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Background: The roles of microRNA (miR)-32 and miR-548a in non-small cell lung cancer 
(NSCLC) have been studied. But their influences on NSCLC cells to cisplatin (DDP) 
resistance remain elusive. This study estimated the mechanisms of miR-32 and miR-548a 
in NSCLC cells to DDP.
Methods: Differentially expressed miRs in DDP-sensitive and resistant tissues were 
screened out using a GSE56036 chip. Then the predictive efficacies of miR-32 and miR- 
548a on DDP resistance were analyzed in NSCLC patients. The target mRNAs of miR-548a 
and miR-32 were predicted. miR-548a and miR-32 were knocked down to assess the 
influences of miR-32 and miR-548a on NSCLC growth. DDP-resistant cells were con-
structed and miR-32 and miR-548a expression was detected in resistant cells. After miR- 
32 and miR-548a knockdown, the IC50 value of DDP was detected. Then, the activation 
level of Wnt/β-catenin pathway was detected. The roles of miR-32 and miR-548a in NSCLC 
growth in vivo were detected by tumorigenesis experiment.
Results: miR-32 and miR-548a were poorly expressed in DDP-resistant NSCLC. miR-32 
and miR-548a mimic enhanced the DDP sensitivity of NSCLC cells. Both miR-32 and miR- 
548a targeted ROBO1, and overexpression of ROBO1 inhibited the promotion of miR-32 
and miR-548a mimic on DDP sensitivity. ROBO1 activated the Wnt/β-catenin pathway, thus 
enhancing the DDP resistance.
Conclusion: miR-32 and miR-548a target ROBO1 and inhibit Wnt/β-catenin activation, 
thus promoting the drug sensitivity of NSCLC cells to DDP.
Keywords: non-small cell lung cancer, miR-32, miR-548a, cisplatin resistance, ROBO1, 
Wnt/β-catenin pathway

Introduction
Lung cancer (LC) represents a chief cause of cancer-related mortality globally, and 
about 85% of LC cases show histological subtypes, referred to non-small cell lung 
cancer (NSCLC).1 For terminal NSCLC, the cytotoxic chemotherapy, tyrosine 
kinase inhibitor targeted therapy and checkpoint blockade immunotherapy have 
been proven to improve the overall survival.2 Particularly, cisplatin (DDP)-based 
chemotherapy has been accepted as the first-line approach for NSCLC after 
resection.3 Unfortunately, patients with NSCLC initially show a good response to 
chemotherapy; however, some patients develop DDP resistance in the later process, 
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which greatly limits the effectiveness of chemotherapy.4 

The cellular resistance to DDP is a multifactorial phenom-
enon, concerning many biological molecules and interre-
lated pathways.5 It is reported that chemotherapy 
resistance is associated with increased drug efflux, target 
conversion, cell cycle checkpoint changes, apoptosis sup-
pression and enhanced DNA damage repair.6 At present, 
further elucidating the molecular mechanism and deter-
mining novel biomarkers of NSCLC resistance remain 
the urgent issues to be solved in oncology to improve the 
therapeutic effect of NSCLC.

MicroRNAs (miRs) are small noncoding RNA mole-
cules consisting of 18–23 nucleotides, which exert influ-
ences on posttranscriptional modulation of gene 
expression.7,8 miRs commonly participate in cellular pro-
liferation, apoptosis, differentiation, angiogenesis and 
metabolic stress, thus serving as tumor suppressors or 
oncogenes.8,9 Aberrant miR expression is also implicated 
in a wide range of pathways contributing to the cellular 
resistance to DDP in NSCLC.10−12 In the current study, 
we screened 116 differentially expressed miRs from a DDP- 
resistant NSCLC microarray GSE56036 in GEO database, 
including miR-32 and miR-548a. miR-32 has recently been 
reported to participate in various critical processes of 
human malignancies, such as colorectal cancer,13 gastric 
cancer14 and breast cancer.15 miR-32 expression is notably 
reduced in NSCLC, and the reduction of miR-32 contri-
butes to tumor stage and lymph node metastasis.16 Li et al 
have unveiled that upregulated miR-32 expression 
represses epithelial mesenchymal transformation and 
NSCLC cell metastasis.17 Moreover, accumulating evi-
dence has revealed that miR-548 suppresses cancer cell 
proliferation and facilitates apoptosis, thus functioning as 
a tumor suppressor in tumors of lung, breast and 
pancreatic.18,19 However, the specific mechanism of miR- 
32 and miR-548a in DDP resistance in NSCLC patients is 
unclear. In view of this, we performed in vivo and in vitro 
experiments to identify the underlying mechanisms of miR- 
32 and miR-548a in DDP resistance, which shall shed lights 
on the management of chemoresistance in NSCLC patients.

