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Abstract 

Increased activity of either β-catenin or Notch signaling leads to increased airway goblet cell 

differentiation, characterized by elevated MUC5AC expression, which is a common feature 

of asthma. Though increased β-catenin signaling has been shown to activate the Notch 

pathway in colorectal cancer cells and liver cancer stem cells, it is currently unknown how 

these two pathways interact in airway epithelial cells. We hypothesized that Notch-based 

control of goblet cell differentiation is dependent on β-catenin signaling. Primary bronchial 

epithelial cells (PBECs) from non-asthma and asthma donors were cultured at air liquid 

interface (ALI) for 22-28 days for mucociliary differentiation. During days 11-21, cells were 

treated with IL-13 to induce mucus production and small molecule inhibitors DBZ, ICG-001 

and IQ-1 to specifically inhibit Notch, β-catenin/CBP and β-catenin/p300 signaling 

respectively. We did not observe significant differences in MUC5AC expression and 

production at baseline between non-asthma and asthma donors during differentiation. ICG-

001, but not IQ-1 inhibited MUC5AC expression following IL-13 treatment in both non-

asthma and asthma cultures, however, reduction in MUC5AC protein by ICG-001 was 

limited to the non-asthma group. Notch inhibition via DBZ reduced baseline mRNA and 

protein levels of MUC5AC in non-asthma donors. Furthermore, we demonstrate that β-

catenin/CBP and Notch signaling independently induce the expression and production of 

MUC5AC by specifically regulating FOXA2 or SPDEF expression respectively, two 

transcription factors known to be involved in transcriptional regulation of MUC5AC. β-

catenin/CBP signaling could be a potential target to alleviate IL-13-induced asthma 

phenotype of chronic mucus hypersecretion. 

 

Introduction 

Excessive mucus production is a major pathological feature of asthma and is strongly 

associated with airflow obstruction (1). Secretory mucin MUC5AC, which is one of the major 

components of mucus and a marker for mucus producing goblet cells, is produced at higher 

levels in asthma patients compared to non-asthmatic controls (2). The airway epithelium in 

patients with allergic asthma is also characterized by chronic inflammation mediated by T 

helper 2 (Th2) cells, which release pro-inflammatory cytokines including IL-4 and IL-13, 

resulting in persistent goblet cell differentiation and excessive mucus production (3,4). 

Reduced expression of junctional E-cadherin is frequently observed in asthma airway 

epithelium (5,6). Functionally, this leads to release of its intracellular binding partner β-
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catenin into the cytoplasm, where it is normally targeted for proteolysis through 

phosphorylation by a large multiprotein assembly called the β-catenin destruction complex, 

consisting of glycogen synthase kinase (GSK)-3β, axin and adenomatous polyposis coli 

(APC) and casein kinase (CK)-1 (5,7,8). However, in the presence of specific growth factors 

such as transforming growth factor (TGF)-β or Wnt ligands, GSK-3β is inactivated and β-

catenin escapes proteolytic degradation, translocating into the nucleus (active β-catenin) to 

function as a transcription factor. Active β-catenin regulates the expression of genes involved 

in airway epithelial cell proliferation like cyclin D1 (CCND1) (7,9) and mesenchymal genes 

including fibronectin, EGF receptor (EGFR) and vascular endothelial growth factor (VEGF), 

which may contribute to airway wall remodeling (10). The loss of epithelial markers such as 

E-cadherin and increased expression of mesenchymal genes is known as epithelial-

mesenchymal transition (EMT), which is has been proposed to contribute to airway 

remodeling in asthma (11). By binding to either CREB binding protein (CBP) or p300 

coactivators, different β-catenin downstream effects are induced, promoting either cell 

proliferation or differentiation, respectively (12,13).  

