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Histone demethylase KDM5A enhances cell proliferation, 
induces EMT in lung adenocarcinoma cells, and have a strong 
causal association with paclitaxel resistance
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Recent reports suggest that histone demethylase KD-
M5A emerges as a new player in the development of 
drug resistance and thus increases the challenges of 
chemotherapy. Here, we explore the role of KDM5A 
in cell proliferation, epithelial-mesenchymal transition 
(EMT)and its causal association with paclitaxel resist-
ance in lung adenocarcinoma. Paclitaxel-resistant lung 
adenocarcinoma PTX-Calu-3 cells showed significantly 
higher IC50 value (7±0.176 µM) upon paclitaxel treat-
ment than lung adenocarcinoma SK-LI-1 (3.6±0.005 nM), 
Calu-3 (4.3±0.015 nM), and A549 (4.5±0.106 nM) cells. 
We found that expression of KDM5A and P-glycoprotein 
(P-gp), which plays a critical role in the development of 
paclitaxel resistance, were significantly higher in PTX-
Calu-3 cells compared to SK-LI-1, Calu-3, and A549 cells.. 
We observed a significant increase in the expression of 
mesenchymal markers N-cadherin and vimentin, and a 
concomitant decrease in expression of E-cadherin and 
α-catenin in PTX-Calu-3 compared to SK-LI-1, Calu-3, and 
A549 lung cancer cell lines. Transwell Boyden chamber 
and wound healing assays further demonstrated that a 
significantly higher number of PTX-Calu-3 cells were in-
vasive and motile compared to SK-LI-1, Calu-3, and A549 
cells, thus supporting the role of KDM5A in metastasis-
associated processes. Additionally, a significantly higher 
expression of KDM5A was observed in lung adenocarci-
noma patients’ samples compared with adjacent normal 
tissues as well as in PTX-Calu-3 cells compared toSK-LI-1, 
Calu-3, and A549 cells, as shown both with histochemis-
try and real time-polymerase chain reaction (RT-PCR). In 
summary, these results suggest that KDM5A plays a key 
role in lung adenocarcinoma by promoting proliferation, 
EMT, and drug resistance to paclitaxel treatment.
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INTRODUCTION

Over the past few decades, lung cancer has become 
the most common cancer in the world, with the high-
est mortality and morbidity rates (de Groot et al., 2018). 
Lung cancer is associated with approximately, 2.1 mil-
lion new cases and around 1.8 million deaths annually, 
constituting the highest proportion of new cancer cases 
(11.6%) and cancer mortality (18.4%) in both men and 
women around the world (Bray et al., 2018). Despite ad-
vances in lung cancer diagnosis and treatment, the prog-
nosis is poor with less than 16% of five-year survival 
(Roointan et al., 2019). Treatment for lung adenocarci-
noma includes surgery, chemotherapy, and radiotherapy 
(Dinglin et al., 2013). The only treatment of choice in 
advanced stages of lung adenocarcinoma is chemo-
therapy (Gandhi et al., 2018). Among the currently used 
chemotherapeutics, Taxol-derived paclitaxel is a com-
monly used and effective drug for lung adenocarcinoma 
(Li et al., 2014; Huang et al., 2017). Initially, paclitaxel 
was remarkably effective in guiding cancer cells into pro-
grammed cell death (Shen et al., 2015). However, due to 
the heterogeneity of lung adenocarcinoma, a significant 
population of patients develop resistance to paclitaxel, as 
part of the development of multidrug resistance (Zah-
reddine & Borden, 2013). Targeted therapies such as 
epidermal-growth-factor receptor (EGFR) (erlotinib or 
afatinib) or anaplastic lymphoma kinase (ALK) (alectinib 
or crizotinib) inhibitors significantly improve lung can-
cer therapy. (Minguet et al., 2016). On the other hand, 
acquired resistance against targeted tyrosine kinase in-
hibitors (TKIs), by the activation of alternative pathways 
such as BRAF, MET or HER-2, is the prominent reason 
for drug resistance in lung cancer (Nagano et al., 2018). 
This opens a new opportunity for a novel combination 
of targeted therapy with the immunotherapeutic agents. 
Recent reports showed that targeted therapy with EGFR 
or ALK inhibitors in combination with immunotherapy 
agents (nivolumab, pembrolizumab, or atezolizumab) 
resulted in significant improvement in lung cancer treat-
ment and increased overall survival time (Alsaab et al., 
2017). Although the combination therapy showed prom-
ising results even at the advanced stages of lung cancer, 
the molecular histology of the tumor tissues and the 
optimal modes of combining targeted therapy with im-
munotherapy at low toxicity are still under investigated 
(Kim et al., 2018). Recent reports suggest that multid-
rug resistance has a strong causal association with EMT 
and drives cells towards metastasis (Brabletz et al., 2018). 
EMT is an important biological process that plays a 
critical role in driving localized malignant cells towards 
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more aggressive metastatic cells. The striking feature of 
EMT cells is morphological modification from a variety 
of polarized epithelial shapes into mesenchymal spherical 
shape (Brabletz et al., 2018). The molecular hallmarks of 
EMT cells are loss of E-cadherin and α-catenin, and gain 
of N-cadherin and vimentin expression (Serrano-Gomez 
et al., 2016).