Materials and Methods
Microarray Analysis
GEO database (https://www.ncbi.nlm.nih.gov/geo/) was 
adopted to obtain the gene expression chip of LC. Firstly, 
the datasets of gene expression in drug-resistant LC tissues or 
cells and DDP-sensitive tumor tissues and cells were 

processed with R language. Furthermore, the expression 
profile, pathway enrichment and gene enrichment map were 
achieved. Then, TargetScan (http://www.targetscan.org/vert_ 
72/) and miRDB (http://mirdb.org/) website predicted the 
targeted mRNAs of miR-32 and miR-548a. Kaplan-Meier 
website was adopted to predict the expression of miR-32 and 
miR-548a and the life cycle of NSCLC patients.

Sample Collection
From March 2017 to January 2019, we recruited DDP- 
resistant (n = 36) and sensitive (n = 42) NSCLC patients 
from the Cancer Hospital of China Medical University. 
Using the proportion of changes in tumor volume after 
treatment, the patients were grouped into four subgroups: 
i) Complete response (CR; no tumor); ii) partial response 
(PR; tumor shrinkage by > 50%); iii) stable disease (tumor 
shrinkage by < 50% or tumor enlargement by < 25%); and 
iv) progressive disease (PD; tumor enlargement by > 
25%). Patients in the CR and PR groups were defined as 
DDP-sensitive, and those in the SD and PD groups were 
defined as DDP-resistant. The experimental scheme was 
ratified by the Ethics Committee of the Cancer Hospital of 
China Medical University and followed the Helsinki 
Declaration (Approval No. CMU2017026). All the sub-
jects involved were fully informed of the objective of the 
study and signed informed consent before sampling. 
NSCLC patients receiving DDP and surgery were included 
and those with a history of serious diseases, such as heart 
disease and allergies were excluded. The tumor tissues 
were collected from the included patients through surgery.

RT-qPCR
Total RNA was isolated by RNAiso Plus reagent (Takara, 
Dalian, China), and then lncRNA, miRs and target genes 
were reverse transcribed using M-MLV RT Kit (Thermo 
Fisher Scientific, Waltham, MA, USA) or TaqMan miRNA 
RT Kit (Thermo Fisher Scientific). In order to detect the 
RNA level, SYBR Green PCR Master Mix (Thermo 
Fisher Scientific) were used for qPCR analysis, which 
was run on 7500 real-time PCR system (Thermo Fisher 
Scientific). The expression was measured using 2−ΔΔCT 

method with GAPDH or U6 as the parameter. The primer 
sequences are presented in Table 1.

Establishment of DDP-Resistant Cell Line
A549 and H1299 cells were provided by the cell bank of 
Chinese Academy of Sciences. DDP-resistant A549/DDP 
cells were obtained from the typical culture collection 
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center of the United States. DDP-resistant H1299 (H1299/ 
DDP) cells were established by exposure to DDP with 
gradually enhanced concentrations. In short, H1299 cells 
were added with 0.5 μg/mL DDP (Sigma-Aldrich, Merck 
KGaA, Darmstadt, Germany). When resistant to the cur-
rent concentration, cells were added with DDP with 
increased concentration gradually until 15.2 μg/mL. If 
the cells survived in 10 μg/mL DDP for 2 months, they 
were DDP-resistant. Parental cells were incubated in F12K 
or RPMI-1640 with 10% fetal bovine serum (FBS) (all 
from Thermo Fisher Scientific). Resistant were cultured in 
RPMI-1640 supplemented with 10% FBS and 2 μg/mL 
DDP to keep drug resistant. All cells were cultured in 
a moist chamber containing 5% CO2 at 37°C until the 
logarithmic growth phase.

