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to regulate the stemness and paclitaxel-resistance of lung 
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ABSTRACT
Background:  the chemotherapy resistance often leads to chemotherapy failure. this study aims 
to explore the molecular mechanism by which MUc1 regulates paclitaxel resistance in lung 
adenocarcinoma (lUaD), providing scientific basis for future target selection.
Methods:  the bioinformatics method was used to analyse the mRNa and protein expression 
characteristics of MUc1 in lUaD. Rt-qPcR and elisa were used to detect the mRNa and protein 
expression, flow cytometry was used to detect cD133+ cells, and cell viability was detected by 
ccK-8 assay. the mRNa-seq was performed to analyse the changes in expression profile, GO and 
KeGG analysis were used to explore the potential biological functions.
Results:  MUc1 is highly expressed in lUaD patients and is associated with a higher tumour 
infiltration. in paclitaxel resistance lUaD cells (a549/taX cells), the expression of MUc1, 
eGFR/p-eGFR and il-6 were higher than that of a549 cells, the proportion of cD133+ cells was 
significantly increased, and the expression of cancer stem cell (cscs) transcription factors (NaNOG, 
Oct4 and sOX2) were significantly up-regulated. after knocking down MUc1 in a549/tax cells, 
the activity of a549/tax cells was significantly decreased. correspondingly, the expression of 
eGFR, il-6, Oct4, NaNOG, and sOX2 were significantly down-regulated. the mRNa-seq showed 
that knocking down MUc1 affected the gene expression, DeGs mainly enriched in NF-κB and 
MaPK signalling pathway.
Conclusion:  MUc1 was highly expressed in a549/taX cells, and MUc1-eGFR crosstalk with il-6 
may be due to the activation of NF-κB and MaPK pathways, which promote the enrichment of 
cscs and lead to paclitaxel resistance.

Introduction

lung cancer remains the most common cause of can-
cer death worldwide. Most patients were in the 
advanced stage at the time of diagnosis, with a high 
rate of recurrence and metastasis [1,2]. lung adenocar-
cinoma (lUaD) was the most common lung cancer, 
accounting for approximately 40% of all lung cancer 
cases [3]. the treatment for lung cancer mainly includes 
surgery, chemotherapy, radiotherapy, immunotherapy 
[4]. Paclitaxel is one of the commonly used drugs for 
chemotherapy, but its resistance often leads to chemo-
therapy failure [5]. Recently, targeted therapy and its 

combination with other treatments have shown prom-
ising results. however, similar to traditional chemother-
apy, these new targeted drugs also tend to fail due to 
the development of drug resistance [6]. therefore, 
overcoming drug resistance is a challenging issue in 
the treatment of lUaD.

some mechanisms have been proposed to explain 
the emergence of paclitaxel resistance, one of which is 
the therapeutic tolerance mediated by cancer stem cells 
(cscs) [7]. the current chemotherapy and radio technol-
ogy kill most of cancer cells, but due to the specific 
drug resistance mechanism of cscs, they cannot be 

© 2024 The Author(s). Published by informa UK limited, trading as Taylor & francis Group

CONTACT: Hongyu Xu,  Hongyu_xudoctor@163.com , department of oncology, 363 Hospital, no.108, daosangshu street, Wuhou district, chengdu 
610041, sichuan, china
*Hongyu Xu and Zedong du were co-first authors.

 supplemental data for this article can be accessed online at https://doi.org/10.1080/07853890.2024.2313671.

https://doi.org/10.1080/07853890.2024.2313671

This is an open Access article distributed under the terms of the creative commons Attribution-noncommercial license (http://creativecommons.org/licenses/by-nc/4.0/), which 
permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. The terms on which this article has been 
published allow the posting of the Accepted Manuscript in a repository by the author(s) or with their consent.

ARTICLE HISTORY
Received 19 september 
2023
Revised 5 November 
2023
accepted 24 January 
2024

KEYWORDS
MUc1; lung 
adenocarcinoma; cancer 
cell stemness; paclitaxel 
resistance; NF-κB; MaPK

mailto:Hongyu_xudoctor@163.com
https://doi.org/10.1080/07853890.2024.2313671
https://doi.org/10.1080/07853890.2024.2313671
http://creativecommons.org/licenses/by-nc/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1080/07853890.2024.2313671&domain=pdf&date_stamp=2024-2-7


2 h. XU et al.

