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A B S T R A C T

Aims: To investigate whether mucin 1 (MUC1) downregulation reduced the sensitivity of tumor necrosis factor-
alpha (TNF-α)-induced bronchial epithelial cells to glucocorticoid-mediated necroptosis and explore the un-
derlying mechanisms.
Main methods: The human lung bronchial epithelial cell line (16HBE) was transfected with small interfering RNA
(siRNA) against MUC1 and then stimulated by TNF-α, where some cells were pretreated with dexamethasone.
Flow cytometry was performed to analyze necroptosis in 16HBE cells, and western blot analysis was used to
detect protein expression levels of MUC1, glucocorticoid receptor (GR)α, GRβ, NF-κB p65, phospho-p65 (p-p65),
and histone deacetylase-2 (HDAC2). Additionally, nuclear translocation of MUC1 and GRα was assessed by
immunofluorescence.
Key findings: We observed that MUC1 downregulation by siRNA significantly augmented TNF-α-induced ne-
croptosis in 16HBE cells, and that dexamethasone showed impaired anti-necroptotic effects of MUC1 down-
regulation. Furthermore, we found that GRα nuclear translocation was inhibited in 16HBE cells with MUC1
downregulation, and that dexamethasone-mediated inhibition of p65 phosphorylation was lower in cells
transfected with MUC1-siRNA compared to those transfected with negative control siRNA.
Significance: Impaired GRα nuclear translocation and inhibited p-p65 expression might contribute to gluco-
corticoid resistance caused by MUC1 deficiency in TNF-α-induced necroptosis in 16HBE cells, and should be
considered as a potential target for the development of novel therapeutics for asthma.

1. Introduction

Asthma is an intricate inflammatory disease characterized by re-
versible airway obstruction, airway inflammation, mucus hypersecre-
tion, and acute hyper-responsiveness [1]. Inhaled corticosteroids in
combination with bronchodilators are the standard treatment for
symptomatic control and improvement of lung function in patients with
mild to moderate asthma. Approximately 5%–25% of patients with
severe, steroid-resistant asthma have poor symptom control even with
high-dose and/or systemic corticosteroids treatment, which comprise
up to 50% of total asthma-related treatment costs [1–3]. Several studies
showed that death of cell in asthmatic airways, including eosinophils
and epithelial cells, play a regulatory role in severe asthma [4–8]. In
addition, Cerps et al. showed that necroptosis occurs at a mouse model
of viral stimulus-induced exacerbation of asthma, and interferon-β de-
ficiency at asthma exacerbation promotes receptor-interacting protein
kinase (RIPK3) and phosphorylation of mixed linage kinase domain-like

protein (pMLKL) mediated necroptosis [9]. However, whether ne-
croptosis of airway epithelial cells participates to the occurrence of
steroid-resistant asthma remains unknown.

Glucocorticoids (GC) cross the cell membrane and bind with glu-
cocorticoid receptors (GRs) to form glucocorticoid/GR complexes in the
cytoplasm, which translocate to the nucleus and interact with gluco-
corticoid response elements (GREs), with subsequent increases in the
expression levels of anti-inflammatory genes (transactivation) or
proinflammatory genes (transrepression), respectively [3,10,11]. Mo-
lecular mechanisms of glucocorticoid resistance include increased GRβ
expression or decreased GRα expression, defective glucocorticoid/GR
nuclear translocation, and loss of histone deacetylase-2 (HDAC2) ex-
pression, among others [3,10–14]. In patients with uncontrolled severe
asthma, tumor necrosis factor (TNF)-α expression is refractory to
steroid treatment [15,16]. An increase in the level of TNF-α induces
phosphorylation of mitogen-activated protein kinases (MAPKs), which
in turn lead to GRα phosphorylation at Ser226, thereby inhibiting
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nuclear translocation of the glucocorticoid/GR complex and its sub-
sequent binding to GREs [17,18]. Therefore, inhibitors for TNF-α and
MAPKs have been tested as potential treatment options in patients with
steroid-resistant asthma; however, studies found that the long-term
administration of these biologics had significant adverse effects
[17,19,20]. Effective molecules with good safety profiles are sorely
needed for the treatment of steroid-resistant asthma.