Cell Counting Kit-8 (CCK-8) Assay
Cells were plated at 2.0 × 103 cells/well in 96-well plates 
with 10 μM DDP at 0, 0.01, 0.1, 1, 10 and 100 μg/mL, 
respectively. CCK-8 Kit (Dojindo, Kumamoto, Japan) was 
used to record the absorbance at 450 nm, the activity curve 
was drawn and the IC50 was estimated.

Colony Formation Assay
The cells were plated for 2–3 weeks in 6-well plates 
(500 cells/well), then immobilized at 20°C in 100% 

methanol, and stained for 20 min with 0.5% crystal violet 
(Sigma-Aldrich). Next, the colonies larger than 50 μm 
were calculated by Quantum One software (Bio-Rad, 
Hercules, CA, USA). Finally, the colonies were observed 
(×10) and calculated under the light microscope (BX-42, 
Olympus, Tokyo, Japan).

5-Ethynyl-2ʹ-Deoxyuridine (EdU) Labeling 
Assay
About 5 × 103 cells were plated in 96-well plates with 100 μL 
DMEM, and added with 0 μM DDP for 6 h. Then cell growth 
was testified by Cell-Light EdU Apollo 567 in vitro Kit 
(Ribobio, Guangzhou, China). Next, cells were cultured for 
2 h in the medium containing 50 μL EdU and fixed for 30 min 
with 4% paraformaldehyde. Following that, cells were added 
with 1 x reaction mixture (100 μL) for 30 min, and counter-
stained for 30 min in the dark with 1 x Hoechst 33342. 
Finally, the fluorescence images were taken using 
a microscope (BX51, Olympus).

Flow Cytometry
The cells were resuspended to 1–5 × 105/mL in binding 
buffer (500 μL), followed by incubation with annexin 
V-FITC (5 μL) and PI (5 μL) for 30 min in the dark at 
20°C. Apoptosis was measured by flow cytometer (FACS 
Calibur, BD Biosciences, San Jose, CA, USA) within half 
an hour. Data were processed by Cellquest Pro soft-
ware 3.3.

Detection of Lactate Dehydrogenase 
(LDH)
Each well contained 1.5 × 105 A549 and H1299 parental 
or drug-resistant cells, which were cultured overnight in 
24-well plates. The supernatant was collected and added to 
96-well black culture plate (200 μL/well). LDH release 
levels were evaluated using the LDH cytotoxicity test kit 
(Beyotime, Shanghai, China). Enzyme linked immunosor-
bent assay (ELISA) was adopted for determination of the 
absorbance at 450 nm.

Dual-Luciferase Assay
The wild-type ROBO1 (ROBO1-wt) or mutant (ROBO1-mt) 
sequence containing putative binding sites of miR-32 and 
miR-548a, respectively, were inserted into the psiCHECK-2 
plasmid (Promega, Madison, WI, USA). Then, the reporter 
genes were transfected into 293T cells together with miR-32 
and miR-548a mimic or mimic NC. About 48 h later, 

Table 1 Primer Sequences for RT-qPCR

Gene Primer Sequence (5ʹ-3ʹ)

miR-32 F: TTGCACATTACTAAGTTGC
R: GAACATGTCTGCGTATCTC

miR-548a F: AAACTGGCAATTACTTTTGC
R: GAACATGTCTGCGTATCTC

U6 F: CTCGCTTCGGCAGCACAT
R: TTTGCGTGTCATCCTTGCG

ROBO1 F: AGTGAGCCTCAGTTCATCCAGC
R: GCTCCAATACCTGCTATGAAGGC

Wnt1 F: CTCTTCGGCAAGATCGTCAACC
R: CGATGGAACCTTCTGAGCAGGA

CTNNB1 F: CACAAGCAGAGTGCTGAAGGTG
R: GATTCCTGAGAGTCCAAAGACAG

GAPDH F: GTCTCCTCTGACTTCAACAGCG
R: ACCACCCTGTTGCTGTAGCCAA

Abbreviations: RT-qPCR, reverse transcription quantitative polymerase chain 
reaction; miR, microRNA; ROBO1, roundabout guidance receptor 1; CTNNB1, 
catenin beta 1; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; F, forward; R, 
reverse.
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luciferase activity was estimated by the detection system 
(Promega).