Histone modifications play an important role in 
the regulation of cellular processes during develop-
ment (Cedar & Bergman 2009). KDM5A is a H3K4 
demethylase, meaning that it catalyzes demethylation 
of lysine 4 (K4) in histone H3, thus regulating many 
biological processes (Kooistra & Helin, 2012). Previ-
ous studies showed aberrant expression of KDM5A 
in retinoblastoma and its binding to tumor suppres-
sor retinoblastoma-binding protein (Hu et al., 2018). 
Mutation in its homolog gene in Drosophila influenced 
cellular kinetics and differentiation (Kolybaba & Clas-
sen, 2014). Apart from KDM5A role in differentia-
tion during development, recent studies revealed that 
its expression is significantly elevated in several ma-
lignancies, including breast, gastric, ovarian, and acute 
myeloid cancer (Feng et al., 2017; Shokri et al., 2018; 
Oser et al., 2019). These studies confirmed that KD-
M5A can act as an oncogenic driver in various malig-
nancies (Hou et al., 2012).

Although in the recent past, Cao and others (Cao 
et al., 2014) have shown that KDM5A plays a critical 
role in breast cancer metastasis and spreads metastatic 
cells to the lung, the role of KDM5A in lung adeno-
carcinoma is not yet evaluated. In the current study, 
we have found thatKDM5A expression in paclitaxel-
resistant lung adenocarcinoma cell lines is particular-
ly high and acts as a growth kinetics driver with in 
cells after exposure to paclitaxel. Further, we found 
that high expression of KDMA5 stimulates EMT, mo-
tility, invasion, and metastasis in drug-resistant lung 
adenocarcinoma cells. Additionally, we observed high 
expression of KDM5A in tissue samples from the pa-
tients who were on paclitaxel chemotherapy, which 
suggests a casual association between KDM5A and 
paclitaxel-resistance in lung adenocarcinoma. Together 
these results present that KDM5A could be a novel 
drug target in paclitaxel-mediated drug resistance in 
lung adenocarcinoma.

MATERIALS AND METHODS

Lung adenocarcinoma tissue and cell lines

All the tissue samples of lung adenocarcinoma were 
approved by the Ethics committee of China. A total 
of 87 pairs of lung adenocarcinoma and the respective 
adjacent normal tissue samples were collected from the 
patients with a complete diagnosed history of lung ade-
nocarcinoma.

Human lung adenocarcinoma cell lines SK-LI-1, Calu-
3, A549, and MRC-5 (transformed lung fibroblasts) were 
procured from American Type Culture Collection. Pa-
clitaxel resistant Calu-3 (PTX-Calu-3) cell line was ob-
tained from Wuhan University, China. The cell lines 
were maintained in Dulbecco’s modified Eagle’s medium 
(DMEM) (#A4192101), supplemented with 1% peni-
cillin-streptomycin (#15140130), and 10% fetal bovine 
serum (FBS) (#16000044), in a 5% CO2 incubator at 
37°C. Paclitaxel-resistant Calu-3 cells were maintained in 
media containing additional 3 nM paclitaxel.

Chemicals, reagents, and antibodies

All the chemicals, namely: Bradford reagent, 3-(4, 
5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bro-
mide (MTT) (#M5655), dimethyl sulphoxide (DMSO) 
(#C6164), dithiothreitol (DTT) (#10197777001), propid-
ium iodide (PI) (#P4170), protease cocktail inhibitor 
(#P8340), and phenylmethylsulphonyl (PMSF) (#78830) 
were procured from Sigma-Aldrich. The primary anti-
bodies; KDM5A (#MA5-34682, 1:1000 dilution) and 
P-gp (#MA1-26528 1:1000 dilution were obtained from 
Thermo Fisher Scientific. All other antibodies includ-
ing E-cadherin (#14472S, 1:2000 dilution), α-catenin 
(#2131S, 1:1000 dilution), Vimentin (#5741S, 1:1000 di-
lution), N-cadherin (#13116S, 1:1000 dilution), and β-ac-
tin (#3700S, 1:10000 dilution), and secondary: anti-rab-
bit (#7074S, 1:2000 dilution) and anti-mouse (#93702S, 
1:2000 dilution) IgG coupled with horseradish peroxi-
dase were purchased from Cell Signaling Technology.

Transient Transfection

After obtaining more than 90% confluency, lung ade-
nocarcinoma cells were transiently transfected with Lipo-
fectamine 2000 (#11668019, Invitrogen), and either KD-
M5A plasmid (pBabe-puro/HA-FLAG-RBP2 H483A, 
obtained from Addgene) or KDM5A siRNA, to either 
overexpress or knockdown KDM5A, respectively. After 
48 h of transfection the cells were processed for various 
experiments to evaluate the respective effects. The se-
quence of KDM5A siRNA was designed and synthesized 
by Gene Pharma. The target sequences are as follows: 
#1 5’-AAGAGCUACAACAGGCUCGGU-3’ (sense), 
siRNA #2 5’AAGUCCUCUAGUAGUCUUGAA-3’ 
(sense), and siRNA control 5’-UUCUCCGAACGUGU-
CACGUTT-3’ (sense).

