
Abstract. Background/Aim: Patients with advanced non-small
cell lung cancer (NSCLC) frequently face a dismal prognosis
because of lack of curative therapies. We, therefore, conducted
a preclinical investigation of the therapeutic efficacy of
microRNA-107 (miR-107). Materials and Methods: The effects
of miR-107 on cell proliferation and target gene expression were
studied. Combinatorial effects of miR-107 and parthenolide were
evaluated. Results: Cell proliferation was repressed in A549
NSCLC cells transfected with miR-107. Inhibitor of nuclear
factor kappa B kinase subunit gamma was directly targeted by
miR-107. Overexpression of miR-107 in A549 cells sensitized
them to parthenolide along with a marked reduction of cyclin-
dependent kinase 2. Conclusion: Our findings unveil an
important biological function of miR-107 in regulating lung
cancer cell proliferation and elevating an antiproliferative effect
of parthenolide on lung cancer cells, suggesting that miR-107
could be beneficial benefit treatment for advanced NSCLC.

Lung cancer is one of the leading causes of cancer-related
deaths worldwide, with non-small cell lung cancer (NSCLC)
accounting for approximately 80% of lung cancer cases (1).
Radical surgery has been recommended as a standard
treatment for early-stage NSCLC (2). Other treatments for

advanced NSCLC include radiotherapy and chemotherapy.
However, insufficient clinical efficacy has been found due to
the low response rate, high rate of recurrence, and drug
resistance (3, 4). A better understanding of the molecular
pathogenesis of NSCLC is required in order to develop novel
treatment strategies to improve treatment efficacy. 

MicroRNAs (miRs) are small non-coding RNAs that
negatively control expression of their target gene via
inhibition of translation or degradation of mRNA by binding
to the 3’ untranslated region (UTR) of the mRNA (5, 6). miRs
are expressed in a cell- and tissue-specific manner and are
differentially expressed in many solid tumors creating a
unique signature for each tumor type (7-9). miRs function
either as oncogenes or tumor suppressors depending upon
their expression level and target genes. For example, miR-145
is down-regulated in several types of cancer, including lung
cancer and inhibits cell proliferation of lung adenocarcinoma
cells by targeting epidermal growth factor receptor (EGFR)
(10). In addition, miRs which can regulate pharmacogenes
serve as predictive biomarkers of individual variations in drug
response (11).

Nuclear factor kappa-light-chain-enhancer of activated 
B-cells (NF-ĸB), which regulates a large number of genes
involved in various cellular processes, is constitutively
activated in lung cancer and is associated with a poor
prognosis (12). Inhibitor of NF-ĸB kinase subunit gamma
(IKBKG, also known as IKKγ and NEMO) is a regulatory
subunit of the IĸB kinase (IKK) core complex required for
the activation of NF-ĸB (13). An inhibition of IKBKG
expression using antisense was demonstrated to prevent
tumor necrosis factor (TNF)-induced NF-ĸB activation (14).
Targeting NF-ĸB has been considered as a potential cancer
therapeutic strategy. For example, parthenolide, an inhibitor
of NF-ĸB, has been demonstrated to suppress tumor growth
in vitro and in vivo (15). Parthenolide is also known to
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sensitize tumor cells to radiotherapy and conventional
anticancer drugs, such as paclitaxel and cisplatin (16, 17).

In the present study, we investigated the effects of miR-107
on cell proliferation, target gene expression, and combinatorial
effects with parthenolide to elucidate the mechanisms by
which miR-107 functions in regulating NSCLC cells.

Materials and Methods

Cell culture and transfection. A human lung cancer cell line, A549,
was obtained from the Korea Cell Line Bank (Seoul, Republic of
Korea). Cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum
(FBS) in a humidified 5% (v/v) CO2 atmosphere at 37˚C. For miR
transfection, cells were exposed to 50 nM of miR mimics,
specifically miR-control or miR-107 (GE Healthcare, Chicago, IL,
USA) using siRNA transfection reagent (RNAiMAX; Invitrogen,
Carlsbad, CA, USA) and Opti-MEM medium (Invitrogen) as
previously described (18).

