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Abstract: The deregulation of miR-101 has been implicated in multiple cancer types including lung cancer, but the 
exact role, mechanisms and how silencing of miR-101 remain elusive. Here we confirmed miR-101 downregula-
tion in lung cancer cell lines and patient tissues. Restored miR-101 expression remarkably sensitized lung cancer 
cells to chemotherapy and inhibited invasion. Mechanistically, we indicated that miR-101 inversely correlated with 
RUNX1 expression, and identified RUNX1 as a novel target of miR-101. RUNX1 impaired the effects of miR-101 
on chemotherapeutic sensitization and invasion inhibition. Moreover, RUNX1 knockdown resulted into increase of 
miR-101 expression and elevation of luciferase activity driven by miR-101 promoter in lung cancer cells, suggesting 
RUNX1 negatively transcriptionally regulated miR-101 expression via physically binding to miR-101 promoter. These 
findings support that miR-101 downregulation accelerates the progression of lung cancer via RUNX1 dependent 
manner and suggest that miR-101/RUNX1 feedback axis may have therapeutic value in treating refractory lung 
cancer.
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Introduction

Lung cancer is the most common type of malig-
nant tumor and the leading cause of cancer-
related mortality worldwide [1]. Non-small cell 
lung cancer (NSCLC) accounts for ~80% of pri-
mary lung cancer, and approximately two-thirds 
of NSCLC patients are diagnosed in advanced 
stages, which contribute to the high mortality 
levels. Because the majority of patients pres-
ent with invasive and metastatic disease, 
understanding the basis of lung cancer pro-
gression is vital [2]. Chemotherapy mostly 
based on cDDP is useful treatment for patients 
with NSCLC, but NSCLC usually is insensitive to 
chemotherapy in a clinical setting, which 
causes the treatment failure. Many factors, 
including oncogenes and tumor suppressors 
have been reported to be involved in lung 
tumorigenesis or progression, but the underly-

ing mechanisms remain to be fully determined 
[3]. 

MicroRNAs (miRNAs) are small non-coding 
RNAs that usually repress gene expression 
through partially complementary binding to the 
target mRNA. The discovery of miRNAs has 
revealed a new regulatory layer of gene expres-
sion that affects the development and progres-
sion of various diseases, especially including 
cancer [4]. Numerous studies have demonstrat-
ed that miRNAs can function as oncogenes or 
tumor suppressor as results of their fundamen-
tal roles in diverse cellular processes, such as 
cell differentiation, proliferation, apoptosis, 
invasion and metastasis [5]. The aberrant 
expression of specific miRNAs has been found 
to be associated with development and clinical 
outcomes of various cancers, but mechanisms 
of deregulated miRNAs and their roles in tumor-
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igenesis are still largely unknown. In regard to 
lung cancer, although there are several reports 
imply the involvement of deregulated miRNAs 
in lung cancer, such as miR-148a [6] and miR-
21 [7]. Studies investigating miR-101 as a 
tumor suppressor have recently attracted much 
attention. Varambally et al. reported the 
decrease of miR-101 expression during pros-
tate cancer progression by targeting polycomb 
group protein EZH2 [8]. The regulatory axis of 
miR-101 targeting EZH2 was subsequently con-
firmed in aggressive endometrial cancer cells 
[9], glioblastoma [10] and lung cancer [11]. 
MiR-101 is able to target multiple oncogenes, 
including myeloid cell leukemia sequence 1 in 
hepatocellular carcinoma [12] and cyclooxy-
genase 2 in gastric cancer [13], Recently, 
although miR-101 also was reported to sup-
press lung tumorigenesis through inhibition of 
DNMT3a [14], the roles of miR-101 and mecha-
nisms of miR-101 deregulation in lung cancer 
are far from full understanding. In the present 
study, we confirmed the decrease of miR-101 
expression in lung cancer and indicated that 
miR-101 sensitized lung cancer cells to chemo-
therapy and inhibited invasion via directly tar-
geting RUNX1 in lung cancer cells. Reciprocally, 
we identified RUNX1 physically binds to the 
miR-101 promoter and negatively transcription-
ally regulates miR-101 expression. These find-
ings suggest the miR-101/RUNX1 feedback 
regulatory loop in lung cancer as valuable bio-
marker and potential therapeutic target.