Mucin 1 (MUC1), a membrane-bound mucin protein, has important
anti-inflammatory roles in the airways in response to a variety of in-
fectious insults [21–23]. MUC1 protein comprises two noncovalently
associated polypeptide subunits, an N-terminal extracellular subunit
and a C-terminal subunit containing a highly conserved cytoplasmic tail
(CT) [24]. MUC1-CT modulates signal transduction events implicated
in diverse cellular processes such as cell death and cell proliferation
[25–27]. The interaction of MUC1-CT with signaling molecules is sug-
gested to be regulated by specific protein-protein interactions. For ex-
ample, MUC1-CT was demonstrated to interact with the IκB kinase
complex and Fas-associated death domain to reduce cell apoptosis in
response to TNF-α [28,29].

Recent studies indicated that MUC1 expression was downregulated
in patients of chronic rhinosinusitis with nasal polyps. MUC1 inhibits
phosphorylation of ERK1/2 and phosphorylation of GRα at Ser226; it
was also shown to form a complex with GRα to promote the gluco-
corticoid/GR complex translocation to the nucleus [30]. Similarly,
MUC1 expression was decreased in patients with severe asthma,
whereas MUC1 deficiency impaired the anti-inflammatory effects of
dexamethasone both in vitro and in vivo [31]. Moreover, recent evi-
dence suggests that dexamethasone can repress TNF-α-induced ne-
croptosis in intestinal epithelial cells and reduce the Ripk3 mRNA ex-
pression in GRwt/wt mice compared to GRdim/dim mice. These mice
express a mutant version of GR, carrying a missense point mutation
(A458T) which leads to a reduced GR dimerization [32].

Dexamethasone, a synthetic glucocorticoid, possesses potent anti-
inflammatory and anti-necroptotic effects [30–32]. Recently, it has
been suggested and supported by studies in asthma that dexamethasone
could reduce airway inflammation both in vitro and in vivo [31,33,34].
Although evidence clearly shows that MUC1 serves an important role in
the anti-inflammatory functions of dexamethasone, whether MUC1 al-
ters the anti-necroptotic effects of dexamethasone to airway epithelial
cells in asthma remains unknown. In this study, we investigated whe-
ther MUC1 downregulation reduced the sensitivity of TNF-α-induced
epithelial cells to glucocorticoid-mediated necroptosis and explore the
underlying mechanisms.

2. Materials and methods

2.1. Cell culture and stimulation

The human lung bronchial epithelial cell line (16HBE) was obtained
from the Boster Biotech (Wuhan, China) and maintained in RPMI 1640
medium (Gibco Laboratories, Grand Island, NY USA) supplemented
with 10% fetal bovine serum at 37 °C with 5% CO2. Cells were treated
with 300 ng/ml of TNF-α (PeproTech, RH, USA) in the presence or
absence of the dexamethasone (MedChemExpress, Shanghai, China),
and the specific inductions were performed as indicated in the figure
legends.

2.2. Assessment of necroptosis

TNF-α induced cellular death in 16HBE cells was quantified by flow
cytometry using an annexin V-fluorescein isothiocyanate (FITC) apop-
tosis detection kit (KeyGEN, Nanjing, China). The cells were washed in
PBS and incubated in 500 μl binding solution containing 5 μl of annexin
V-FITC and 5 μl of propidium iodide for 15min at room temperature in
the dark. Cell fluorescence was detected by Becton Dickinson LSR flow
cytometer using the CellQuest software. Annexin V (+)/PI (+) cells in

upper right quadrant were considered as necrotic.

2.3. Cell transfection

Human-specific MUC1 siRNA (sense 5′-GUU CAG UGC CCA GCU
CUA Ctt-3′; antisense 5′-GUA GAG CUG GGC ACU GAA Ctt-3′) from
Ruibo Biotechnology (Guangzhou, China) was used to silence MUC1
expression in 16HBE cells, and a non-targeting siRNA from the same
company was used as control. Transfections were performed with
Lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA) following the
manufacturer's protocol. Briefly, 4×105 cells were plated in 6-well
plates for 24 h and transfected with 50 nM of each siRNA, or control
siRNA, using 3.75 μl Lipofectamine 3000 in 250 μl Opti-MEM medium
(Life Technologies, Carlsbad, CA, USA), then, the medium was changed
4–6 h after transfection. After 48 h, the effective gene silencing was
confirmed by quantitative real-time polymerase chain reaction (PCR)
and western blotting.

