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MiR-194-5p enhances the sensitivity of
nonsmall-cell lung cancer to doxorubicin
through targeted inhibition of hypoxia-
inducible factor-1
Mengning Xia1†, Lili Sheng2†, Wei Qu3†, Xue Xue3, Hucheng Chen3, Guoyan Zheng3 and Weigang Chen4*

Abstract

Background: Despite chemotherapy being a common treatment, an increase in chemoresistance over time is
unavoidable. We therefore investigated the role of miR-194-5p in regulating chordoma cell behavior and examined
the downstream effectors of miR-194-5p.

Methods: In this study, NSCLC cell lines A549 and H460 were cultured under hypoxic conditions for 1 week to
induce drug resistance to doxorubicin (DOX). The connection between miR-194-5p and HIF-1 was revealed by
reverse transcription and real-time polymerase chain reaction (RT-qPCR), western blot, and dual-luciferase assays. We
used TUNEL staining and the CCK-8 test to assess the sensitivity of NSCLC cells to DOX.

Results: We found that hypoxia-induced NSCLC cells enhanced resistance to DOX. MiR-194-5p was substantially
reduced, and HIF-1 was increased in hypoxia-induced drug-resistant NSCLC cells. Moreover, miR-194-5p successfully
induced NSCLC cell apoptosis by directly inhibiting HIF-1, thereby enhancing DOX sensitivity.

Conclusions: MiR-194-5p enhanced the sensitivity of NSCLC cells to DOX by directly inhibiting HIF-1. This work
provides insights into underlying treatments for drug-resistant NSCLC.
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Background
Lung cancer is a malignant disease that has the max-
imum rate of fatality of all cancers globally [1]. As re-
vealed by GLOBOCAN 2018, among the projected 18.1
million new incidences of cancer in 2018, lung cancer
patients accounted for 11.6%; lung cancer mortality
accounted for 18.4% of the total cancer deaths, ranking
first [2]. Similarly, in the cancer statistics from 2014,
there were approximately 781,000 new lung cancer cases

in China, making it the most common cancer domestic-
ally [3]. Although various targeted drugs have shown sig-
nificant therapeutic effects on nonsmall-cell lung cancer
(NSCLC) patients in clinical practice, most patients still
inevitably developed acquired resistance to these treat-
ments [4, 5]. Doxorubicin (DOX) is a chemotherapeutic
drug that has been widely used to treat a variety of ma-
lignant tumors; however, its therapeutic effects have
been weakened due to the development of drug resist-
ance [6]. Therefore, investigating the molecular mecha-
nisms of DOX-induced tumor cell apoptosis can be
conducive to the targeted development of drugs with
high sensitivity to NSCLC cells as part of combined
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strategies. Such research may shed new light on the
treatment of this malady.
Studies have shown that in solid tumors such as NSCLC

and liver cancer, the tumor microenvironment is in a state of
hypoxia for a long time [7]. In some cases, hypoxia can result
in drug resistance to radiotherapy and chemotherapy and
promote cancer cell metastasis, featuring the lack of HIF-1,
which seems to be an essential link [8]. Studies have shown
that hypoxia-induced drug resistance is mediated by the acti-
vation of HIF-1α; this results in P-glycoprotein (P-gp) protein
overexpression, which is a hallmark of hypoxia-induced drug
resistance [9]. In addition, the inhibition of tumor cell apop-
tosis is another important mechanism behind this process
[10]. It has also been demonstrated that p53 participates in
hypoxia-induced chemoresistance of cancer cells by regulat-
ing HIF-1 and P-gp levels [11, 12].
MiRNAs, as small, highly conserved endogenous non-