eliminated [8–10]. cscs are a subpopulation of cancer 
cells with the ability to self-renew and differentiate. 
Researches have reported that cscs are involved in can-
cer resistance, metastasis, and recurrence, and signifi-
cantly affect tumour treatment [9]. During the treatment 
of cancer, cscs exert their drug resistance by maintain-
ing dormant state, increasing DNa repair capacity, turn-
ing off apoptotic pathways, managing reactive oxygen 
species and reactive nitrogen species in a highly effi-
cient manner, and by manipulating the tumour micro-
environment (tMe) [7,9]. it has been proposed that 
targeting csc subpopulations can lead to tumour 
regression and reduce the possibility of tumour recur-
rence after treatment. [10]. erlotinib, a tyrosine kinase 
inhibitor (tiK) of the epidermal growth factor receptor 
(eGFR), can inhibit the enrichment of cervical cscs 
induced by the MUc1-eGFR-cReB/GRβ-il-6 axis in cervi-
cal cancer [11], but there are no relevant reports on this 
pathway in lUaD.

Mucin1 (MUc1) is a type i transmembrane protein 
with a highly glycosylated extracellular domain [12]. in 
healthy tissues, MUc1 exists on the surface of all epi-
thelial tissues and serves as a protective barrier for cells 
through its extracellular domain [13,14]. Nevertheless, in 
cancer cells, MUc1 has intracellular signalling function 
and is closely related to the treatment and progression 
of different epithelial cancers [15,16]. MUc1 can also 
up-regulate the expression of atP-binding cassette 
transporter B1 (aBcB1) in eGFR-dependent manner to 
induce chemotherapy resistance [17]. Previous studies 
have shown that MUc1-c plays a crucial role in induc-
ing stemness and paclitaxel resistance in human 
non-small cell lung cancer (Nsclc) a549 cells, but the 
molecular mechanism by which MUc1 induces pacli-
taxel resistance in lUaD is still unclear [18].

this study analysed the expression characteristics of 
MUc1 in lUaD patients through bioinformatics, and 
compared the expression of MUc1, eGFR and il-6 in 
human lung cancer a549 cells and paclitaxel resistance 
lUaD a549/taX cells and detection of cancer cell 
stemness in two types of cells. Furthermore, we 
knocked down MUc1 in a549/taX cells and performed 
mRNa sequencing (mRNa-seq) to further analyse  
the molecular mechanism of MUc1 regulating the 
stemness of paclitaxel-resistant lUaD cells, providing 
scientific basis for future target selection.

Materials and methods

Expression analysis of MUC1 in LUAD patients

the gene expression data and clinical data of MUc1 in 
lUaD were downloaded from the cancer Genome 

atlas (tcGa) database and the expression of MUc1 in 
lUaD samples and matched normal tissues were com-
pared. Moreover, we also analysed the expression of 
MUc1 in different clinical phenotypes. the protein 
expression of MUc1 in lUaD tissues and normal tis-
sues were retrieved in the human Protein atlas (hPa) 
database (https://www.proteinatlas.org/). the expres-
sion of MUc1 in different tumour tissues and matched 
normal tissues were compared by the tumour immune 
estimation Resource (tiMeR) database (http://timer.
cistrome.org/). the study was conducted in accordance 
with the Declaration of helsinki and approved by the 
ethics committee of the 363 hospital.

Immune infiltrate analysis of MUC1

ciBeRsORt was used to evaluate the infiltration status 
of 22 immune cells in the high and low MUc1 groups 
in the tcGa-lUaD dataset. the ‘Pearson’ method was 
used to calculate the correlation between MUc1 
expression and differential immune cells, an R-value of 
−1 indicates complete negative correlation, +1 indi-
cates complete positive correlation, and 0 indicates no 
correlation. p < 0.05 was considered to be significant. 
through the tiMeR database (https://cistrome.
shinyapps.io/timer/), the influence of copy number 
variation of MUc1 on immune cell infiltration was 
evaluated. the estiMate algorithm was used to calcu-
late the immune score, matrix score, tumour purity, 
and estiMate score for each lUaD patient.

Cell culture

human lung cancer a549 cells were purchased from 
the cell bank of the chinese academy of sciences 
(shanghai, china), and paclitaxel resistance lUaD 
a549/taX cells were purchased from shanghai 
MeiXUaN biological science and technology ltD 
(shanghai, china). a549 cells were cultured in DMeM 
medium supplemented with 10% foetal bovine serum 
(FBs) and penicillin/streptomycin (100 U/ml), while 
a549/taX cells were additionally added with 200 ng/
ml paclitaxel in the above medium to maintain their 
drug resistance. then place the culture bottle in a 5% 
cO2 incubator at 37 °c for static cultivation.