Immunofluorescence
The sterilized slide was placed in 6-well plates with about 
3 × 104 cells/well. Following 12-h treatment with DDP, 
cells were fixed for 30 min in 4% paraformaldehyde, then 
permeated for 10 min in 0.5% Triton X-100, and sealed for 
30 min using 1% albumin bovine V (ServiceBio, 
Changchun, Jilin, China). The cells were subjected to 
overnight incubation with primary antibody at 4°C and 
1-h incubation with secondary antibody (Antgene, 
Wuhan, Hubei, China) in the dark. Subsequently, the 
nuclei were dyed with DAPI (Antgene) under dark condi-
tions. Images were acquired using an automatic micro-
scope (BX63, Olympus).

Tumor Xenograft in Nude Mice
Male BALB/C nude mice (Changsha experimental ani-
mal Co., Ltd., Changsha, Hunan, China) got subcuta-
neous injection of A549-R cells stably overexpressing 
miR-32 and miR-548a via the armpit of the right-side 
forelimbs. DDP (5 mg/kg; Solarbio, Beijing, China) was 
administered intraperitoneally twice a week when mice 
developed obvious tumors. The tumor size was measured 
six times every three days. Twenty-five days after injec-
tion, all animals were killed and the tumors were 
removed for immunohistochemistry. Tumor volume was 
estimated: V = a *b2 * 0.52 (mm3), in which “a” indi-
cates the longest diameter and “b” indicates the shortest 
diameter. The animal experimental protocol was 
approved by the Committee on the Ethics of Animal 
Experiments of the Cancer Hospital of China Medical 
University (Approval No. CMU2018001605). All animal 
procedures were performed in line with the Guide for the 
Care and Use of Laboratory animals published by the 
National Institutes of Health, Bethesda, Maryland, USA.

Immunohistochemistry
After fixing in 4% paraformaldehyde and embedding in paraf-
fin, the tumor tissue sections were deparaffined, hydrated, and 
antigen was repaired using 10 mM sodium citrate (pH 6.0). 
After removal of endogenous peroxidase with 3% H2O2, the 
sample was sealed for 30 min with albumin (ServiceBio) and 
then incubated overnight with primary antibody at 4°C. The 
reaction was visualized with 3,3ʹ-diaminobenzidine kit 
(ServiceBio) and stained with hematoxylin for 1 min. The 
image was gained using the microscope.

Terminal Deoxynucleotidyl Transferase 
(TdT)-Mediated dUTP Nick End Labeling 
(TUNEL)
After routine dewaxing and rehydration, the tumor tissue 
sections were tested as per the kit (Roche, Indianapolis, 
IN, USA). Shortly, the slices were incubated for 45 min at 
37°C in terminal glucosyltransferase reaction cocktail, and 
treated with Click-iT reaction cocktail. The nuclei were 
stained with hematoxylin.

Statistical Analysis
All tests were made in triplicate. Data analysis was done 
using the SPSS 20.0 (IBM Corp., Armonk, NY, USA) and 
GraphPad Prism 6.0 (GraphPad Software Inc., San Diego, 
CA, USA). All data were described as mean ± standard 
deviation (SD). The homogeneity of variance was tested 
by Levene test. Data after Levene test were analyzed by 
one-way analysis of variance (ANOVA) and Tukey’s test. 
P < 0.05 represented statistical significance at the 5% 
level, p < 0.01 at the 1% level, and p < 0.001 at the 
0.1% level.