RNA extraction and real-time quantitative polymerase 
chain reaction (RT-PCR)

Total RNA was extracted using TRIzol RNA ex-
traction kit (#15596026) from Thermo Fisher Scientif-
ic, and then used to synthesize cDNA. Relative mes-
senger RNA (mRNA) expression was analyzed with 
real time-quantitative PCR using the SYBR-Green mix 
from Thermo Fisher Scientific. The primer pairs for 
cDNA amplification were as follows: E-cadherin; (sense) 
5’-AATAAAGACCAAGTGACCACC-3’ and (antisense) 
5’-GCAGAATCAGAATTAGCAAAGC-3’, α-catenin; 
(sense) 5’-ATGATCCCTGCTCTTCTGTG-3’and (anti-
sense) 5’-GATACCATCTTCCACAACTTTCAG-3’, vi-
mentin; (sense) 5-GTGAATACCAAGACCTGGCTC-3’ 
and (antisense) 5’-ATCCAGATTAGTTTCCCTCAG-3’, 
N-cadherin; (sense) 5’-TCATTAATGAGGGCCT-
TAAAGC-3’ and (antisense) 5’-GTTCAGGTAAT-
CATAGTCCTGCT-3’, and GAPDH as an internal 
control (sense) 5’-GAACCATGAGAAGTATGACAA-
CAG-3’ and (antisense) 5’-ATGGACTGTGGTCAT-
GAGTC-3’.

Immunoblotting analysis

Lung adenocarcinoma cells were exposed to vari-
ous treatments for 24 h. Next, cells were harvested and 
lysed with cell lysis buffer (Bio-Rad),. and protein con-
centration in the lysates was measured using the Brad-
ford method (Alnuqaydan et al., 2020). Equal protein 
amount for each sample (30 µg) was loaded into wells 
of pre-casted SDS-PAGE gel and resolved as per stan-
dard voltage, current, and time. Next, the proteins were 
transferred from the gel onto PVDF membrane for 
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1–2 h at 100 Volts. The membrane was blocked for 
nonspecific antigen binding sites with 5% fat-free milk 
in Tween-phosphate buffer saline (TBST). The blocked 
membrane was then incubated with a primary antibody 
(dissolved in the same blocking buffer) for 3 h at room 
temperature or overnight at 4°C. Next, the membrane 
was washed with TBST and incubated with HRP-conju-
gated secondary antibody for 1 h 30 min at room tem-
perature. The membrane was then washed with TBST 
dried, and incubated with enhanced chemiluminescence 
substance (Millipore) in dark for a couple of minutes at 
room temperature.. Using an X-ray film, the intensity of 
chemiluminescence was captured at different exposure 
times. The films were fixed and developed to analyze 
protein expression.

Cell proliferation/cell viability assay

The cells were cultured using the standard protocol as 
described previously (Dar et al., 2018). Briefly, lung ade-
nocarcinoma cells were seeded in 96-well plates at 5×103 

per well and incubated at 37°C in a 5% CO2 incubator 
overnight to allow for a proper adhesion to the bottom 
surface of the plate. Next morning fresh medium con-
taining varying concentrations of paclitaxel was added to 
the cells for 24 h incubation. After completion of the 
time point, MTT dye was added to the wells at 2.5 mg/
mL for 3–4 h. The formazan crystals that had formed in 
the living cells were dissolved with DMSO and subjected 
to absorbance measurement at 570 nm wavelength. Cell 
viability was presented as a percentage of absorbance of 
the control cells not treated with paclitaxel.

Transwell Boyden chamber invasion assay

The assay is used to study the invasive potential of 
cancer cells (Rah et al., 2012). Briefly, 5×105 lung adeno-
carcinoma cells suspended in serum-free culture medium 
and placed in the upper insert of the Transwell Boyden 
chamber with a Matrigel bottom with pore size around 
8 µm. The lower insert which contained 10% FBS cul-
ture medium acted as a chemoattractant. After 24 h of 
incubation at 37°C in a 5% CO2 incubator, the cells in-
side the upper part of the insert were removed with a 
cotton swab and the cells that migrated through Matri-
gel pore, attached to the bottom side of Matrigel insert, 
were fixed with ice-cold methanol for 15 min, followed 
by 0.1% crystal violet staining for 10 min. The Matrigel 
bottom insert was washed with PBS and analyzed under 
a light microscope to count the number of invasive cells 
per field.

Wound healing assay

The assay to study cell motility was performed as de-
scribed previously (Sharma et al., 2012). Briefly, lung ade-
nocarcinoma cells were seeded in a 6-well plate at 5×105 

cells per well and left overnight to adhere to the bottom 
of the wells. Next morning the cells were viewed with a 
microscope to check if 100% confluency was attained. 
After attaining 100% confluency, a wound was created 
by scratching over the monolayer of cells with a ster-
ile 200 µL microtip. After creating a wound, cells were 
washed with medium to remove detached cells and were 
photographed with the microscope with an inbuilt cam-
era (0 h). After treating cells with varying concentrations 
of paclitaxel for 24 h, cells were photographed again to 
analyze the migration of cells in the presence and ab-
sence of drugs 24 h after creating a wound.

Apoptosis detection assay

The cells seeded at 5×105 cells per well were exposed 
to paclitaxel treatment for 24 h or transfected with KD-
M5A plasmid or siRNA for 48 h. Next the cells were 
stained for annexin V FITC and PI (Sigma Aldrich). 
Flow cytometry analysis was performed according to the 
manufacturer protocol in order to detect and quantify 
the percentage of the apoptotic cell population.