Cell proliferation assay. Cells were transfected with miR mimics
(miR-control or miR-107) or exposed to parthenolide at 0.5, 1, 2.5,
and 5 μM for 72 h under cell culture conditions. Following treatment,
cells were then fixed with 10% trichloroacetic acid and stained with
0.4% sulforhodamine B (SRB) for 30 mins. Protein-bound dye was
extracted with 10 mM Tris base solution, and the optical absorbance
of each well was measured at 565 nm. For bromodeoxyuridine
(BrdU) staining to detect proliferation, BrdU incorporation assay was
performed as previously described (19). Cells were treated with 10
μM BrdU for 1 h and then the media were renewed and cells
incubated for an additional hour before fixing in methanol at −20˚C
for 10 mins. Antigen retrieval was performed at 70˚C in formamide
retrieval solution for 30 mins. After blocking in phosphate-buffered
saline containing 0.01% bovine serum albumin and 0.01% Tween-20,
slides were incubated for 30 mins with BrdU monoclonal antibody
(Developmental Studies Hybridoma Bank, Iowa City, IA, USA). After
washing, slides were incubated with Alexa 555-linked secondary
antimouse IgG (Invitrogen).

Clonogenic assay. A549 cells transfected with miR-control or miR-
107 were harvested and plated in DMEM with and without
parthenolide treatment (1.5, 2, and 2.5 μM) at 5,000-6,000 cells per
100 mm dish. Two weeks later, the cells were fixed with methanol
and stained with crystal violet.

Real time quantitative polymerase chain reaction (PCR). Total RNA
was isolated by miRNeasy kit (Qiagen, Hilden, Germany) according
to the manufacturer’s instructions. To detect mRNA levels, cDNA
was prepared using SuperScript III reverse transcription kit
(Invitrogen). Real time qPCR was performed on an AriaMx real-
time PCR system (Agilent Technologies, Santa Clara, CA, USA)
using the Power SYBR Green Master Mix (Applied Biosystems,
Foster City, CA, USA) according to the manufacturer’s instructions.
Primer sequences used in this study were designed by GENOTECH
(Daejeon, Republic of Korea). Primer sequences were as follows:
inhibitor of nuclear factor kappa B kinase subunit gamma (IKBKG),
forward 5’-TGC CTG GAG GAG AAT CAA-3’ and reverse 5’-
CGC AGA ATC TGG TTG CTC-3’; glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), forward 5’-GAA GGT GAA GGT CGG

AGT C-3’ and reverse 5’-GAA GAT GGT GAT GGG ATT TC-3’.
Luciferase reporter constructs and assay. The three prime untranslated
regions (3’UTR) of miR-107 predicted targets were PCR amplified
using human genomic DNA as a template and a LongAmp™ TaqDNA
Polymerase (New England BioLabs, Ipswich, MA, USA). The PCR
amplicons were ligated into the psiCHECK-2 vector (Promega,
Madison, WI, USA). The mutant reporter constructs harboring
mutation of the first three nucleotides of the seed-match sequence were
constructed using the QuikChange site-directed mutagenesis kit
(Stratagene, San Diego, CA, USA). The interaction of the target genes
with miR-107 was screened using the psiCHECK-2 vector harboring
a wild or mutant 3’ UTR. Constructs were co-transfected with either
miR-control or miR-107 into cells. Twenty-four hours after
transfection, cell lysates were used to measure both firefly and renilla
luciferase activities using the Dual-Luciferase® Reporter Assay System
(Promega) following the manufacturer’s instructions. Primer sequences
used in this study were designed by GENOTECH. Primer sequences
were as follows: BCL2-interacting protein 3 (BNIP3), forward 5’-CTG
CCT CGA GTA TAT TGG AAG GCG TCT GAC-3’ and reverse 5’-
ATT AGC GGC CGC GTG TGA TAT ATA AGG CCA CAA-3’;
cathepsin D (CTSD), forward 5’-CTG CCT CGA GCA CAG AAA
CAG AGG AGA GTC-3’ and reverse 5’-ATT AGC GGC CGC ACT
GTA TTT CCA TGT CAG CT-3’; caspase 3 (CASP3), forward 5’-
CTG CCT CGA GTC TTG GCG AAA TTC AAA GGA-3’ and
reverse 5’-ATT AGC GGC CGC AAT TGT CAC ATA GAA ACA
CAC T-3’; regulator of calcineurin 1 (RCAN1), forward 5’-CTG CCT
CGA GCA AAA ATT ATC CAG ACC AGG AG-3’ and reverse 5’-
ATT AGC GGC CGC TTT TCT GTA AGG AGC ATA CT-3’; zyxin
(ZYX), forward 5’-CTG CCT CGA GCT TCA GAC CGC AGT CCA
T-3’ and reverse 5’-ATT AGC GGC CGC TCT GGA AAA CAA GGT
TTT TTT TTA TTT GTA G-3’; IKBKG, forward 5’-CTG CCT CGA
GAT GTC ATG GAG TGC ATT GAG-3’ and reverse 5’-ATT AGC
GGC CGC TAC TTC TCT ATT GGG GTC AC-3’; protein
phosphatase 1 catalytic subunit alpha (PPP1CA), forward 5’-CTG
CCT CGA GCC AAA GCC AAG AAA TAG CC-3’ and reverse 5’-
ATT AGC GGC CGC TTT ATT CAA GAG ACC AGA TGG GT-3’;
PPP1CC, forward 5’-CTG CCT CGA GAT GTC GTT TTG ACA
CTG CCT-3’ and reverse 5’-ATT AGC GGC CGC GTT CCA CCT
CAT CAC TCT ATT-3’; PPP3CA, forward 5’-CTG CCT CGA GCC
ACT TCC TGT TCA CTT TTT-3’ and reverse 5’-ATT AGC GGC
CGC TTA ATG TCA AAT GTT TAT TTC TAT GCC ATA-3’.