Results
miR-32 and miR-548a are Poorly 
Expressed in DDP-Resistant NSCLC 
Cells
GSE56036, a DDP-resistant NSCLC chip including data 
of 34 DDP-sensitive NSCLC tissues and 24 resistant tis-
sues, was downloaded from GEO database. By setting log 
FC > 1 and Adj p value < 0.05 as the screening thresholds, 
116 differentially expressed miRs (Figure 1A) were 
screened. Among them, miR-32 and miR-548a were sig-
nificantly lowered in DDP-resistant NSCLC tissues. 
Subsequently, 36 cases of DDP-resistant tumor tissues 
and 42 cases of DDP-sensitive tumor tissues were ana-
lyzed. RT-qPCR showed that miR-32 and miR-548a 
expression in DDP-resistant tumor tissues was notably 
decreased (Figure 1B). Furthermore, a receiver operating 
characteristic (ROC) curve was adopted to estimate the 
predictive effects of miR-32 and miR-548a on DDP resis-
tance of NSCLC patients. It was found that both miR-32 
and miR-548a had good predictive effects on DDP resis-
tance of NSCLC patients (Figure 1C). Subsequently, we 
predicted the expression of miR-32 and miR-548a and the 
life cycle of NSCLC patients through Kaplan-Meier web-
site. Patients with high expression of miR-32 or miR-548a 
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had higher survival rate in TCGA-LUAD database (Figure 
1D). To estimate the effects of miR-32 and miR-548a on 
DDP resistance, A549-R and H1299-R cells were con-
structed by exposing cells to DDP at gradient concentra-
tions. CCK-8 test elicited that IC50 values of DDP were 
evidently increased (Figure 1E), indicating that the drug- 
resistant cell line was successfully constructed. Then, the 
expression of miR-32 and miR-548a in parental and resis-
tant cells was measured. It was found that the expression 
of miR-32 and miR-548a was obviously decreased in 
A549-R and H1299-R cells (Figure 1F). Briefly, the abnor-
mal low expression of miR-32 and miR-548a is strongly 
related to drug resistance of NSCLC cells.

Overexpression of miR-32 and miR-548a 
Enhances Drug Sensitivity of NSCLC 
Cells to DDP
To confirm the effects of miR-32 and miR-548a on DDP 
resistance, we transfected miR-32 and miR-548a mimic 
into A549-R and H1299-R cells, and confirmed the suc-
cessful transfection by RT-qPCR (Figure 2A). 
Subsequently, A549-R and H1299-R cells transfected 
with miR-32 and miR-548a mimic were exposed to DDP 
at gradient concentrations. CCK-8 method unveiled that 
miR-32 and miR-548a mimic transfection significantly 
elevated DDP sensitivity (Figure 2B). Furthermore, 
A549-R and H1299-R cells overexpressing miR-32 and 
miR-548a were exposed to 10 μM DDP for 12 h. The 

number of clone formation and EdU-positive cells were 
clearly reduced (Figure 2C–D). Flow cytometry also 
showed that overexpressing miR-32 and miR-548a 
enhanced the percentage of apoptosis (Figure 2E) and 
increased the release of LDH in DDP-treated cells 
(Figure 2F).

miR-32 and miR-548a Target ROBO1
To clarify the downstream mechanisms of miR-32 and 
miR-548a, we downloaded the DDP-resistant gene expres-
sion chip GSE21656 from GEO database, and screened 
242 differentially expressed mRNAs, of which 69 were 
upregulated and 173 were downregulated (Figure 3A–B). 
Subsequently, Starbase predicted the common targeted 
mRNAs of miR-32 and miR-548a, and the outcomes 
were further intersected with the upregulated genes in 
GSE21656 chip, and ROBO1 was obtained (Figure 3C). 
Robo1 expression in tumor tissues of 36 patients with 
DDP-resistant and 42 patients with DDP-sensitive 
NSCLC was further detected. ROBO1 in tumor tissues 
of patients with drug resistance was clearly increased 
(Figure 3D). Furthermore, ROBO1 was increased in the 
A549-R and H1299-R cells but decreased after further 
transfection of miR-32 and miR-548a mimic (Figure 3E). 
Therefore, we designed a dual-luciferase experiment to 
verify the targeted relation between miR-32 and miR- 
548a and 3ʹUTR sequence of ROBO1. The luciferase 
activity was evidently decreased upon transfection of 
miR-32 and miR-548a mimic and ROBO1-wt, while that 

Figure 1 miR-32 and miR-548a are poorly expressed in DDP-resistant NSCLC cells. (A) Differentially expressed miRs in GSE56036 chip; (B) expression of miR-32 and miR- 
548a in tumor tissues of 36 patients with DDP-resistant NSCLC and 42 patients with DDP-sensitive NSCLC measured by RT-qPCR; (C) the predictive efficacies of miR-32 
and miR-548a on DDP resistance in NSCLC patients testified by an ROC curve; (D) Kaplan Meier website predicted the expression of miR-32 and miR-548a and the life 
cycle of NSCLC patients; (E) IC50 values verified by CCK-8; (F) expression of miR-32 and miR-548a in parental or resistant A549 and H1299 cells examined by RT-qPCR. In 
Figures (E and F) each experiment was conducted three times; the data were described as mean ± SD and processed by two-way ANOVA and Tukey’s test, **p < 0.01, 
***p < 0.001.
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in the cells upon transfection of mimic NC or ROBO1-mt 
had no significant change (Figure 3F–G). Briefly, miR-32 
and miR-548a target ROBO1.