Immunohistochemistry

Immunohistochemistry staining was performed as de-
scribed previously (Ahmad et al., 2017). The 4-µm thick 
sections were obtained using a microtome from the par-
affin tissue blocks of lung adenocarcinoma and adjacent 
normal tissue obtained from lung adenocarcinoma pa-
tients. The tissue sections were properly adhered to glass 
slides and baked at 60°C for 1 h to melt paraffin. To 
detect KMD5A, Bond Polymer Refine Detection Kit for 
immunohistochemistry staining was used. The antigen 
retrieval was performed on the Bond III for 30 min with 
the help of Epitope retrieval solution 2. The slides were 
then incubated with KDM5A antibody (rabbit mono-
clonal) for 30 min and with an HRP-tagged secondary 
antibody for the next 10 min. The visualization of KD-
M5A staining was performed by incubating the slides in 
3,3’-diaminobenzidine for 5–10 min.. Finally, the coun-
terstaining of slides was performed using hematoxylin 
and dehydration with low to high graded ethanol and 
xylene followed by application of airtight coverslip. The 
slides were stored at 4°C in dark until examined under 
the microscope.

Statistical analysis

All the data was analyzed using GraphPad Prism soft-
ware. KDM5A expression in lung adenocarcinoma tissue 
samples and adjacent normal tissues was analyzed with 
the Chi-square test. Cell proliferation, apoptosis, and mi-
gration associated experiments results were analyzed with 
Student’s t-test. All the experiments were performed at 
least three times. The value of p≤0.05 was considered 
statistically significant.

RESULTS

Paclitaxel-resistance promotes cell proliferation in lung 
adenocarcinoma cells

First, we assessed the impact of paclitaxel resistance 
on paclitaxel IC50 value in the cell lines. To this end, 
we treated a panel of lung adenocarcinoma cell lines 
(SK-LI-1, Calu-3, and A549 cells), including paclitaxel-
resistant Calu-3 cells (PTX-Calu-3), with varying concen-
trations of paclitaxel (0.1 to 10,000 nM) for 24 h. We 
observed that lung adenocarcinoma cells (SK-LI-1, Calu-
3, and A549 cells) treated with paclitaxel showed 50 % 
cell death at an IC50 value of (3.6±0.005, 4.3±0.015, and 
4.5±0.106 nM), respectively (Fig. 1 A and B). However, 
the IC50 value of paclitaxel-resistant PTX-Calu-3 cells 
was observed to be significantly higher (7±0.176 µM). 
These results indicate that paclitaxel-resistance increases 
the IC50 value of paclitaxel. We hypothesize that pacli-
taxel resistance could also induce epigenetic modulation 
in the cells, possibly enhancing the aggressiveness of ma-
lignant cells, transforming differentiated cancer cells into 
undifferentiated cancer stem cells, which could enhance 
proliferation and metastases.
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KDM5A-mediated paclitaxel resistance increases the 
expression P-Glycoprotein (P-gp) and cellular prolifera-
tion in lung adenocarcinoma cells.

Previous reports suggest that KDM5A expression sig-
nificantly increases during the development of erlotinib 
and paclitaxel-resistance in lung adenocarcinoma and 
ovarian cancer (Stewart et al., 2015; Feng et al., 2017). 
Therefore, it is believed that higher expression of KD-
M5A plays a crucial role in the development of drug re-
sistance in these types of cancer. We intended to evalu-
ate whether paclitaxel-resistance could also increase the 
expression of KDM5A in lung adenocarcinoma cells. 
Our immunoblotting results showed a significantly high-
er expression of KDM5A in the cell lysate of paclitaxel-
resistant PTX-Calu-3 cells compared to paclitaxel-sensi-
tive lung adenocarcinoma cell lines (SK-LI-1, Calu-3, and 
A549) (Fig. 2A). P-glycoprotein (P-gp) plays a critical 
role in drug transformation and its expression is elevated 
in drug resistance. To evaluate whether P-gp expression 
was elevated in paclitaxel-resistant PTX-Calu-3 cells, we 
used immunoblotting and we found higher expression of 
P-gp in paclitaxel-resistant PTX-Calu-3 cells compared 
to paclitaxel-sensitive lung adenocarcinoma cell lines 
(SK-LI-1, Calu-3, and A549). To further evaluate wheth-
er KDM5A expression had any association with P-gp ex-
pression in PTX-Calu-3 cells, we performed experiments 
where paclitaxel-sensitive lung adenocarcinoma cells (SK-
LI-1, Calu-3, and A549) were ectopically transfected with 
KDM5A plasmid. We also knocked down KDM5A in 
PTX-Calu-3 cells with siRNA for 48 h. We found a sig-
nificant increase in P-gp expression in paclitaxel-sensitive 
lung adenocarcinoma cells (SK-LI-1, Calu-3, and A549) 
ectopically transfected with KDM5A and a drastic de-
crease in the expression of P-gp in PTX-Calu-3 cells 
transfected with KDM5A siRNA (Figure 2B). To ad-
dress whether the increased expression of KDM5A and 

Figure 1. Paclitaxel inhibits cell proliferation of lung adenocar-
cinoma cells.
(A) Antiproliferative effect of paclitaxel on the cell viability in lung 
adenocarcinoma cell lines (SK-LI-1, Calu-3, and A549) and in pa-
clitaxel-resistant cancer cells (PTX-Calu-3) measured with the MTT 
assay. (B) Table of paclitaxel IC50 values for lung adenocarcinoma 
cells (SK-LI-1, Calu-3, and A549) and paclitaxel-resistant cancer 
cells (PTX-Calu-3) treated with varying paclitaxel concentrations 
(0.1 to 10,000 nM) for 24 h. The data represent the mean value 
±S.E. of three independent experiments (n=3), *p<0.05.