 

Activation of β-catenin has been shown to induce goblet cell metaplasia in vivo (14). In 

addition, activation of Notch also resulted in mucus hypersecretion in mouse embryonic 

tracheal explants (15). We have previously shown by single-cell RNA sequencing that goblet 

cells in airway wall from healthy donors show evidence of active Notch signaling, while in 

asthmatic donors both IL-13- and Notch-induced genes are expressed (16). We have also 

found that blocking of Notch reduces MUC5AC in cells from asthma and non-asthma donors, 

concomitant with a reduction in expression of the MUC5AC activator SPDEF (17). Notch is 

a transmembrane receptor protein, whose ligand-based activation results in the expression of 

various genes involved in cell proliferation, differentiation, and regulation of cell fate 

decisions, such as hairy and enhancer of split 1 (HES1) (18,19). β-catenin signaling interacts 

with Notch signaling by either activating or inhibiting the transcription of target genes during 

normal tissue development (20). In particular, increased β-catenin signaling has been shown 

to activate Notch target genes in human tissue samples of colorectal adenocarcinoma and 

hepatocellular carcinoma (21,22). We have also previously shown that inhibition of β-

catenin/CBP signaling by the small molecule inhibitor ICG-001, improved epithelial barrier 

function, stabilized E-cadherin at cell junctions and reversed EMT in airway epithelial cells 

(23,24). However, it is not clear whether β-catenin signaling controls downstream Notch 
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signaling to regulate goblet cell differentiation and whether β-catenin/CBP or β-catenin/p300 

interaction results in increased mucus production. We hypothesize that β-catenin/CBP 

signaling induced goblet cell differentiation is dependent on Notch signaling. To test this 

hypothesis, we cultured primary bronchial epithelial cells (PBECs) from non-asthma and 

asthma donors at air liquid interface (ALI) and treated the cells with IL-13 to induce mucus 

production. Notch, β-catenin/CBP and β-catenin/p300 signaling were specifically blocked 

using small molecule inhibitors DBZ, ICG-001 and IQ-1 respectively. 

 

Methods 

Study Approvals 

All experiments were approved by the Hunter New England Area Health Service Ethics 

Committee and the University of Newcastle Safety Committee (85/2012). 

 

Cell culture 

Primary bronchial epithelial cells (PBECs, passage 3) were obtained from non-asthmatic and 

asthmatic subjects (Table 1) by bronchial brushings taken from third generation bronchi and 

cultured in growth media (BEGM, Lonza, Basel, Switzerland) at air-liquid interface (ALI) 

for 22-28 days as previously described (25). Cells were treated with IL-13 (200-13, 

PeproTech, Inc., New Jersey, USA, 1 ng/mL), DBZ (S2711; Selleck Chemicals, Texas, USA, 

10 µM), ICG-001 (S2662, Selleck Chemicals, 10µM) or IQ-1 (S8248, Selleck Chemicals, 10 

µM) at days 11, 14, 16, 18 and 21 of air exposure and harvested 24 hours after the final 

treatment for RNA and protein or fixed in 10% formalin for histology. Trans-epithelial 

electric resistance (TEER) was measured using a voltohmmeter (EVOM2, World Precision 

Instruments, Florida, USA). 

 

Conditional reprogramming (CR) of PBECs 

PBECs were conditionally reprogrammed to proliferate indefinitely using γ-irradiated NIH-

3T3 mouse fibroblasts and Rho-kinase (ROCK) inhibitor (Y-27632; Enzo Life Sciences, 

New York, USA) as previously described (26–28). The co-cultured cells were grown in CR 

media which consists of Ham’s F12 and DMEM high glucose + L-glutamine (Sigma-Aldrich, 

Missouri, USA) in 2:1 ratio with the following supplements; fetal bovine serum 5% (v/v) 

(Sigma-Aldrich, MO, USA), Hydrocortisone (400ng/mL; Sigma-Aldrich), Insulin (5µg/mL; 

Sigma- Aldrich), rhEGF (10ng/mL; Bioscientific, New South Wales, Australia), Cholera 
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toxin (8.4ng/mL; Sigma-Aldrich), Adenine (23.9µg/mL; Sigma-Aldrich), ROCK inhibitor 

(3.21µg/mL) and penicillin-streptomycin (100U/mL-100µg/mL; Sigma-Aldrich). This CR 

media was weaned to 70:30 (CR:BEBM) at 50% confluence and 50:50 at 70% confluence 

and 50:50 without ROCK a day before cell splitting for Air liquid interface (ALI) cultures. 

