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Abstract 

Treatment with epidermal growth factor receptor (EGFR) tyrosine kinase inhibitors (TKIs) has brought 
significant benefits to non-small cell lung cancer (NSCLC) patients with EGFR mutations. However, most 
patients eventually develop acquired resistance after treatment. This study investigated the epigenetic 
effects of mucin 17 (MUC17) in acquired drug-resistant cells of EGFR-TKIs. We found that GR/OR 
(gefitinib/osimertinib-resistance) cells enhance genome-wide DNA hypermethylation, mainly in 5-UTR 
associated with multiple oncogenic pathways, in which GR/OR cells exerted a pro-oncogenic effect by 
downregulating mucin 17 (MUC17) expression in a dose- and time-dependent manner. Gefitinib/ 
osimertinib acquired resistance mediated down-regulation of MUC17 by promoting DNMT1/UHRF1 
complex-dependent promoter methylation, thereby activating NF-κB activity. MUC17 increased the 
generation of IκB-α and inhibit NF-κB activity by promoting the expression of MZF1. In vivo results also 
showed that DNMT1 inhibitor (5-Aza) in combination with gefitinib/osimertinib restored sensitivity to 
OR/GR cells. Acquired drug resistance of gefitinib/osimertinib promoted UHRF1/DNMT1 complex to 
inhibit the expression of MUC17. MUC17 in GR/OR cells may act as an epigenetic sensor for 
biomonitoring the resistance to EGFR-TKIs. 
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Introduction 
Lung cancer is the second most commonly 

diagnosed cancer and remains the leading cause of 
cancer death worldwide, with an estimated 2.2 
million new cases and 1.8 million deaths in 2020 [1]. 
Non-small cell lung cancer (NSCLC) is the most 
common histological type of lung cancer, accounting 
for about 85% of lung cancer patients [2]. EGFR 
mutations, as significant oncogenic drivers in NSCLC, 
open the curtain on a biomarker-oriented treatment 
model for patients with advanced disease [3]. Many 
EGFR tyrosine kinase inhibitors (TKIs) have been 

developed, including the commonly used first- 
generation TKIs gefitinib and the highly effective 
third-generation TKIs osimertinib. Despite their 
remarkable efficacy in the treatment of patients, 
resistance to these drugs remains a fundamental 
challenge that has yet to be addressed. At present, 
there are two mainstream viewpoints on acquired 
resistance of EGFR-TKIs, namely, changes of targeted 
kinases (such as EGFR C797S mutation [4-6]) and 
changes in downstream signal pathways of the design 
target (such as BRAF fusions, KRAS mutations, NRAS 
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mutations, and MAP2K1 mutations in the RAS- 
MAPK pathway [7-10]). However, most of these 
studies have focused on genetic changes in genes 
associated with EGFR. Epigenetic changes frequently 
occur in patients with poor treatment responses to 
TKIs, and modulating them enhance the cytotoxic 
effects of antitumor therapy [11, 12]. Compared with 
permanent gene mutation, epigenetic changes 
controlling gene expression plays an important role in 
regulating cell differentiation and malignant 
transformation in a gradual and modifiable manner 
after cell resistance, so it may use as a potential 
sensitive marker for biological monitoring of drug 
resistance [13, 14]. 

Mucins (MUCs) are a group of large 
glycoproteins expressed by various epithelial cells, 
which form the protective component of the airway 
mucosal barrier and are the first barrier for human 
contact with external substances. Some MUCs 
preferentially distribute in the respiratory tract and 
lung not only to control the local molecular 
environment but also to contribute to cellular signal 
transduction in response to external stimuli [15-17]. 
However, members of the mucin family play different 
roles in drug resistance and tumor progression. On 
the one hand, the high expression of MUCs induces 
PD-L1 to promote immune escape and makes cells 
develop drug resistance [18, 19]. On the other hand, 
inflammatory factors induce expression of MUCs. 
High expression of MUCs inhibits the activation of 
NF-κB, which inhibits tumor progression in response 
to pro-inflammatory cytokines [20]. MUCs have been 
reported to be closely related to EGFR-TKIs resistance 
[18, 19, 21]. The dual role of MUCs in drug resistance 
and tumor progression may depend on the different 
responses of different members of the mucin family to 
various drug-resistant microenvironments, indicating 
that this complex relationship remains to be 
determined. 

Our previous studies showed that reduced 
expression of membrane-bound mucins (MUC17 and 
MUC22) modulated decreasing expression of NF-κB 
inhibitor α (IκB-α) in cancer cells and were associated 
with poor prognosis [22, 23]. Recent studies have 
demonstrated constitutive activation of NF-κB in the 
acquired resistance to EGFR-TKIs [24, 25]. The 
hyperactivation of NF-κB promotes the occurrence of 
tumor by promoting the proliferation of cancer cells 
and producing drug resistance [24, 26]. Inhibition of 
NF-κB improves sensitivity to EGFR-TKIs and 
decreases resistance-induced oncogenic functions [25, 
26]. However, MUCs are membrane protein that is 
unlikely to regulate IκB-α activity by direct binding to 
its promoter. Therefore, the precise link between 
MUCs and NF-κB remains to be elucidated. MZF1 

belongs to Krüppel-like family of transcription factors 
and is involved in cell proliferation and 
differentiation [27-29]. MZF1 has been shown to be 
essential for the regulation of proliferation, migration 
and invasion of malignant tumor cells [30-35]. As a 
transcription factor, MZF1 is well-known to regulate 
the expression of IκB-α [36]. Therefore, we 
investigated the regulatory mechanism of MZF1 on 
EGFR-TKIs resistant cells and its relationship with 
MUCs-NF-κB signal. 

The genomic instability and epigenetic changes 
of EGF-TKIs resistant cells are related to tumor 
malignancy and cell resistance. Therefore, we studied 
the effect of EGFR-TKIs resistance on the growth and 
metastasis of lung cancer cells associated with DNA 
methylation. We found an effect of EGFR-TKIs 
resistance on DNA methylation in favor of lung 
carcinogenesis via multiple tumor progression 
pathways, among which the specific downregulation 
of MUC17 by UHRF1/DNMT1-mediated promoter 
methylation promote the activity of NF-κB by 
inhibiting the expression of MZF1, has implications in 
evaluating drug resistance. 

Materials and methods 
Oligonucleotides, Antibodies and Reagents 

All oligonucleotide sequences and cDNA clones 
used to construct recombinant plasmids and the 
antibodies and reagents used in this study are listed in 
Supplementary Table 1, Supplementary Table 2 and 
Supplementary Table 3.  

Cell culture 
The human NSCLC cell line HCC827, PC9, A549 

and NCI-H1299 were obtained from ATCC. All cell 
lines were authenticated by the short tandem repeat 
(STR) method. TransSafeTM Mycoplasma Prevention 
Reagent (TransGene, China) was used to prevent 
mycoplasma contamination. HCC827 and PC9 were 
exposed to increasing concentrations of gefitinib (5nM 
to 1μΜ) or osimetinib (1nM to 500nM) as previously 
described[37]. A549 and NCI-H1299 were exposed to 
different concentrations of gefitinib (5nM to 4μΜ) or 
osimetinib (1nM to 4μM) and established resistant cell 
lines (Supplementary Figure 1). Cell lines were 
divided into low-density (30% confluence) and grown 
in 90% RPMI 1640 (Gibco) containing 10% fetal bovine 
serum (Gibco). 

Patients and Specimens 
This study was approved by the Ethics Commit-

tee of the Beijing Chest Hospital (JYS-2021-013). All 
patients provided their informed consent. The cohort 
consisted of 57 patients, and samples included 10 
from patients with chronic pneumonia (CP), 22 from 
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patients before treatment (BT), 13 with gefitinib- 
resistance (GR) and 12 with osimertinib-resistance 
(OR) (Table 1). BALF specimens and in situ tissue 
samples were obtained through bronchoscopy or 
radical resection, respectively. BALF specimens were 
collected using the QIAsymphony PAXgene Blood 
ccfDNA Kit (QIAGEN, USA). The tissue samples were 
snap-frozen in liquid nitrogen in preparation for RNA 
extraction. Clinicopathological data was obtained 
from clinical and histopathological reports. Histolo-
gical evaluation of the specimens was carried out by 
two senior pathologists. The severity of NSCLC was 
classified according to the 8th edition tumor staging 
system recommended by the American Joint 
Committee on Cancer. Information on the tissue and 
BALF specimens used for the analysis of MUC17 
mRNA expression and methylation is listed in 
Supplementary Table 4. 