Materials and methods

Clinical specimens and cell culture 

17 paired fresh lung cancer tissues and adja-
cent morphologically normal lung tissues, and 
57 formalin-fixed paraffin-embedded tissues 
were collected at Renmin Hospital of Wuhan 
University (Hubei, China). Fresh tissue samples 
were immediately snap-frozen in liquid nitrogen 
used for mRNA and miRNA extraction. The 
study was approved by each of the patients and 
by the ethics committee of Renmin Hospital of 
Wuhan University. Human lung cancer cell lines 
(A549, H460, H1299, H1975), and a normal 
diploid human cell line of lung fibroblasts MRC5 
were obtained from and maintained as recom-
mended by the American Type Culture Collection 
(ATCC, Manassas, VA, USA). The human lung 
cancer cell lines 95C and 95D were obtained 
from the Cell Bank of the Chinese Academy of 

Science (Shanghai, China). The A549, H460, 
H1299, H1975, 95C and 95D cells were main-
tained in RPMI-160 medium supplemented 
with 10% fetal bovine serum (Gibco, Carlsbad, 
CA, USA). The MRC5 cells were maintained in 
DMEM medium (Gibco) supplemented with 
10% fetal bovine serum. The cells were incu-
bated in an atmosphere of 5% CO2 at 37°C. 
cDDP was from Sigma-Aldrich (Steinheim, 
Germany).

Real-time PCR (qRT-CPR) for mRNAs and miR-
NAs 

The miRNAs and mRNAs were extracted simul-
taneously and purified with miRNA isolation 
system (Exiqon, Vedbaek, Denmark). For miRNA 
qRT-PCR, cDNA was generated with the miS-
cript II RT Kit (QIAGEN, Hilden, Germany) and 
the quantitative real-time PCR (qRT-PCR) was 
done by using the miScript SYBR Green PCR Kit 
(QIAGEN) following the manufacturer’s instruc-
tions. The miRNA sequence-specific qRT-PCR 
primers for miR-101 and endogenous control 
RNU6 were purchased from QIAGEN, and the 
qRT-PCR analysis was carried out using 7500 
Real-Time PCR System (Applied Biosystems, 
Foster City, CA, USA). For mRNA qRT-PCR, 
cDNAs from the mRNAs were synthesized with 
the first-strand synthesis system (Thermo 
Scientific, Glen Brunie, MA, USA). Real-time 
PCR was carried out according to standard pro-
tocols using an ABI 7500 with SYBR Green 
detection (Applied Biosystems). GAPDH was 
used as an internal control and the qRT-PCR 
was repeated three times. The primers for 
GAPDH were: forward primer 5’-ATTC- 
CATGGCACCGTCAAGGCTGA-3’, reverse primer 
5’-TTCTCCATGGTGGTGAAGACGCCA-3’; primers 
for RUNX1 were: forward primer 5’-CTGCCCA- 
TCGCTTTCAAGGT-3’, reverse primer 5’-GCCG- 
AGTAGTTTTCATCATTGCC-3’. The gene expres-
sion threshold cycle (CT) values of miRNAs or 
mRNAs were calculated by normalizing with 
internal control RNU6 or GAPDH and relative 
quantization values were calculated.

Western blot

Total proteins were extracted from correspond-
ing cells using the RIPA buffer (Thermo 
Scientific, Rockford, IL, USA) in the presence of 
Protease Inhibitor Cocktail (Thermo Scientific). 
The protein concentration of the lysates was 
measured using a BCA Protein Assay Kit 
(Thermo Scientific). Equivalent amounts of pro-
tein were resolved and mixed with 5× Lane 



miR-101/RUNX1 axis in lung cancer

15032	 Int J Clin Exp Med 2015;8(9):15030-15042

Marker Reducing Sample Buffer (Thermo 
Scientific), electrophoresed in a 10% SDS-
acrylamide gel and transferred onto Immo- 
bilon-P Transfer Membrane (Merck Millipore, 
Schwalbach, Germany). The membranes were 
blocked with 5% non-fat milk in Tris-buffered 
saline and then incubated with primary  
antibodies followed by secondary antibody. The 
signal was detected using an ECL detection 
system (Merck Millipore). The RUNX1 antibody 
and β-Actin antibody were from Cell Signa- 
ling Technology (Danvers, MA, USA). HRP-
conjugated secondary antibody was from 
Thermo.