A differential trypsinisation protocol was followed to detach γ-irradiated NIH-3T3 

fibroblasts, initially with lower trypsin concentration (1x) and then a higher trypsin 

concentration (10x) was used to detach CR-PBECs. Once detached, CR-PBECs were seeded 

at a density of 2.5 x 105 cells/well onto a transwell polymer inserts (transparent, 0.4μm pore; 

Corning, NY, USA) which were placed in a 12-well plate for ALI. 

 

Table 1: Patient Characteristics 

Median levels (min-max) are shown 

Subject Non-asthma (n=13) Asthma (n=16) 

Age in years 66 (43-89) 50.5 (22-81) 

Sex (M %, F %) 30.77, 69.23 31.25, 68.75 

FEV1 pred (%) 86.5 (76-133) 66 (35-102) 

FEV1/FEC (%) 70.5 (63-85) 66 (41-80) 

Severity (Severe, Mild)        - 15, 1 

Atopic (Yes, No, N/A) 1, 10, 2 10, 6, 0 

Smoking status (never, former) 10, 3 9, 7 

 

 

Real-time quantitative PCR (RT-qPCR) 

Quantitative PCR (qPCR) targeting CCND1 (Hs00765553_m1, Thermo Fisher Scientific, 

Massachusetts, USA), HES1 (Hs00172878_m1, Thermo Fisher Scientific), MUC5AC 

(Hs00873651_mH, Thermo Fisher Scientific), SPDEF (Hs00171942_m1, Thermo Fisher 

Scientific) and FOXA2 (Hs00232764_m1, Thermo Fisher Scientific) were normalized to 18S 

ribosomal RNA (18S rRNA) (4318839; Thermo Fisher Scientific) as previously described 

(29). All qPCR results were presented as either gene expression (2-ΔCt) or relative gene 

expression (2-ΔΔCt) with statistical analysis performed on independent biological replicates 

(30). 
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Human Lung Tissue Immunohistochemistry (IHC) and Colorimetry 

Sections of PBECs in ALI cultures from non-asthma and asthma donors were 

immunohistochemically stained using primary anti-active β-catenin antibody (05-665, Merck 

MilliporeSigma, Darmstadt, Germany, 1.67 µg/ml), rabbit polyclonal anti-Notch1 (ab27526; 

Abcam, Cambridge, UK, 0.2 µg/ml), rabbit polyclonal Notch3 (ab23426; Abcam, 1.33 

µg/mL), anti-MUC5AC (ab3649, Abcam, 0.8 µg/mL) and secondary rabbit anti-mouse IgG 

HRP (ab6728, Abcam, 2 µg/mL) and goat anti-rabbit IgG HRP (ab6721, Abcam 2 µg/mL) 

as previously described (17). MUC5AC protein was quantified using color deconvolution 

algorithm in ImageJ (National Institutes of Health) on the images of stained sections at 10X 

magnification as previously described (17). The staining intensity of MUC5AC in a section 

was normalized to the total area of the cells in that section. 

 

MUC5AC ELISA 

Cell-free apical washes of the ALI-differentiated PBECs were collected at day 22 for 

MUC5AC ELISA using a homemade kit. The standard curve for the ELISA was obtained by 

serially diluting the apical washes from cultures of Calu-3 human lung adenocarcinoma 

epithelial cells grown at ALI (31). MUC5AC was detected using anti-MUC5AC Biotin 

antibody (ab79082, Abcam, 0.2 µg/ml) as previously described (32) and the values are 

expressed as arbitrary units (AU). 

 

Statistical analysis 

All statistical analyses were performed using GraphPad Prism (Graphpad software, San 

Diego, USA). Non-parametric Friedman test was used to assess significant differences at 

different time points between matched donors of untreated PBECs within a subject group. 