2.4. RNA isolation and quantitative real-time PCR

Total RNA from 16HBE cells was extracted using TRIzol reagent
(Takara Bio, Otsu, Japan). RNA was reversed transcribed into cDNA
with a cDNA reverse transcription-PCR kit (Takara Bio) according to the
manufacturer's instructions. Subsequently, cDNA was used as a tem-
plate for quantification of gene expression using a SYBR Green real-time
PCR kit (Takara Bio) and an ABI PRISM Fast 7500 system (Applied
Biosystems, Foster City, CA, USA). qRT-PCR was performed at 95 °C for
5min, followed by 45 cycles of 10 s at 95 °C, 10 s at 60 °C, and 10 s at
72 °C. Data were analyzed using the 2−ΔΔCt method (ΔΔCt= (target
gene Ct of experimental group – reference gene Ct of experimental
group) – (target gene Ct of control group – reference gene Ct of control
group)). The sequences of the primers used were as follows: β-actin
forward 5′-AGA AAA TCT GGC ACC ACA CCT-3′, reverse 5′-GAT AGC
ACA GCC TGG ATA GCA-3′; MUC1 forward 5′-TCA GCT TCT ACT CTG
GTG CAC AA-3′, reverse 5′-ATT GAG AAT GGA GTG CTC TTG CT-3′,
GRα forward 5′-GAA GGA AAC TCC AGC CAG AAC-3′, reverse 5′-CTG
ATT GGT GAT GAT TTC AGC TA-3′, GRβ forward 5′-GAA GGA AAC
TCC AGC CAG AAC-3′, reverse 5′-TGA CTT ATT ATT GAC AAC GAA
GTG C-3′.

2.5. Western blot analysis

Total or nuclear protein lysates were prepared from the cultured
16HBE cells. The protein concentration was measured using the BCA
protein assay kit (Aspen Biological, Wuhan, China). Equal amounts of
protein were separated on 10% sodium dodecyl sulfate polyacrylamide
gels and transferred to polyvinylidene fluoride (PVDF) membranes
(Millipore, Billerica, MA, USA). The band with the desired protein was
cut and blocked in 5% non-fat dried milk in 1× TBS for 1 h at room
temperature. The membranes were then incubated in the appropriate
primary antibodies (anti-MUC1-CT (Thermo Fisher Scientific, MA5-
11202); anti-GRα (abcam, ab3580); anti-GRβ (abcam, ab3581); anti-
nuclear factor (NF)-κB p65 (Proteintech, 10745-1-AP); anti-phospho-
NF-κB p65 (Cell Signaling Technology, 3033), and anti-HDAC2
(Proteintech, 12922-3-AP)) overnight at 4 °C. Subsequently, the mem-
branes were washed with 1× TBST 3 times and incubated with an
appropriate HRP-labeled secondary antibody for 90min at room tem-
perature on a shaker. Finally, the membranes were again washed with
1× TBST 3 times and assayed using a ChemiDoc XRS gel imaging
system (Bio-Rad, Hercules, CA, USA). The protein expression level was
quantified by Image J (NIH Image, Bethesda, MD).

2.6. Immunofluorescence staining

After the treatment with TNF-α of corresponding groups, the culture
medium was removed and the adherent cells were washed once in PBS.
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Cells were then fixed in 4% paraformaldehyde at 4 °C for 15min, fol-
lowed by rinsing with PBS 3 times. Cells were incubated with 0.5%
Triton X-100 at room temperature for 15min to rupture their cell
membranes, and they were rinsed again with PBS 3 times.
Subsequently, cells were blocked with 2% bovine serum albumin and
5% fetal calf serum for 1 h at room temperature and incubated with
hamster anti-MUC1-CT and rabbit anti-GRα primary antibodies at 4 °C
overnight. After rinsing with PBS 3 times, cells were incubated with
Alexa Fluor 488-labeled goat anti-hamster and Alexa Fluor 594-labeled
goat anti-rabbit antibodies at room temperature for 60min. Eventually
cells were rinsed with PBS 3 times and counterstained with DAPI (4′,6-
diamidino-2-phenylindole; Aspen Biological, Wuhan, China) in a dark
place at room temperature for 10min. Images were visualized at ×400
by laser scanning confocal microscopy using a Leica Sp5 microscope
(Leica Microsystems, Buffalo Grove, IL USA).