RNA extraction and real-time qPCR (RT-qPCR)

tRizol (tiaNGeN, Beijing, china) was used to extract 
total RNa from cells and the FastKing cDNa first strand 
synthesis kit (tiaNGeN, Beijing, china) was used for 
reverse transcribed to synthesize cDNa. the superReal 
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PreMix Plus (tiaNGeN, Beijing, china) was used to 
amplify the target genes in the aBi stepOne Plus fluo-
rescence quantitative PcR instrument, 2-ΔΔct method 
was used to perform relative quantitative analysis. the 
primers were listed in supplementary table 1.

ELISA
according to the instructions of manufacturers, the 
protein expression of MUc1, eGFR, and il-6 were mea-
sured using protein elisa kit (Kexing, shanghai, china). 
the absorbance (optical density value) of each well in 
sequence was measured at 450 nm, repeats each result 
3 times, and determined the protein concentration by 
comparing the relative absorbance between the sam-
ple and the standard.

Flow cytometry assay

Flow cytometry was used to detect the proportion of 
cD133+ cells. Firstly, cells were treated with 6 well 
plates and cell suspensions were collected and  
rinsed with phosphate-buffered saline (PBs) buffer. 
subsequently, count 1 × 106 cells were resuspended in 
100 µl staining buffer and added 5 µl antibodies (aPc 
anti-human cD133), incubated at room temperature in 
dark for 30 min. after incubation, 1 ml PBs was added 
to each sample for resuspension centrifugation and 
discarded the supernatant. Finally, 500 µl PBs was 
added to each sample for measurement the propor-
tion of cD133+ cells using flow cytometry (Novocell, 
agilent, Usa) and analysed using FlowJo 7.6 software 
(tree star, inc, ca, Usa).

siRNA transfection

all siRNas were purchased from hippo bio (huzhou, 
china). the transfection reagent (lipo8000) was mixed 
with siRNa to transfect a549 and a549/taX cells. the 
cell culture plate was placed at 37 °c in a 5% cO2 incu-
bator for 24 h, and fresh culture medium could be 
changed after 4-6 h of transfection. the siRNa 
sequences used for transfection were listed in 
supplementary table 2.

Cell counting kit 8 (CCK 8) assay
the cell counting kit 8 was used to detect the viability 
of negative control a549/taX-Nc cells and MUc1 
knockdown a549/taX siRNa-MUc1 cells. the cells were 
normally cultured to 90%, digested with trypsin, and 
after counting, the cell concentration was adjusted to 
1 × 104 cells/ml. add 100 µl of adjusted cell suspen-
sion to each well in 96 well plates, with 3 wells in each 

group, and incubate in a 5% cO2 incubator at 37 °c for 
subsequent testing. after reaching the cultivation time, 
remove the culture plate and add 10 µl of ccK-8 solu-
tion from the reagent kit to the 96-well cell culture 
plate, and then incubate in a 37 °c incubator for 
another 4 h. the absorbance at 450 nm was measured 
using a microplate reader (Molecular Devices, llc).

mRNA-sequencing and differential expression 
analysis

the illumina high-throughput sequencing platform 
was used to perform mRNa sequencing of a549/
taX-Nc cells and a549/taX siRNa-MUc1 cells, and 
generate a large amount of raw data. the fastp soft-
ware was used to filter the original sequencing data 
and obtained high-quality clean data. salmon v0.13.0 
was used for mRNa gene expression analysis. the dif-
ferentially expressed genes (DeGs) was obtained by 
Deseq2, with screening parameters of P adj <0.05 and 
|log2 fold change (Fc)| >1. the GO functional enrich-
ment and KeGG pathway analysis of DeGs was per-
formed by used David database (https://david.ncifcrf.
gov/tools.jsp).

Statistical analysis

GraphPad Prism 5.0 was used for statistical analysis. 
the data was represented by mean ± standard devia-
tion (sD), with at least 3 replicates for each group of 
data. the difference analysis of variables was evaluated 
using a student’s t-test. p < 0.05 was considered statis-
tically significant for the difference.