All comparisons between untreated PBECs from non-asthma vs asthma donors at any given 

time point were performed using Kruskal–Wallis test. In addition, differences between 

conditions within subject groups were assessed using Wilcoxon signed rank test. P < 0.05 

was considered statistically significant. 

 

Results 

Characterization of PBECs from non-asthmatic and asthmatic donors cultured in ALI 

The trans-epithelial electric resistance (TEER) gradually increased from day 0 to day 28 in 

both the non-asthma and asthma group (Figure 1A). Although the median resistance values 
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of non-asthma group were higher than the asthma group at all four time points, the difference 

failed to reach statistical significance (Figure 1A). β-catenin/CBP and Notch activity at 

baseline was assessed in ALI-differentiated PBECs from asthma and non-asthma cohorts by 

quantifying expression of known downstream target genes CCND1 and HES1. Overall, the 

expression of CCND1 was significantly decreased at days 11, 20 and 28 when compared to 

day 0 in PBECs from non-asthma donors (Figure 1B), however there is a large variability 

between donors. In the asthma group, this effect was delayed as CCND1 expression 

significantly decreased only at day 20 compared to day 0. The expression of HES1 was 

significantly increased on day 11 and day 20 compared to day 0 in both groups (Figure 1C). 

However, HES1 expression only remained significantly increased at day 28 compared to day 

0 only in non-asthma group. Nevertheless, there were no significant differences in HES1 

expression between non-asthmatic and asthmatic groups at all four time points. IHC staining 

for non-phospho (active) β-catenin and Notch1 did not show significant differences between 

non-asthma and asthma groups at all four time points (Figure 1D, E). Together, this indicates 

that there are no significant differences in the activity levels of β-catenin and Notch signaling 

between the two groups at any given time point. The significant decrease in CCND1 

expression and increase in HES1 expression at day 28 relative to day 0 observed in PBECs 

from non-asthma donors, was absent in the asthma group indicating differences in β-catenin 

and Notch activity dynamics between the two groups during differentiation in ALI. 

 

Next, we quantified the expression of the transcription factors that regulate the expression of 

MUC5AC: FOXA2 and SPDEF. The expression of FOXA2 significantly decreased from day 

0 to day 28 in the asthma group, but not in non-asthma group (Figure 2A). Consequently, the 

FOXA2 expression was significantly lower in asthma group compared to the non-asthma 

group at day 28 (Figure S1C). There was a significant increase in the SPDEF expression from 

day 0 to day 28 in non-asthma group, but not in asthma group, while there were no significant 

differences in SPDEF expression between the two groups at any time point (Figure 2B). The 

expression of MUC5AC was significantly increased from day 0 to day 28 in both non-asthma 

and asthma groups (Figure 2C), without a significant difference in the expression of 

MUC5AC between the two groups at all four time points. Accordingly, we observed an 

increase in protein levels of MUC5AC over time in both the groups, as reflected by MUC5AC 

staining (Figure 2D,E). Again, there were no significant differences in MUC5AC protein 

between cells from asthma and non-asthma subjects at any of the time points (Figure 2D,E).  
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Figure 1: β-catenin and Notch activity in PBECs. PBECs from non-asthma and asthma donors were grown and 

(A) TEER, (B) CCND1 expression, (C) HES1 expression, (D) active β-catenin staining and (F) Notch1 staining 

have been performed during differentiation in ALI at four different time points; days 0, 11, 20, and 28. Gene 

expression data is normalized to day 0 (2-ΔΔCt). Data is presented as median ± IQR. Friedman test was used to 

compare data at days 11, 20 and 28 to day 0 within a subject group; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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Figure 2: Regulation of MUC5AC in PBECs. PBECs from non-asthma and asthma donors were grown and (A) 

FOXA2 expression, (B) SPDEF expression, (C) MUC5AC expression, (D) semi-quantification of MUC5AC staining 

and (J) MUC5AC staining and have been performed during their development in ALI at four different time points; 

days 0, 11, 20, and 28. Gene expression data (2-ΔΔCt) and MUC5AC protein quantification data is normalized to day 

0. Data is presented as median ± IQR. Friedman test was used to compare data at days 11, 20 and 28 to day 0 within 

a subject group; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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In summary, a decrease in FOXA2 expression and increase in SPDEF expression was 

associated with the increase in MUC5AC in PBECs from both non-asthma and asthma donors 

during differentiation. 