2.7. Statistical analysis

Data were expressed as the means± standard deviation (SD). All
statistical analyses were performed using GraphPad Prism 6.0
(GraphPad Software, La Jolla, CA, USA). Two-tailed Student t-test was
used for comparison between two groups, and one-way analysis of
variance with Tukey post hoc test was used for comparison of more
than two groups. A P value<0.05 was considered to indicate statisti-
cally significant differences.

3. Results

3.1. MUC1 downregulation augments TNF-α-induced necroptosis in 16HBE
cells

Our preliminary studies revealed that TNF-α induced necroptosis in
16HBE cells. As shown in Fig. 1A, the number of necroptotic cells was
significantly increased in the TNF-α-treated cells compared with the
control group. Additionally, we also determined that the MUC1 ex-
pression was increased in a time-dependent manner after TNF-α sti-
mulation (Fig. 1B). To further investigate whether MUC1 impacted
TNF-α-induced necroptosis, the cells were transfected with MUC1-
siRNA. As shown in Fig. 1C, cells transfected with MUC1-siRNA ex-
hibited a significant reduction in the expression levels of MUC1 as
confirmed by both quantitative real-time PCR and western blot ana-
lysis. In addition, our findings demonstrated that the percentage of cell
death was significantly higher in the MUC1-siRNA cells than the ne-
gative control-siRNA cells after treatment with TNF-α (Fig. 1D). These
results were consistent with our preliminary findings that MUC1
downregulation contributed to TNF-α-induced necroptosis of 16HBE
cells.

3.2. MUC1 downregulation attenuates dexamethasone-mediated inhibition
of TNF-α-induced necroptosis in 16HBE cells

To determine whether Glucocorticoids could inhibit TNF-α-induced
necroptosis in 16HBE cells with MUC1 downregulation, the 16HBE cells
were treated with dexamethasone. As displayed in Fig. 2A, we found
that dexamethasone efficiently decreased TNF-α-induced necroptosis,
which indicated that dexamethasone exerted anti-necroptotic functions
in 16HBE cells expressing MUC1. However, dexamethasone did not
reduce cells necroptosis in MUC1-siRNA+TNF-α group (Fig. 2B). To-
gether, these findings suggested that cells with MUC1 downregulation
were more resistant to dexamethasone's inhibitory effect on TNF-α-in-
duced necroptosis.

3.3. Glucocorticoid resistance is not associated with GRα and GRβ protein
expression

Recent studies showed that the molecular mechanisms of steroid

resistance included increased GRβ or decreased GRα expression.
Therefore, we first determined whether MUC1 knockdown altered the
expression of GRα and GRβ by real-time PCR and western blotting. As
demonstrated in Fig. 3A, the mRNA expression levels of GRα were
significantly higher in the MUC1-siRNA+TNF-α group compared with
the NC+TNF-α group. However, the protein expression levels of GRα
did not show an upregulation in the MUC1-siRNA+TNF-α group
compared with the NC+TNF-α group (Fig. 3B). Moreover, there was
not statistically significant for an increase in GRβ expression levels at
both the mRNA and protein levels in the MUC1-siRNA+TNF-α group
compared with the NC+TNF-α group (Fig. 3C, D). Altogether, these
results suggested that glucocorticoid resistance might be not associated
with GRα and GRβ expression.

3.4. MUC1 downregulation reduces glucocorticoid sensitivity via a
reduction in the nuclear translocation of GRα

Upon glucocorticoid binding to GR, the glucocorticoid/GR complex
translocates to the nucleus to activate transcription factors that mod-
ulate the expression of glucocorticoid-responsive genes. Therefore, we
next determined whether MUC1 knockdown could impair the GRα
nuclear translocation and whether it was associated with glucocorticoid
insensitivity following TNF-α treatment. We found that dexamethasone
enhanced the GRα fluorescence intensity in the nuclei of 16HBE cells.
However, the effect of dexamethasone on GRα nuclear translocation
was lower in 16HBE cells with MUC1 downregulation. Conversely,
TNF-α reduced the efficacy of dexamethasone on GRα translocation to
the nucleus, and this effect was stronger in 16HBE cells with MUC1
downregulation (Fig. 4A).