Immunohistochemistry

The sections were dried at 55°C for 2 h and 
then deparaffinized in xylene and rehydrated 
using a series of graded alcohol washes. The 
tissue slides were then treated with 3% hydro-
gen peroxide in methanol for 15 min to quench 
endogenous peroxidase activity and antigen 
retrieval then performed by incubation in 0.01 
M sodium citrate buffer (pH 6.0) and heating 
using a microwave oven. After a 1 h preincuba-
tion in 10% goat serum, the specimens were 
incubated with primary antibody overnight at 
4°C. The tissue slides were treated with a non-
biotin horseradish peroxidase detection sys-
tem according to the manufacturer’s instruc-
tion (DAKO, Glostrup, Denmark). Two different 
pathologists evaluated the immunohistological 
samples.

Transfection

miR-101 mimics and relative control were pur-
chased from Exiqon (Vedbaek, Denmark). Cells 
were trypsinised, counted and seeded onto 
6-well plates the day before transfection to 
ensure 70% cell confluence on the day of trans-
fection. The transfection was carried out using 
Lipofectamine 2000 (Invitrogen, Carlsbad, CA, 
USA) in accordance with the manufacturer’s 
procedure. The mimics and control were used 
at a final concentration of 100 nM. At 36 h 
post-transfection, follow-up experiments were 
performed. The siRNAs target to RUNX1 and 
control were purchased from Santa Cruz 
Biotechnology (Dallas, Texas, USA). The trans-
fection of 50 nM siRNA or control, and 4 μg of 
the pcDNA3.1-control and pcDNA3.1-RUNX1 
plasmids were performed as above, 48 h later, 
RUNX1 was determined by western blot, and 
the experiment was repeated four times.

Luciferase reporter assay

For miRNA luciferase reporter assay: The DNA 
sequences with each 50 base at up-and down-
stream of miR-101 binding site in the 3’UTR of 
RUNX1 were synthesized with restriction sites 
for SpeI and HindIII located at both ends of the 
oligonucleotides for further cloning, and subse-
quently cloned into pMir-Report plasmid down-
stream of firefly luciferase reporter gene. Cells 
were seeded in 96 well-plates and co-transfect-
ed with pMir-Report luciferase vector, pRL-TK 
Renilla luciferase vector and miR-101 mimics 
using Lipofectamine 2000 (Invitrogen). For pro-
moter activity assay: To determine whether 
RUNX1 regulates the promoter activity of miR-
101, a two kilobase (kb) region upstream of the 
miR-101 precursor starting site was cloned into 
the pGL4-reporter vector upstream of the lucif-
erase gene. Cells were seeded in 96-well plates 
and co-transfected with the pGL4-reporter vec-
tor and the pRL-TK Renilla luciferase vector 
with or without the si-RUNX1 using Lipofe- 
ctamine 2000. After transfection of 48 h, lucif-
erase activity was determined using a Dual-
Luciferase Reporter Assay System (Promega, 
Madison, WI, USA) on the BioTek Synergy 2. The 
Renilla luciferase activity was used as internal 
control and the firefly luciferase activity was 
calculated as the mean ± SD after being nor-
malized by Renilla luciferase activity.

MTS assay

The CellTiter 96 AQueous One Solution Cell 
Proliferation Assay kit (Promega, Madison, WI, 
USA) was used to determine the sensitivity of 
cells to cDDP. Briefly, cells were seeded in 
96-well plates at a density of 4×103 cells/well 
(0.2 ml/well) for 24 h before use. The culture 
medium was replaced with fresh medium con-
taining cDDP at different concentrations and 
cells were then incubated for a further 72 h. 
Then, MTS (0.02 ml/well) was added. After a 
further 2 h incubation, the absorbance at 490 
nm was recorded for each well on the BioTek 
Synergy 2. The absorbance represented the 
cell number and was used for the plotting of 
dose-cell number curves and IC50 values were 
calculated.

Cell invasion assay

Invasion of cells was assessed using the Cell 
Invasion Assay Kit (BD Biosciences) according 
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to the manufacturer’s instructions. Briefly, at 
36 h post-transfection, 3×104 cells in 300 μL 
serum-free medium were added to the upper 
chamber precoated with ECMatrix™ gel. Then, 
0.5 ml of 10% FBS-containing medium was 
added to the lower chamber as a chemoattrac-
tant. Cells were incubated for 24 h at 37°C, and 
then non-invading cells were removed with cot-
ton swabs. Cells that migrated to the bottom of 
the membrane were fixed with pre-cold metha-

nol and stained with 2% Giemsa solution. 
Stained cells were visualized under a micro-
scope. To minimize the bias, at least three ran-
domly selected fields with 100× magnification 
were counted, and the average number was 
taken.

