the bound proteins in the IP, 
while the lower three panels depicts protein expression levels in the supernatants. Numbers at the top of the panel depict the corresponding HASMC numbers shown 
in Fig. 1 (B) Mean densitometries of hsp90 bands (left) and sGCα1 bands (right) associated with sGCβ1 for each HASMC line, after normalizing the hsp90 and sGCα1 
band intensities to the intensity of the corresponding sGCβ1 band. Data are mean (n = 3 repeats per condition) ± SD. (C) Relationship between the sGC activation 
response ratios and the proportion of sGC heterodimer in the HASMC lines. Values are the natural log (LN) of the mean activation ratios (BAY-41/BAY-60, NO/BAY- 
60, or BAY-60/BAY-41) of the HASMC (calculated from Fig. 1) versus their mean proportion of sGC heterodimer (from data in Panel B). Lines of best fit are shown 
along with correlation coefficients. 
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reacts with OxiRed™ probe pesent in the kit to produce a product whose 
absorbance can be measured at 570 nm. Catalase activity was thus 
inversely proportional to the signal. 

Murine asthma model: Allergic airway disease was performed as 
previously described [11]. For the house dust mite model C57 B l/6 mice 
were anesthetized by isoflurane inhalation and intranasally sensitized 
with 100 μg house dust mite extract (HDME) in 50 μl saline. Five days 
later animals received five daily intranasal challenges of 10 μg HDME in 
50 μl saline. Three days later lung airway measurements were made [23] 
and the animals were sacrificed and lung tissues excised and stored for 
various biochemical measurements. 

3. Results 

SA-HASMC predominantly contain NO-insensitive sGC: To test sGC 
function in the SA-HASMC and N-HASMC lines we compared their sGC 
activation responses to an NO donor and to the pharmacologic sGC 
agonists BAY-41 or BAY-60. Cells and tissues typically express a pro-
portion of their sGC in its ferrous heme-containing heterodimeric form, 
which can only be activated by NO or by pharmacore agonists like BAY- 
41, and also express a proportion of their sGC in heme-oxidized (ferric) 
or heme-free forms, which are insensitive to NO or BAY-41 but can be 
activated by pharmacore agonists like BAY-60 [21,24]. When tissues 
and cells display greater sGC activation by NO or BAY-41 compared to 
BAY-60, this indicates that the cells contain sGC predominantly in its 
NO-responsive, ferrous heme-containing heterodimeric form. 

In a preliminary screen that compared 3 SA-HASMC and 3 N-HASMC 
lines we found that cGMP production by the SA-HASMC lines was more 
strongly activated by BAY-60 compared to the NO donor or BAY-41, 
whereas cGMP production by the N-HASMC lines was more strongly 
activated by NO or BAY-41 (Fig. S1). We also found variable protein 
expression of sGCβ1 and four other proteins (Hsp90, HO2, Catalase, and 
Trx1) in our initial screen (Fig. S1). Given these results we expanded our 
study to include HASMC lines isolated from an additional 17 severe 
asthma and 16 non-asthma donors, whose cohort information is re-
ported in Fig. S2 and Table S1. 

The sGC activation response profiles of the N-HASMC lines (Fig. 1A) 
show that 13 of 16 generated more cGMP in response to NO donor or 
BAY-41 as compared to BAY-60. This response profile is typical of other 
cell types or tissues that express sGC [21,25,26] and implies that the 
ferrous heme-containing sGC heterodimer predominates in a majority of 
the cultured primary N-HASMC lines [12,16]. In contrast, we saw the 
opposite pattern in the SA-HASMC lines, where 12 of the 17 showed 
greater cGMP generation in response to BAY-60 compared to the NO 
donor or BAY-41, and some showing a far greater activation by BAY-60 
(Fig. 1A). 

To better visualize how the 33 HASMC lines distribute regarding 
their activation by BAY-41 or NO donor versus by BAY-60, we used 
cGMP production data in Fig. 1A to calculate the BAY-41:BAY-60 and 
the NO:BAY-60 activation ratios, and then plotted the natural log of 
these ratios in violin distribution plots shown in Fig. 1B. The BAY-41: 
BAY-60 and the NO:BAY-60 distribution profiles were remarkably 
similar, consistent with NO and BAY-41 activating the same form of sGC, 
namely the ferrous heme-containing heterodimer. Both plots show that 
the HASMC lines distribute between a group whose activation by BAY- 
41 or by NO predominate over BAY-60, and another group whose acti-
vation by BAY-60 predominates. Notably, the former group is heavily 
populated by the N-HASMC lines, while the latter group is heavily 
populated by the SA-HASMC lines. These distributions indicate that 81% 
of the N-HASMC lines were predominantly NO or BAY-41 responsive, 
compared to only 29% of the SA-HASMC lines (Fig. 1C). The sGC acti-
vation profile for each HASMC line is also reported in Table S3. We 
conclude that most of the SA-HASMC display an aberrant sGC activation 
response profile that indicates they contain increased levels of NO- 
unresponsive, and therefore dysfunctional, sGC. 