 

β-catenin/CBP and Notch signaling independently regulate MUC5AC expression 

Next, we studied the role of β-catenin/CBP, β-catenin/p300 and Notch signaling in regulating 

MUC5AC in ALI-differentiated PBECs from non-asthmatic donors. PBECs were treated 

with IL-13 in order to promote expression of MUC5AC and the effects of DBZ, ICG-001 and 

IQ-1 were assessed at baseline and following IL-13 treatment (Figure 3A). TEER levels were 

measured at day 7 and 14. Treatment with both DBZ and ICG-001 significantly increased the 

TEER of PBECs at day 14 (Figure 3B, C), whereas IL-13 and IQ-1 did not significantly affect 

TEER levels at day 14 (data not shown). 

 

In the same PBECs, DBZ, but not ICG-001 significantly inhibited the baseline expression of 

MUC5AC (Figure 3D). IL-13 significantly increased the expression of MUC5AC, and this 

was significantly attenuated by ICG-001, but not DBZ (Figure 3D), as the fold suppression 

of MUC5AC by DBZ is similar at both baseline and upon IL-13 treatment. The expression of 

SPDEF at baseline and upon stimulation by IL-13 was reduced by treatment with DBZ, but 

not by ICG-001 (Figure 3E). In contrast, the MUC5AC repressor FOXA2 was significantly 

increased by ICG-001, but not by DBZ, both at baseline and upon IL-13 treatment (Figure 

3F). IQ-1 did not significantly affect the expression of MUC5AC, SPDEF or FOXA2 (Figure 

3D-F). IL-13 treatment significantly increased the MUC5AC protein secretion (Figure 3G) 

and both DBZ and ICG-001, but not IQ-1, attenuated baseline and IL-13-induced MUC5AC 

protein production (Figure 3G). Together, this suggests that β-catenin/CBP signaling, but not 

β-catenin/p300 induces the expression and production of MUC5AC, and this is independent 

of Notch-mediated SPDEF expression but may involve FOXA2 downregulation. 

 

ICG-001 attenuates IL-13 induced MUC5AC expression in PBECs from asthma donors 

Finally, we assessed whether a similar mechanism is involved in asthma-derived PBECs. 

Due to the limited cell numbers, we used conditional reprogramming to expand the PBECs 

from asthma donors before culturing them at ALI. There were no significant differences in 

the TEER and MUC5AC expression in PBECs from asthma donors before and after 

conditional reprogramming (Figure S2). Cells were treated with/without IL-13 in the presen- 
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Figure 3: Effect of inhibition of β-catenin/CBP and Notch pathway in PBECs from non-asthma donors. (A) 

PBECs were grown in ALI and treated with IL-13, DBZ, ICG-001 and IQ-1 from day 11 to day 21. (B) TEER was 

measured at three different time points and (C) the individual values of different conditions from different donors 

on day 14 were separately plotted. Gene expression of (D) MUC5AC, (E) SPDEF, (F) FOXA2 and (G) MUC5AC 

protein on day 22. Data is presented as median ± IQR; *p<0.05, Wilcoxon signed rank test. 
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ce and absence of ICG-001 (Figure 4A). Similar to cells from non-asthma donors, TEER 

increased from day 7 to day 14, however, ICG-001 was not able to significantly increase 

TEER levels at baseline (Figure 4B, C), while a trend towards a decrease in TEER was 

observed following IL-13 treatment at day 14, but this was not significant (Figure 4B,C). 