coding RNAs, are known to cut and degrade target mes-
senger RNAs (mRNAs), inhibiting their translational
ability to regulate gene expression [13]. MiRNAs com-
monly affect the pathogenesis of cancers as oncogenes or
suppressers and play a vital role [14]. As demonstrated in
several studies, the various miRNAs that are of signifi-
cance to the progression of cancers are poorly regulated
[15, 16]. Certain miRNAs are considered potential bio-
markers to diagnose and treat NSCLC [17]. Studies have
reported that lncRNA TUG1 regulates CCND2 by inhibit-
ing miR-194-5p, thereby promoting the growth and drug
resistance of bladder cancer cells [18]. Moreover, miR-
194-5p can inhibit the expression level of FOXA1 in
NSCLC cells, thereby promoting the sensitivity of NSCLC
cells to cisplatin [19]. However, the specific mechanism of
miR-194-5p in NSCLC multidrug resistance remains to be
elucidated. Therefore, this study further explored the role
and molecular mechanism of miR-194-5p in hypoxia-
induced DOX resistance in NSCLC.
This paper revealed the considerable downregulation of

miR-194-5p expression in hypoxic-induced DOX-resistant
NSCLC cells. We further proved that HIF-1 can serve as an
immediate-acting subject aimed at miR-194-5p using a
double-luciferase test. As demonstrated, miR-194-5p directly
inhibited HIF-1, subsequently inhibiting P-gp expression to
improve the chemical responsiveness of NSCLC cells to
DOX. Therefore, NSCLC cell apoptosis was triggered. In
summary, the specific molecular mechanism of miR-194-5p
in promoting the chemical responsiveness of NSCLC cells to
DOX was elaborated in this paper, which could assist med-
ical professionals in deciding how to treat drug-resistant
NSCLC.

Methods
Cell growth and processing
Human NSCLC cell lines H460 and A549 were supplied
by the Chinese Academy of Sciences (Shanghai, China).

DMEM (Life Technologies, CA, USA) containing 10%
FBS, 1% penicillin, and 1% streptomycin (Invitrogen,
Carlsbad, CA, USA) was used for cell culture in a con-
stant temperature incubator of 5% CO2 at 37°C.

Cell transfection
MiR-NC, a miR-194-5p mimic, was provided by Ambion
(Austin, TX, USA). MiR-194-5p mimic, inhibitory sub-
stance, or negative regulation were weakened at room
temperature (RT) in Opti-MEM medium (Life Tech-
nologies, CA, USA) for 15 min, and miR-194-5p mimic
or inhibitor was transfected into human NSCLC cells,
which were then cultured for 48 h. miR-194-5p expres-
sion was determined by qRT-PCR. The process of nu-
cleic acid transfer was carried out using Lipofectamine
RNAiMAX reagent (Invitrogen, CA, USA) according to
the guidance from the supplier. The expression of HIF-1
was detected through RT-qPCR and western blot
analysis.

Western blot
All cell extracts were obtained by lysing cells in ice-cold
lysis buffer. The undissolved matter was removed by
high-speed centrifugation, and the protein percentage of
the supernatant was measured by a BCA protein test kit.
Each group of samples was loaded on a 10% SDS-PAGE
gel, and the bands were transferred to a PVDF mem-
brane. After being blocked with the sealing solution, the
membranes were immunolabeled overnight with the fol-
lowing primary antibodies: HIF-1 (1:1000, Cell Signaling
Technology, USA), p53 (1:1000, Cell Signaling Technol-
ogy, USA), P-gp (1:1000, Cell Signaling Technology,
USA), Bax (1:1000, Abcam, USA), F-Caspase3 (1:1000,
Cell Signaling Technology, USA), C-Caspase3 (1:1000,
Cell Signaling Technology, USA), F-Casase9 (1:1000,
Cell Signaling Technology, USA), C-Caspase9 (1:1000,
Cell Signaling Technology, USA), F-PARP (1:1000,
Abcam, USA), C-PARP (1:1000, Abcam, USA), and β-
actin antibodies (1:1000, Santa Cruz, USA). After wash-
ing, the protein bands on the PVDF membrane were in-
cubated with suitable auxiliary antibodies (1:2000, ICN
Pharmaceuticals), while an ECL kit was used for color
development. The bands were analyzed after exposure to
a ChemiDoc XRS+ gel imager (Bio-Rad, USA), and the
protein content was expressed as the relative value of
the corresponding internal reference band.