ChIP-qPCR

The ChIP assay was performed using the 
EZ-CHIPTM chromatin immunoprecipitation kit 

Figure 1. miR-101 negatively correlated with RUNX1 expression in lung cancer. A. Relative miR-101 expression in 
17 fresh-frozen lung cancer and adjacent non-cancer tissues was determined by real-time RT-PCR. B. Schematic of 
the putative binding site of miR-101 in 3’-UTR of RUNX1, which is broadly conserved among vertebrates. C. RUNX1 
expression in mRNA levels was determined in 17 fresh-frozen lung cancer and adjacent non-cancer tissues using 
real-time RT-PCR. D. Relative miR-101 and RUNX1 expression in lung cancer cell lines were determined by real-time 
RT-PCR and western blot. E and F. Relative miR-101 and RUNX1 expression in 57 formalin-fixed paraffin-embedded 
tissues were examined by real-time RT-PCR. G. Representative images of RUNX1 protein levels detected by immu-
nohistochemical staining in formalin-fixed paraffin-embedded tissues. H. Pearson’s correlation analyses between 
relative miR-101 expression and RUNX1 mRNA levels in cell lines or tissues. vs related normal control, *P<0.01, 
#P<0.05.

Figure 2. miR-101 targets RUNX1 in lung cancer cells. A. Real-time RT-PCR showed the levels of miR-101 expression 
in H1299 and 95D cells transfected with miR-101 mimics or scramble control. B. Real-time RT-PCR and western 
blotting measured RUNX1 expression in H1299 or 95D cells transfected with miR-101 mimics or scramble control. 
C. Co-transfection of H1299 or 95D cells with miR-101 mimics or scramble control plus firefly luciferase fused with 
RUNX1 3’-UTR region and pRL-TK Renilla luciferase vector. Luciferase activity was measured at 48 h after transfec-
tion, and the relative ratio of the activity in the miR-101 mimics group to that in the scramble group normalized to 
pRL-TK Renilla luciferase activity is presented as the mean ± S.D. from three independent experiments. D. Lucifer-
ase reporter assay in 293T cells was performed as above. vs related normal control, *P<0.01.
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Figure 3. miR-101 sensitized lung cancer cells to cDDP via targeting RUNX1. A. Overexpressed miR-101 via transfection of miR-101 mimics sensitized H1299 and 
95D cells to cDDP detected by MTS assay. B. RUNX1 knockdown via transfection of RUNX1 specific siRNAs enhanced the sensitivity of H1299 and 95D cells to 
cDDP. C. Overexpressed RUNX1 via transfection of RUNX1 expressing plasmid pcDNA3.1-RUNX1 reversed miR-101 mediated chemotherapeutic sensitization in lung 
cancer cells. D. The IC50 values for related cell lines were indicated. vs related normal control, *P<0.01.  
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(Merck Millipore). Briefly: Chromatin proteins 
were cross-linked to DNA by addition of formal-
dehyde to the culture medium to a final concen-
tration of 1%. After a 10 min incubation at room 
temperature, the cells were washed and 
scraped off in ice-cold phosphate-buffered 
saline (PBS) containing Protease Inhibitor 
Cocktail II. Cells were pelleted and then resus-
pended in lysis buffer containing Protease 
Inhibitor Cocktail II. The resulting lysate was 
subjected to sonication to reduce the size of 
DNA to approximately 200-1000 base pairs in 
length. The sample was centrifuged to remove 
cell debris and diluted ten-fold in ChIP dilution 
buffer containing Protease Inhibitor Cocktail II. 

Then 5 µg of anti-RNA Polymerase antibody 
(positive control, included with the kit), or anti-
RUNX1 antibody (cell signal technology) were 
added to the chromatin solution and incubated 
overnight at 4°C with rotation. After antibody 
incubation, protein G agarose was added and 
the sample incubated at 4°C with rotation for 
an additional 2 h. The protein/DNA complexes 
were washed with Wash Buffers four times and 
eluted with ChIP Elution Buffer. Cross-links 
were then reversed to free DNA by the addition 
of 5 M NaCl and incubation at 65°C for 4 h. The 
DNA was purified according to the manufactur-
er’s instructions. 50 μL of DNA was obtained 
for each treatment. 2 μL of DNA from each 