 

Similar to the PBECs from non-asthma donors, cells from asthma donors also showed a 

significant increase in the MUC5AC expression with IL-13 treatment, which was attenuated 

by ICG-001 (Figure 4D). Furthermore, ICG-001 had no effect on SPDEF expression (Figure 

4E), but significantly increased FOXA2 expression both at baseline and IL-13 treated 

conditions (Figure 4F). In addition, IL-13 tended to increase in MUC5AC protein (Figure 

4G). In contrast to PBECs from healthy donors, ICG-001 did not significantly reduce 

MUC5AC protein in the PBECs from asthma donors (Figure 4G). 

 

Discussion 

In this study, we show that specific inhibition of Notch signaling attenuates MUC5AC 

expression and production at baseline in PBECs from non-asthma donors, while β-

catenin/CBP inhibition attenuated IL-13 induced MUC5AC expression in PBECs from both 

non-asthma and asthma donors. ICG-001 potently increased the expression of FOXA2 both 

at baseline and upon IL-13 treatment, but did not have any effect on the SPDEF. Furthermore, 

Notch inhibition significantly decreased the expression of SPDEF at baseline, but had no 

effect on FOXA2 expression. This indicates that β-catenin/CBP and Notch signaling exhibit 

two distinct levels of control over MUC5AC expression and thereby, goblet cell 

differentiation in the airway epithelium (Figure 5). 

 

We also showed that IL-13 enhances the baseline expression of SPDEF and MUC5AC, which 

was not inhibited by blocking Notch signaling using DBZ. This is in accordance with 

previous data where IL-13 stimulated SPDEF expression which was shown to be mediated 

by phosphorylation of transcription factor STAT6, subsequently activating MUC5AC gene 

expression in epithelial cells from trachea and bronchi of mice (33). This effect of IL-13 on 

MUC5AC expression has previously been shown to be inhibited by blocking Notch 

signaling, which is in contrast to our finding that Notch inhibition suppresses the baseline, 

but not the IL-13 induced MUC5AC expression (15). Furthermore, our data indicates that β- 
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Figure 4: Effect of inhibition of β-catenin/CBP and Notch pathway in PBECs from asthma donors. (A) PBECs 

were grown in ALI and treated with IL-13 and/or ICG-001 from day 11 to day 21. (B) TEER was measured at three 

different time points and (C) the individual values of different conditions from different donors on day 14 were 

separately plotted. Gene expression of (D) MUC5AC, (E) SPDEF, (F) FOXA2 and (G) MUC5AC protein on day 

22. Data is presented as median ± IQR; *p<0.05, Wilcoxon signed rank test. 
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catenin/CBP regulates MUC5AC expression independently of Notch by a mechanism that 

may involve regulating the expression of FOXA2. This aligns with the findings from a 

previous study which showed that increased β-catenin activity in mice airways downregulates 

Foxa2 expression, resulting in goblet cell metaplasia (14). It also aligns with our recent data 

from single cell RNA-sequencing analysis of bronchial epithelial cells from healthy donors 

and asthma patients, in which all goblet cells in healthy donors were found to express a 

signature of Notch target genes, while in asthma donors this was observed in only a minority 

of the goblet cells (16). Instead, goblet cells of asthma donors expressed a signature of IL-13 

induced genes, which was absent in healthy donors (16). Taken together, these data indicate 

that IL-13 and Notch signaling act in parallel to induce goblet cell differentiation, while we 

here find that the former depends on β-catenin/CBP signaling. Inhibition of β-catenin/CBP 

signaling has also been shown to attenuate goblet cell metaplasia in toluene diisocyanate-

induced asthma mouse model (34). Of interest, the effects of IL-4 treatment on loss of Foxa2 

and goblet cell metaplasia in mice were shown to be STAT6-dependent (35). However, it is 

not known if IL-13 mediated phosphorylation of STAT6 increases β-catenin activity. 