 

Table 1. The association of MUC17 expression with 
clinicpathologic parameters in NSCLC 

Characteristics  Cases MUC17 expression 
 High (%) Low (%) P-value 

Total 57 16 (28.1) 41 (71.9)   
Gender         
Male 26 7 (26.9) 19 (73.1)   
Female 31 9 (29.0) 22 (71.0) 0.8599 
Age at diagnosis         
≥60 39 11(28.2) 28 (71.8)   
<60 18 5 (27.8) 13 (72.2) 0.9733 
Pathological type         
Chronic pneumonia 10 4 (40.0) 6 (60.0)   
Lung adenocarcinoma 43 11 (25.6) 32 (74.4) 0.3619 
Lung squamous cell carcinomas 4 1 (25.0) 3 (75.0) 0.5967 
Tumor invasive depth         
NA 10       
1 18 7 (38.9) 11 (61.1)   
2 14 4 (28.6) 10 (71.4) 0.027 
3 8 0 (0.0) 8 (100.0) 0.0391 
4 7 1 (14.3) 6 (85.7) 0.2364 
Lymph node metastasis         
NA 10       
0 22 9 (40.9) 13 (59.1) 

 

1 2 0 (0.0) 2 (100.0) 0.2526 
2 12 2 (16.7) 10 (83.3) 0.1488 
3 11 1 (9.0) 10 (91.0) 0.0608 
Distant metastasis         
NA 10       
Yes 17 3 (17.6) 14 (82.4)   
No 30 9 (30.0) 21 (70.0) 0.3507 
Clinic stage         
NA 10       
I 18 8 (44.4) 10 (55.6)   
II 1 0 (0.0) 1 (100.0) 0.3809 
III 9 1 (11.1) 8 (88.9) 0.0832 
IV 19 3 (15.8) 16 (84.2) 0.0566 
EGFR mutation     
NA 10    
19DEL 27 10 (37.0) 17 (63.0)  
L858R 10 5 (50.0) 5 (50.0) 0.4757 
T790M 10 6 (60.0) 4 (40.0) 0.2105 

 

RNA isolation and quantitative polymerase 
chain reaction (qPCR) 

The well-stated cells were selected, and TRIzol 
reagent (Invitrogen, Grand Island, NY, USA) was 
added at 106 cells/mL. First strand cDNA was 
synthesized with the Superscript First-Strand 
Synthesis System (Invitrogen). qPCR was performed 
using 2× SYBR Green-based qPCR reagents (Applied 
Biosystems, California, USA) and analyzed by an ABI 
7500 fast qPCR machine. The standard curve was 
used to analyze the data, and the dissolution curve 
ensured the specificity of the products. The primers 
used are listed in Supplementary Table 1. The 
relative expression of each gene was standardized 
using the 2-ΔΔCt method. 

DNA extraction, bisulfite modification, 
methylation-specific qPCR (MSP-qPCR) and 
MassARRAY 

Genomic DNA was extracted by the QIAamp 
DNA Mini Kit (QIAGEN, Valencia CA, USA). 
Bisulfite modification of DNA was performed using a 
Zymo DNA Methylation Kit (Zymo Research, Irvine, 
CA, USA), and then the DNA was detected by qPCR. 
The methylation of MUC17 CpG sites was also 
detected by MassArray (Oebiotech, Beijing). The 
primers used are listed in Supplementary Table 1. 
The relative expression of each gene was standardized 
using the 2-ΔΔCt method. 

Whole genome bisulfite sequencing (WGBS) 
and global DNA methylation assay 

The extracted complete genomic DNA was 
shipped to BGI (Beijing Genomics Institute) in 
Wuhan, China. Bisulfite-medicated DNA was 
analyzed using Illumina’s Infinium according to the 
manufacturer’s protocol. Whole-genome bisulfite 
sequencing was used to detect the change in 
single-based resolution and the relative number of 
5-mCs across the genome of A549, A549/GR and 
A549/OR cells (Supplementary Table 5). R 
(http://www.r-project.org) was used to process and 
analyze the raw data.  

Genomic DNA was extracted by the QIAamp 
DNA Mini Kit (QIAGEN, Valencia CA, USA). The 
quantification of global DNA methylation was 
performed using a Global DNA Methylation Assay 
Kit (5 Methyl Cytosine, Colorimetric, ab233486) for 
the quantification of global DNA methylation. The 
results were detected by a dual wavelength of 450 nm. 

Western blot analysis 
The well-grown cells were inoculated into a 60 

mm2 culture dish. When cell fusion reached 80%, the 
cells were lysed with RIPA lysis buffer. Cell 
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membrane, cytoplasm and nucleus were separated 
using Cotoplasimc-Nuclear protein separation kit 
(Aoqing Biotechnology, Beijing, China). After 
quantifying the samples, 30 μg/well was used to 
calculate the amount of sample added. Proteins were 
resolved by sodium dodecyl sulfate–polyacrylamide 
gel electrophoresis (SDS–PAGE) and transferred onto 
PVDF membranes using a Bio–Rad Mini PROTEAN 3 
system (Hercule, CA). The membranes were blocked 
with PBS containing 5% milk and 0.1% Tween-20 at 
room temperature for 1 hour. The samples were 
incubated with the primary antibody at 4 °C 
overnight. The anti-mouse or anti-rabbit horseradish 
peroxidase-labeled secondary antibody was added 
and incubated for 1h (Supplementary Table 2). An 
ECL chemiluminescence kit was added for color 
development. A smart gel image analysis system was 
used for development. 

Enzyme-linked immunosorbent assay (ELISA) 
Cells were added to a 6-well cell culture plate at 

1×106 cells/well. The cells were lysed with RIPA lysis 
buffer. The antibody was diluted to a protein content 
of 1-10 μg/mL with carbonate buffer (pH 9.6) in a 
96-well ELISA plate. Then the samples were 
incubated at 37 °C with 5% milk and incubated 
MUC17 antibody or positive serum and negative 
serum was added and incubated at 37 °C for 1 h. The 
anti-mouse or anti-rabbit horseradish peroxidase- 
labeled secondary antibody was added and incubated 
for 1 h and detected with 100 μL of TMB (e4849, 
TIANGEN, China) for 15 min at 37 °C away from 
light. The reaction was then stopped by the addition 
of 50 μL of 3 M H2SO4. The results were detected by a 
dual wavelength of 450 nm. The optimal condition 
was obtained by comparing the positive/negative 
ratio (P/N > 2.1 is positive) of the samples. 

Immunofluorescence staining (IF) 
Cells were dropped on cover glass, cultured in 

6-well cell culture plates for 24 h, and fixed with 4% 
paraformaldehyde. The membranes were blocked 
with PBS containing 5% BSA. Primary antibodies 
were incubated overnight at 4 °C (Supplementary 
Table 2). Secondary antibodies were added and 
incubated at room temperature for 1 h. DAPI (10 
μg/ml in PBS, Invitrogen, USA) staining was per-
formed and the cell localization of protein molecules 
was observed with Laser confocal microscopy (Leica 
Sp5 Laser Scanning Confocal Microscope, GE). 

Immunohistochemistry (IHC) 
IHC was performed on 5 mm thick serial 

sections of formaldehyde fixed. The sections were 
incubated with antibodies overnight at 4°C 
(Supplementary Table 2). The sections were 

incubated with DAB, and then were analyzed by 
Vectra3 automated quantitative pathology system 
from PerkinElmer Inc. (Boston, MA, USA). Patient 
tumor specimens were analyzed and scores described 
previously [38, 39]. 