Results

The expression characteristics of MUC1 in LUAD

to explore the expression characteristics of MUc1 in 
lUaD, the mRNa expression of MUc1 in lUaD samples 
in the tcGa data sets were first mined. it was found 
that the mRNa level of MUc1 was significantly higher 
in tumour tissues than in normal tissues (Figure 1(a)) 
and MUci also exhibited the same expression pattern 
in different clinical features (Figure 1(B–G)). consistently, 
the protein expression of MUc1 in lUaD tissues was 
higher than that in normal tissues (Figure 1(h)). 
Furthermore, we investigated the expression of MUc1 
in different types of tumour tissues and matched nor-
mal tissues and found that the expression of MUc1 
was significantly up-regulated in lUaD, while signifi-
cantly down-regulated in lung squamous cell carci-
noma (lUsc), indicating that MUc1 has different 

https://dx.doi.org/10.1080/07853890.2024.2313671
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effects on different types of cancer (supplementary 
Figure 1).

The immune infiltration analysis of MUC1 
expression

according to the median expression of MUc1, lUaD 
patients in tcGa were divided into high-MUc1 group 
and low-MUc1 group, and the DeGs between the two 

groups were analysed. a total of 585 DeGs were 
obtained with a standard of p < 0.05 and |log2 Fc| 
>0.5, of which 363 DeGs were up-regulated and 222 
DeGs were down-regulated in high-MUc1 group 
(supplementary Figure 2). studies have shown that 
MUc1 is closely related to tumour immune microenvi-
ronment of Nsclc [19]. to explore the relationship 
between MUc1 and tumour immune microenviron-
ment, the immune cells abundance of high-MUc1 

Figure 1. The expression characteristics of MUC1 in lung adenocarcinoma (LUAD). (A) the expression of MUc1 in nor-
mal and lUAd tissues; (B) the expression of MUc1 in different stages; (c) the expression of MUc1 in different T stages; (d) the 
expression of MUc1 in different n stages; (e) the expression of MUc1 in different M stages; (f) the expression of MUc1 in different 
genders; (G) the expression of MUc1 in different smoking history; (H) the protein expression of MUc1 in normal and lUAd 
tissues.

https://dx.doi.org/10.1080/07853890.2024.2313671
https://dx.doi.org/10.1080/07853890.2024.2313671
https://dx.doi.org/10.1080/07853890.2024.2313671
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group and low-MUc1 group was analysed. as depicted 
in Figure 2(a), the high-MUc1 group and low-MUc1 
group showed a statistical difference in the abun-
dance of 12 immune cells. among them, t cells follic-
ular helper, t cells regulatory, Dendritic cells, Mast 
cells resting, Monocytes, and B cells were positive cor-
related with MUc1 expression, while t cells cD4+ 
memory activated, t cells gamma delta, eosinophils, 

Macrophages M1, Master cell activated, and 
Neutrophils were negative correlated with MUc1 
expression (p < 0.05) (Figure 2(B)).

Further, the tiMeR database was used to investigate 
the effect of MUc1 copy number variation on immune 
cell infiltration, and we found that the copy number 
variation of MUc1 was related to the infiltration  
degree of B cells, cD8+ cells, cD4+ cells, macrophages, 

Figure 2. The immune infiltration analysis of MUC1 expression. (A) The immune cell infiltration in high-MUc1 group and 
low-MUc1 group; (B) the correlation between MUc1 expression and differential immune cells, the length of the line represents 
the correlation, the direction of the line represents the positive or negative correlation, and the colour and size of the end point 
represents p-value.
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Neutrophil, and Dendritic cells (Figure 3(a)). Meanwhile, 
estiMate algorithm was used to calculate the immune 
score, stromal score, tumour purity, and estiMate 
score. it was found that the stromal score and estiMate 
score in the high-MUc1 group were lower than that in 
the low-MUc1 group, while the tumour purity was 
higher than that in the low-MUc1 group (Figure 3(B)).

MUC1 was up-regulated in paclitaxel-resistant 
lung cancer cells, and increased cancer cell 
stemness