Figure 4. RUNX1 prevents miR-101 mediated invasion inhibition. A. Overexpressed miR-101 inhibited lung cancer 
cells invasion detected with transwell. B. RUNX1 knockdown inhibited lung cancer cells invasion. C. Overexpressed 
RUNX1 reversed miR-101 mediated lung cancer cells invasion. D. Invasive cell number was counted. *P<0.01.
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group was used as a template for PCR. Primers 
for the miR-101 promoter containing putative 
RUNX1 binding sites were as follows, sense: 
5’-GATACAATGATTACTCTTATAAGACC-3’, antise- 
nse: 5’-GGAAAGCCAACAAAAGAGAGGA-3’ (for 
site A); sense: 5’-CCTCCTCTCTTTTGTTGGCTT- 
TC-3’, antisense: 5’-CCTGCTGTCCAAGGGTCA- 
TG-3’ (for site B); sense: 5’-CTGGACTAGTAGGG- 
AATTGTAGAAG-3’, antisense: 5’-CACAGTGTCAT- 
TTATAATTCAAGTC-3’ (for site C). Primers for the 
human GAPDH gene: sense, 5’-TACTAGCGGTT- 
TTACGGGCG-3’, antisense, 5’-TCGAACAGGAG- 
GAGCAGAGAGCGA-3’. The PCR conditions were 
as follows: 1 cycle of 95°C for 5 min; 40 cycles 
of 95°C for 20 s, 60°C for 30 s, and 72°C 30 s; 
and 1 cycle of 72°C for 10 min. The results 
were calculated by normalizing to the positive 
control, and relative quantization values were 
calculated using % positive control = 2^(-ΔCt 
[(Ct [RUNX1]-(Ct [positive control]]) method.

Statistical analysis

All data are expressed as means ± standard 
deviation from three independent experiments. 
Statistical analyses were performed using 

SPSS16.0 software (SPSS, Chicago, IL). The dif-
ferences between groups were analyzed using 
Student’s t-test with only two groups or one-
way analysis of variance (ANOVA) when more 
than two groups were compared. Pearson’s cor-
relation analysis was used to determine the 
correlation between miR-101 expression and 
RUNX1 mRNA level in the tissues. P values less 
than 0.05 were considered statistically 
significant.

Results

MiR-101 levels are inversely correlated with 
RUNX1 expression in lung cancer

To confirm the miR-101 expression pattern in 
lung cancer, we initially evaluated the expres-
sion levels of miR-101 in fresh-frozen matched 
non-small cell lung cancer (NSCLC) and adja-
cent non-tumor lung tissues (n = 17) and found 
that miR-101 was primarily expressed in nor-
mal tissues with a 76.47% reduction in tumors 
(Figure 1A). To explore novel mechanisms 
responsible for the role of miR-101 deregula-
tion, potential targets of miR-101 were predict-

Figure 5. RUNX1 inhibits miR-101 expression in lung cancer cells. (A) Relative mean expression of miR-101 was 
detected by real-time RT-PCR in cells with RUNX1 knockdown. (B) A schematic representation of RUNX1 binding 
sites in the 2 kb putative miR-101 promoter upstream of the first base of the miR-101 precursor start site and the 
first base of the 2 kb set as 1. (C and D) ChIP-qPCR for the RUNX1 binding to the miR-101 promoter in (C) selected 
lung cancer cell lines and (D) RUNX1 knockdown cell lines by transfection of siRNAs. (E) Luciferase reporter assay 
for the luciferase activity driven by miR-101 promoter in H1299 or 95D cells transfected with RUNX1 siRNAs. vs 
related control, *P<0.01.
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ed using the public database-TargetScan 
(http://www.targetscan.org) and RUNX1 with a 
critically conserved binding site in the 3’-UTR 
region of mRNA was selected for further expres-
sion and function confirmation (Figure 1B). 
Expectedly, the detection of RUNX1 expression 
in above fresh-frozen tissues showed RUNX1 
mRNA levels in lung cancer tissues were much 
higher than in paired non-tumor tissues (Figure 
1C). We then assessed miR-101 and RUNX1 
expression in one lung fibroblast line MRC5 and 
six NSCLC. Consistent with the results from 
above mentioned fresh-frozen tissues, miR-
101 levels were highly decreased, whereas 
RUNX1 mRNA and protein was markedly elevat-
ed in lung cancer cells, when compared with 
MRC5 cells (Figure 1D). We further examined 
miR-101 and RUNX1 expression in formalin-
fixed paraffin-embedded tissues from 57 
NSCLC patients among which 23 patients with 
metastasis. Results revealed that miR-101 
expression was dramatically decreased in 
NSCLC tissues, especially from patients with 
metastasis, compared with MRC5 cells (Figure 
1E). In contrast, RUNX1 mRNA levels were ele-
vated in NSCLC tissues (Figure 1F). These find-
ings demonstrate that miR-101 is down-regu-
lated, whereas RUNX1 is overexpressed in lung 
cancer cells. To address whether miR-101 and 
RUNX1 have potential in-parallel relationship, 
we analyzed miR-101 and RUNX1 expression 
using Pearson correlation coefficient and found 
that miR-101 downregulation was accompa-
nied by RUNX1 upregulation, whereas higher 
RUNX1 levels were seen in patients carrying 
lower miR-101 levels in fresh-frozen patient tis-
sues, cell lines and formalin-fixed paraffin-
embedded tissues (Figure 1H), indicating a 
negative correlation between miR-101 and 
RUNX1 expression, and a role of miR-101/
RUNX1 axis involved in lung cancer.