Protein extraction and immunoblotting. Proteins were extracted with
RIPA cell lysis buffer (Thermo Fisher Scientific, Waltham, MA,
USA), and phosphatase/protease inhibitor cocktail (Thermo Fisher
Scientific). 4-20% Tris-HCl gradient gels (Bio-Rad Laboratories,
Hercules, CA, USA) were used to separate proteins. Blotting was
performed for IKBKG (DA10-12) (Cell Signaling Technology,
Danvers, MA, USA) and GAPDH (Santa Cruz Biotechnology, Inc.,
Dallas, TX, USA).

Data analysis. The IC50 was defined as the drug concentration at
which cell viability was equal to 50% that of the control without
drug, and calculated using Eq. 1 and Eq. 2:
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where D is the drug concentration, m is the Hill-type coefficient, R
is the residual unaffected fraction (the resistance fraction), and Kd
is the concentration of drug that produces a 50% reduction of the
drug’s maximum effect (100−R) (20). The effect of combination of
drugs at fixed concentrations was analyzed by comparing
experimental data to the reference additivity values calculated using
Bliss independence model. Values of the ratio of the experimental
survival rate to the reference value between 0.8 and 1.2 was defined
as additive, ≤0.8 as synergistic, and ≥1.2 as antagonistic (20).

Analysis of publicly available datasets. RNA sequencing data of 525
lung cancer samples were downloaded from The Cancer Genome
Atlas database to analyze the potential correlation between miR-107
and IKBKG. The significance of the inverse association between
miR-107 and IKBKG was assessed by Pearson’s chi-squared test
with Yates’ continuity correction.

Statistical analysis. An unpaired t-test and analysis of variance were
used to determine statistical significance. The data are shown as
means±SD. The differences were considered significant for p-values
of less than 0.05. All experiments were replicated at least three times.

Results
miR-107 inhibits the proliferation of A549 cells. Our
previous work demonstrated that miR-107 negatively
regulates family of retrovirus-associated DNA sequences
(RAS), src-family kinase (SRC), and neural precursor cell
expressed, developmentally down-regulated 9 (NEDD9)
signaling pathways involved in proliferation of epithelial

cells (18, 19). To explore the possibility that miR-107 alters
the proliferative status of lung cancer cells, we analyzed the
effects of increasing miR-107 in A549 cells. A significant
reduction in cell growth was noted for A549 cells up to 96
h after transfection of miR-107 (Figure 1A). This reduction
of cell proliferation was also evidenced by a significant
decrease in the number of A549 cells in the S-phase of cell
cycle (Figure 1B). To determine the effect of miR-107 on
tumor-initiating capacity, we utilized a clonogenic assay for
A549 cells. The miR-107-transfected A549 cells gave rise to
significantly fewer colonies than the miR-control-transfected
cells (Figure 1C and D). Indeed, miR-107 treatment of A549
cells also resulted in an overall decrease of colony size
(Figure 1E). Such results demonstrate that miR-107
contributes to a malignant phenotype by regulating lung
cancer cell proliferation. 