to explore the correlation between MUc1 and pacli-
taxel resistance lUaD, the expression of MUc1 in a549 
cells and a549/taX cells were detected by Rt-qPcR, 
and the results showed that the expression of MUc1 
in a549/taX cells was significantly higher than that in 
a549 cells (Figure 4(a)). Previous studies have shown 
that MUc1 may through MUc1-eGFR-cReB/GRβ axis 
stimulate il-6 expression to induce cervical cscs 
enrichment, and thus we detected the expression of 
eGFR and il-6 in both types of cells. the mRNa and 
protein expression levels of eGFR/p-eGFR and il-6 in 
a549/taX cells was significantly increased compared 
with a549 cells (Figure 4(a,B)). Meanwhile, the propor-
tion of cD133+ cells was also significantly increased in 
a549/taX cells (Figure 5(a,B)). For cancer cells, the 
acquisition of stem cell stemness means that the can-
cer cells are more aggressive and lead to a poor clini-
cal prognosis. therefore, we detected the expression of 
stem cell pluripotency factors. the mRNa expression of 
NaNOG, Oct4, and sOX2 in a549/tax cells were sig-
nificantly increased, while the expression of MYc was 
significantly decreased (Figure 5(c–F)). these results 
indicated that the cancer cell stemness was increased 
in paclitaxel resistance lUaD a549/taX cells.

MUC1 knockdown decreased the stemness of 
A549/TAX cells

to further investigate the effect of MUc1 on paclitaxel 
resistance lUaD, we knocked down the MUc1 gene in 
a549/taX cells and selected siRNa3 as an effective 
interference target for subsequent experiments based 
on Rt-qPcR results (Figure 6(a)). the ccK-8 data 
showed that knocked down the MUc1 gene signifi-
cantly reduced a549/taX activity (Figure 6(B)). 
compared with paclitaxel-resistant lUaD, knocked 
down MUc1 significantly decreased the expression of 
eGFR, il-6, Oct4, NaNOG, and sOX2. therefore, we 
speculated that knocked down MUc1 may affect the 

stemness of paclitaxel resistance lUaD a549/taX cells 
(Figure 6(c,D)).

Identification of DEGs and functional enrichment 
between A549/Tax-NC and A549/TAX-siRNA-MUC1

to explore the mechanism by which MUc1 affects the 
stemness of paclitaxel resistance lUaD a549/taX cells, 
the mRNa-sequencing on the negative control a549/
taX-Nc cells and MUc1 knockdown a549/taX-siRNa-
MUc1 cells was performed. a total of 282 DeGs were 
screened out with a standard of p < 0.05 and |log2Fc| 
>1, of which 174 genes were up-regulated, and 108 
genes were down-regulated. the volcano plot and 
heat map of DeGs were shown in Figure 7(a,B), and 
the top 20 DeGs were listed in table 1. as is well 
known, the aBcB1 encoded by p-glycoprotein, the 
aBcc2 and aBcG2 genes encoded by transport pro-
teins MRP2 and BcRP, respectively, play a role in the 
development of paclitaxel-resistance. to further explore 
the mechanism of paclitaxel-resistance, we analysed 
the gene expression of aBcB1, aBcc2, and aBcG2 in 
the mRNa-seq dataset. there was no significant differ-
ence in the expression of aBcB1, aBcc2, and aBcG2 
between a549/taX-Nc cells and a549/taX siRNa 
MUc1, indicating that MUc1 may regulate paclitaxel 
resistance not by p-glycoprotein encodes the aBcB1 
(Figure 7(c–e)).

GO functional enrichment and KeGG pathway anal-
ysis of up-regulated and down-regulated genes were 
performed by the David database, respectively. in the 
up-regulated genes, GO enriched to the top terms 
were ‘cellular response to lipopolysaccharide’ in the 
biological process (BP), ‘postsynaptic membrane’ in the 
cell component (cc), and ‘cXcR chemokine receptor 
binding’ in the molecular function (MF), respectively 
(Figure 8(a)). KeGG pathway analysis showed that the 
up-regulated DeGs were mainly enriched in il-17 sig-
nalling pathway, tNF signalling pathway, and NF-kappa 
B signalling pathway (Figure 8(B)). in the down-regulated 
genes, GO enriched to the top terms were ‘signal 
transduction’ in the BP and ‘plasma membrane’ in the 
cc, respectively (Figure 8(c)). KeGG pathway analysis 
showed that the down-regulated DeGs were enriched 
in MaPK signalling pathway (Figure 9). MUc1 may reg-
ulate the stemness of paclitaxel resistance lUaD cells 
through these key pathways.