TUNEL staining
To detect apoptosis, the terminal colorimetric TUNEL
in situ apoptosis examination kit was applied (Promega,
WI, USA), which was tested in line with the require-
ments of the supplier. The cells were fixed in 4% (w/v)
paraformaldehyde for 30 min before washing in PBS for
5 min. They were incubated at 20 μg/mL protease K for
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10 min before washing in PBS and were incubated with
3% hydrogen peroxide for 5 min and washed with PBS
to inhibit endogenous peroxidase activity. The cells were
immersed in equilibration solution for 5 min before in-
cubation with terminal deoxynucleotidyl transferase
(TdT) enzyme at 37 °C for 60 min. TdT was used as a
negative control before the reaction was completed.
After being treated with TdT, the cells were adminis-
tered 2 × SCC for 15 min and washed with PBS 3 times
for 5 min each time. Streptavidin peroxidase was used
for 45 min before washing the cells with PBS. The
visualization of apoptotic cells was conducted with di-
aminobenzidine (DAB) (00-2020), and counterstaining
was performed for Meyer’s hematoxylin staining
(72804E; Microm, CEO Kong Hanning, Germany). The
cells were washed in distilled water and installed in
aqueous media. An Olympus BX40 light microscope was
used for observation. To analyze the apoptosis index
(AI), we counted TUNEL-positive cells in 10 regions and
used the formula below to obtain the proportion of
stained apoptotic cells: AI = (the number of apoptotic
cells/total cells) × 100.

Validation of cell viability
Cell viability was assessed by a CCK-8 kit (Promega,
USA) in line with the supplier’s guidance. In simple
terms, human OS cells after transfection were implanted
into 96-well plates, and attachment was permitted
throughout the night. Freshly derived mimics, inhibitors
or siRNA were combined with the wells based on the
plan and subjected to incubation for an extra72 h. The
CCK-8 solution was combined with a 96-well plate, and
cells were incubated for an additional 2 h at 37°C. Fi-
nally, the absorbance at 450 nm was assessed by a mi-
croplate reader.

RNA sample collection and qRT-PCR
Total RNA was isolated from controls or transfected
cells by the RNeasy kit (Qiagen, USA), and miRNA sup-
plementary DNA (cDNA) was transcribed from total
RNA using the cDNA reverse transcription kit (Takara
Bio, Korea). Real-time PCR was performed by IQ SYBR
Green Supermix (1708886, Bio-Rad, USA) in line with
the supplier’s guidance. The primers below were applied:
miR-194-5p forward 5′-CTAGTACCTAGAGGAACC
TTTGAAGACTGTTACAGCTCAGCA-3′, reverse 5′-
AGCTTGCTGAGCTGTAACAGTCTTCAAAGGTTCC
TCTAGGTA-3′; GAPDH forward 5′-CCCACTCCTC
CACCTTTGAC-3′, reverse 5′-CCACCACCCTGTTG
CTGTAG-3′. GAPDH was used as a loading control,
and the comparative gene manifestation was determined
by the ΔΔCT method. The qPCR assays were conducted
three times.

Luciferase reporter assay
A 3′UTR fraction from the HIF-1 gene was amplified
from genomic DNA by PCR and contained a predicted
binding site for miR-194-5p. The fraction after amplifi-
cation was replicated into a UTR downstream of the lu-
ciferase gene in a pMIR-reporter luciferase vector
(Ambion, USA). Suitable mutation constructs were ap-
plied to exert control. NSCLC cells were cotransfected
with the test luciferase reporter plasmid and the Renilla
luciferase plasmid. Subsequently, the cells were obtained,
the dual luciferase activity was evaluated by the Dual-
Glo luciferase test regimen, and Renilla was used to ex-
ercise intrinsic regulation.