Overexpression of ROBO1 Blocks the 
Effects of miR-32 and miR-548a Mimic on 
DDP Sensitivity
To verify ROBO1 role in DDP resistance, overexpression 
plasmid of ROBO1 was further transfected into A549-R 
and H1299-R cells stably overexpressing miR-32 and 
miR-548a. The transfection was verified by RT-qPCR 
(Figure 4A). The IC50 values to DDP were evidently 
increased (Figure 4B). EdU-positive cells were multiplied 
after DDP treatment (Figure 4C), apoptotic cells were 

decreased (Figure 4D), the content of LDH was signifi-
cantly decreased (Figure 4E).

ROBO1 Promotes DDP Resistance by 
Activating Wnt/β-Catenin Axis
Robo1 stimulates the occurrence of colorectal cancer by 
activating Wnt/β-catenin axis.20 Therefore, we first 
detected the activity of Wnt/β-catenin axis in parental 
and resistant cells. The levels of CCND1, Wnt1, and β- 
catenin were remarkably increased, but reduced after 
further increasing miR-32 and miR-548a expression. The 
Wnt/β-catenin activation was clearly increased after over-
expression of ROBO1 (Figure 5A and B). 
Immunofluorescence assay showed that the percentage of 

Figure 2 Overexpression of miR-32 and miR-548a enhances drug sensitivity of NSCLC cells to DDP. (A) RT-qPCR detected miR-32 and miR-548a expression in A549-R/ 
H1299-R cells; (B) CCK-8 kit detected the IC50 value; (C) A549-R/H1299-R cells overexpressing miR-32 and miR-548a were exposed to 10 μM DDP for 12 h, and then 
cells were used for colony formation assay; (D) the number and proportion of EdU-positive cells examined by EdU staining; (E) apoptosis rate identified by flow cytometry; 
(F) The LDH content detected by a LDH kit. Each experiment was conducted three times, and the data were described as mean ± SD and processed by two-way ANOVA 
and Tukey’s test, **p < 0.01.
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β-catenin into the nucleus of drug-resistant cells was 
increased, but miR-32 and miR-548a mimic restricted β- 
catenin nucleation, while OE-ROBO1 averted the restric-
tion of miR-32 and miR-548a on β-catenin nucleation 
(Figure 5C). LEF/TCF luciferase assay was adopted to 
detect the activation level of Wnt/β-catenin. The activity 
of LEF/TCF luciferase in drug-resistant cells was elevated 
relative to that in parental cells, but miR-32 and miR-548a 
inhibited the Wnt/β-catenin activation, while the overex-
pression of ROBO1 increased the luciferase activity of 
Wnt/β-catenin (Figure 5D).

Overexpression of miR-32 and miR-548a 
Inhibits DDP Resistance of NSCLC Cells 
in vivo
To clarify the effects of miR-32 and miR-548a on DDP 
resistance in vivo, A549-R cells stably overexpressing 
miR-32 and miR-548a were subcutaneously injected into 
nude mice, and DDP was administered to mice on the 15th, 
20th and 23rd day, respectively. After measuring the 
volume of xenograft tumor in mice, we found that miR- 
32 and miR-548a mimic inhibited the growth of A549-R 

cells in vivo and promoted the killing effect of DDP on 
A549 cells (Figure 6A–B). Immunohistochemistry evalu-
ated the levels of Ki67, CTNNB1 and ROBO1 in xeno-
graft tumors, and elicited that miR-32 and miR-548a 
overexpression inhibited the staining intensity of Ki67, 
CTNNB1 and ROBO1 (Figure 6C–E). Moreover, 
TUNEL showed that miR-32 and miR-548a mimic aug-
mented the anticancer effect of DDP on A549-R cells 
in vivo (Figure 6F).

Discussion
DDP is an antineoplastic, representing the backbone of 
treatment regimens of myriad malignancies, including 
NSCLC.21,22 However, DDP treatment often leads to che-
motherapy resistance, eventually resulting in therapeutic 
failure.23 Alternation of miR expression caused by che-
motherapy drugs in tumor cells has indicated that the 
mechanism of chemotherapy drug action is concerned 
with miRs.24 We demonstrated that miR-32 and miR- 
548a promoted the DDP sensitivity of NSCLC cells via 
ROBO1/Wnt/β-catenin axis.