miR-101 represses RUNX1 by direct targeting 
its 3’-UTR region

Given the negative roles of miRNAs in regulat-
ing their targets and the inverse correlation 
between miR-101 and RUNX1 expression in 
lung cancer, combined with bioinformatics 
analysis we posited that miR-101 dysregulation 
may be, at least partially, responsible for abnor-
mal RUNX1 expression. To this end, we trans-
fected H1299 and 95D cells with miR-101 mim-
ics or scramble control. Results indicated 
transfection successfully upregulated miR-101 

levels (Figure 2A) with a significant decrease of 
RUNX1 mRNA and protein (Figure 1B). To deter-
mine whether miR-101 suppresses RUNX1 
through a process triggered by the interaction 
between miR-101 and RUNX1 3’-UTR region, 
we constructed a reporter plasmid containing 
firefly luciferase fused with RUNX1 3’-UTR 
sequence of miR-101 binding site and cotrans-
fected the reporter plasmid with miR-101 mim-
ics or scramble control in 95D or H1299 cells 
for 48 h. As shown in Figure 2C, overexpressed 
miR-101 caused a remarkable decrease of 
luciferase activity driven by the RUNX1 3’-UTR 
in 95D or H1299 cells. Additionally, the lucifer-
ase reporter assay performed in HEK293T cells 
showed miR-101 reduced the luciferase activity 
of the vector driven by the RUNX1 3’-UTR 
(Figure 2D). These data suggest that RUNX1 is 
a direct target of miR-101 in human lung cancer 
cells.

RUNX1 prevents miR-101 from sensitizing lung 
cancer cells to cDDP 

MiR-101 is downregulated in lung cancer, so 
the role of miR-101 in chemotherapy should be 
elucidated. Here, we indicated that overex-
pressed miR-101 via transfection of miR-101 
mimics significantly enhanced the sensitivity of 
H1299 and 95D cells to cDDP (Figure 3A) with 
marked decrease of IC50 values (Figure 3D). In 
agreement, RUNX1 knockdown markedly sensi-
tized H1299 and 95D cells to cDDP (Figure 3B 
and 3D). To investigate whether miR-101 exerts 
its chemotherapy sensitizer role via suppress-
ing RUNX1 expression, here H1299 cells and 
95D were co-transfected with miR-101 mimics 
and RUNX-1 expressing plasmid pcDNA3.1-
RUNX1 without RUNX1-3’-UTR that significantly 
elevated RUNX1 protein level upon miR-101 
overexpressed (Figure 3C). Importantly, we 
found that ectopic RUNX1 expression signifi-
cantly abolished miR-101 mediated chemo-
therapy sensitization (Figure 3C and 3D). These 
experimental data indicate that miR-101 sensi-
tizes lung cancer cells to chemotherapy via 
directly targeting RUNX1 expression.

RUNX1 impairs miR-101 induced lung cancer 
invasion inhibition

Due to downregulation of miR-101 in lung can-
cer cells, here we investigated the effect of 
miR-101 on invasion. We found enforced miR-
101 expression remarkably inhibited the inva-
sion potential of H1299 and 95D cells deter-
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mined by transwell assays (Figure 4A and 4D). 
Coincidentally, RUNX1 knockdown significantly 
decreased the invasion potential of 95D and 
H1299 cells (Figure 4B and 4D). Furthermore, 
we demonstrated that ectopic expressed 
RUNX1 obviously impaired miR-101 induced 
invasion inhibition in H1299 and 95D cells 
(Figure 4C and 4D), suggesting RUNX1 overex-
pression is responsible for the effect of miR-
101 downregulation on invasion in lung cancer 
cells.