Data analysis
GraphPad Prism software (version 8.0 GraphPad soft-
ware) was applied to conduct data analysis. The data are
shown as the mean ± standard deviation (SD). Dispar-
ities in all indices among batches were assessed using
unpaired two-tailed Student’s t-tests or two-way
ANOVA followed by post hoc t-tests (Bonferroni’s or
Dunnett’s test). A P value of < 0.05 was treated as statis-
tically significant.

Results
Downregulation of miR-194-5p and upregulation of HIF-1
in hypoxia-induced NSCLC cells
Allowing for the dysregulation of miRNAs under hyp-
oxic conditions in cancers, we detected the detailed
change in miR-194-5p levels in hypoxia-induced disor-
ders in NSCLC. First, we examined hypoxia-induced
NSCLC cell lines A549 and H460 using RT-qPCR ana-
lysis. The miR-194-5p transcription level showed a sharp
decline in hypoxia-induced A549 and H460 cells, while
the transcription level of HIF-1 increased (Fig. 1a, b). In
addition, western blot analysis demonstrated that the de-
gree of HIF-1 manifestation was noticeably upregulated
in hypoxia-induced A549 and H460 cells, while the de-
gree of p53 manifestation experienced considerable
downregulation (Fig. 1c). Second, the viability of
hypoxia-induced A549 and H460 cells and negative con-
trols treated with DOX at different concentrations was
detected by CCK-8 assay, and it was found that the sur-
vival ability of hypoxia-induced NSCLC cells was en-
hanced (Fig. 1d).

The overexpression of miR-194-5p ameliorated DOX
resistance in NSCLC cells induced by hypoxia
For an in-depth investigation into the specific difference
made by miR-194-5p in hypoxic NSCLC cells, miR-194-
5p in A549 cells was overexpressed by plasmid transfec-
tion. The transcription level of miR-194-5p increased in
hypoxic A549 cells (Fig. 2a). The viability of hypoxic
NSCLC cells and negative controls treated with DOX at
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Fig. 1 Downregulation of miR-194-5p and upregulation of HIF-1 in hypoxia-induced NSCLC cells. a, b RT-qPCR was used to detect the expression
levels of miR-194-5p and HIF-1 in hypoxia-induced NSCLC cell lines A549 and H460. c The expression of HIF-1 in hypoxia-induced NSCLC cell lines
A549 and H460 was detected by western blot. d The CCK-8 method was performed to detect the viability of hypoxia-induced NSCLC cells and
control NSCLC cells under different concentrations of DOX treatment. Data are presented as the mean ± SD. *P <0.05; **P <0.01; ***P <0.001

Fig. 2 The overexpression of miR-194-5p ameliorated DOX resistance in NSCLC cells induced by hypoxia. a The transcription of miR-194-5p in
A549 miR-194-5p-overexpressing NSCLC cells was detected by RT-qPCR. b The CCK-8 method was used to detect the viability of miR-194-5p-
overexpressing NSCLC cells and control NSCLC cells induced by hypoxia under different concentrations of DOX treatments. c TUNEL staining was
used to detect the apoptosis rate of miR-194-5p-overexpressing NSCLC cells and control NSCLC cells (bar=25 μm). d The expression levels of HIF-
1, BAX, Caspase-9, Caspase-3, PARP, and p-gp in miR-194-5p-overexpressing NSCLC cells and control NSCLC cells induced by hypoxia were
detected by western blot. Data are presented as the mean ± SD. *P <0.05; ***P < 0.001
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different concentrations was measured by the CCK-8
assay. miR-194-5p overexpression weakened the viability
of hypoxic A549 cells treated with DOX (Fig. 2b). In
addition, TUNEL staining showed that the overexpres-
sion of miR-194-5p increased the apoptosis rate of hyp-
oxic A549 cells treated with DOX (Fig. 2c). In addition,
the protein levels in the typical mitochondrial apoptosis
pathway were detected. Western blot analysis revealed
that miR-194-5p overexpression reduced HIF-1 and P-
gp levels in hypoxic A549 cells. The degrees of BAX,
cleaved caspase-9, cleaved caspase-3, and cleaved PARP
were increased, indicating the activation of p53 and
mitochondrial apoptotic pathways (Fig. 2d).