Discussion

to date, chemotherapy is still the main treatment for 
patients with lUaD [4]. however, the application of 
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Figure 3. The immune correlation analysis between high-MUC1 group and low-MUC1 group. (A) The effect of MUc1 
copy number variation on the immune cells infiltration in lUAd; B-e) the immune score M (B), stromal score (c), tumour purity 
(d), and esTiMATe score (e) in high-MUc1 group and low-MUc1 group. *p < 0.05; **p < 0.01; *** p < 0.001; **** p < 0.0001.
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chemotherapy is limited by intrinsic or acquired drug 
resistance [20]. chemotherapy resistance involves mul-
tiple genes and related pathways, the role of MUc1 in 
resistance has been reported, but the molecular mech-
anism in lUaD is still unclear [9,21]. this study is the 
first to explore the molecular mechanism of MUc1 
regulating paclitaxel resistance in lUaD cells. MUc1 is 
highly expressed in lUaD and with extensive tumour 
infiltration. In vitro experiments have confirmed that 
MUc1 affects cancer cell stemness through the 
MUc1-eGFR-il-6 pathway, characterized by a signifi-
cant decrease in the expression of il-6 and stem cell 
transcription factors after knocking down MUc1 in 
a549/taX cells. Furthermore, we explored the impact 
of knocking out MUc1 on the expression profile in 
a549/taX cells, and speculated that the crosstalk 
between MUc1-eGFR and il-6 may be due to NF-κB 
and MaPK pathways.

MUc1, as a well-known oncogenic gene, is usually 
overexpressed in various epithelial adenocarcinomas 
[22–25]. MUc1 regulate the growth, proliferation, 
metastasis, apoptosis, and development processes of 
cancer cells by participating in different signalling 
pathways [26,27]. the overexpression of MUc1 in 
Nsclc is associated with poor disease-free survival 
and overall survival [28]. this study found that the 
expression of MUc1 in tumour tissues was signifi-
cantly higher than that in normal tissues of lUaD 
patients by mining the tcGa database. in addition, 
the pan cancer analysis showed that the expression  
of MUc1 was significantly up-regulated in lUaD, and 

significantly down-regulated in lUsc, indicated that 
MUc1 has different effects on different cancer types. 
a bioinformatics analysis of Nsclc shows that MUc1 
has a higher expression frequency in adenocarcinoma 
and other non-small cell lung cancer compared to 
squamous cell carcinoma, which is consistent with our 
study [28]. MUc1-c promotes the suppressive immune 
microenvironment in non-small cell lung cancer, which 
is a potential target for reprogramming of the tumour 
microenvironment. in this study, it is also showed 
extensive infiltration of tumour immune cells in the 
high expression MUc1 group, confirming previous 
studies [19]. Moreover, MUc1 has been confirmed to 
be related to the formation of drug resistance [21]. a 
recent study showed that the extracellular domain of 
MUc1 acts as a hydrophilic barrier and regulates cel-
lular permeability to paclitaxel, thereby inhibiting its 
uptake [29]. therefore, it is necessary for us to study 
the correlation between MUc1 and paclitaxel-resistance 
in lUaD alone.

MUc1 was over-expressed in Nsclc tissues and pacl-
itaxel resistance Nsclc a549/PR cells [18]. consistently, 
in the present study, the expression of MUc1 was sig-
nificantly increased in a549/taX cells compared with 
a549 cells. a study in Nsclc has shown that MUc1 
plays a central role in the integration of PD-l1, and the 
down-regulation of MUc1 inhibits the progression dis-
ease of Nsclc [30]. Besides, co-administration of the 
MUc1–eGFR–aBcB1 inhibitors with paclitaxel signifi-
cantly blocked tumour growth and relapse in xenograft 
mouse model [17]. similarly, in vitro and in vivo analyses 

Figure 4. The expression of MUC1, EGFR, and IL-6 in A549 and A549/TAX cells. (A) The expression of MUc1, eGfR, and 
il-6 in lUAd cells (A549) and paclitaxel-resistant lUAd cells (A549/TAX); (B) the protein expression of MUc1, eGfR/p-eGfR, and 
il-6 in A549 cells and A549/TAX cells; **p < 0.01; *** p < 0.001; **** p < 0.0001.
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have consistently shown that MUc1 cytoplasmic domain 
(MUc1-c) is involved in the stemness and paclitaxel- 
resistance of cancer cells, and the inhibition of MUc1-c 
expression combined with paclitaxel treatment was suf-
ficient to reduce the sphere-forming ability and survival 
of paclitaxel-resistance lUaD a549/PtX cells [31]. the 
above results consistently indicate that MUc1 is the 
dominant factor for paclitaxel resistance, and regulating 

the expression of MUc1 may help overcome chemotherapy- 
induced paclitaxel resistance.