To further confirm that MUC1 suppression inhibited GRα nuclear
translocation, we determined the expression levels of GRα in both the
cytoplasm and nucleus of 16HBE cells. Western blot analysis showed
that dexamethasone increased GRα nuclear protein expression in the
negative control group compared with the MUC1-siRNA group.
Treatment with TNF-α on the NC+Dex group led to a decrease in GRα
nuclear protein, similar results were also observed in the MUC1-
siRNA+Dex group (Fig. 4B).

We also investigated the subcellular localization of MUC1 and GRα
by confocal microscopy. As shown in Fig. 4C, under basal conditions,
MUC1 and GRα were localized in the cytoplasm and nucleus of 16HBE
cells. After dexamethasone exposure, the nuclear colocalization of
MUC1 with GRα was increased. Together, these results suggested that
MUC1 downregulation could reduce glucocorticoid sensitivity by de-
creasing nuclear translocation of GRα (Fig. 6).

3.5. MUC1 downregulation reduces glucocorticoid sensitivity via inhibiting
p-p65 expression

Since the NF-κB pathway and attenuated HDAC2 signaling were
shown to be strongly involved in steroid resistance, we also investigated
the effect of MUC1 downregulation on the activation of these two
pathways. We found that MUC1 downregulation did not lead to any
changes in the expression of NF-κB p65 or HDAC2 in cells treated with
TNF-α or in those cells in the presence or absence of dexamethasone
(Fig. 5A, B).

Therefore, we focused on whether MUC1 downregulation might
affect the phosphorylation of NF-κB p65 by measuring p-p65 levels. We
found that p-p65 levels were increased by TNF-α as an early and
transient event, with the most effect observed at 5min, which was lost
after 60min (Fig. 5C). Therefore, we chose the 5-min treatment with
TNF-α for further evaluation. As shown in Fig. 5D, the p-p65 protein
expression induced by TNF-α was increased further in the negative
control-siRNA cells compared with the MUC1-siRNA cells. However,
the inhibitory effect of dexamethasone on p-p65 was lower in the
MUC1-siRNA cells compared with the negative control-siRNA cells.
These results suggested that p-p65 but not HDAC2 was involved as the
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downstream effector of TNF-α-induced glucocorticoid resistance in
16HBE cells with MUC1 downregulation (Fig. 6).

4. Discussion

In the present study, we provided the new evidence supporting a
role for MUC1 in response to dexamethasone during TNF-α-induced
necroptosis. MUC1 downregulation augmented TNF-α-induced ne-
croptosis in 16HBE cells, whereas which showed a lack of response to
dexamethasone. Furthermore, the elucidation of the mechanism un-
derlying the glucocorticoid resistance revealed that MUC1 down-
regulation impaired GRα nuclear translocation and inhibited p-p65
expression.

Severe asthma is characterized by poor symptom control and per-
sistent airway inflammation despite treatment with systemic corticos-
teroids [1–3]. Bronchial epithelial cells (BECs) are the first line of de-
fense against pathogens and inhaled allergens that may cause
inflammation [35]. Recent study demonstrated that cell death in BECs
induced by Dermatophagoides farinae was associated with airway

inflammation in asthma [36]. Furthermore, several studies showed that
TNF-α was increased in the airways of patients with severe asthma,
which contributes to airway inflammation [15,16]. However, whether
necroptosis occurs in response to TNF-α in BECs is still not known. In
our previous study, we found that TNF-α induced necroptosis in 16HBE
cells, which was promoted by MUC1 downregulation [37]. The findings
of the current study are consistent with these previous results and
support for MUC1 as a novel protective molecule in asthma.