RUNX1 transcriptionally inactivates miR-101 
expression

Given miR-101 directly targets RUNX1 and 
RUNX1 is an essential transcription factor 
involved in cancers, it is necessary to verify 
whether RUNX1 feedback transcriptionally reg-
ulates miR-101 in lung cancer cells. To address 
this issue, we detected miR-101 expression 
level in cells with RUNX1 knockdown and found 
miR-101 expression increased after RUNX1 
knockdown in 95D and H1299 lung cancer 
cells (Figure 5A). Then, we analyzed the 
response elements of a cohort of transcription 
factors within a 2 kb region upstream of the 
miR-101 precursor start site using the online 
software “The JASPAR database” and found 
three putative RUNX1 binding sites within it (A, 
B and C) (Figure 5B). To confirm the direct asso-
ciation of RUNX1 with the miR-101 promoter, 
we performed ChIP-qPCR assays in 95D and 
H1299 cells and found that RUNX1 most sig-
nificantly bound to site A and site C (Figure 5C). 
Expectedly, RUNX1 knockdown decreased 
RUNX1 binding to miR-101 promoter in 95D 
and H1299 cells (Figure 5D). To observe wheth-
er the 2 kb region indeed has promoter activity, 
the 2 kb DNA was cloned into the pGL4 reporter 
plasmid. Experimental results indicated that 
RUNX1 knockdown enhanced the luciferase 
activity driven by the potential promoter of miR-
101 in 95D or H1299 cells (Figure 5E). These 
results strongly support that RUNX1 physically 
binds to miR-101 promoter to transcriptionally 
inactivate miR-101 expression in lung cancer 
cells.

Discussion

Despite the impressive progress made in lung 
cancer diagnosis and therapy, the dismal 
5-year survival rate for patients with lung can-
cer has not substantially changed. Thus, the 
molecular characterization of lung cancer pro-

gression and the identification of biomarkers 
for the selection of patients for targeted thera-
py could improve such dismal outcomes. 
Although miR-101 silencing occurs in lung can-
cer [11, 14], the pathological contributions and 
molecular mechanisms remain elusive. In our 
present study, we confirmed miR-101 silencing 
in lung cancer, especially in metastatic lung 
cancer, and identified RUNX1 as a bona fide 
target of miR-101. Moreover, we demonstrated 
RUNX1 feedback negatively transcriptionally 
regulated miR-101, suggesting the crucial role 
of miR-101/RUNX1 regulatory loop in lung can-
cer progression. 

miRNAs are the endogenous inhibitors of target 
genes expression and key regulators of most 
cellular processes. The miRNAs expression 
patterns are found to be associated with the 
cancer types and stages, thereby being 
explored as biomarkers for cancer diagnosis 
and prognosis [4, 5]. Specifically, miR-101 is 
reported to be downregulated in multiple can-
cer types and miR-101 overexpressed impairs 
cancer cell expansion [8-14]. In agreement with 
this, our data showed that restored miR-101 
expression sensitized lung cancer cells to che-
motherapy and inhibited them invasion. 
Although most studies have reported miR-101 
as a tumor suppressor, Sachdeva et al. report-
ed that miR-101 was able to promote the estro-
gen-independent growth of breast cancer cells, 
and the suppression of membrane-associated 
guanylate kinase inverted 2 (MAGI-2) by miR-
101 decreased the activity of PTEN, leading to 
Akt activation [15]. This indicates that miR-101 
might also have an oncogenic potential which 
might favor tumor growth under certain condi-
tions and implying that more novel targets 
should be identified to fully clarify the detailed 
roles and mechanisms of miR-101 in cancers, 
including lung cancer. Here, we demonstrated 
miR-101 levels inversely correlated with RUNX1 
levels in lung cancer, and restored miR-101 
downregulated RUNX1 expression. Overexpre- 
ssed RUNX1 prevented the effects of miR-101 
on chemotherapy sensitization and invasion 
inhibition in lung cancer cells, strongly suggest-
ing the crucial contribution of miR-101 deregu-
lation to lung cancer pathogenesis via regulat-
ing RUNX1 expression.