HIF-1 as an immediate target of miR-194-5p
To explore how miR-194-5p relates to HIF-1, we per-
formed miRNA predictions using TargetScan. HIF-1 was
discovered to be an immediate target of the gene. The
predicted binding sequence is listed in Fig. 3a. Further-
more, we performed a luciferase reporter assay to estab-
lish whether miR-194-5p relates to HIF-1. By amplifying
the 3′UTR of human HIF-1 and cloning the resulting
fragment into the pmirGLO vector, the target region
predicted by miR-194-5p in the 3′UTR of HIF-1 was
mutated. The HIF-1 3′UTR plasmid and miR-194-5p
mimic were cotransfected into A549 cells. As a result,
relative to the control batch, the luciferase activity expe-
rienced a significant reduction in the cotransfected A549

cells, indicating that the HIF-1 level was affected by the
mRNA level. The negative regulation of miR-194-5p and
the cotransfected Mu-HIF-1 3′UTR plasmid and miR-
194-5p mimics into A549 cells restored luciferase activ-
ity. All this indicates that HIF-1 was identified as an im-
mediate target of miR-194-5p (Fig. 3b).

Mandatory overexpression of HIF-1 reversed the
chemosensitization effect of miR-194-5p upregulation
To explore the role played by HIF-1 and miR-194-5p in
hypoxia-induced A549 cells, the HIF-1 plasmid was
transfected into miR-194-5p-overexpressing A549 cells
to force the overexpression of HIF-1. A CCK-8 cell via-
bility test was performed, and we found that the survival
ability of HIF-1-overexpressing A549 cells was enhanced
after DOX administration (Fig. 4a). Similarly, TUNEL
staining analysis showed that hypoxia-induced HIF-1-
overexpressing A549 cells had a significant reduction
after DOX administration (Fig. 4b). Western blot ana-
lysis demonstrated that the expression of HIF-1 and P-
gp was upregulated in HIF-1-overexpressing A549 cells,
while that of BAX, cleaved caspase-9, cleaved caspase-3,
and cleaved PARP was suppressed (Fig. 4c). These re-
sults suggest that the activation of p53 and mitochon-
drial apoptotic pathways was repressed, completely
reversing the effect caused by miR-194-5p
overexpression.

Fig. 3 HIF-1 as an immediate target of miR-194-5p. a The target binding sequence of HIF-1 and miR-194-5p was predicted from the TargetScan
database (http://www.targetscan.org). b A dual luciferase reporter assay was conducted to evaluate the luciferase activities of WT HIF-1 or MUT
HIF-1 and miR-194-5p or miR-NC cotransfected A549 cells. Data are presented as the mean ± SD. ***P < 0.001
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Discussion
Nonsmall-cell lung cancer (NSCLC) is a common malig-
nant tumor characterized by high morbidity and high
mortality. Because of the multiple gene mutation types
and the heterogeneity of its associated tumors, NSCLC
easily develops drug resistance through genetic diversity,
which poses challenges to its treatment [20].
Chemotherapy is an important clinical procedure for

NSCLC treatment. DOX has been widely applied clinic-
ally as a broad-spectrum tumor chemotherapy drug. It
exerts antitumor effects by inducing tumor cell apop-
tosis, autophagy, and necrosis [21]. However, due to the
heterogeneity of NSCLC cells, multiple mutations in the
NSCLC genome can be found in patients receiving che-
motherapeutic medications, and the resulting drug re-
sistance further thwarts the therapeutic effects, making
long-term disease control unattainable. However, drug
resistance can seriously limit the clinical therapeutic effi-
cacy of DOX treatment in various cancers, including
NSCLC [22]. Therefore, exploring the molecular mecha-
nisms that can kill DOX-resistant NSCLC cells is of
great significance for patients with advanced NSCLC.
Our present study revealed that miR-199a-5p was essen-
tial for D resistance in NSCLC cells by regulating the ex-
pression of HIF-1α.
In recent years, progress has been made in the early