Figure 2. High expression of KDM5A in lung adenocarcinoma cells is correlated with p-glycoprotein protein levels and is associated 
with paclitaxel resistance.
(A) Immunoblotting showing KDM5A protein levels in lung adenocarcinoma (SK-LI-1, Calu-3, and A549) and paclitaxel-resistant lung ad-
enocarcinoma (PTX-Calu-3) cell lines. (B) Fold change in protein expression calculated with densitometry analysis. (C) p-glycoprotein lev-
els shown with immunoblotting in lung adenocarcinoma (SK-LI-1, Calu-3, and A549) and paclitaxel-resistant lung adenocarcinoma (PTX-
Calu-3) cells, transfected with KBM5A encoding plasmid or KDM5A siRNA. (D) Fold change in protein expression based on densitometric 
analysis. The data represent the mean value ±S.E. of three independent experiments (n=3), *p<0.05.
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P-gp could promote cell proliferation of paclitaxel-resist-
ant PTX-Calu-3 when compared to lung adenocarcinoma 
cell lines (SK-LI-1, Calu-3, and A549 cells), we assessed 
cell viability. Our results demonstrated a significantly 
higher cell viability in paclitaxel-resistant PTX-Calu-3 
than lung adenocarcinoma cell lines (SK-LI-1, Calu-3, 
and A549 cells) when exposed to paclitaxel treatment 
(5 nM) (Fig. 3C). Flow cytometry analysis of paclitaxel 
treated paclitaxel-sensitive lung adenocarcinoma cells 
(Calu-3) overexpressing KDM5A and paclitaxel-resistant 
PTX-Calu-3 cells with KDM5A knock-down, along with 
respective untreated controls, , revealed a significant de-
crease in apoptotic cell population in the cells transfect-
ed with KDM5A plasmid, and an increase in apoptotic 
cell population in the cells treated with KDM5A siRNA 
(Fig. 3A and B). Collectively, these results demonstrated 
that KDM5A-mediated paclitaxel-resistance increases the 
expression of P-gp and promotes cellular proliferation 
with the opposite effect on apoptosis.

KDM5A-mediated paclitaxel resistance drives 
lung adenocarcinoma cells towards epithelial to 
mesenchymal transition (EMT) and increases tumor cell 
invasiveness and motility

Numerous reports suggest that the development of 
drug resistance drives malignant cells towards EMT and 
thus helps to attain undifferentiated cancer stem cells. 
Since KDM5A mediates the development of paclitaxel-
resistance in lung adenocarcinoma, we intended to inves-
tigate whether paclitaxel-resistant cells have the ability to 
acquire transformation into mesenchymal cells via EMT. 
Our immunoblotting results showed that E-cadherin and 
α-catenin expression was decreased in paclitaxel-resistant 
PTX-Calu-3 cells compared to lung adenocarcinoma cell 
lines (SK-LI-1, Calu-3, and A549 cells). Interestingly, we 
observed increased expression of mesenchymal markers 
N-cadherin and vimentin in PTX-Calu-3 cells compared 

to SK-LI-1, Calu-3, and A549 cells (Fig. 4A). To vali-
date whether KDM5A plays any role in EMT of pacli-
taxel-resistant lung adenocarcinoma cells, we designed 
two sets of experiments. In one set, paclitaxel-resistant 
PTX-Calu-3 cells were transfected with KDM5A siRNA 
for 48 h. In the second set, lung adenocarcinoma cells 
(Calu-3) were ectopically transfected with KDM5A plas-
mid for 48 h. Post-transfection, 48 h, the expression of 
EMT markers in both sets was determined, both at the 
transcriptional level using RT-PCR and at the transla-
tional level by analyzing protein expression with immu-
noblotting. The knockdown of KDM5A in PTX-Calu-3 
cells with siRNA significantly increased the expression of 
E-cadherin and α-catenin, with a concomitant decrease 
in expression of mesenchymal markers N-cadherin and 
vimentin, observed both at transcriptional and transla-
tional level (Fig. 4B). Conversely, KDM5A overexpres-
sion in lung adenocarcinoma cells (Calu-3) significantly 
increased mesenchymal markers N-cadherin and vimen-
tin expression, at the same time decreasing E-cadherin 
and α-catenin expression both at transcriptional and 
translational level (Fig. 4C and D). Together, these re-
sults demonstrated KDM5A strongly modulates EMT in 
lung adenocarcinoma cells.