RUNX1 (Runt-related transcription factor 1) is a 
member of the RUNX transcription factor family 
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(including RUNX1, RUNX2 and RUNX3) and 
plays an essential role in the cell lineage deter-
mination, development of normal hematopoie-
sis and even stem cell proliferation [16, 17]. All 
RUNX1 proteins form a complex with the cofac-
tor CBFB which enhances the DNA-binding abil-
ity of RUNX proteins and protects them from 
proteasomal degradation to increase their 
function [18]. RUNX1 has been reported to play 
an important role in various types of cancer by 
activating or repressing the transcription of key 
regulators of growth, survival and differentia-
tion [19]. RUNX1 can act as a tumor suppressor 
or an oncogene in different cells and tissues 
through the regulation of cancer-related genes. 
RUNX1 has been regarded as a beneficial 
tumor suppressor for myeloid leukemogenesis 
and inactivating RUNX1 have frequently been 
found in patients with myelodysplastic syn-
drome and cytogenetically normal acute 
myeloid leukemia [20]. RUNX1-mediated hema-
topoiesis has been the subject of intense inves-
tigation. RUNX1 is involved in lineage commit-
ment during myeloid, B-cell and T-cell differen-
tiation. In general, loss of RUNX1 function leads 
to impaired differentiation and subsequent leu-
kemia development [16, 21]. On the other 
hand, several recent studies described the sur-
vival role of RUNX1 in sustaining leukemia cell 
growth [22-24], suggesting the context-and 
dosage-dependent roles of RUNX1 in various 
types of hematopoietic neoplasms. Although 
RUNX1 has been considered a hematopoietic 
gene, recent evidence has revealed a pivotal 
role for RUNX1 in solid tumors. RUNX1 is highly 
expressed in human breast epithelial cells. 
RUNX1 knockdown causes hyperproliferation 
and abnormal morphogenesis in MCF10A cell 
[25]. In prostate cancer, the RUNX1 promoter is 
bound by EZH2 and is negatively regulated by 
histone H3 lysine 27 (K27) trimethylation. 
Repression of RUNX1 is important for the 
growth promotion ability of EZH2 in AR- 
independent cells. In clinical prostate cancer 
samples, the RUNX1 expression level is nega-
tively associated with EZH2 and that RUNX1 
loss correlated with poor prognosis [26]. In con-
trast to the tumor suppressor role for RUNX1 in 
breast cancer, RUNX1 appears to have surviv-
al/growth-promoting roles in several epithelial 
cancers. RUNX1 is highly expressed in various 
epithelial tumors including skin and head/neck 
squamous cell carcinomas (SCC) [27]. Genetic 
deletion of RUNX1 in mouse inhibits tumor for-

mation in a murine model of chemically induced 
skin SCC. RUNX1 also supports the tumorigen-
esis of oral SCC induced by oncogenic 
KrasG12D. In line with these observations, 
RUNX1 knockdown in human skin and head/
neck SCC cells induces growth arrest. 
Mechanistically, p21 (CIP1/WAF1) is upregulat-
ed in RUNX1 depleted mouse keratinocytes 
and p21 depletion rescues cell proliferation of 
RUNX1-depleted cells in vitro [28]. Additionally, 
RUNX1 prevents expression of SOCS3 and 
SOCS4 transcription, which leads to the activa-
tion of STAT3 [27]. Thus, the combination of 
p21 repression and STAT3 activation appears 
to underlie RUNX1-mediated SCC formation. 
Recently, RUNX1 was shown to be upregulated 
in human epithelial ovarian carcinoma tissues 
and associated with ovarian carcinoma cell 
proliferation, migration and invasion [29]. In 
agreement, we demonstrated that RUNX1 was 
overexpressed in lung cancer and RUNX1 
knockdown sensitized lung cancer cells to che-
motherapy and inhibited invasion. As a master 
regulator for hematopoiesis and cancer, RUNX1 
function is tightly controlled. Several regulatory 
mechanisms exist for fine-tuning RUNX1 activi-
ty. These include alternative splicing, transcrip-
tional control, translational control and post-
translational modifications [18]. Recently, miR-
302b was identified to target RUNX1 to sup-
press human epithelial ovarian cancer cell 
growth [30]. In our present study, we also dem-
onstrated RUNX1 is a direct target of miR-101. 
Moreover, we found RUNX1 feedback transcrip-
tionally inactivates miR-101 expression in lung 
cancer cells. But functional consequences of 
aberrant RUNX1 expression and details in 
RUNX1-mediated miR-101 dysregulation in 
lung cancer still need to be clarified experimen-
tally in the further studies.

In summary, we here confirm the downregula-
tion of miR-101 in lung cancer and demonstrate 
that miR-101 increases chemotherapeutic-sen-
sitivity and inhibits invasion via targeting 
RUNX1, and RUNX1 feedback transcriptionally 
inactivates miR-101 expression. Our results 
provide new insight into the role of miR-101/
RUNX1 regulatory loop in lung cancer progres-
sion and suggest potential molecular target for 
the treatment of lung cancer.
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