Luciferase assay 
Luciferase reporter assay was performed using a 

Dual-Luciferase Reporter Assay System (Promega, 
Madison, WI, USA) with the pGL3 basic luciferase 
reporter system. The luciferase reporter containing 
MUC17 and IκB-α promoter region was constructed 
and transfected into HCC827, HCC827/GR and 
HCC827/OR cells as previously described [20, 38]. 
MUC17 promoter-specific luciferase fragments were 
inserted into the KpnI/XhoI sites and IκB-α 
promoter-specific luciferase fragments were construct 
into BglII/HindIII sites of the pGL3-Basic reporter, 
with the pRL-TK vector (RRID: Addgene_11313) used 
as an internal control. The primers used for 
construction of the plasmid are listed in 
Supplementary Table 1. Promoter-specific luciferase 
constructs and controls were transfected with into 
cells using Lipofectamine 2000 (Invitrogen). The 
luciferase signal was first normalized to the control 
luciferase signal and then normalized to the signal 
from control group.  

Chromatin immunoprecipitation (ChIP) and 
methylated DNA immunoprecipitation 
(MeDIP) 

HCC827 and A549 cells were fixed with 1% 
formaldehyde. Chromatin was prepared by 
sonication of cell lysate and preclearing with protein 
A beads. Aliquots of precleared chromatin solution, 
named IP fractions, were incubated with 2 μg of 
specific antibody or preimmune rabbit IgG on a 
rotation platform at 4 °C overnight. One percent of the 
IP fraction served as the ChIP input control. The 
antibody-enriched protein-DNA complexes were 
precipitated with protein A beads from the IP 
fractions. DNA fragments were released by reverse 
crosslinking and purified by using a QIAquick 
purification kit (QIAGEN, Valencia CA, USA). 
Immunoprecipitated DNA fractions were analyzed by 
qPCR. 

Genomic DNA was extracted from HCC827 and 
A549 cells and prepared by sonication. The sonicated 
DNA was then immunoprecipitated with a 
monoclonal antibody against 5-methylcytidine (5mC) 
at 4 °C overnight. A portion of the sonicated DNA 
was left untreated to serve as an input control. DNA 
fragments were released by reverse crosslinking and 
purified by using a QIAquick purification kit 
(QIAGEN, Valencia CA, USA). Immunoprecipitated 



Int. J. Biol. Sci. 2023, Vol. 19 
 

 
https://www.ijbs.com 

836 

DNA fractions were analyzed by qPCR. 

Cell viability and colony formation 
Cells were added to a 96-well cell culture plate at 

2×103 cells/well and 6 wells per well. The cells were 
observed continuously for 4 days. MTT (Invitrogen, 
USA) was added to the cell culture medium daily to 
achieve a final concentration of 5 μg/mL. The results 
were detected by a dual wavelength of 490/570 nm. 

Cells were inoculated into a 6-well cell culture 
plate with 100 cells per well, and the medium was 
changed every three days. After the cell clones grew 
to the size visible to the naked eye, cells were fixed in 
4% paraformaldehyde. 0.5% crystal violet was dyed 
and then photographed. 

Migration assay 
Transwells with 8-μm pore membranes were 

obtained from Corning Inc. The upper chamber was 
inoculated with 400 µL serum-free medium 
containing 2×104 cells. The lower cavity was filled 
with 500 µl RPMI 1640 with 10% FBS. After 24 hours, 
the translocated cells were fixed in 4% 
paraformaldehyde for 30 min and stained with 0.5% 
crystal violet (Beyotime). 

DNA constructs and transfection 
Truncated MUC17 (MUC17) was cloned into 

pcDNA 3.1 (Invitrogen), and short hairpin RNA 
against MUC17 was cloned into pSilencer 3.0 
(Invitrogen) [22]. They were constructed by 
GeneChem Co. (Shanghai, China) and transfected into 
HCC827 and PC9 cells using Lipofectamine 2000 
according to the manufacturer’s instructions 
(Invitrogen). 

Tumorigenicity 
The animal handling and all in vivo 

experimental procedures were approved by the 
Institutional Animal Ethics Committee of Beijing 
Chest Hospital. To observe the effect of EGFR-TKIs 
resistance on tumor growth in vivo, HCC827, 
HCC827/GR and HCC827/OR cells (2 × 106) in 0.1 ml 
of PBS were subcutaneously injected in both flanks of 
4-week-old Balb/c female athymic mice (Vital River 
Laboratories, Beijing, China). Tumor diameters and 
body weights in NSCLC xenograft tumor-bearing 
nude mice were measured and documented every 6 
days until the animals were sacrificed at day 
30.NCI-H1299, NCI-H1299/GR and NCI-H1299/OR 
cells (1×106) in 0.1 ml PBS were subcutaneously 
implanted in 4-week-old BALB/c female athymic 
mice (Vital River Laboratories, Beijing, China) with 
both flank injections. After 1 week injection, mice 
were treated with EGFR-TKIs and/or 5-Aza (Figure 
7A). Tumor diameters and body weights in NSCLC 

xenograft tumor-bearing nude mice were measured 
and documented every 4 days until the animals were 
sacrificed at day 24. NSCLC tumor xenografts were 
isolated and weighed. Tumor volume was calculated 
by measuring the longest (a) and shortest (b) 
diameters of the tumor and calculated by the formula 
ab2/2, where a is the longest diameter and b is the 
shortest diameter. 

Statistical analysis 
The data are expressed as the means ± standard 

deviation (SD) of at least three independent 
experiments. The qPCR, MTT and clone formation 
results were analyzed by Student’s t test or one-way 
analysis of variance (ANOVA) with Tukey's post-hoc 
test. KEGG pathway and Gene Ontology enrichment 
analyses were performed using Fisher’s exact test for 
significance. *p < 0.05 indicates a significant differ-
ence, **p < 0.01 indicates an extremely significant 
difference. The above statistical analysis was 
performed with SPSS 23.0 software. 

Results 
Acquired resistance to EGFR-TKIs promotes 
the tumorigenic function of NSCLC 

To evaluate the effects of acquired resistance to 
gefitinib/osimertinib on the biological functions in 
tumor cells, we first measured the IC50 of 
gefitinib-resistant cells (GR) and osimertinib-resistant 
cells (OR), and the data showed a significantly 
increase in IC50 after resistant to EGFR-TKIs 
inhibitors (Figure 1A and Supplementary Figure 2A). 
In addition, MTT assay confirmed that the 
proliferation rate of drug-resistant cells induced by 
gefitinib/osimertinib was significantly increased in 
both NSCLC cells (Figure 1B and Supplementary 
Figure 2B). Colony formation assay further confirmed 
the proliferation-promoting effect of gefitinib/ 
osimertinib on drug-resistant cells, showing that the 
OR/GR formed more colonies than the control cells 
(Figure 1C and Supplementary Figure 2C). At the 
same time, Western blotting also detected a decrease 
in BAX and an increase in XIAP expression (Figure 
1D and Supplementary Figure 2D), suggesting that 
gefitinib/osimertinib-induced acquired resistance 
could promote cell proliferation. Transwell analysis 
further showed a significant increase in the number of 
migrating cells in OR/GR cells compared with the 
control (Figure 1E and Supplementary Figure 2E). 
Western blotting demonstrated that the expression of 
matrix metallopeptidases 2, 7, and 9 (MMP2, MMP7, 
and MMP9), three important regulators of cancer 
invasion and metastasis, was markedly increased in 
GR and OR cells (Figure 1F and Supplementary 
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Figure 2F), suggesting that acquired gefitinib/ 
osimertinib resistance enhances the in vitro metastasis 
potential of NSCLC cells associated with upregulation 
of MMP family members. HCC827, HCC827/GR and 
HCC827/OR were then injected subcutaneously into 
nude mice. Acquired resistance to EGFR-TKIs 

resulted in a significant increase in the volume of 
xenograft tumors formed by HCC827 (Figure 1G-1I 
and Supplementary Figure 3). These results 
suggested Acquired resistance to EGFR-TKIs 
promotes the tumorigenic function of NSCLC. 