Various reports suggest that the transformation of ma-
lignant cells towards EMT is only one step away from 
metastasis. To investigate whether KDM5A plays a role 
in tumor cell invasion and motility, which are the crucial 
features in metastasis, we performed functional assays 
such as wound healing and Transwell Boyden chamber 
assay. Our wound healing results demonstrate that knock-
down of KDM5A in paclitaxel-resistant PTX-Calu-3 cells 
significantly decreased migration of cells, as compared to 
control cells transfected with scramble siRNA (Fig. 5A 
and B). Similarly, Transwell Boyden chamber assay re-
vealed that knockdown of KDM5A in PTX-Calu-3 cells 
significantly decreased the number of invasive cells that 

Figure 3. KDM5A modulates paclitaxel-resistance in lung adenocarcinoma cells.
(A) Flow cytometry based quantification of apoptotic cells in paclitaxel-sensitive lung adenocarcinoma (Calu-3) and paclitaxel-resistant 
lung adenocarcinoma (PTX-Calu-3) transfected for 48 hours with KDM5A plasmid or KDM5A siRNA and treated with 5 nM paclitaxel for 
the last 24 h. (B) Bar diagram showing the quantification of the apoptotic population of cells with different settings (indicated). (C) Bar 
diagram showing the percentage of viable cells after 24 h, 5 nM paclitaxel treatment. The data represent the mean value ±S.E. of three 
independent experiments (n=3), *p<0.05.
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Figure 4. KDM5A drives lung adenocarcinoma cells towards EMT.
(A) Comparative analysis of EMT marker proteins expression (E-cadherin, α-cadherin, N-cadherin, vimentin, along with loading control 
β-actin) by immunoblotting analysis of lung adenocarcinoma (SK-LI-1, Calu-3, and A549) and paclitaxel-resistant lung adenocarcinoma 
(PTX-Calu-3) cell extracts. (B) Fold change in protein expression in densitometry analysis. (C) Protein expression of KDM5A and EMT 
markers (E-cadherin, α-cadherin, N-cadherin, vimentin along loading control β-actin) in paclitaxel-sensitive (Calu-3) and paclitaxel-resist-
ant (PTX-Calu-3) cells 48 hours after transfection with KDM5A plasmid or KDM5A siRNA, shown with immunoblotting. (D) Fold change 
in protein expression based on densitometric analysis. (E and F) mRNA expression of EMT markers in paclitaxel-sensitive (Calu-3) and 
paclitaxel-resistant (PTX-Calu-3) lung adenocarcinoma cells after transient transfection with KDM5A encoding plasmid or KDM5A siRNA 
for 48 h. The data represent the mean value ±S.E. of three independent experiments (n=3), *p<0.05.

Figure 5. KDM5A increases the motility and invasion of lung adenocarcinoma cells.
(A) Wound healing assay was performed to determine the motility of paclitaxel-sensitive and paclitaxel-resistant lung adenocarcinoma 
cells that were transiently transfected with KDM5A encoding plasmid or KDM5A siRNA, respectively, for 48 h. Scale bar: 200 µm; 10x. (B) 
Bar diagram showing the percentage of wound closure 48 hours after transfection . (C) Transwell Boyden chamber assay was performed 
to determine the invasive potential of paclitaxel-sensitive and paclitaxel-resistant lung adenocarcinoma cells that were transiently trans-
fected with KDM5A encoding plasmid or KDM5A siRNA, respectively, for 48 h. Scale bar: 100 µm; 20x. (D) Bar diagram showing the num-
ber of invasive cells paclitaxel-sensitive and paclitaxel-resistant lung adenocarcinoma cells 48 hours post-transfection.   The data represent 
the mean value ±S.E. of three independent experiments (n=3), *p<0.05.
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passed through porous Matrigel membrane, as compared 
to control. Conversely, KDM5A overexpression signifi-
cantly increased the number of invasive tumor cells pass-
ing through porous Matrigel membrane (Fig. 5C and D). 
Collectively, these results demonstrate that KDM5A not 
only plays a critical role in driving malignant cells towards 
EMT but can also facilitate tumor cell metastasis in pacli-
taxel-resistant lung adenocarcinoma cells.

High expression of KDM5A has a strong causal 
association with paclitaxel-resistance in lung 
adenocarcinoma

The major driver of tumor progression is deregulation at 
the gene level. Recent reports suggest that the gain of func-
tion of various protooncogenes promotes tumorigenesis. 
Previous reports suggest that the amplification of KDM5A 
has a strong causal association with tumor development in 
many malignancies such as breast and ovarian cancer. To 
examine whether KDM5A plays a role in lung adenocar-
cinoma, we have collected 87 confirmed lung adenocar-
cinoma tissue samples along with adjacent normal tissue 
samples from the patients. After extracting RNA from all 
tissue samples, RT-PCR was performed to determine the 
expression levels of KDM5A. Our results showed a sig-
nificantly higher expression of KDM5A in lung adenocar-
cinoma tissues compared to adjacent normal tissues (Fig. 
6B). Furthermore, immunohistochemistry analysis revealed 
high expression of KDM5A in lung adenocarcinoma tissues 
compared to adjacent normal tissues (Fig. 6A). Additionally, 
we also observed significantly higher expression of KD-
M5A both at transcriptional as well as translational level in 
paclitaxel-resistant lung adenocarcinoma cells (PTX-Calu-3) 
compared to paclitaxel-sensitive lung adenocarcinoma cell 
lines (SK-LI-1, Calu-3, and A549 cells) (Fig. 2A).

DISCUSSION

For the last two decades, the burden of lung can-
cer has been rising. Currently, lung cancer accounts for 

the highest number of cancer mortality in both genders 
and poses a serious threat to human health (Bray et al., 
2018). Despite various novel chemotherapeutic drug 
combinations that were tested along with the surgical re-
section, the 5-year survival rate remains low in lung can-
cer (Mamdani et al., 2015). The primary reason for the 
low 5-year survival rate is tumor heterogeneity and the 
development of drug resistance against the present regi-
ment of chemotherapeutic drugs (Xue et al., 2017). Thus, 
there is an urgent need to investigate the underlying tu-
mor heterogeneity, resistance to existing chemotherapeu-
tic drugs, and development of novel antitumor agents, 
and new chemotherapeutic combinations to curtail lung 
cancer.