sGC dysfunction is linked to a diminished heterodimer content and 

to greater sGCβ1-Hsp90 complex formation: To probe the mechanism 
responsible for the aberrant sGC activation that was seen in some of the 
HASMC lines, we examined its relationship to an altered heterodimer 
status. We specifically selected for this analysis 12 SA-HASMC and 8 N- 
HASMC lines such that five lines in either group were predominantly NO 
and BAY-41 responsive, and the rest (seven and three lines, respectively) 
were predominantly BAY-60 responsive. Fig. 2A shows representative 
immunoprecipitation (IP) and Western blot data that compare the 
relative levels of sGCα1 or hsp90 that were associated with cell sGCβ1 in 
pull-down experiments using supernatants made from each HASMC line, 
while Fig. 2B reports the same information averaged over three replica 
experiments. All of the N-HASMC lines showed some sGCα1 association 
with sGCβ1 and varying levels of hsp90 association, indicating that they 
all contained some sGC heterodimer. Of the three N-HASMC lines that 
were predominantly BAY 60 responsive [10–12], two showed realtively 
low levels of sGCα1 association (Fig. 2B), consistent with their con-
taining less sGC in heterodimer form. Among the 12 SA-HASMC lines 
that we analyzed, the five that we selected based on their having a 
stronger NO or BAY-41 activation response [9,10,14,15,17] all showed a 
good level of sGCα1 association and a weaker level of hsp90 association 
(Fig. 2B), consistent with their containing significant levels of sGC het-
erodimer. In contrast, the seven SA-HASMC lines that showed predom-
inant BAY 60 activation showed little or no sGCα1 association with 
sGCβ1 and instead showed a stronger association of hsp90 with sGCβ1. 
Note that the ability of BAY-60 to activate cGMP production in cells that 
contain little or no sGC heterodimer is due to BAY-60 activating through 
binding to the sGCβ1-hsp90 species and driving it to form an active sGC 
heterodimer in the cells [21]. 

We next used the sGCα1 and sGCβ1 band intensities in the pulldowns 
to determine the relative level of sGC heterodimer in each of the 20 
HASMC lines that we analyzed. Fig. 2C plots how the BAY-41:BAY-60 
activation ratio, the NO:BAY-60 activation ratio, and the BAY-60:BAY- 
41 activation ratio of the HASMC lines correlate with their relative 
proportions of sGC heterodimer. The data indicate that a positive cor-
relation generally exists between the sGC heterodimer content and ca-
pacity for NO or BAY-41 activation across all of the HASMC lines, while 
a negative correlation exists between sGC heterodimer content and the 
capacity for BAY-60 activation. We conclude that the aberrant NO sGC 
activation response seen in the HASMC lines is in most cases related with 
their having a lower proportion of sGC in heterodimer form and with a 
greater proportion of the sGCβ1 subunit being associated with hsp90. 

Dysfunctional sGC also exists in lung tissue samples from severe 
asthmatics: To examine if the aberrant sGC phenotype seen in the 
cultured SA-HASMC lines also manifests in donor lung tissues, we 
compared the sGC activation response profiles and heterodimer levels in 
lung tissue samples (Fig. S3) from 6 normal and 3 severe asthmatic 
donors. As depicted in Fig. 3A, four of the six normal lung samples had 
predominant sGC activation by BAY-41 relative to BAY-60, while all 
three lung tissue samples from severe asthmatics showed predominant 
sGC activation by BAY-60. We performed IPs on six of these tissue 
samples to assess the sGCβ1 protein partners (Fig. 3B and C) and found 
that in the lung samples from non-asthmatic donors there was a relative 
strong interaction of sGCβ1 with sGCα1 and a weak hsp90 interaction, 
whereas in the lung samples from severe asthmatics the sGCβ1 associ-
ation pattern was reversed with hsp90 predominating. Plots of the BAY- 
41:BAY- 60 or BAY-60:BAY-41 activation ratios obtained with the lung 
tissues (Fig. 3D) show that an aberrant sGC activation response corre-
lated with a lower proportion of sGC heterodimer. Thus, the HASMC and 
lung tissues derived from severe asthma donors are similar with regard 
to their expressing an sGC that has poor heterodimer content, poor 
activation by NO or BAY-41, and strong activation by BAY-60. 