 
 

 
Figure 1. The Biological function of gefitinib/osimertinib-resistant cells. HCC827 and PC9 cells were treated with gefitinib/osimertinib to establish gefitinib-resistant 
cells (GR) and osimertinib-resistant cells (OR). (A) IC50 analysis of gefitinib /Osimertinib-resistant cells. (B) MTT assay performed to monitor the viability of cells over 4 days. 
(C) Quantification of the total number of colonies formed for 2 weeks. (D) Western blotting analysis of the protein levels of BAX and XIAP in GR and OR. β-actin serves as the 
loading control. (E) Quantification of cell motility by Transwell assay. (F) Western blotting analysis of the protein levels of MMP2, MMP7 and MMP9 in GR and OR. β-actin serves 
as the loading control. (G)-(I) The effect of gefitinib/osimertinib-resistants on lung tumorigenicity. HCC827, HCC827/GR and HCC827/OR cells were transplanted 
subcutaneously into the left and right flanks of nude mice (n = 2 flanks × 5 mice in each group). (G) Images of dissected HCC827 xenograft tumors from nude mice on day 30. 
(H) Tumor volumes of tumor-bearing mice measured at the indicated time points. (I) Tumor weights of the mouse xenografts. Data are presented as the mean ± standard 
deviation (n=3). One-way ANOVA with Tukey's post-hoc test was performed. *p < 0.05, ** p < 0.01, significant differences versus control. 
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Acquired gefitinib/osimertinib resistance 
enhances 5'-UTR hypermethylation in NSCLC 
cells 

Environmental stress factors such as acquired 
drug resistance regulated gene expression by altering 
epigenetic modifications. We next explored the effect 
of acquired gefitinib/osimertinib resistance on 
cellular epigenetic alterations. A global DNA 
methylation assay showed an increase in the 5-mC 
ratio in a dose-dependent manner (Figure 2A and 
Supplementary Figure 4A), suggesting a favorable 
effect of acquired gefitinib/osimertinib resistance on 
DNA methylation in NSCLC. We further identified 
the effect of CpG site methylation on key genes 
affected in GR/OR cells. Genome-wide DNA 
methylation profiling revealed that compared to 
untreated control cells, OR cells exhibited similar 
proportions of methylation at CpG sites (mCG) but 
preferentially enhanced DNA methylation at the C 
site of CHG (mCHG) and CHH (mCHH) in number, 
while A549/GR increased proportions of methylation 
at both CG and non-CG sites (mCHG and mCHH) 
sites (Figure 2B and Supplementary Figure 5). 
Furthermore, by analysis of the relative amount of 
DNA methylation changes that occurred along the 
gene body and flanking regions (2 kb upstream of the 
TSS and ending 2 kb downstream), the data showed 
that various and condensed increases in the 
methylation pattern of mCHG and mCHH contents 
across genes in GR and OR cells, respectively, 
whereas the increase in mCG sites was mainly 
underpinned in the 5'-UTR, including the promoter 
region (Figure 2C). Moreover, the potential effects of 
DNA hypermethylation on biological function and 
related signaling pathways were analyzed using Gene 
Ontology and KEGG pathway enrichment analysis. 
As shown in Figure 2D, Supplementary Figure 4B 
and 4C, Supplementary Table 6 and Supplementary 
Table 7, hypomethylated mCG was mostly enriched 
in biological regulation activity and signaling 
pathways involved in tumor regulation.  

We further investigated the potential epigenetic 
pathways associated with acquired gefitinib/ 
osimertinib resistance. We detected the expression of 
DNA methyltransferases (DNMTs), including 
DNMT1, DNMT3A and DNMT3B. RT-qPCR and 
Western blot analysis showed that among the three 
DNMTs, DNMT1 was most upregulated in GR/OR 
cells (Figure 2E and 2F, Supplementary Figure 4D 
and 4E), and was related to the key regulatory protein 
UHRF1 of DNMTs [40, 41]. To demonstrate whether 
sensitivity to gefitinib/osimertinib is related to the 
regulation of the UHRF1/DNMT1 complex, we 
overexpressed or knocked down DNMT1/UHRF1 in 

GR and OR cells (Figure 2G and Supplementary 
Figure 4F). The combination of shDNMT1 or 
shUHRF1 with EGFR-TKIs significantly reduced 
proliferation of GR and OR cells compared to 
treatment with gefitinib or osimotinib alone (Figure 
2H and Figure Supplementary 4G). These results 
suggest that the acquired resistance to gefitinib or 
osimotinib may be attributed to the regulatory 
pathway of UHRF1/DNMT1 complex. 

Gefitinib/osimertinib-resistant cells reduced 
drug sensitivity by epigenetic downregulation 
of MUC17 expression 

MUCs constitute the main component of the 
mucosal barrier and play a central role in maintaining 
the stability of the internal environment. 
Membrane-bound mucins act as protectors on 
epithelial cells and influence the activation of EGFR. 
Therefore, we measured the expression of membrane- 
bound mucins in cells. Importantly, we found that 
acquired resistance to gefitinib/osimertinib resulted 
in increased methylation of the membrane binding 
MUCs promoter (Figure 3A). Next, we measured the 
expression of membrane-bound mucins in GR/OR 
cells. As shown in Figure 3B and Supplementary 
Figure 6A and 6B, the expression of MUC17 was 
significantly reduced in both GR and OR cells. 
Moreover, the expression of MUC17 in GR/OR cells 
decreased in a dose-dependent manner (Supple-
mentary Figure 6C). The results of IF staining and 
ELISA analysis also confirmed the decreased 
expression of MUC17 in GR and OR cells (Figure 3C, 
3D, Supplementary Figure 6D and 6E). We further 
verified the expression of MUC17 in a cohort of 
bronchoalveolar lavage fluid (BALF) specimens 
(Table 1), including 10 patients from chronic 
pneumonia (CP), 22 patients from pre-treatment 
patients (BT), and 13 patients from gefitinib resistance 
(GR). 12 patients from osimertinib resistance (OR) 
(Supplementary Table 4). RT-qPCR analysis showed 
that MUC17 expression was significantly reduced in 
BALF specimens from GR or OR patients compared 
with those from BT patients (Figure 3E). In addition, 
we found that the expression of MUC17 decreased 
gradually with the increase of tumor malignancy, but 
was not correlated with EGFR mutation status (Figure 
3F). Then, we detected the functional role of MUC17 
in GR and OR cells by stably overexpressing the 
truncated MUC17 (T-MUC17) (Figure 3G and 3H, 
Supplementary Figure 6F and 6G). The overexpres-
sion of MUC17 exerted an anti-proliferation effect and 
significantly attenuated cell proliferation induced by 
acquired gefitinib/osimertinib resistance (Figure 3I 
and 3J, Supplementary Figure 6H and 6I). 
Furthermore, we also knockdown MUC17 with 
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shRNA in GR and OR cells (Figure 3G and 3H, 
Supplementary Figure 6F and 6G). In contrast, 
knockdown of MUC17 led to a significant increase in 

cell proliferation, further weakening the sensitivity of 
drug-resistant cells to gefitinib/osimertinib (Figure 3I 
and 3J, Supplementary Figure 6H and 6I)).  

 

 
Figure 2. Alterations in DNA methylation in gefitinib/osimertinib-resistant HCC827 and PC9 cells. (A) ELISA analysis of global DNA methylation in 
gefitinib/osimertinib-resistant cells. (B) Whole-genome bisulfite sequencing (WGBS) analysis of the DNA methylation number of mCG, mCHG and mCHH sequence contexts. 
(C) The level of DNA methylation (mCG, mCHG and mCHH) profiles across the gene and the flanking regions, including upstream, 5'-untranscript region (5'-UTR), coding 
sequence (CDS), intron, 3'-untranscript region (3'-UTR) and downstream (-2 kb upstream to +2 kb downstream). (D) KEGG pathway enrichment for the genes overlapping with 
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DMRs in the promoter region of gefitinib/osimertinib-resistant cells. (E) and (F) RT–qPCR and Western blots analysis of the expression of DNA methyltransferases (DNMT1, 
DNMT3A and DNMT3B) and UHRF1 in GR and OR cells. (E) RT–qPCR, (F) RT–qPCR. (G)DNMT1 or UHRF1 was overexpressed or knocked down in HCC827/GR and 
HCC827/OR. RT–qPCR and Western blotting analysis of DNMT1 and UHRF1. β-actin as sample loading control. (H) Cell viability was measured by MTT in 
gefitinib/osimertinib-resistant cells treatment with gefitinib (1μM) / osimertinib (0.1μM). Data are presented as the mean ± standard deviation (n=3). *p < 0.05, ** p < 0.01, 
significant differences versus control (A and G, one-way ANOVA with Tukey's post hoc test; H, two-tailed Student's t-test). 