Previous reports suggest that genetic mutations to 
protooncogenes play a critical role in the development 
of tumor heterogeneity and drug resistance (Pathania et 
al., 2016). Recent reports suggest that epigenetic modula-
tions such as histone modifications modulate the expres-
sion of some key proteins and helps in the development 
of drug resistance (Rastgoo et al., 2017). One of the 
key histone demethylases, KDM5A, regulates numerous 
genes expression by catalyzing histone H3K4 demethyla-
tion and thereby regulates cellular processes (Johansson 
et al., 2016). Previous reports suggest that KDM5A acts 
as oncogenic driver by binding to tumor suppressor ret-
inoblastoma-binding protein and in turn negating its tu-
mor-suppressive role in retinoblastoma (Blair et al., 2011; 
Hookway 2016). Recent studies reveal that in some ma-
lignancies such as gastric cancer and acute myeloid can-
cer, the expression of KDM5A is significantly elevated 
(Shokri et al., 2018). Aberrant expression of KDM5A in 
various cancers such as breast cancer, ovarian cancer, 
and glioblastoma have been reported to play a critical 
role in the development of drug resistance (Xhabija & 
Kidder 2019).

Recent reports suggest the involvement of KDM5A 
in breast cancer metastasis to the lung and in the de-
velopment of drug resistance in ovarian cancer (Hou et 
al., 2012; Feng et al., 2017). However, the role of KD-

Figure 6. High expression of KDM5A in lung adenocarcinoma tissues. 
(A) Immunohistochemical staining showing high expression of KDM5A in lung adenocarcinoma compared to normal adjacent tissue. 
Scale bar: 50 µm; 20x. (B) RT-PCR analysis showed significantly higher expression of KDM5A mRNA in lung adenocarcinoma compared to 
adjacent normal tissue. The data represent the mean value ±S.E. of three independent experiments (n=3), *p<0.05.
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M5A in lung adenocarcinoma is yet to be evaluated. In 
the current study, we observed that KDM5A was highly 
expressed in paclitaxel-resistant lung adenocarcinoma cell 
line (PTX-Calu-3) and acted as a growth kinetics driver 
upon paclitaxel treatment, as shown via elevated IC50 val-
ues compared to paclitaxel-sensitive lung adenocarcino-
ma cells (SK-LI-1, Calu-3, and A549 cells). Further, we 
found that high expression of KDMA5 stimulates EMT, 
motility, and invasion in lung adenocarcinoma cells. Ad-
ditionally, we found high expression of KDM5A in tis-
sue samples of patients who were on paclitaxel chemo-
therapy, which suggests a casual association of KDM5A 
with acquiring paclitaxel resistance in lung adenocarcino-
ma. Taken together, these results suggest that KDM5A 
could be a novel drug target in paclitaxel drug resistance 
in lung adenocarcinoma.

Despite significant efficiency of the existing chemo-
therapeutic drug regime in lung cancer patients, a group 
of patients (25–30%) have an intrinsic ability to develop 
drug resistance due to protooncogenic mutations within 
the EGFR gene (Yano et al., 2011; Coyle et al., 2017). 
The development of drug resistance negates any chemo-
therapeutic effect of the drug and leads to activation of 
cellular proliferation, drives proliferating cells towards 
EMT and spread of metastases to distinct sites or or-
gans (Barker et al., 2015; Timaner et al., 2020). In this 
study, we first addressed the effect of paclitaxel treat-
ment on both paclitaxel-sensitive and paclitaxel-resistant 
lung adenocarcinoma cell lines (SK-LI-1, Calu-3, A549 
cells and PTX-Calu-3). Consistent with previous studies, 
we observed significantly increased paclitaxel IC50 value 
(7±0.176 µM) in paclitaxel-resistant PTX-Calu-3 cells 
compared to SK-LI-1, Calu-3, and A549 cells (3.6±0.005, 
4.3±0.015, and 4.5±0.106 nM). These results indicate 
that the development of chemotherapeutic drug resist-
ance not only sustains the tumor cells, but may also ac-
celerate cell proliferation, possibly by activating cell cycle 
regulatory proteins and nullifying cell cycle checkpoints.

Mounting evidence suggests that aberrant expression 
of histone demethylases has a strong causal association 
with tumorigenesis (Jin & Robertson, 2013). Previous 
reports suggest that KDM5A expression significantly 
increases during the development of erlotinib and pa-
clitaxel-resistance in lung adenocarcinoma and ovarian 
cancer, respectively (Hou et al., 2012; Jin & Robertson, 
2013; Feng et al., 2017). Consistent with the above-
mentioned studies, our immunoblotting results showed a 
significantly higher expression of KDM5A in paclitaxel-
resistant lung adenocarcinoma cells (PTX-Calu-3) when 
compared to paclitaxel-sensitive lung adenocarcinoma 
cell lines (SK-LI-1, Calu-3, and A549 cells). The devel-
opment of multidrug resistance (MDR) is one of the 
primary impediments to the effective chemotherapeutics 
of anticancer drugs (Nikolaou et al., 2018). Reports sug-
gest that drug transporter P-glycoprotein (P-gp) is a vital 
player in the MDR to chemotherapeutic drugs (Shukla 
et al., 2011; Sun et al., 2012). A member of the ATP-
binding cassette (ABC)-transport family, P-gp, whose ex-
pression is elevated in tumor cells, utilizes energy in the 
form of ATP to export drug molecules out of the tu-
mor cell (Sun et al., 2012). Linn et al., demonstrated that 
the P-gp expression significantly increases in colorectal 
tumors and in adjacent mucosal cells and confers drug 
resistance to anti-tumor drugs (Linn & Giaccone, 1995). 
Consistent with the above results, we found a signifi-
cantly elevated expression of P-gp in paclitaxel-resistant 
lung adenocarcinoma cells (PTX-Calu-3) cells compared 
to drug-sensitive lung adenocarcinoma cells (SK-LI-1, 
Calu-3, and A549 cells). In the further validation, our 