miR-107 directly targets IKBKG. In order to understand how
miR-107 functions in regulating cell proliferation, we used
bioinformatic predictions and cell-based luciferase assays to
find a target gene. The TargetScan algorithm was used to search
for potential targets that have a miR-107 binding site within the
3’ UTR. Of nine potential predicted targets, only IKBKG was
shown to be a direct target of miR-107 in A549 cells (Figure
2A). Since two miR-107 binding sites were predicted in the
3’UTR of IKBKG (ENST00000393549), mutations in the seed-
match sequence were introduced to determine the functional
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Figure 1. miR-107 regulates the proliferative status of A549 cells. A: Cell growth in A549 cells transfected with miR-control or miR-107 was analyzed
by the SRB assay. Data are shown as means±SD (N=3). B: Bromodeoxyuridine (BrdU) analysis of A549 cells transfected with miR-control or miR-
107 showing cells in the S-phase of DNA synthesis. C: Representative images of a clonogenic assay of A549 cells following transfection of miR-
control or miR-107. Quantification of the number (D) and size (E) of colonies induced by overexpression of miR-control or miR-107 in A549 cells.
Significantly different at *p<0.05 and **p<0.01. Data are means±SD.



target site of miR-107 (Figure 2B). Mutation of the first binding
site (MUT1) led to no significant change when compared with
wild-type constructs in miR-107-overexpressing cells. In
contrast, luciferase activity in A549 cells transfected with
vectors harboring the mutation at the second binding site
(MUT2 and MUT1+MUT2) was completely rescued,
suggesting that the second binding site participates in the
interaction between miR-107 and IKBKG mRNA (Figure 2C).

Endogenous IKBKG expression is down-regulated in miR-107-
overexpressing cells. To further experimentally validate if the
IKBKG mRNA indeed interacts with miR-107, real time qPCR
analysis was first performed in A549 cells following
overexpression of either miR-control or miR-107. We
observed that the IKBKG mRNA level was reduced by
approximately 24% and 29% at 12 and 24 h, respectively, after
overexpression of miR-107 in A549 cells (Figure 3A). A
significant reduction in IKBKG protein was also noted in
A549 cells transfected with miR-107 compared to miR-control
(Figure 3B), suggesting that IKBKG expression can be down-
regulated by both mRNA degradation and translational

repression. To analyze the potential correlation between miR-
107 and its target gene, IKBKG, we collected miR and mRNA
gene expression data on 525 lung cancer samples from The
Cancer Genome Atlas database. IKBKG mRNA exhibited
significantly lower expression levels in the lung cancer
samples with high miR-107 levels, respectively (X=5.26, df=1,
p=0.02), confirming our data that IKBKG is regulated by miR-
107 (Figure 3C).

miR-107 sensitizes A549 cells to parthenolide. Parthenolide,
a natural sesquiterpene lactone, has been reported to exhibit
antiproliferative effects on various human cancer cells, such
as pancreatic carcinoma, breast cancer, and NSCLC (15, 21,
22). As such, we first evaluated the antiproliferative activity
of parthenolide treatment on A549 cells. Cells were exposed
to parthenolide up to 5 μM for 72 h, and we found that
parthenolide treatment had strong antiproliferative effects
with a relatively low IC50 value (2.53 μM) in A549 cells
(Figure 4A). A previous study has demonstrated that the
antiproliferative activity of parthenolide could be enhanced
by co-treatment with sulindac via cooperatively inhibiting

ANTICANCER RESEARCH 38: 6309-6316 (2018)