 
Figure 3. Gefitinib and osimertinib resistance inhibited MUC17 expression, enhancing lung cancer cell proliferation. (A) gefitinib/osimertinib 
resistance-mediated alterations of DNA methylation in the 5'-UTR regions of membrane-bound mucin genes (MUC1, MUC12, MUC13, MUC16, MUC17, MUC20, MUC21 and 
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MUC22). (B) RT–qPCR showing the mRNA expression of membrane-bound mucins (MUCs) in gefitinib /osimertinib-resistant cells. Each gene was compared with its own 
untreated control after normalization to β-actin. (C) Immunofluorescence staining of MUC17 (green) in HCC827, HCC827/GR and HCC827/OR cells. DAPI-stained nuclei were 
shown as blue. Scale bar: 5µM. (D) ELISA analysis of MUC17 expression in gefitinib/osimertinib-resistant HCC827 and PC9 cells. (E) RT–qPCR of MUC17 expression in BALF 
from patients with Normal (chronic pneumonia), BT (patient before treatment), GR (gefitinib resistant patient) and OR (osimertinib resistant patient). (F) RT–qPCR of MUC17 
expression in BALF from patients with tumor size, lymph node metastasis, distant metastasis, clinical stage and EGFR mutation. (G) and (H) HCC827/GR and HCC827/OR cells 
stably expressing ectopic truncated MUC17 or shMUC17. (G) The mRNA expression level of MUC17 was assessed using RT–qPCR. (H) The protein expression level of MUC17 
was assessed using ELISA. (I) MTT showing cell viability. (J) MTT showing cell viability treatment with gefitinib (1μM) / osimertinib (0.1μM). (K) ELISA analysis of MUC17 and 
Western blotting analysis of p-EGFR, EGFR in HCC827, HCC827/GR and HCC827/OR were treatment with Gefitinib, Osimertinib and/or transfect with MUC17. (L)Western 
blotting analysis of EGFR in HCC827, HCC827/GR and HCC827/OR were treatment with Gefitinib, Osimertinib and/or transfect with MUC17. The protein levels of EGFR 
subunit are shown in membrane extract(mEGFR), cytoplasmic extracts(cEGFR) and nuclear extracts(nEGFR). ATP1A1 serves as membrane, β-actin as cytoplasmic, and Lamin 
A/C as nuclear protein loading controls, respectively. Data are presented as the mean ± standard deviation (n=3). One-way ANOVA with Tukey's post-hoc test was performed 
for B, C, E, G and H, two-tailed Student's t test was used for F. *p < 0.05, **p < 0.01, significant differences from the control. 

 
 
To verify the effect of acquired EGFR-TKIs 

resistance on MUC17 transcriptional activity, three 
DNA fragments containing different MUC17-binding 
motifs (termed FA:-846 bp, FB: -646 bp and FC:-446 bp 
to the TSS) were cloned and transfected into HCC827 
cells[20], showing that luciferase activity was 
increased in cells transfected containing FA fragments 
(-846bp~-646bp, Supplementary Figure 7A). More-
over, the results of luciferase reporter assay showed 
MUC17 promoter region (FA) activity decreased in 
response to TKI resistance (Supplementary Figure 
7B). To further explore the correlation between the 
expression of MUC17 and acquired drug resistance to 
EGFR-TKIs, we treated GR/OR cells with gefitinib/ 
osimertinib and detected the expression of EGFR- 
associated proteins. The results showed that gefitinib 
failed to decrease p-EGFR level inHCC827/GR. 
Similarly, osimertinib failed to reduce p-EGFR level in 
HCC827/OR cells. However, the expression of 
p-EGFR was significantly depleted treatment with 
gefitinib/osimertinib after overexpression of MUC17 
(Figure 3K). To further investigate the effect of 
MUC17 on EGFR membrane translocation after 
EGFR-TKIs acquired resistance, we isolated nucleus, 
cytoplasm and membrane in HCC827, HCC827/GR 
and HCC827/OR. Overexpression of MUC17 
increased the expression of mEGFR while decreased 
the expression of cEGFR and nEGFR (Figure 3L). 
These results showed that overexpression of MUC17 
could increase the sensitivity of cells to EGFR-TKIs by 
regulating the localization of EGFR in the cell 
membrane. Given that MUCs are a group of genes 
presenting epithelial cells as the main protective 
components of the respiratory mucosal barrier, and 
their destruction is closely related to changes in the 
external microenvironment of cells. These findings 
suggested that the downregulation of MUC17 
expression in gefitinib/osimertinib-resistant cells may 
be associated with 5-UTR hypermethylation. 

Epigenetic downregulation of MUC17 in 
gefitinib/osimertinib-resistant cells 
attributable to the UHRF1/DNMT1 complex 

To explore the potential pathways of MUC17 
epigenetic regulation in gefitinib/osimertinib- 
resistant cells, MS-qPCR and MassARRAY primers 
covering the MUC17 promoter region were designed 
(Figure 4A). Associative analysis of MUC17 
expression and DNA methylation data demonstrated 
an inverse association between the upstream 
methylation and mRNA expression of MUC17, the 
methylation of MUC17 was significantly increased in 
GR and OR cells (Figure 4B). Moreover, we found a 
dose-dependent inverse association between MUC17 
expression with its promoter methylation status in 
GR/OR cells (Supplementary Figure 8A). Further IF 
staining of HCC827, HCC827/GR and HCC827/OR 
cells showed that the expression of MUC17 was 
negatively correlated with the expression of DNMT1 
(Figure 4C). To examine the epigenetic contribution of 
gefitinib/osimertinib acquired resistance to differen-
tial expression of MUC17, we examined the 
methylation status in the MUC17 promoter region of 
bronchoalveolar fluid (BALF) cohort and calculated 
whether it was associated with expression. MS-qPCR 
analysis demonstrated that 61.5% of GR (8/13) and 
66.7% of OR (8/12) samples were hypermethylated, 
whereas the samples from patients with chronic 
pneumonia (7/10) or BT (16/22) were hypomethyla-
ted. Importantly, MUC17 DNA methylation was 
highly correlated with expression in GR patients 
(Pearson r =0.62, P < 0.01) (Figure 4D). Moreover, the 
data showed that the DNA methylation statues of 
MUC17 promoter region was significantly increased 
in the GR and OR groups compared with the BT 
group (Figure 4E and Table 2). This reverse 
association with MUC17 was partially restored by the 
DNA methyltransferase inhibitor 5-Aza (Figure 4F 
and 4G, Supplementary Figure 8B).  
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Figure 4. Gefitinib/osimertinib resistance-mediated epigenetic downregulation of MUC17 through promoter hypermethylation. (A) Schematic 
representation of the CpG island around the first exon of MUC17. The regions targeted by the primer pairs for MSP-qPCR, ChIP, MeDIP and MassARRAY analysis and their 
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positions relative to the transcription start site (TSS) are shown. (B) 100% stacked bar graph showing the association of MUC17 expression with its promoter methylation in GR 
and OR cells, RT–qPCR and MS-qPCR were used to detect MUC17 expression and methylation with the primers listed in Supplementary Table 1. The comparison between 
methylation and expression was visualized by a 100% stacked bar graph. (C) Immunofluorescence staining of DNMT1 (red) and MUC17 (green) in HCC827, HCC827/GR and 
HCC827/OR cells. DAPI-stained nuclei were shown as blue. Scale bar: 5 µM. (D) Pearson correlation analysis of DNA methylation associated with the expression of MUC17 in 
BALF specimens. (E) MSP-qPCR analysis of DNA methylation in BALF specimens. (F) ELISA analysis of MUC17 in HCC827, HCC827/GR and HCC827/OR or treatment with 
5-aza-2'-deoxycytidine (5-Aza, 5 μΜ, 96 h). (G) MassARRAY and MSP analysis of MUC17 methylation in HCC827, HCC827/GR and HCC827/OR or treatment with 
5-aza-2'-deoxycytidine (5-Aza, 5 μΜ, 96 h). IVD: in vitro methylated DNA served as a positive control; NL: normal blood lymphocyte DNA served as a negative control. (H) 
MeDIP-qPCR analysis of anti-5-mC enriched DNA fragments at the MUC17 promoter region. The specific enrichment is represented as the percentage of input (% of input) after 
normalization to the nonspecific IgG control. (I) ChIP-qPCR was used to analyze the immunoprecipitated DNA fraction with primers covering the MUC17 promoter region. The 
normalized enrichment was represented as "% of input". (J) RT–qPCR analysis of MUC17 in HCC827/GR and HCC827/OR stably expressing ectopic DNMT1 or shDNMT1, 
UHRF1 or shUHRF1. (K) RT–qPCR analysis of DNMT1 and MUC17 in HCC827/GR and HCC827/OR stably expressing ectopic DNMT1 and/or MUC17. (L) RT–qPCR analysis of 
UHRF1 and MUC17 in HCC827/GR and HCC827/OR stably expressing ectopic UHRF1 and/or MUC17. (M) and (N) MTT showing cell viability treatment with gefitinib (1μM) / 
osimertinib (0.1μM). Data are presented as the mean ± standard deviation (n=3). One-way ANOVA with Tukey's post-hoc test was performed. *p < 0.05, ** p < 0.01, significant 
differences versus control.  