Microarray GSE56036 showed that miR-32 and miR- 
548a were downregulated in DDP-resistant NSCLC 

Figure 3 miR-32 and miR-548a target ROBO1. (A–B) Differentially expressed genes in GSE21656 chip; (C) targeted mRNAs of miR-32 and miR-548a predicted on 
StarBase and miRDB bioinformatic systems, and the results were cross screened with the upregulated genes in GSE21656 chip; (D) ROBO1 expression in DDP-resistant and 
sensitive tissues examined by RT-qPCR; (E) RT-qPCR detected ROBO1 in parental and drug-resistant cells; (F–G) dual-luciferase assay verified the targeting relationships 
between miR-32/miR-548a and ROBO1. In Figures (E and G) each experiment was performed three times; the data were described as mean ± SD and processed by two- 
way ANOVA and Tukey’s test, **p < 0.01, ***p < 0.001.
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tissues. ROC curve exhibited that miR-32 and miR-548a 
had good predictive effects on DDP resistance of NSCLC 
patients. miR-32 is declined in 5-Fu-induced multidrug- 
resistant gastric cancer cells, which may represent 
a molecular target for multidrug resistance elimination.25 

miR-548e-5p is evidently lowered in LC specimens.26 

Additionally, TCGA-LUAD database showed that patients 
with higher expression of miR-32 and miR-548a had 
higher survival rate. We successfully constructed DDP- 
resistant cell lines. miR-32 and miR-548a were notably 
lowered in resistant cells. Taken together, the abnormal 
low level of miR-32 or miR-548a linked with drug resis-
tance of NSCLC cells. Then, miR-32 and miR-548a mimic 
were delivered to A549 and H1299 cells, followed by 
treatment with DDP of gradient concentrations. The results 
elicited that overexpression of miR-32 and miR-548a ele-
vated DDP sensitivity of NSCLC cells. miR-32 expression 
is associated with the efficacy and survival rate of plati-
num chemotherapy, suggesting the potential of miR-32 in 
predicting the efficacy and prognosis of NSCLC patients 
receiving chemotherapy.24 miR-548-3p, a member of the 

miR-548 family, may act as an anti-tumor target of LC.27 

miR-548e-5p overexpression can significantly block LC 
cell proliferation, migration, and invasion.26 Still, rela-
tively little was known about the effect of miR-548a on 
drug resistance yet, and our study filled this gap to some 
degree. We were the first to reveal that miR-32 and miR- 
548a mimic promoted the DDP sensitivity.

To clarify downstream molecular mechanism of miR-32 
and miR-548a, we screened 242 differentially expressed 
mRNAs from DDP-resistant gene expression microarray 
GSE21656. Subsequently, Starbase predicted the targeted 
mRNAs of miR-32 and miR-548a, and cross-screened with 
the upregulated genes in GSE21656. Finally, ROBO1 was 
obtained. ROBO1 is an evolutionarily conserved protein, 
participating in the regulation of axon guidance, axon 
branching and neuronal cell migration during the central 
nervous system development.28 ROBO1 in NSCLC metas-
tasis is negatively correlated with the prognosis, acting as 
a cancer-promoting oncogene.29 We exhibited that ROBO1 
expression was notably promoted in tumor tissues of drug- 
resistant patients and in A549 and H1299 cells, while the 