in cervical cancer, MUc1 may pass through 
MUc1-eGFR-cReB/GRβ axis stimulation of il-6 expres-
sion induces cscs enrichment, leading to drug resis-
tance [11]. hence, we compared the expression of 
related genes and proteins in a549 cells and a549/taX 
cells, and found that the expression of eGFR/p-eGFR 

Figure 5. Cancer cell stemness increases in paclitaxel resistant LUAD cells. (A) The flow cytometry (fcM) assay for the 
expression of cd133; (B) the quantitative analysis showed that cd133 was significantly increased in A549/TAX cells; (c–f) the 
expression of nanog (c), oct4 (d), sox2 (e), and myc (f) in A549 cells and A549/TAX cells. **p < 0.01; *** p < 0.001; **** p < 0.0001.
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and il-6 in a549/taX cells were significantly increased. 
it was reported that the cD133 and MUc1 expression 
were associated with an aggressive tumour pheno-
type, and MUc1 is highly expressed in pancreatic 
cD133+ cells [32]. cD133 serves as a stemness bio-
marker for cD133+ cscs, which have been found in 
lung cancer tissues [33,34]. Given that, the proportion 
of cD133+ cells was detected using flow cytometry. 
compared with a549 cells, the proportion of cD133+ 
cells and the expression of MUc1 were significantly 
increased in a549/tax cells, indicating that the high 
expression of MUc1 and the stemness of cancer cells 
may be involved in paclitaxel resistance. NaNOG, 
Oct4, sOX2, and MYc are stem cell transcription 

factors that are believed to promote the acquisition of 
stemness in cancer cells and are overexpressed in cscs 
[35–37]. here, the expression of NaNOG, Oct4, and 
sOX2 were significantly increased in a549/tax cells, 
indicating that cancer cell stemness was stronger in 
the a549/tax cells, and the development of paclitaxel 
resistance is related to the stemness of cancer cells.

to further investigate the correlation between MUc1 
and paclitaxel resistance and stemness in lUaD, MUc1 
was knocked down in a549/taX cells, and the ex-
pressions of eGFR, il-6, Oct4, NaNOG, and sOX2 were 
significantly down-regulated, suggesting that knocking 
down MUc1 affected the stemness of pac 
litaxel-resistance lUaD cells. the ccK8 assay showed 

Figure 6. Knock down MUC1 reduces the expression of stem cell pluripotency factor in paclitaxel resistant LUAD 
cells. (A) screening of effective interference targets for knock down MUc1 in A549 cells and A549/tax cells; (B) cell counting kit-8 
assay (ccK-8) detects the cellular activity of negative control cells (A549/TAX-nc) and MUc1 interfering cells (A549/TAX-siRnA-
MUc1); (c) the expression of MUc1, eGfR, and il-6 in A549/TAX-nc and A549/TAX-siRnA-MUc1 cells; (d) the expression of oct4, 
sox2, and myc in A549/TAX-nc and A549/TAX-siRnA-MUc1 cells. *p < 0.05; **p < 0.01; *** p < 0.001; **** p < 0.0001.
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that the cell activity in the knocked down MUc1 cells 
was significantly lower than that in the negative con-
trol, indicating that knocking down MUc1 affected the 
cell activity of paclitaxel-resistance lUaD cells. to 

further investigate its molecular mechanism, mRNa-seq 
was conducted to analyze the changes in the RNa 
expression profile after MUc1 knockdown in a549/tax 
cells. the first mechanism of the paclitaxel-resistance 
reported that p-glycoprotein encodes the aBcB1 gene, 
and can actively pump paclitaxel out of cells to induce 
paclitaxel-resistance. Paclitaxel is also transported by 
MRP2 and BcRP, which encoding aBcc2 and aBcG2, 
respectively [38]. however, in our mRNa-sequencing 
data, the expression of aBcB1, aBcc2, and aBcG2 were 
no significant difference between a549/taX-Nc cells 
and a549/taX siRNa MUc1 cells. similarly, a study in 
human lung cancer cell lines has shown that no cor-
relation between the expression of aBcB1 in paclitaxel 
sensitive and resistant cell lines at the mRNa level, and 
there may be more than one mechanism for the devel-
opment of paclitaxel-resistance [39]. Notably, some 
DeGs were enriched in NF-κB and MaPK pathway, 
which are involved in the regulation of cancer stem 
cells [40]. therefore, MUc1 may regulate paclitaxel 
resistance not by p-glycoprotein encodes the aBcB1 
but by NF-κB and MaPK pathway-mediated cancer 
stem cells.