 

Table 2. The association of MUC17 methylation with 
clinicopathologic parameters in NSCLC 

Characteristics  Cases MUC17 Methylation 
 High (%) Low (%) P-value 

Total 57 21 (36.8) 36 (63.2)   
Gender         
Male 26 13 (50.0) 13 (50.0)   
Female 31 8 (25.8) 23 (74.2) 0.1019 
Age at diagnosis         
≥60 39 14(35.9) 25 (64.1)   
<60 18 7 (38.9) 13 (61.1) 0.9457 
Pathological type         
Chronic pneumonia 10 0 (0.0) 10 (100.0)   
Lung adenocarcinoma 43 20 (46.5) 23 (53.5) 0.0063 
Lung squamous cell carcinomas 4 1 (25.0) 3 (75.0) 0.1008 
Tumor invasive depth         
NA 10       
1 18 5 (27.8) 13 (72.2)   
2 14 8 (57.1) 6 (42.9) 0.0049 
3 8 5 (62.5) 3 (37.5) 0.0336 
4 7 3 (42.9) 4 (57.1) 0.3905 
Lymph node metastasis         
NA 10       
0 22 6 (27.3) 16 (72.7) 

 

1 2 1 (50.0) 1 (50.0) 0.6685 
2 12 8 (66.7) 4 (33.3) 0.0005 
3 11 6 (54.5) 5 (45.5) 0.0228 
Distant metastasis         
NA 10       
Yes 17 8 (47.1) 9 (52.9)   
No 30 13 (43.3) 17 (56.7) 0.5454 
Clinic stage         
NA 10       
I 18 5 (27.8) 13 (72.2)   
II 1 0 (0.0) 1 (100.0) 0.7836 
III 9 7 (77.8) 2 (22.2) 0.0009 
IV 19 9 (47.4) 10 (52.6) 0.0167 

 
We further identified the regions specifically 

regulating MUC17 epigenetic silencing in GR/OR 
cells by MeDIP-qPCR with an anti-5mC antibody. 
Results showed that GR/OR cells yielded more 
methylated genomic DNA fragments enriched in the 
MUC17 promoter region (Figure 4H and Supple-
mentary Figure 8C). In order to explore the 
relationship between the hypermethylation of MUC17 
and the regulatory pathway of UHRF1/DNMT1 
complex, we conducted ChIP-qPCR detection. The 
results showed that anti-DNMT1 or anti-UHRF1 
antibodies could enrich more genomic DNA frag-
ments associated with the MUC17 promoter region in 
GR/OR cells (Figure 4I and Supplementary Figure 
8D). DNMT1 or UHRF1(DNMT1/UHRF1) was 

overexpressed in GR or OR cells, high expression of 
DNMT1/UHRF1 inhibited the expression of MUC17. 
In contrast, knocking down of DNMT1/UHRF1 
promoted MUC17 expression and almost reversed 
gefitinib/osimertinib resistance mediated MUC17 
downregulation (Figure 4J and Supplementary 
Figure 8E). These results suggest that the epigenetic 
silencing of MUC17 induced by gefitinib/osimertinib 
resistance is controlled by UHRF1 associated DNMT1. 
Further, we found that simultaneous overexpression 
of DNMT1/UHRF1 and MUC17 in OR and GR cells 
reduced the enhanced effect of DNMT1/UHRF1 on 
EGFR-TKIs resistance compared with DNMT1 or 
UHRF1 single-overexpression (Figure 4K and 4L, 
Supplementary Figure 8F and 8G). In addition, 
simultaneous overexpression of DNMT1/UHRF1 and 
MUC17 restored the sensitivity of drug-resistant cells 
to gefitinib/osimertinib (Figure 4M and 4N, 
Supplementary Figure 8H). These results suggested 
that MUC17 plays a key role in the epigenetic 
pathway of drug resistance induced by 
gefitinib/osimertinib mediated by DNMT1/UHRF1 
complex. 

The pro-oncogenic effect of 
gefitinib/osimertinib-resistant cells by 
downregulation of MUC17 expression via 
NF-κB activation 

We further explored the potential signaling 
pathways affected by the downregulation of MUC17 
in drug-resistant cells, the activation of the NF-κB 
signaling pathway caused by gefitinib/osimertinib 
resistance may aggravate inflammation and the 
progression of malignant tumors. Given the crucial 
roles in triggering inflammation and malignancy of 
tumors, we explored NF-κB activity in gefitinib/ 
osimertinib-resistant cells. The results showed that in 
GR/OR cells, p65 remained unchanged and IκB-α 
decreased, but phosphorylation of p65 (p-p65) and 
IκB-α (p-IκB-α) increased (Figure 5A). IF assay 
suggested that both decreased IκB-α expression and 
increased p-IκB-α result in the translocation of NF-κB 
p65 from the cytoplasm into the nucleus to trigger the 
NF-κB pathway (Figure 5B). We treated 
drug-resistant cells with EGFR-TKIs and found that 
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gefitinib failed to reduce the level of p65 in the 
cytoplasm and nucleus of HCC827/GR. The same 
results were observed in osimertinib-treated OR cells. 
However, gefitinib/Osimertinib treatment signifi-
cantly reduced p65 expression in the nucleus and 
increased in the cytoplasm of sensitive HCC827 cells, 
suggesting that gefitinib/osimertinib resistance 
accelerates the progression of malignant tumors 
through NF-κB activation (Figure 5C). In addition, 
MUC17 knockdown resulted in an augmentation of 
p-p65 and p-IκB-α, whereas truncated MUC17 
augmented the expression of IκB-α (Figure 5D). 
Furthermore, the NF-κB inhibitor BAY 11-7082 was 
shown to attenuate NF-κB activation and cell 
proliferation induced by gefitinib/osimertinib 
resistance (Figure 5E and 5F), suggesting that 
gefitinib/osimertinib-resistant cells promote tumor 
progression through activation of NF-κB pathway. 
These results demonstrated that MUC17 plays an 

important role in the progression of respiratory 
malignancies induced by gefitinib/osimertinib 
resistance by inhibiting NF-κB activation. 