Protein expression profiling indicates variable sGCβ1 expression in 
severe asthma: We next compared the SA-HASMC and N-HASMC lines 
regarding their expression levels of sGCβ1, sGCα1, and Hsp90, and two 
enzymes important for cGMP signaling: PDE5A, which produces GMP to 
negatively influence NO-sGC-cGMP signaling [27], and PKG-1, which is 
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a down-stream enzyme whose activation by cGMP leads to smooth 
muscle relaxation [28]. Fig. 4A contains representative Western blots 
indicating the relative expression levels of these proteins in each HASMC 
line, while Fig. 4B compares their average expression levels normalized 
to the corresponding β-actin band intensities from two replica analyses. 
The protein expression levels are also listed in Table S3. 

The level of sGCβ1 expression was highly variable and not normally 
distributed in either group of HASMC lines. Violin plots showed that the 
N-HASMC lines distributed into two clusters representing higher and 
lower-expressors (Fig. 4B). In contrast, only a few SA-HASMC lines had 
comparably high sGCβ1 expression and most distributed into lower 
ranges, with seven lines showing very low levels. The mean level of 
sGCβ1 expression in the SA-HASMC lines was only 60% that in the N- 
HASMC lines (Fig. 4C). We also observed variability for sGCβ1 expres-
sion in lung tissue samples and the expression levels were less in the 
tissues from severe asthmatics (Fig. S3). In contrast to sGCβ1, the 
expression levels of sGCα1 and hsp90 were more tightly distributed and 
less variable in both groups of HASMC, although 7 SA-HASMC lines 
showed a modestly-diminished level of hsp90 expression (Fig. 4A and 
B). There was no correlation between the expression levels of sGCβ1 and 
the levels of either hsp90 or sGCα1 in the HASMC lines (Fig. S5). Despite 
this finding, there appeared to be some variability in hsp90 expression in 
the human lung tissue samples and perhaps some correlation with the 
sGCβ1 expression (Fig. S3). 

PDE5A expression in both groups of HASMC was variable and 
somewhat lower in the SA-HASMC lines (Fig. 4 A-C). This means that 
increased PDE5A expression was not present in the HASMC lines, and 
therefore not likely to negatively impact their NO-sGC-cGMP signaling. 
This may distinguish severe asthma from other pulmonary diseases 
where elevated PDE5A expression is often present and likely compro-
mises NO-sGC-cGMP signaling [29]. We also found that PKG-1 was 

expressed in all the N-HASMC and the SA-HASMC lines, with only three 
of the sixteen N-HASMC lines showing a partly diminshed expression 
level (Fig. 4A–C). This implies that PKG-1 is avaliable to respond to 
cGMP and promote downstream functions like smooth muscle relaxation 
and bronchodilation [30]. 

Together our findings show that the sGCβ1 expression level in 
cultured HASMC lines and lung tissues was more variable than was their 
expression of sGCα1 or hsp90, and that the HASMC and lung tissues from 
severe asthmatics often had lower levels of sGCβ1 expression. 

Three redox enzymes that support sGC function show lower 
expression levels in severe asthma: Several redox enzymes support sGC 
function in cells and tissues: CYB5R3 maintains the sGC heme in its 
ferrous state [31,32], while Trx1 and catalase diminish cell oxidative 
stress and can protect sGC against oxidative inactivation [33,34]. We 
thus investigated whether lower expression levels of one or more of 
these support enzymes might correlate with dysfunctional sGC being 
present in the SA-HASMC lines. 

Expression profiling showed that CYB5R3 levels varied widely in the 
SA-HASMC and N-HASMC lines (Fig. 4A and B, Table S3), with CYB5R3 
expression trending lower in the SA-HASMC lines such that their average 
level was 59% of the N-HASMC group (Fig. 4C). Notably, the levels of 
CYB5R3 expression correlated well with the levels of sGCβ1 expression 
in the HASMC (Fig. 4D and Fig. S3, respectively), as has been observed 
previously for these two proteins in rat aortic smooth muscle cells [32]. 