6312

Figure 2. miR-107 targets inhibitor of nuclear factor kappa B kinase subunit gamma (IKBKG), an essential modulator of nuclear factor kappa B
(NF-ĸB). A: Screening of predicted target genes of miR-107 using the psiCHECK-2 constructs harboring a 3’untranslated region (UTR) of each
gene. Predicted target genes were selected based on the effects on cell proliferation. The construct was co-transfected with either miR-control or
miR-107 into A549 cells. Twenty-four hours after transfection, cell lysates were used to measure both firefly and renilla luciferase activities using
the dual-luciferase reporter assay system. B: A schematic diagram of miR-107 binding sites in the 3’UTR region of IKBKG mRNA. Mutant reporter
constructs were generated at the first three nucleotides of the seed-match sequence. C: Luciferase assays to test the interaction of IKBKG mRNA
with miR-107 using the psiCHECK-2 vector harboring a wild-type or mutant 3’ UTR of IKBKG. Constructs were co-transfected with either miR-
control or miR-107 into A549 cells. **Significantly different at p<0.01; NS, not significant. Data are means±SD.



NF-ĸB pathway (21). Therefore, we next sought to
investigate whether the antiproliferative effect of
parthenolide is improved by miR-107 which targets IKBKG.
The effect of parthenolide was evaluated 72 h after
incubation, which took place 24 h after transfection of miR-
control or miR-107 in A549 cells (Figure 4B). Treatment
with parthenolide alone at 1.5, 2 and 2.5 μM resulted in
about 96.8%, 61.3%, and 49.9% survival, respectively, when
compared to the vehicle-treated cells transfected with miR-
control (Figure 4B). The combination of parthenolide with
miR-107 induced strong synergistic antiproliferative effects
in A549 cells. Exposure to 1.5, 2 and 2.5 μM of parthenolide
produced 63%, 26.9%, and 27.8% survival, respectively,
when compared with the vehicle treated cells overexpressing
miR-107 (Figure 4B). Based on our findings, we further
examined the combination effect of miR-107 and
parthenolide using a clonogenic assay. The results clearly
showed that treatment with parthenolide in A549 cells
overexpressing miR-107 gave rise to significantly fewer
colonies than the combination of miR-control and
parthenolide (Figure 4C-E). In addition, real-time qPCR
analysis showed that treatment with parthenolide
dramatically reduced the mRNA level of CDK2, a target of
NF-ĸB (23), when combined with miR-107 in A549 cells
(Figure 4F). No statistically significant differences were
observed for CDK2 mRNA level in cells treated with miR-
control and parthenolide.

Discussion

Here we furnish evidence that miR-107 acts as a tumor-
suppressive non-coding RNA showing the short-term and
long-term in vitro antiproliferative effects on A549 NSCLC
cells. In addition, miR-107 targets IKBKG, a critical
regulator of NF-ĸB activation, and miR-107 overexpressing
A549 cells are more sensitive to parthenolide.