UHRF1/DNMT1-modified DNA methylation 
downregulation MUC17 affected the capacity 
of MZF1 to regulate IκB-α expression 

In our previous studies, we found that MZF1 is 
regulated by DNA methylation and is an important 
transcription factor directly promoting the 
transcription of IκB-α [36]. Considering that zinc 
finger proteins preferentially bind to the GC-rich 
motif, we hypothesized that MZF1 is a methyl- 
sensitive transcription factor involved in epigenetic 
methylation of NF-κB regulated by UHRF1/DNMT1. 
Therefore, we investigated whether MUC17 inhibited 
NF-κB activation through MZF1. To verify this 
hypothesis, we first examined the expression of MZF1 
in gefitinib/osimertinib-resistant cells, we found that 

 

 
Figure 5. Gefitinib and osimertinib resistant cells promoted NF-κB activity by inhibiting the expression of MUC17. (A) Western blotting analysis of p65, p-p65, 
IκB-α and p-IκB-α expression in gefitinib/osimertinib-resistant cells. (B) Immunofluorescence staining of p65 in gefitinib/osimertinib-resistant cells. Scale bars,5µM. (C) Western 
blotting analysis of p65 in HCC827, HCC827/GR and HCC827/OR upon gefitinib (0, 0.1, 1, 10μM) or osimertinib (0, 0.01, 0.1, 1μM) treatment. The protein levels of p65 subunit 
are shown in nuclear extracts and cytoplasmic extracts. β-actin serves as cytoplasmic, and Lamin A/C as nuclear protein loading controls, respectively. (D) HCC827 and PC9 
were stably expressing ectopic truncated MUC17 or shMUC17. Left panel: ELISA analysis of MUC17 in HCC827 and PC9. Right panel:Western blotting analysis of p65, p-p65, 
IκB-α and p-IκB-α expression in HCC827 and PC9. (E) and (F) Gefitinib and osimertinib resistant cells were treated with BAY11-7082 (8 μM, 12 h). (E) Western blotting analysis 
of IκB-α and p-IκB-α expression in gefitinib and osimertinib resistant cells. β-actin serves as the loading control. (F) MTT assays were performed to monitor the viability of cells 
over 4 days.  
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MZF1 was weakly expressed in the protein level, but a 
decreased in mRNA level of MZF1 was observed in 
EGF-TKIs resistant cell lines (Supplementary Figure 
9). We further explored the relationship between 
MUC17 and MZF1. MUC17 overexpression resulted 
in the increased expression of MZF1, but overex-
pression of MZF1 had no effect on MUC17 expression 
in HCC827, HCC827/GR and HCC827/OR, 
suggesting that MUC17 regulates the expression of 
MZF1 (Figure 6A, 6B and Supplementary Figure 10). 
Moreover, p-EGFR expression was significantly 
reduced in MZF1 overexpressed GR/OR cells treated 
with gefitinib/osititinib. The results suggested that 
MUC17 regulated EGFR activity by promoting the 
expression of MZF1 (Supplementary Figure 11). 
Further, we explored the regulation of MZF1 expres-
sion by the UHRF1/DNMT1 complex, and found that 
the UHRF1/DNMT1 complex inhibited MZF1 
expression (Figure 6C and 6D). The results showed 
that UHRF1/ DNMT1 inhibited the expression of 
MZF1 by downregulating the expression of MUC17. 
To investigate the relationship between MZF1 and 
NF-κB activation, we determined the expression of 
IκB-α in NSCLC cells transfected with MZF1 vector. 
We found that MZF1 enhanced the expression of 
IκB-α at mRNA and protein levels (Figure 6E). 
Meanwhile, both NF-κB signaling inhibitors 
BAY11-7082 and methylation enzyme inhibitors 
5-Aza enhanced nuclear translocation of MZF1 
(Figure 6F). To verify the specific binding of MZF1 to 
IκB-α, we cloned DNA fragments containing 
MZF1-binding motifs (-494~-212bp from TSS) and 
transfected them into HCC827, HCC827/GR, and 
HCC827/OR cells (Figure 6G). The results showed 
that the transfected cells treatment with BAY11-7082 
or 5-Aza displayed significantly increased luciferase 
activity compared with that of the control (Figure 
6H). Chip-qpcr analysis showed an increase in 
anti-MZF1 antibody enriched DNA fragments in 
BAY11-7082 or 5-Aza-treated cells, indicating specific 
binding of MZF1 to IκB-α (Figure 6I).  

We further verified this in vivo by injecting 
gefitinib/osimertinib-resistant cells cells into the 
subcutaneously of nude mice treated with EGFR-TKIs 
and /or 5-Aza (Figure 7A). The in vivo lung 
tumorigenic assay showed that a significant increase 
in xenograft tumor volume formed by 
gefitinib/osimertinib-resistant cells in nude mice with 
gefitinib/osimertinib treatment. Conversely, the 
EGFR-TKIs and 5-Aza combination groups showed a 
significant reduction in the volume of xenograft 
tumors formed by gefitinib/osimertinib-resistant cells 
(Figure 7B-7D, Supplementary Figure 12). These 
results indicate that EGFR-TKIs+5-Aza possessed 
enhanced anti-cancer activity with fewer side effects 

in mice. Further IHC analysis of the xenograft tumor 
sections showed that MZF1 expression was higher 
after EGFR-TKIs+5-Aza treatment compared with 
EGFR-TKIs alone. This was associated with 
upregulation of MUC17, but downregulation of Ki67 
and DNMT1 (Figure 7E). Thus, the combination of 
two agents demonstrates an enhanced effect of 
anti-cancer activity in which 5-Aza-induced 
upregulations MUC17 and MZF1 may promote the 
sensitivity of NSCLC resistant cells to EGFR-TKIs. 

Taken together, our results revealed an 
epigenetic pathway responsible for the regulation of 
MUC17 expression that was controlled by 
UHRF1/DNMT1-mediated DNA hypermethylation, 
and that the dysregulation of this pathway may cause 
EGFR-TKIs resistance. 

Discussion 
Treatment with tyrosine kinase inhibitors (TKIs) 

has brought significant benefits to lung cancer 
patients with EGFR mutations [42]. Although the 
therapeutic effects of TKIs have improved the 
prognosis of NSCLC patients, patients are highly 
likely to develop resistance to TKIs [43]. Therefore, it 
is necessary to develop new biomarkers to monitor 
TKIs resistance. In this study, we found that the 
statutes of methylation in drug-resistant cells induced 
by different concentrations of gefitinib/osimertinib 
was different in a dose-dependent manner. Malignant 
proliferation of tumor cells induced by gefitinib/ 
osimertinib resistance were due to hypermethylation 
of the MUC17-specific promoter caused by the 
UHRF1/DNMT1 complex, which activates the NF-κB 
signaling pathway. Therefore, MUC17 plays an 
inhibitory role in lung malignant tumors and is a 
biomarker for monitoring EGFR-TKIs resistance. 

Solving the acquired resistance of EGFR-TKIs 
has been the focus and difficulty of research in recent 
years, most of which focused on the influence of gene 
copy number changes on drug resistance [44, 45]. 
EGFR-TKIs resistance have recently been found to 
induce epigenetic alterations in cells, including 
methylation and acetylation [46-49]. Studies have also 
shown that EGFR-TKI resistance can cause functional 
changes of tumor cells and DNA hypermethylation of 
tumor suppressor gene (TSG), and epigenetic 
intervention might be an effective strategy to reverse 
EGFR-TKI resistance [48]. Moreover, DNA 
methylation could be a novel tumor cellular state, 
which helps to accurately distinguish the tumor 
heterogeneity of EGFR-Tkis. Epigenome factors may 
complement DNA mutation status to identify patients 
with lung adenocarcinoma who are unlikely to benefit 
from EGFR-TKI therapy [47].  
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Figure 6. MZF1 bind to the promoter region of IκB-α regulated by MUC17. (A) and (B) RT–qPCR, ELISA and Western blotting analysis of MZF1 in HCC827, 
HCC827/GR and HCC827/OR stably expressing ectopic truncated MUC17, (A) RT–qPCR, (B) ELISA and Western blotting analysis. (C) and (D) RT–qPCR and Western blotting 
analysis of MZF1 in HCC827, HCC827/GR and HCC827/OR stably expressing ectopic shDNMT1 and shUHRF1, (C) RT–qPCR, (D) Western blotting analysis. β-actin as sample 
loading control. (E) RT–qPCR and Western blots analysis of MZF1 and IκB-α in HCC827, HCC827/GR and HCC827/OR stably expressing ectopic MZF1 or shMZF1. Left panel: 
RT–qPCR analysis. Right panel: Western blots analysis. (F) Western blotting analysis of MZF1 in HCC827, HCC827/GR and HCC827/OR treatment with BAY11-7082 or 5-Aza. 
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The protein levels of MZF1 are shown in nuclear extracts. Lamin A/C as nuclear protein loading controls, respectively. (G) A schematic illustration of the promoter region of 
IκB-α showing the positions of the consensus sequence of 5’-AGTGGGGA-3’ as well as the ChIP-PCR primer set. (H) Luciferase reporter assays showing the activity of IκB-α 
promoter region in HCC827, HCC827/GR and HCC827/OR treatment with BAY11-7082 or 5-Aza. (I) ChIP-qPCR was used to analyze the immunoprecipitated DNA fraction 
with primers covering the IκB-α promoter region. The normalized enrichment was represented as "% of input". Data are presented as the mean ± standard deviation (n=3). 
One-way ANOVA with Tukey's post-hoc test was performed. *p < 0.05, ** p < 0.01, significant differences versus control.  