Catalase expression was nearly invariant among the N-HASMC lines, 
but was quite variable among the SA-HASMC lines, with nine showing 
very low levels (Fig. 4A–C, Table S3). On average the SA-HASMC group 
catalase expression was only 45% of the N-HASMC group (Fig. 4C). 
Catalase expression levels also correlated with the cell catalase activities 
as measured in the supernatants (Fig. 4E and F). We also observed lower 
catalase expression in lung tissue samples from severe asthma donors, 

Fig. 3. Lung tissues from severe asthmatics display an aberrant sGC activation response that correlates with a diminished sGC-α1β1 heterodimer and an 
increased hsp90 association. Supernatants were prepared from lung tissue samples obtained from six non-asthma and three severe asthma donors. (A) cGMP 
production in response to no stimulus, BAY-41, or BAY-60. (B) IPs and Western analyses were performed with the indicated supernatants to determine the levels of 
hsp90 and sGC-α1 associated with sGC-β1 (input 20%) retained on the beads. (C) Densitometry of the associated hsp90 and sGC-α1 bands as shown in panel B. Data in 
Panels A and B are the mean (n = 3 repeats per condition) ± SD. *p < 0.05, by one-way ANOVA, ns = not significant. (D) Relationship between the mean BAY-41/ 
BAY-60 or BAY-60/BAY-41 activation ratios and the mean proportions of sGC-α1β1 heterodimer in the six supernatants depicted in Panel B. Lines of best fit are 
shown along with correlation coefficients. The six control and severe asthma lung tissue samples studied here are also reported on in Fig. S3A. 
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and among individual donors their tissue expression level matched what 
was seen in their HASMC (Fig. S4). Unlike for CYB5R3, there was no 
correlation between the catalase and sGCβ1 expression levels in the 
HASMC (Fig. S5). 

Trx1 expression varied in both groups of HASMC (Fig. 4 A & B, 
tabulated in Table S3). The N-HASMC lines distributed into three 
equally-populated groups, while a majority of the SA-HASMC lines 
distributed into a group with very low Trx1 expression (Fig. 4 A & B). 
This dropped the average Trx1 expression level in SA-HASMC to 30% 
that of the N-HASMC lines (Fig. 4C). Lung tissue samples from severe 
asthma donors also had lower Trx1 expression levels which correlated 

with lower levels being present in the HASMC derived from the same 
individual donors (Fig. S4). Again, unlike for CYB5R3, the Trx1 and 
sGCβ1 expression levels did not correlate in the HASMC lines (Fig. S5). 

Overall, our findings reveal that many HASMC lines and lung tissues 
from severe asthmatics expressed lower levels of three enzymes that 
support sGC function (CYB5R3, catalase, and Trx1), with CYB5R3 being 
distinguished by its expression being correlated with the level of sGCβ1 
expression in the HASMC lines and in the lung tissue samples. 

Low CYB5R3 expression is associated with sGC dysfunction: We 
next examined if sGC dysregulation in the HASMC would be related to 
the different expression levels of CYB5R3. We found that low levels of 

Fig. 4. Relative protein expression levels of the sGC subunits, Hsp90, PDE5A, PKG-1, and three relevant redox enzymes in the normal and severe 
asthmatic HASMC. Supernatants from 16 non-asthma and 17 severe asthma HASMC lines were run on SDS-PAGE and subject to Western analysis to determine and 
compare the expression levels of the indicated proteins. (A) Representative Western blots for samples run on 8% SDS-PAGE (top seven proteins) or 15% SDS-PAGE 
(bottom two proteins). For each protein of interest, equal total supernatant protein was run for each normal and severe asthma HASMC, and the gels underwent 
Western transfer and all subsequent procedures together for consistency and to allow a direct comparison of the band intensities across all the HASMC samples for 
each given protein of interest. (B) Left, bar graphs show the mean relative protein expression levels (n = 2 repeats) in normal and severe asthmatic HASMC su-
pernatants, calculated from the band intensities as depicted in Panel A after they each were normalized to their corresponding β-actin band intensity. Right, cor-
responding violin plots that show the relative distribution of each protein’s expression level in the two groups of HASMC. (C) The average expression levels of the 
designated proteins in the severe asthma HASMC group relative to the normal HASMC group. (D) Correlation between the CYB5R3 and sGCβ1 protein expression 
levels in the normal and severe asthma HASMC lines. (E) Catalase activities in the non-asthma and severe asthma HASMC supernatants. Activities are the mean (n = 3 
repeats per condition) ± SD. *p < 0.05, by one-way ANOVA. (F) Relationship between the levels of catalase protein expression and the catalase activities in the severe 
asthma HASMC. In Panels D and F, lines of best fit are shown along with correlation coefficients. 
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CYB5R3 expression correlated strongly with the cells having an aberrant 
sGC activation response, as indicated by poor BAY-41 activation and 
stronger activation by BAY-60 (Fig. 5A and B), and with their having a 
low proportion of sGC in its heterodimer form (Fig. 5C). Remarkably, 
dysfunctional sGC activation was invariantly present in ten HASMC lines 
whose CYB5R3 expression fell below a certain threshold level (Fig. 5A, 
dashed line). Among these ten, seven were SA-HASMC lines and three 
were N-HASMC lines, and they clustered together in the lower portion of 
the violin plot of Fig. 5B, with the violin inflections indicating the 
approximate threshold level for effective CYB5R3 expression. A similar 
threshold expression level was required for sGC heterodimer formation, 
with a few exceptions (Fig. 5C). 