Dexamethasone exerts strong anti-inflammatory and anti-ne-
croptotic activity in response to certain cytokines [10–14,30–32]. Re-
cent evidences indicate that BECs transfected with MUC1-siRNA were
resistant to inhibition of dexamethasone-mediated interleukin-8 and
granulocyte-macrophage colony-stimulating factor expression after
stimulation of the cells with lipopolysaccharide or peptidoglycan, sug-
gesting that MUC1 deficiency might lead to an attenuation of the anti-
inflammatory functions of glucocorticoids [30,31]. In the current study,
the number of cells undergoing necroptosis induced by TNF-α was re-
duced in dexamethasone-treated 16HBE cells. Interestingly, we also
observed that dexamethasone failed to reduce TNF-α-induced

Fig. 3. Glucocorticoid resistance is not associated with GRα and GRβ protein expression.
16HBE cells were transfected with MUC1-siRNA or negative control-siRNA, then treated with TNF-α (300 ng/mL) for 24 h. (A, B) GRα expression was detected by
real-time PCR and western blot. (C, D) GRβ expression was detected by real-time PCR and western blot. Data are expressed as means± SD (n=3) and were analyzed
by one-way analysis of variance, *P < 0.05. NC group (transfected with negative control-siRNA); MUC1-siRNA group (transfected with MUC1-siRNA).
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necroptosis in 16HBE cells with MUC1 downregulation. These results
suggest that MUC1 downregulation contributes to insensitivity to the
anti-necroptotic effect of glucocorticoids. Certainly, it remains to be
determined the in vivo efficacy of MUC1 for necroptosis in asthma. Our
next step is to investigate the effect of MUC1 on necroptosis in animal
model of asthma.

Recent studies reported that an imbalance between GRα and GRβ
expression was associated with glucocorticoid insensitivity [38–40].
Glucocorticoids exert their anti-inflammatory functions mainly through
GRα. GRβ, an alternative splicing isoform, functions as a dominant-
negative inhibitor of GRα [10–14,38–40]. In addition, GRβ expression
was shown to be induced by proinflammatory cytokines such as TNF-α
and interferon γ [41,42]. Silencing MUC1 expression did not lead to a

significant increase in the protein levels of GRα and GRβ, suggesting
that the molecular mechanism underlying resistance to glucocorticoids
does not involve upregulation of GRβ.

GRα nuclear translocation is a key step in the glucocorticoid-
mediated gene regulation. In the absence of its ligand, GR resides
predominantly in the cytoplasm in a complex with the heat-shock
protein (HSP) 90, the immunophilins FK506 binding protein 51
(FKBP5) and other co-chaperone proteins to maintain its activity. Upon
ligand binding, the GR complex translocates to the nucleus, where it
mediates transcription of numerous target genes [43]. Recent evidence
has demonstrated that MUC1 may interact with HSP 90 by being
translocated to the nucleus as a MUC1-HSP 90 transcription complex in
response to fibroblast growth factor (FGF) receptor 1 [44].

Fig. 4. MUC1 downregulation reduces glucocorticoid sensitivity via a reduction in the nuclear translocation of GRα.
(A) 16HBE cells were transiently transfected with MUC1-siRNA or negative control-siRNA, followed by stimulation with 1 μM dexamethasone for 12 h in the presence
or absence of TNF-α (300 ng/mL), immunofluorescence was assessed with an anti-GRα antibody. (B) 16HBE cells were transiently transfected with MUC1-siRNA or
negative control-siRNA, followed by stimulation with 1 μM dexamethasone for 12 h in the presence or absence of TNF-α (300 ng/mL), cytosolic and nuclear proteins
of GRα were assayed by immunoblot analysis. (C) 16HBE cells were incubated in the presence or absence (basal) of 1 μM dexamethasone for 12 h, immuno-
fluorescence was used to label anti-MUC1 and anti-GRα antibody. Data are expressed as means± SD (n=3) and were analyzed by one-way analysis of variance,
*P < 0.05; **P < 0.01. Scale bar= 50 μm. Dex (dexamethasone); NC group (transfected with negative control-siRNA); MUC1-siRNA group (transfected with
MUC1-siRNA).
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Additionally, Javier et al. reported that MUC1 suppression reduced the
efficacy of dexamethasone in translocating GRa to the nucleus after
stimulation with lipopolysaccharide, peptidoglycan, or flagellin
[30,31]. We thus hypothesized that MUC1 might affect GRα nuclear
translocation in TNF-α-induced necroptosis. Our immunofluorescence-
based analysis revealed that TNF-α decreased the efficacy of dex-
amethasone in translocating GRα to the nucleus; this effect of TNF-α
was stronger in MUC1-siRNA cells. To further support of this finding,
we determined the expression levels of GRα in both the cytoplasm and
the nucleus of 16HBE cells. Consistently, we found a similar trend in the
nuclear protein levels of GRα. Additionally, co-immunofluorescence
analysis showed that GRα and MUC1 could translocate from the cyto-
plasm to the nuclear in the presence of dexamethasone. In addition, we
have tried to detect a protein-protein interaction between MUC1 and
GRα in vitro, but the results were negative (data not show), which
suggested that other mechanisms may be further explored. Nonetheless,
these results overall indicate that MUC1 participates in TNF-α-induced