Figure 4 Overexpression of ROBO1 blocks the effects of miR-32 and miR-548a mimic on DDP sensitivity. (A) RT-qPCR detected ROBO1 expression in A549-R/H1299-R cells; (B) 
CCK-8 kit detected the IC50 value; (C) A549-R/H1299-R cells overexpressing ROBO1 were exposed to 10 μM DDP for 12 h, and the number and proportion of EdU-positive cells 
examined by EdU staining; (D) the apoptosis rate identified by flow cytometry; (E) the LDH content detected by a LDH kit. Each experiment was done three times, and the data were 
exhibited as mean ± SD and processed by two-way ANOVA and Tukey’s test; **p < 0.01 vs miR-32 + oe- NC; ##p < 0.01 vs miR-548a + oe-NC.
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ROBO1 expression was reduced after further transfection of 
miR-32 and miR-548a mimic. Dual-luciferase assay identi-
fied the target relationships between miR-32 or miR-548a 
and ROBO1. Briefly, miR-32 and miR-548a targeted 
ROBO1. To elucidate the influence of ROBO1 on DDP 
resistance, the overexpression vector of ROBO1 was trans-
fected into A549 and H1299 cells stably overexpressing 
miR-32 and miR-548a. Our results supported that overex-
pression of ROBO1 attenuated the effect of miR-32 and miR- 
548a mimic on DDP sensitivity of NSCLC cells. 
Suppression of ROBO1 contributes to inhibiting LC cell 
migration and invasion.30 Anti-ROBO1 monoclonal anti-
body possesses antineoplastic activity against NSCLC 
xenografts.31 Intriguingly, ROBO1 is also demonstrated to 
be concerned with paclitaxel sensitivity32 and chemoresis-
tance in glioblastoma.33 In sum, miR-32 and miR-548a 
mimic promoted DDP sensitivity by targeting ROBO1.

Thereafter, we shift to investigating the downstream 
pathway of ROBO1. ROBO1 can facilitate intestinal 
tumorigenesis via the activation of Wnt/β-catenin.34 

Canonical Wnt signaling mediated by β-catenin is 
accepted as a crucial regulator of chemoresistance, and 
repression of Wnt/β-catenin signaling enhances the sen-
sitivity to chemotherapeutic agents in prostate cancer, 
pancreatic cancer and urothelial carcinoma of 
bladder.35–37 Our results indicated that the levels of 
Wnt1, β-catenin and CCND1 were remarkably increased 
in A549-R and H1299-R cells, but decreased after miR- 
32 and miR-548a upregulation; the activation of Wnt/β- 
catenin was clearly augmented after overexpression of 
ROBO1. Wnt activation is common in lung malignancies 
and contributes to tumor recurrence.38 As a cooperative 
target of Wnt, ROBO1 displays reduced expression in 
Wnt1/DNIIR tumors.20 Collectively, ROBO1 

Figure 5 ROBO1 promotes DDP resistance by activating the Wnt/β-catenin axis. (A–B) RT-qPCR examined expression of Wnt1, β-catenin and CCND1; (C) nuclear 
translocation of β-catenin in cells detected by immunofluorescence; (D) the percentage of TCF/LEF luciferase activity was shown as the percentage of relative light units of fire 
luciferase to Renilla luciferase. Each experiment was done three times, and the data were exhibited as mean ± SD and processed by two-way ANOVA and Tukey’s test; **p < 0.01.
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upregulation activated the Wnt/β-catenin axis, thus ele-
vating DDP resistance.

Moreover, to clarify the functions of miR-32 and 
miR-548a on DDP resistance in vivo, we injected 
A549-R cells stably overexpressing miR-32 and miR- 
548a into nude mice, and then mice were administered 

with DDP. miR-32 and miR-548a mimic blocked the 
growth of A549-R cells in vivo, promoted the killing 
effect of DDP on A549 cells, and enhanced the anti- 
tumor effect of DDP on A549-R cells. Briefly, overex-
pression of miR-32 and miR-548a suppressed DDP resis-
tance in vivo.

Figure 6 Overexpression of miR-32 and miR-548a inhibits DDP resistance in vivo. (A) The growth curve of xenograft tumor formed by A549-R cells (the arrows indicate 
the time points for DDP administration in mice after cell injection); (B) photos of mice and tumors and weight of the xenograft tumors; (C–E) the staining intensity of Ki67, 
CTNNB1 and ROBO1 in xenograft tumor was detected by immunohistochemistry; (F) the proportion of apoptotic cells in xenograft tumor detected by TUNEL. N = 5 in 
each group. The data were exhibited as mean ± SD and processed by two-way ANOVA and Tukey’s test; **p < 0.01, ***p < 0.001.
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To sum up, miR-32 and miR-548a stimulated the DDP 
sensitivity by targeting ROBO1 and inactivating Wnt/β- 
catenin pathway in NSCLC cells (Figure 7). The study 
might hint the possibility of miR-32 and miR-548a as 
potential targets for NSCLC patients with DDP resistance.
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