Low catalase an Trx1 expression levels are also associated with 
sGC dysfunction: Of the eight SA-HASMC lines that showed low catalase 
expression, six displayed aberrant sGC activation (Fig. 6A and S4). 
Similarily, of the eight SA-HASMC lines with very low levels of Trx1 
expression, six displayed an aberrant sGC activation response (Fig. 6B). 
These data suggest that there may be threshold levels of catalase and 
TRx1 expression below which sGC is adversely affected. 

Together, our results indicate that a low level of CYB5R3 expression 
correlated most strongly and with a dysfunctional sGC in the SA-HASMC 
and N-HASMC lines. Low levels of catalase and Trx1 expression also 
occurred more often in the SA-HASMC lines and correlated with 
dysfunctional sGC, although not invariably. 

An increased expression of heme catabolism enzymes in severe 
asthma: Cellular heme must be provided to sGC in order for it to mature 
into an NO-responsive enzyme [35,36]. Heme oxygenases 1 and 2 (HO1 
and HO2) are present in the cell to regulate cellular heme levels by 
catabolizing heme to biliverdin and CO [37,38]. Most of the SA-HASMC 
lines showed an increased HO1 expression level that on average was 
~2.5 times higher compared to the N-HASMC lines (Fig. 7A and B, 
Table S3). HO2 expression was also higher in most of the SA-HASMC 
lines (Fig. 7A and B, Table S3). There was little to no correlation be-
tween the HO1, HO2, or sGCβ1 expression levels (Fig. S5). The 
SA-HASMC lines with higher HO2 expression levels were more prone to 
have an aberrant sGC activation response (Fig. 7C). Together, our data 
show that the majority of the SA-HASMC lines have increased HO1 and 
HO2 expression levels that for in the case of HO2 may correlate with 
greater sGC dysfunction. 

A mouse model of allergen-induced asthma causes change in lung 
protein expression levels that partly mimic those present in the SA- 
HASMC lines: Because airway sGC dysfunction also develops in 
allergen-challenged mice [11], we examined if the proteins we studied 
change their expression levels upon allergen-challenge. In lung tissue 
samples from mice that had undergone a house dust mite-challenge 

protocol, we observed an increased expression of HO1 and HO2 and a 
decreased expression of Trx1, and no considerable change in the catalase 
or sGCβ1 expression levels (Fig. S6). Thus, in situ changes in the HO1, 
HO2, and Trx1 expression levels that were brought on by the allergen 
challenge in mice matched the expression changes that we observed to 
be inherently present in most of the SA-HASMC lines. 

4. Discussion 

We found that a majority of HASMC derived from severe asthma 
donors express an sGC that is primarily or completely unresponsive to-
ward NO, making them dysfunctional for NO-sGC-cGMP signaling. 
Notably, these SA-HASMC harbored their dysfunctional sGC after being 
isolated from the lung and passaged three to six times in culture. This 
argues that their sGC defect is an inherent and stable feature and is not 
attributable to in situ environmental factors present in the inflamed lung 
that can disable sGC. Notably, lung tissue samples we obtained from the 
severe asthma donors also displayed levels of sGC dysfunction and 
altered protein expression patterns that matched with what we observed 
in the corresponding isolated SA-HASMC. This apparent equivalence is 
important for two reasons: First, it suggests that the sGC dysfunction and 
altered protein expression patterns that we observed in many of the SA- 
HASMC lines were not an artifact of their being isolated from the lung 
and cultured in vitro. Second, because several other lung cell types ex-
press sGC, it suggests that the sGC dysfunction may not limited to the 
HASMC and instead might be systemic within the lung or even possibly 
throughout the body. These concepts have potentially important 
biomedical implications and should be further explored. At present, our 
findings provide a first indication that sGC dysfunction can be inherent 
and can be found to cluster within a human disease subpopulation, in 
this case clustering in severe asthmatics. 