overexpression and knockdown experiments clearly dem-
onstrated that KDM5A expression influences the expres-
sion of P-gp, which in turn confers paclitaxel resistance 
in lung adenocarcinoma cells. Furthermore, an increase 
in the expression of KDM5A and P-gp decreases apop-
tosis by expelling paclitaxel molecules out of the cells, 
thereby enhancing the proliferation of paclitaxel-resistant 
lung adenocarcinoma cells.

KDM5A plays a crucial role in the development of 
drug-resistance and impedes the development of success-
ful chemotherapy, both traditional and targeted (Lack-
ner et al., 2012). Recent reports suggest that the drug-
resistant malignant cells have a strong intrinsic ability to 
induce tumor heterogeneity and allow cells to undergo 
EMT, which in turn leads to development of undiffer-
entiated cancer stem cells (Lee et al., 2016; Testa et al., 
2018). The development of this type of cells leads to 
relatively high resistance to chemotherapeutic drugs and 
disturbances in tumor cell apoptosis (Baguley, 2010). 
Feng and others (Feng et al., 2017) demonstrated that 
high KDM5A expression in ovarian cancer promotes 
paclitaxel-mediated drug resistance and switches the po-
larized epithelial cells towards the mesenchymal pheno-
typic morphology. Consistent with the previous findings, 
our results also demonstrate that KDM5A-mediated 
paclitaxel-resistant lung adenocarcinoma cells acquire the 
EMT phenotype by increasing mesenchymal markers N-
cadherin and vimentin, and decreasing E-cadherin and 
α-cadherin, both at transcriptional and translational level. 
Previous reports suggest that epigenetic modulations play 
a key role in driving tumor cells towards EMT leading to 
their spreading to distinct sites as metastatic cells (Tsai 
& Yang 2013; Chatterjee et al., 2018). Interestingly, aber-
rant expression of KDM5A has been reported to have 
a key role in driving tumor cells towards EMT and ac-
tivating their motility and migration in various malignan-
cies such as ovarian, breast, and gastric cancer (Zhou & 
Kopeček 2013; Tachtsidis et al., 2016; Qiu et al., 2018). 
In agreement with the above-mentioned findings, our re-
sults also demonstrated that overexpression and knock-
down of KDM5A significantly influenced the motility 
and invasiveness of lung adenocarcinoma cells. Togeth-
er, these findings suggest that besides having a crucial 
role in driving tumor cells towards EMT, KDM5A may 
further push the cells to de-undifferentiated into cancer 
stem cell. The dysregulated of gene expression has been 
shown to be involved in the progression of tumorigen-
esis (Sawan et al., 2008). Recent reports suggest that the 
gain of function of various protooncogenes promotes 
tumorigenesis to counter the chemotherapeutic effects 
and stimulates development of the drug resistant tumor 
cells (Igney & Krammer, 2002). Studies have shown the 
involvement of KDM5A in development of several hu-
man malignancies which include but are not limited to 
breast, gastric and ovarian cancer (Rasmussen & Staller, 
2014; Plch et al., 2019). Consistent with previous results, 
our findings showed a significantly higher expression of 
KDM5A in lung adenocarcinoma tissues and paclitaxel-
resistant lung adenocarcinoma cells (PTX-Calu-3) com-
pared to adjacent normal tissues and to paclitaxel-sen-
sitive lung adenocarcinoma cell lines (SK-LI-1, Calu-3, 
and A549 cells), respectively. Collectively, these findings 
showed that aberrant expression of KDM5A underlay 
paclitaxel-mediated drug resistance, promoted EMT, and 
suggest that it can increase cell viability, enhance activa-
tion of protooncogenes and promote dissemination met-
astatic cells to distant sites.

In conclusion, the current study demonstrated el-
evated expression of KDM5A in lung adenocarcinoma 
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tissues when compared to adjacent normal tissues. Our 
results demonstrate that KDM5A acts as a growth driver 
coinciding with elevated IC50 values in paclitaxel-resistant 
PTX-Calu-3 cells compared to paclitaxel-sensitive lung 
adenocarcinoma cells (SK-LI-1, Calu-3, and A549). Fur-
thermore, we found that high expression of KDMA5 
stimulates EMT, motility, invasion, and may thus pro-
mote metastasis in lung adenocarcinoma. Taken together, 
these results suggest that high expression of KDM5A 
has a causal association with paclitaxel resistance in lung 
adenocarcinoma and could be a novel drug target in pa-
clitaxel-mediated drug resistance in lung adenocarcinoma.
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