 

We observed a large variation in the baseline expression of β-catenin target gene CCND1 

especially at day 0 and MUC5AC expression at day 28 in the asthma group (Figure S1). There 

was also a large donor dependent variation between the protein levels of MUC5AC in the 

asthma group, which likely obscured any statistically significant differences that we expected 

to observe between non-asthma and asthma groups. This large variation between the cells 

from asthma donors could be due to various intrinsic factors like age, gender, atopy, type of 

inflammation and extrinsic factors like smoking status and medication. Another possible 

explanation for the absence of differences in MUC5AC levels between non-asthma and 

asthma groups is that PBECs from both non-asthma and asthma donors were cultured in the 

media containing the same concentration of EGF. Higher levels of EGF (36,37), which is 

responsible for goblet cell differentiation (8,38–40) and may contribute to excessive mucus 

production in asthma, were detected in the airways of asthma patients compared to healthy 

controls. Exposure of PBECs from both non-asthma and asthma donors to the same 

concentration of EGF might have minimized differences between the two groups. 
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Figure 5: Schematic representation of proposed mechanism of regulation of IL-13 stimulated MUC5AC by β-

catenin/CBP and Notch signaling. The IL-13-induced phosphorylation of STAT6 acts upstream of Notch in 

regulating SPDEF and MUC5AC. Alternatively, β-catenin/CBP signaling regulates MUC5AC through FOXA2, 

while it is currently unclear whether phospho-STAT6 acts upstream of β-catenin/CBP. 

 

ICG-001 treatment resulted in an increase in baseline TEER in agreement with previous data 

where ICG-001 significantly increased the baseline resistance of PBECs cultured in 

monolayer after 24 hours (23). In contrast to the epithelial cells from healthy donors, ICG-

001 did not improve the TEER and had no effect on the MUC5AC protein in PBECs from 

asthma patients at baseline and upon IL-13 treatment. The lack of effect may be due to the 

fact that the barrier is already inadequately established, which is reflected in their lower 

TEERs compared to the PBECs from non-asthma donors (Figure S2). In addition, the failure 
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to downregulate β-catenin activity, as observed by the absence of decrease in β-catenin target 

gene CCND1 expression from day 0 to day 28 in untreated PBECs from asthma donors, 

indicates a prolonged undifferentiated/proliferative phenotype compared to the non-asthma 

group and may explain the delayed goblet cell differentiation and formation of an effective 

barrier. Together, this suggests that β-catenin/CBP signaling is important for the 

establishment of an intact epithelial barrier initially, followed by goblet cell differentiation.  

 

Collectively, we demonstrate that β-catenin/CBP plays a major/crucial role in promoting 

MUC5AC expression and goblet cell differentiation. The regulation of MUC5AC through 

independent signaling pathways of β-catenin and Notch provides useful insights into 

pathophysiological mechanisms of asthma. Specific targeting of β-catenin/CBP and FOXA2 

expression could be a potential therapeutic strategy to alleviate chronic mucus hypersecretion 

in asthma. Future studies should be directed towards validating the role of β-catenin/CBP 

signaling and the effect of its inhibition in mouse models of allergic asthma. 
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Supplementary data 

 

Figure S1: Characterization of PBECs. PBECs from non-asthma and asthma donors were grown and (A) CCND1 

expression, (B) HES1 expression, (C) FOXA2 expression, (D) SPDEF expression, (E) MUC5AC expression, and 

(F) semi-quantification of MUC5AC staining have been measured during their development in ALI at four different 

time points; days 0, 11, 20, and 28. Raw data (2-ΔCt or intensity/area) is presented as median ± IQR. Friedman test 
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was used to compare data at days 11, 20 and 28 to day 0 within a subject group; *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001. Kruskal–Wallis test was used to compare non-asthma vs asthma at a given time point; #p<0.05.  

 

 

 

Figure S2: Comparison of PBECs from non-asthma and asthma donors vs conditionally reprogrammed (CR) asthma 

PBECs. (A) Expression of MUC5AC and (B) TEER at day 20 or 22. Data is presented as median ± IQR; *p<0.05, 

Kruskal Wallis test. 

 

 

 

 

 

 

 

 

 

 

 

 


	Chapter 5