In human airways, activating the NO-sGC-cGMP pathway promotes a 
level of bronchodilation that is equivalent to what is achieved by acti-
vating the β2-agonist-cAMP signaling pathway [12]. Our data showed 
that one of these two bronchodilation pathways (i.e., NO-sGC-cGMP) 
was often dysfunctional in the severe asthmatic donors. Whether this 
defect alone would be enough to impact their airway function or to 
predispose them toward severe asthma is a medically important ques-
tion, but currently unclear. Of note, an unbiased information mining 
study by Schmidt and colleagues [39] found that an aberrant sGC acti-
vation response is linked to an increased risk of asthma in humans. These 
potential links between sGC dysfunction and asthma as indicated by 
their information study and by our current results have fundamental 
implications for the disease pathogenesis and treatment of asthma, and 
should be investigated. 

Fig. 5. Relationship between the level of CYB5R3 expression and the sGC activation response profile and heterodimer content in HASMC. (A) Distribution 
of the HASMC lines regarding their sGC activation response profiles (natural log of the BAY-41/BAY-60 activation ratio) in relation to their expression levels of 
CYB5R3. Values were calculated from data in Figs. 1 and 4. (B) Violin plot distribution of the HASMC lines according to their CYB5R3 protein densitometries from 
panel A, with the sGC cell group identity and activation response ratio color-coded as indicated. (C) CYB5R3 expression levels in relation to the relative sGC het-
erodimer levels for the indicated HASMC lines, whose cell group and activation responses are color-coded as in panel B. HASMC lines depicted and numbered in panel 
C are the same lines as those analyzed in Fig. 2. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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Our molecular studies shed light on the nature of the sGC defect in 
the SA-HASMC and its possible mechanisms. In almost all cases, the 
aberrant sGC activation response in the SA-HASMC (NO-insensitivity 
and higher BAY-60 activation) correlated with their having a lower 
amount of sGC in heterodimer form and with more of the sGCβ1 subunit 
being complexed instead with hsp90. Previous studies indicate that this 
situation can arise in cells or in tissues when the sGC heterodimer un-
dergoes redox damage or when heme is unavailable to the sGCβ1 sub-
unit during its maturation [11,21,22]. Damage to the sGC heterodimer 
takes place in cells or tissues upon exposure to excessive NO or reactive 
oxygen species [11,40–42]. Although studies indicate that greater 
oxidative stress exists in the asthmatic airway [33,34], it is unclear if this 
condition remains inherent in the isolated SA-HASMC themselves and 
would persist after their isolation. This deserves further investigation. 
Buildup of heme-free sGCβ1 could occur if the SA-HASMC have a 
dysfunctional heme biosynthesis or transport mechanism [43] or if they 
have imbalanced rates of heme biosynthesis and catabolism by HO en-
zymes [44]. Whether any of these scenarios play out within the indi-
vidual SA-HASMC lines is an important follow-up question that can now 
be addressed, as guided by our findings on the redox and other proteins 
that we examined. 

CYB5R3 supports NO-responsive sGC by reducing its ferric heme to 
ferrous [32]. When CYB5R3 expression was knocked down in cells or in 
mice, their sGC became more susceptible to oxidative stressors causing 
NO-insensitivity and led to a greater BAY-60 activation response [45]. In 
our study, we found a strong correlation exists between low levels of 
CYB5R3 expression and sGC dysfunction in the HASMC lines and lung 
tissues. For example, all eight SA-HASMC lines that show low levels of 
CYB5R3 expression invariably contained an NO-insensitive sGC 
(Table S3). Of the 16 N-HASMC lines that we studied, only four were 
seen to have a low CYB5R3 expression level, and three of these four have 
a dysfunctional sGC, and are the only N-HASMC lines that do so 
(Table S3). Finally, of the nine SA-HASMC lines that show a normal level 
of CYB5R3 expression, five contain a NO-responsive sGC that is 

primarily heterodimeric, and these five are the only SA-HASMC lines 
that do so (Table S3). We also saw that HASMC that have low levels of 
CYB5R3 expression had reduced levels of sGCβ1 protein expression. This 
matches findings from a previous study on rat aoertic smooth muscle 
cells [32], and is consistent with the possibility that sGCβ1 may become 
more susceptible to degradation when its heme becomes oxidized [26, 
46]. Whether HASMC need to maintain a sufficient level of CYB5R3 
activity in order to stabilize the sGCβ1 protein deserves further study. 
Overall, our findings reveal that CYB5R3 plays a key role in the 
expression of an NO-reponsive sGC heterodimer in HASMC, and when 
the CYB5R3 expression level falls below a certain threshold, it is strongly 
associated with sGC dysfunction. 