 
Figure 7. DNMT1 inhibitor enhance the sensitivity of EGR-TKIs. (A) NCI-H1299, NCI-H1299/GR and NCI-H1299/OR cells were injected into the left and right flanks 
of nude mice (n = 2 flanks × 5 mice in each group). On the day 8, mice were treated with Gefitinib and/or 5-Aza, Osimertinib and/or 5-Aza. (B) Photographs of xenograft tumors 
from nude mice on day 24. (C) Tumor volumes of tumor-bearing mice measured at the indicated time points. (D) Tumor weights of the mice xenografts. (E) H&E and 
Immunohistochemical staining of Ki67, DNMT1, MUC17 and MZF1 in isolated xenograft tumors. Brown staining indicates the expression of protein. Each image is shown at a 
magnification of 200×. Data are presented as the mean ± standard deviation (n=3). One-way ANOVA with Tukey's post-hoc test was performed. *p < 0.05, ** p < 0.01, significant 
differences versus control. 

 

Our results showed that gefitinib/osimertinib 
resistance increased proliferation and metastasis of 
lung cancer cells. Further analysis by WGBS showed 
that this process resulted in DNA hypermethylation 
and significantly induced 5-mC expression. The 
expression of tumor suppressor genes (TSGs) is 
epigenetic regulated by genomic DNA methylation 
and histone modification patterns. Abnormal 
modifications have been associated with cancer 
development, including CpG island methylation of 
promoters or intragenic regions [50]. Our findings 
demonstrated that acquired gefitinib/osimertinib 

resistance enhances methylation levels in mCG 
promoters and intragenic regions. However, the 
promoter regions (upstream of TSS) were relatively 
higher than the gene body. In addition, methylated 
mCG induced by gefitinib/osimertinib resistance is 
mainly enriched in signaling pathways, such as 
transcriptional misregulation in cancer, indicating 
that acquired gefitinib/osimertinib resistance may 
cause TSG silencing through promoter epigenetic 
alteration, thus leading to drug-resistance-induced 
tumor development. 
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Figure 8. Schematic illustration of the molecular mechanism of MUC17 in drug-resistant cells. 

 
MUCs constitute the main component of 

mucosal barrier and play a central role in maintaining 
internal environmental stability. Mucins are classified 
into membrane-bound and secretory types according 
to their expression patterns [15, 51], in which 
membrane-bound mucins act as protectors on 
epithelial cells. Disruption of MUCs expression has 
been reported in several cancer types, including lung 
cancer [22, 51, 52]. In addition, several well-known 
tumor-associated antigens on mucins serve as 
biomarkers for cancer, especially adenocarcinoma 
[59,60]. As a membrane-bound mucin, MUC17 plays a 
major protective role by limiting the adhesion of 
harmful substances to epithelial cell surfaces [51, 53, 
54]. Epigenetic regulation of mucin expression, such 
as MUC1, MUC2, MUC4, MUC5AC and MUC17, has 
been reported to be controlled by DNA methylation in 
a variety of cancer cells [21]. However, members of 
the transmembrane mucins play opposite roles in 
drug resistance and tumor progression. Studies have 
shown that MUCs has a regulatory effect on EGFR 
[55, 56]. The SEA domain of MUCs in drug-resistant 
cells were shed under the action of matrix 

metalloproteinase-7 (MMP-7), releasing MUC1-C-ter 
and promoting the nucleolus transport of p53 in 
gefitinib-resistant cells [55]. Here, we demonstrated a 
more complicated epigenetic regulation of MUC17 in 
lung cancer. Our results showed that gefitinib/ 
osimertinib resistance resulted in genome-wide 
hypermethylation and decreased expression of 
MUC17. We found that the downregulation of 
MUC17 expression in gefitinib/osimertinib-resistant 
cells was due to the DNA hypermethylation of the 
MUC17 promoter, suggesting that DNA methylation 
was closely related to the downregulation of MUC17. 
We further investigated the potential epigenetic 
pathways associated with acquired gefitinib/ 
osimertinib resistance. UHRF1, a key regulatory 
protein of DNA methylation, is thought to bind to 
H3K9me2/3 or semi-methylated CpG and recruit 
DNMT1 to the DNA replication fork to maintain DNA 
methylation [57, 58]. Our study found that 
UHRF1/DNMT1 complex bind to the promoter 
region of MUC17 and increased DNA methylation 
modification, suggesting that DNA methylation 
modification in the promoter region of MUC17 may 
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be a potential marker of acquired drug resistance to 
EGFR-TKIs. 

Activation of the NF-κB pathway has been 
shown to be closely associated with acquired 
resistance to EGFR-TKIs [24, 25]. Blocking NF-κB 
activation by increasing the expression of IκB-α in 
cancer cells has been shown to have good anti-tumor 
effects. IκB-α has been identified as a potential target 
for inhibiting NF-κB activation [59]. We observed that 
the expression of IκB-α was decreased, but there was 
an increase in p-IκB-α expression. The expression of 
p65 decreased in the cytoplasm but was enhanced in 
the nucleus. Abnormal expression of MUC17 
regulates the activation of NF-κB pathway [20, 22]. 
Our results showed that MUC17 positively regulates 
the expression of IκB-α. However, MUC17 as a 
membrane protein, is unlikely to regulate IκB-α 
activity by directly binding to its promoter. We 
previously found that MZF1 directly promotes 
transcription of IκB-α [36]. Studies have shown that 
zinc activate EGFR by activating intracellular Src and 
metalloproteinases. Activated EGFR induces respira-
tory inflammation by up regulating the expression of 
inflammatory proteins. Members of the zinc finger 
protein family play an important role in regulating 
the expression and activity of EGFR [60-62]. The gain- 
and loss- of function assays in this study further 
demonstrated the regulatory capacity of MUC17 in 
control of MZF1 expression. Therefore, we used MZF1 
overexpressing cell lines to investigate the inhibitory 
effect of MZF1 on phosphorylation of EGFR. The 
results demonstrate that the high expression of MZF1 
may inhibit EGFR phosphorylation by promoting 
binding to zinc ions. The results showed that 
UHRF1/DNMT1-mediated down-regulation of 
MUC17 reduced MZF1 nuclear translocation, and 
MZF1 directly bound to its promoter to activate IκB-α 
transcription. These findings suggest that MUC17 
restored drug sensitivity in gefitinib/osimertinib- 
resistant cells by inhibiting the NF-κB pathway. 

Conclusion 
In summary, our study reveals that long-term 

gefitinib/osimertinib exposure enhances genome- 
wide methylation and promotes drug resistance in 
lung cancer cells through UHRF1/DNMT1-mediated 
epigenetic silencing of MUC17. Our results suggest 
that MUC17 promotes drug sensitivity by upregula-
ting MZF1 expression and inhibiting NF-κB activity in 
gefitinib/osimertinib -resistant cells. Therefore, 
MUC17 may serve as an epigenetic sensor for 
biological monitoring of resistance to EGFR-TKIs 
(Figure 8). 
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