resistance to glucocorticoids by modulating GRα nuclear translocation.
A common signaling pathway in glucocorticoids resistance is the

NF-κB p65 signaling cascade. GC activate the GR, and then induce
transrepression of inflammatory transcription factors, such as NF-kB
[45–47]. In this regard, recent evidence suggested that particulate
matter-induced necroptosis in human bronchial epithelial cells were
increased through upregulation of p-p65 expression [48]. In addition,
receptor interacting protein kinase 3 deficiency impaired TNF-α-in-
duced necroptosis in smooth muscle cell by reducing p-p65 expression
[49]. Interestingly, we found that the expression of p-p65 induced by
TNF-α was significantly increased in 16HBE cells. However, some stu-
dies showed that MUC1 could bind IKKβ and IKKγ to activate p65
phosphorylation and that silencing MUC1 was accompanied with a
decrease in p-p65 and nuclear NF-κB levels [50–52]. In this work, the
expression of p-p65 was significantly reduced in 16HBE cells with
MUC1 downregulation, and the dexamethasone-mediated inhibition of
p65 phosphorylation was lower in the MUC1-siRNA cells than in the

Fig. 5. MUC1 downregulation reduces glucocorticoid sensitivity via inhibiting p-p65 expression.
(A, B) MUC1-siRNA cells and negative control-siRNA cells were treated with 1 μM dexamethasone for 2 h, followed by stimulation with TNF-α (300 ng/mL) for 24 h,
then p65 and HDAC2 expression was detected by western blot. (C) 16HBE cells were stimulated with TNF-α (300 ng/mL) for the indicated times and p-p65 was
analyzed by western blot. (D) MUC1-siRNA cells and negative control-siRNA cells were treated with 1 μM dexamethasone for 2 h, followed by TNF-α (300 ng/mL)
stimulation. After TNF-α stimulation for 5 min, p-p65 expression levels were determined by immunoblotting. Data are expressed as means± SD (n=3) and were
analyzed by one-way analysis of variance, *P < 0.05; ***P < 0.001. Dex (dexamethasone); NC group (transfected with negative control-siRNA); MUC1-siRNA
group (transfected with MUC1-siRNA).
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negative control-siRNA cells. These data confirmed that MUC1 was able
to activate the NF-κB pathway and that MUC1 downregulation showed
a low response to the dexamethasone-mediated inhibition of p-p65
expression.

Another molecular mechanism of glucocorticoid insensitivity is at-
tributed to decreased HDAC2 expression [3,10–14,53]. GR is a sub-
strate of HDAC2, and following ligand binding, HDAC2 mediates GR
deacetylation which enables GR binding to the NF-κB complex [54]. In
the present study, we find that HDAC2 level did not change following
the TNF-α treatment in the MUC1-siRNA cells. Collectively, these
findings suggest that NF-κB and not HDAC2 might be the downstream
molecule involved in TNF-α-induced glucocorticoid insensitivity caused
by MUC1 deficiency.

5. Conclusion

In summary, we have demonstrated that MUC1 downregulation
augmented TNF-α-induced necroptosis in 16HBE cells, and which could
not be inhibited by dexamethasone. Furthermore, we found that im-
paired GRα nuclear translocation and inhibited p-p65 expression in-
volved to the glucocorticoid resistance caused by MUC1 deficiency. Our
findings suggest a possible explanation for why steroid-resistant asthma
is not well sensitive to glucocorticoid, thus contributing to the amount
of knowledge of the loss of corticosteroid efficacy processes in steroid-
resistant asthma caused by MUC1 deficiency which may be of potential
target for the development of new therapeutics for asthma treatment.
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