Oxidative stress can damage sGC in tissues [26,47–49] and this 
circumstance prevails in asthmatic airways due to higher oxidant pro-
duction and decreased antioxidant defense, including lower catalase 
activity [33,34]. Inhibiting Trx1 or its cognate reductase also promotes 
formation of dysfunctional sGC in cells [42,50]. We found that most 
SA-HASMC lines have a low Trx1 expression level and half have very low 
catalase expression as well. This circumstance likely increases the 
oxidant stress level within the SA-HASMC, which in turn would be 
conducive for sGC damage and development of NO insensitivity. How-
ever, our data suggest that low catalase or Trx1 expression, on their own 
or together, did not invariably render sGC dysfunctional in the 
SA-HASMC lines (Table S3). Despite this, it remains possible that their 
lower Trx1 and catalase expression levels sensitize their sGC to become 
dysfunctional when they exist within the inflammatory asthmatic 
airway. This possibility can now be addressed. 

We also found higher than normal HO1 and HO2 expression levels in 
most of the SA-HASMC lines. Increasing HO1 expression in cells or tis-
sues was reported to cause sGC to become NO-unresponsive and to be 
activated by BAY-60 to a greater extent [51,52]. This circumstance 
could arise if the excess HO1 expression decreased the level of intra-
cellular heme that is available during sGC maturation. The lung HO1 
expression level also increased in animal models of inflammatory 

Fig. 6. Relationship between the sGC activation 
response profile of the HASMC and their Catalase 
or Trx1 protein expression levels. (A and B) The 
left-most panels show the distribution of the non- 
asthma (solid circles) and asthma (open circles) 
HAMC lines regarding their sGC activation response 
profiles (natural log of the BAY-41/BAY-60 activation 
ratio) and their expression level of each protein. 
Values were calculated from data in Figs. 1 and 4. The 
right-most panels show the violin plot distribution of 
the HASMC lines regarding their protein densitome-
tries with sGC activation responses also indicated. 
Non-asthma (blue), asthma (red), closed circles LN 
(BAY-41/BAY-60) > 1, open circles LN(BAY-41/ 
BAY-60) < 1. (For interpretation of the references to 
color in this figure legend, the reader is referred to the 
Web version of this article.)   
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asthma [53] (Fig. S6), where sGC also becomes NO-unresponsive [11]. 
In our current study, higher HO1 or HO2 expression levels were not 
invariably associated with sGC dysfunction (Table S3). Again, it is pla-
suible that higher HO1 and HO2 expression levels could create an un-
derlying heme deficit that predisposesthe SA-HASMC to express more 
heme-free sGCβ1, particularly if the cells possess other defects or are 

oxidatively stressed in the inflamed asthmatic airway. 
Our results from the allergen-induced mouse model confirm reports 

that protein expression patterns do change in the lung and in HASMC as 
a consequence of airway inflammation [54,55]. Potentially, these in situ 
changes would add another layer of complexity in understanding 
asthma pathogenesis. However, note that we found similarity between 

Fig. 7. HO1 and HO2 expression levels in 
non-asthma and severe asthma HASMC 
lines and their relationship to their sGC 
activation response profiles. (A) Repre-
sentative Western blots showing the relative 
expression levels of HO1 and HO2. (B) Left: 
Mean densitometry measures of HO1 and 
HO2 bands (n = 2 repeats, normalized to 
β-actin band intensities) calculated from re-
sults as in Panel A. Right: Violin plots of the 
mean densitometry data showing the distri-
bution of HO1 and HO2 expression among 
the HASMC lines. (C) Relationship between 
the sGC activation response profiles (the 
natural log of the BAY-41/BAY-60 activation 
ratio, calculated from data in Fig. 1) and the 
levels of HO1 and HO2 expression in each 
HASMC line. The lower panels show the 
violin plot distribution of the HASMC lines 
regarding their HO1 and HO2 protein 
expression, with their individual sGC acti-
vation response ratios color-coded as indi-
cated. (For interpretation of the references to 
color in this figure legend, the reader is 
referred to the Web version of this article.)   
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the SA-HASMC and lung tissue derived from the same donors regarding 
their sGC activation profiles or protein expression patterns. This implies 
that being in the lung environment did not drastically alter the sGC 
phenotype or protein expression pattern in the HASMC, at least for the 
small number of donors that we were able to compare in this way. 