Figure 7. The differentially expressed genes analysis of between A549/Tax-NC and A549/TAX-siRNA-MUC1. (A–B) 
The volcano plot (A) and heat map (B) of deGs between A549/Tax-nc and A549/TAX-siRnA-MUc1; (c–e) the expression of ABcB1 
(c), ABcc2 (d), and ABcG2 (e) between A549/Tax-nc and A549/TAX-siRnA-MUc1.

Table 1. The top 20 deGs between A549/tax and A549/
TAX-siRnA-MUc1.
Gene log2foldchange P value Up/down

cXcl8 1.461740183 1.88e-41 up
PTGs2 1.762389853 4.82e-35 up
cXcl5 1.206154353 9.03e-33 up
ATf3 1.094625077 6.78e-23 up
TnfAiP3 1.239737232 7.66e-19 up
dio2 2.169883634 1.33e-17 up
Klf6 1.185910112 3.12e-17 up
PTP4A1 1.047409875 4.50e-17 up
slc4A4 1.182930912 9.92e-17 up
cXcl2 1.107211101 9.04e-16 up
PGAM1 −1.251114978 6.64e-28 down
cPne7 −1.036274022 3.06e-15 down
TMeM35B −1.601671145 4.69e-15 down
Ac011511.4 −9.345851797 9.85e-14 down
sHc2 −1.365144437 2.53e-13 down
ieR5l −1.032185661 3.74e-12 down
eMP3 −1.092783207 6.64e-11 down
sAMd11 −1.394955248 3.00e-10 down
col16A1 −1.112313271 6.77e-10 down
RPl21P16 −1.694509565 9.73e-10 down
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the activation of NF-κB signaling pathway is related 
to the initiation and progression of many human can-
cers, inhibiting NF-κB can prevent eMt in lung cancer 
cells and induce apoptosis in cscs [41,42]. Previous 

studies have shown that MUc1 may help cancer cells 
self-renew through NF-κB pathway, while the silence 
of MUc1 reduces the activity of NF-κB [27,43,44]. in 
inflammatory breast cancer, syndecan-1/Notch/eGFR 

Figure 8. GO and KEGG analysis of DEGs between A549/Tax-NC and A549/TAX-siRNA-MUC1. (A) The Go enrichment 
of up-regulated deGs; (B) The KeGG pathway of up-regulated deGs; (c) The Go enrichment of down-regulated deGs.

Figure 9. The KeGG pathway of down-regulated deGs.
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activates akt-mediated NF-κB signaling pathway cross-
talk regulates the expression of interleukin 6 (il-6) and 
other inflammatory factors to promote the formation 
of cscs colony [45]. consistently, the KeGG pathway 
analysis in this study indicates that some DeGs were 
enriched in the NF-κB pathway, indicating that 
MUc1-eGFR crosstalk with il-6 may be through activa-
tion of the NF-κB pathway. Besides, the overexpression 
of MUc1 enhances the activation of the MaPK path-
way and reduces cell adhesion through its cytoplasmic 
domain [46]. the p38 MaPK signalling pathway has 
been proven to regulate NF-κB pathway [47,48], while 
the DeGs in this study were also enriched in the MaPK 
pathway. therefore, based on previous studies and the 
mRNa seq of this study, we speculate that MUc1-eGFR 
may lead to the activation of NF-κB and MaPK path-
ways, and their crosstalk with il-6 promote the enrich-
ment of cscs, thereby inducing the development of 
paclitaxel resistance. therefore, targeting NF- κB and 
MaPK pathways may provide multiple benefits in 
response to paclitaxel resistance, and finding reason-
able drugs to regulate paclitaxel resistance combined 
with chemotherapy is a promising treatment strategy 
for lUaD. in the future, we will conduct further exper-
iments to identify key targets for chemotherapy-induced 
paclitaxel resistance of lUaD.

in conclusion, our study confirms the key role of 
MUc1 in the regulation of paclitaxel resistance. MUc1 
is highly expressed in paclitaxel resistance lUaD cells, 
and MUc1-eGFR crosstalk with il-6 may be due to the 
activation of NF-κB and MaPK pathways, which pro-
mote the enrichment of cscs and lead to paclitaxel 
resistance. in the treatment of lUaD, regulating the 
expression of MUc1 and the involved molecules or 
pathways in combination with chemotherapy may 
help overcome chemotherapy-induced paclitaxel resis-
tance of lUaD.
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