Various microRNAs (miRs) are aberrantly expressed in
NSCLC and other types of cancer. We recently reported that
several miR, including miR-337-3p are dysregulated in
pancreatic ductal adenocarcinoma and they directly regulate the
expression of executioner caspases-3 and caspase-7 in PANC-
1 cells (8). Another study indicates that miR-595 targets ATP-
binding cassette subfamily B member 1 (ABCB1, also called
P-glycoprotein), thereby sensitizing ovarian cancer cells to
cisplatin (24). Differentially expressed miR in NSCLC include
miR-21, miR-221, miR-148, and miR-107 (25). Accumulating
evidence has shown that the oncogenic or tumor-suppressor
role of miR-107 depends on the type of cancer. By targeting
forkhead box O1 (FOXO1), death-associated protein kinase 1
(DAPK), and kruppel-like factor 4 (KLF4), miR-107 promotes
the cell proliferation and metastasis of gastric and colorectal
cancer (26, 27). In contrast, restriction of glioma cell invasion
is induced by miR-107 via regulation of NOTCH2 expression
(28). With respect to NSCLC, miR-107 is significantly down-
regulated in lung cancer compared to normal tissues (29).
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Figure 3. Inhibitor of nuclear factor kappa B kinase subunit gamma (IKBKG) is down-regulated in miR-107-overexpressing cells. A: Real-time
quantitative polymerase chain reaction analyses of IKBKG mRNA levels in A549 cells transfected with miR-control or miR-107 at 50 nM. The data
are the means±SD for three independent experiments. B: A549 cells were transfected with either miR-control or miR-107 at 50 nM for 48 h, and
then protein lysates were isolated and subjected to western blot analysis of endogenous IKBKG. Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) served as a loading control and relative expressions are indicated. C: RNA sequencing data of 525 lung cancer samples were downloaded
from The Cancer Genome Atlas data portal. The statistical significance of the association between miR-107 and IKBKG was assessed by Pearson’s
Chi-squared test with Yates’ continuity correction. **Significantly different at p<0.01. Data are means±SD.
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Figure 4. miR-107 sensitizes A549 cells to the effects of parthenolide. A: A representative dose–response curve of A549 cells treated with different
concentrations of parthenolide. Cell viability was assessed following 72 h continuous exposure. B: Cells were treated with parthenolide at the indicated
concentrations following transfection of A549 cells with either miR-control or miR-107. Survival rates were determined using the sulforhodamine B assay
72 h after treatment of parthenolide. C: Representative images of a clonogenic assay of A549 cells following a combination of microRNA mimics (miR-
control or miR-107) with parthenolide. Quantification of the number (D) and size (E) of colonies induced by a combination of microRNA mimics (miR-
control or miR-107) with parthenolide. F: Treatment conditions were the same as in (B) and (C) and the expression level of cyclin-dependent kinase 2
(CDK2) mRNA in A549 cells was determined by real-time quantitative polymerase chain reaction. **Indicates synergistic effects. Data are means±SD.



Consistent with the decrease in cell proliferation and BrdU
labeling in miR-107-overexpressing A549 cells (Figure 1), it
was demonstrated that miR-107 arrests H1299 NSCLC cells at
the G1 cell-cycle phase (29). In addition, miR-107 has been
reported to augment the effects of paclitaxel on NSCLC via
modulation of BCL2-like 2 (BCL2L2) expression (30). We
demonstrate enhanced parthenolide sensitivity in conjunction
with miR-107 along with the notable inhibition of CDK2
expression (Figure 4). These findings indicate the possibility
that miR-107 may contribute to improve therapeutic efficacy
of various anticancer drugs for NSCLC.

The proliferation of lung cancer cells can be promoted
through NF-ĸB activation by an oncogene, tripartite motif-
containing 29 (TRIM29) (31). NF-ĸB is activated in lung cancer
cells by small GTPase RAC1. Pharmacological and genetic
inhibition of RAC1 strongly blocks cell proliferation along with
the inhibition of NF-ĸB activity (32). NF-ĸB has also been
reported to associate with the acquisition of chemoresistance in
cancer cells to various anticancer agents. NF-ĸB activation is
involved in the development of drug resistance to 5-fluorouracil
in human colon cancer cells (33). The inhibition of NF-ĸB
sensitizes colon cancer cells to daunomycin by down-regulating
P-glycoprotein expression (34). Recently, it was demonstrated
that targeted inhibition of NF-ĸB translocation using
dehydroxymethylepoxyquinomicin has a promising effect on
cisplatin-resistant NSCLC cells (35). Consistent with the
involvement of NF-ĸB in chemoresistance, it was demonstrated
that knockdown of IKBKG using a genetic approach
significantly intensifies the efficacy of radiation therapy in lung
cancer cells (36). Therefore, our observation that miR-107 targets
IKBKG suggests the possibility that miR-107 may be able to
ameliorate anticancer drug-induced chemoresistance and
effectively inhibit the proliferation of chemoresistant tumor cells.

Our findings not only represent one of the examples of
how miR can influence cancer cell proliferation, but also
suggest that by regulating a NF-ĸB modulator, IKBKG, miR-
107 potentiates the efficacy of parthenolide against NSCLC
cells. Since unprecedented advantages of combination
treatment of miR with anticancer drugs have been suggested
(37), we believe that miR-107, in conjunction with
parthenolide or other anticancer agents, may represent a
novel means of combination treatment of NSCLC.
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