Fig. 8 depicts a model that summarizes our current findings in the 
context of what is known about sGC maturation, function, and dysre-
gulation leading to compromised NO-sGC-cGMP signaling. As shown on 
the left, during the maturation process GAPDH delivers heme to an apo- 
sGCβ1 subunit that is in complex with hsp90 [36]. If higher levels of 
HO1 and HO2 expression diminish the available intracellular heme it 
may inhibit heme delivery to sGCβ1, which would cause the cell to build 
up relatively higher levels of the sGCβ1-hsp90 complex and diminish the 
extent of sGC heterodimer formation. However, in this circumstance 
BAY-60 is able to bind in the apo-sGCβ1-hsp90 complex and drive it to 
form of an active sGC heterodimer [21]. If heme becomes inserted into 
sGCβ1, hsp90 dissociates and sGCβ1 binds with an sGCα1 subunit to 
create the sGC heterodimer [21] that can respond to NO and function 
normally in NO-sGC-cGMP signaling. The ferrous heme in the sGC het-
erodimer is kept reduced by CYB5R3 [32] so that sGC can respond to NO 
and activate its cGMP production. When the CYB5R3 expression level 
falls too low it makes the sGC heme more susceptible to oxidation and to 
developing NO insensitivity and heterodimer breakup. This may addi-
tionally lead to enanced degradation of the sGCβ1 subunit. The actions 
of catalase and Trx1 can help to shield sGC protein components from 
oxidation, and their lower expression levels sensitize sGC to protein or 
heme oxidation events that lead to disruption of the sGC heterodimer 
and the reassociation of the sGCβ1 subunit with hsp90. 

It is important to note that dysfunctional sGC could also arise in 
HASMC that harbor possible defects that we did not study here. For 
example, there could be genetic modifications in the sGC subunits that 
predispose a poor heterodimer formation and dysfunctional sGC. 
Possible examples of this are the SA-HASMC lines 1 and 3, which have 

extremely poor sGC heterodimer formation despite having a high 
expression level of CYB5R3 (see Fig. 5C). Such mechanisms would act 
distinct from or in addition to those presented in Fig. 8. 

Conclusions and future directions: Working with HASMC from in-
dividual donors provides a unique platform to explore the heterogeneity 
of airway disease etiology. Despite the inherent heterogeneity, our data 
uncover a clear clustering of sGC dysfunction in the HASMC of severe 
asthmatics, and its close correlation with a poor CYB5R3 expression and 
divergent expression of other redox enzymes that impact sGC. Indeed, it 
is evident that sGC dysfunction is a common feature among the SA- 
HASMC lines and is associated with patterns of support protein 
expression that significantly differ relative to the N-HASMC lines 
(Table S3). It will now be important to test if correcting the abbarent 
protein expression levels in individual SA-HASMC lines, for example by 
increasing the expression level of CYB5R3, catalase, or Trx1, or by 
governing HO1 and HO2 expression and intracellular heme availability, 
alone or in combinations, can restore sGC function and NO sensitivity. If 
such modifications rescue the sGC phenotype then the findings may be 
further translated to help guide potential therapeutic approaches. It is 
also important to mention that severe asthma patients harboring an NO- 
unresponsive sGC might still be effectively treated by drugs that mimic 
BAY-60 in directly activating the NO-unresponsive sGC. Although no 
drugs of this type are currently available for human use, a few are in 
clinical trials to explore their efficacy in other diseases [56]. This 
strategy may be particularly beneficial in light of our finding normal 
ranges of PDE5 and PKG-1 expression among the SA-HASMC lines, 
which indicates that the cGMP-dependent and PKG-1-based broncho-
dilation pathway is generally available in severe asthmatics. Overall, our 
finding that inherent sGC dysfunction is relatively common in the severe 
asthmatic airway places a new emphasis on NO-sGC-cGMP signaling 
that may ultimately help to understand the disease and guide thera-
peutic interventions. 

Fig. 8. Model of sGC maturation and inactivation and how HO1, HO2, CYB5R3, Trx1, and catalase may impact these processes. During maturation the apo- 
sGCβ1 subunit is in complex with hsp90 and receives heme from GAPDH. Higher levels of HO1 and HO2 expression in the severe asthmatic HASMC may diminish 
intracellular heme and compromise heme delivery to sGCβ. Once heme is inserted into sGCβ it dissociates hsp90 and binds with a sGCα subunit to create the 
functional and NO-responsive sGC heterodimer. CYB5R3 keeps the sGC heme reduced in ferrous form so that it can be activated by NO for cGMP production. Low 
levels of CYB5R3 expression in the severe asthmatic HASMC make the sGC ferrous heme more susceptible to oxidation to its ferric form, which creates NO 
insensitivity, and leads to heterodimer dissociation. Trx1 and catalase help to protect sGC protein components from oxidation. Their lower expression levels in the 
severe asthmatic HASMC may sensitize sGC to oxidation and lead to the breakup of the heterodimer and reassociation of the sGCβ subunit with hsp90. The status of 
the sGCαβ heterodimer and its heme determines the pharmacophore response to NO or BAY-41 versus BAY-60. 
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