diagnosis and treatment of NSCLC, but the desired
achievements have not been attained [23]. With the
rapid development of bioinformatics, microRNAs that

are clearly associated with the progression of NSCLC are
easier to identify [24]. miR-194 has shown potential
tumor suppressor effects in many cancers. For example,
miR-194 inhibits the migration, invasion, and epithelial-
mesenchymal transition (EMT) of gastric cancer cells by
downregulating FoxM1 [25]. miR-194 directly inhibits
the expression of CDH2 to reduce the proliferation and
migration of osteosarcoma cells and promote cell apop-
tosis [26]. For patients with advanced colorectal aden-
oma after polypectomy, miR-194 can be used as a
promising biomarker to judge the prognosis of adenoma
recurrence [27]. Recently, many studies have reported
the important role of miR-194-5p in chemotherapy re-
sistance. Its effect on tumor chemotherapy resistance
varies among different cancers and different drugs. For
example, miR-194-5p can induce cisplatin resistance in
ovarian cancer by inhibiting the expression of SLC40A1
[28]. There are also other reports indicating that miR-
194-5p induces p21 upregulation and G1 phase arrest in
drug-resistant cells by downregulating MDM2, thereby
resensitizing drug-resistant ovarian cancer cells to pacli-
taxel [29]. Another study showed that miR-194-5p can
inhibit the expression level of FOXA1 in NSCLC cells,
thereby promoting the sensitivity of NSCLC cells to cis-
platin [19]. However, its particular role in the underlying
mechanism in NSCLC remains unclear.
In this study, A549 and H460 NSCLC cell lines were

cultured for 7 days under hypoxic conditions to con-
struct a DOX-resistant NSCLC cell model. RT-qPCR

Fig. 4 Mandatory overexpression of HIF-1 reversed the chemosensitization effect of miR-194-5p upregulation. a A CCK-8 cell viability test was
performed to detect the survival ability of HIF-1-overexpressing A549 cells under different concentrations of DOX treatments. b TUNEL staining
was used to detect the apoptosis rate of HIF-1-overexpressing A549 cells and control NSCLC cells (Bar=25 μm). c The expression levels of HIF-1,
BAX, Caspase-9, Caspase-3, PARP, and p-gp in HIF-1-overexpressing NSCLC cells and miR-194-5p-overexpressing NSCLC cells induced by hypoxia
were detected by western blot. Data are presented as the mean ± SD. *P <0.05; ***P < 0.001
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analyses demonstrated that the transcription degree of
miR-194-5p in hypoxia-induced NSCLC cells was down-
regulated, while miR-194-5p overexpression repressed
HIF-1 and P-gp levels in hypoxic A549 cells. Upregula-
tion of BAX, cleaved caspase-9, cleaved caspase-3, and
cleaved PARP activated p53 and mitochondrial apoptotic
pathways, hence promoting hypoxia-induced NSCLC
cell apoptosis after DOX treatment. The luciferase re-
porter assay further confirmed that miR-194-5p en-
hanced the DOX sensitivity of NSCLC cells by directly
inhibiting HIF-1. Forced overexpression of HIF-1 re-
pressed the enhanced DOX sensitivity resulting from
miR-194-5p overexpression. As the mechanism has been
clarified above, we confirmed that miR-194-5p augments
the responsiveness of NSCLC cells to DOX through
HIF-1 downregulation.

Conclusions
In summary, miR-194-5p can directly inhibit HIF-1 and
regulate the expression of a series of downstream pro-
teins including BAX, cleaved caspase-9, cleaved caspase-
3, cleaved PARP, and P-gp, thus enhancing the thera-
peutic effect of DOX on NSCLC cells and promoting
NSCLC cell apoptosis. The outcomes show that miR-
194-5p may be a potential target for overcoming NSCLC
multidrug resistance and is expected to become a new
therapeutic target for mitigating drug resistance in
NSCLC.
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