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Abstract. Micro (mi)RNAs are short non‑coding RNA 
molecules, which post‑transcriptionally regulate gene 
expression and exert key roles in cell growth, differentia-
tion and apoptosis. In the present study, the mechanism and 
the function of miR‑1915‑3p in the apoptotic regulation of 
lung cancer cell lines (NCI‑H441 and NCI‑H1650) were 
investigated. The expression analysis confirmed that the 
expression of miR‑1915‑3p was markedly decreased in the 
apoptotic cells. The overexpression of miR‑1915‑3p in the 
lung cancer cells prevented apoptosis induced by etoposide. 
Developmentally regulated GTP‑binding protein 2 (DRG2) 
and pre‑B cell leukemia homeobox 2 (PBX2) were identified 
as downstream targets of miR‑1915‑3p, which was shown to 
bind directly to the 3'‑untranslated region of DRG2 and PBX2, 
subsequently lowering their mRNA and protein expression 
levels. Co‑expression of miR‑1915‑3p and DRG2/PBX2 in 
the NCI‑H441 and NCI‑H1650 cells partly circumvented the 
effect of miR‑1915‑3p on apoptosis. The results in the present 
study revealed that miR‑1915‑3p functions as a silencer of 
apoptosis, which regulates lung cancer apoptosis via targeting 
DRG2/PBX2, and consequently this miRNA may be a putative 
therapeutic target in lung cancer.

Introduction

Lung cancer is the most commonly diagnosed cancer and 
leading cause of cancer‑associated mortality worldwide, 
accounting for the mortality of >1 million individuals each 
year (1‑3). Non‑small cell lung cancer (NSCLC), including 
adenocarcinoma and squamous cell carcinoma, is the 

predominant form of lung cancer, accounting for 75‑80% of 
all cases (4). Previous evidence revealed that miRNAs may 
be involved in lung cancer, and act as oncogenes or tumor 
suppressor genes. For example, miR‑340 (5), miR‑128 (6) and 
miR‑197 (7) were revealed to be deregulated in NSCLC apop-
tosis. These studies provided novel insights into lung cancer 
biology, and merited further investigation.

Micro (mi)RNAs are small, non‑coding RNAs, 
18‑23  nucleotides in length, which post‑transcriptionally 
regulate gene expression by base‑pairing with target mRNAs 
in the 3'‑untranslated region (UTR) (8). Emerging evidence 
clearly suggests that the deregulation or dysfunction of 
miRNAs is associated with crucial biological processes, 
including development, differentiation, proliferation and 
apoptosis  (9,10). miRNAs function as oncogenes or tumor 
suppressor genes, depending on the roles of their target genes. 
Among the miRNAs which are associated with carcinogenesis, 
miR‑1915‑3p is one of the most important. The dysregulation 
of miR‑1915‑3p was reported in various types of cancer, 
including prostate cancer (11), renal cell carcinoma (12) and 
breast cancer  (13). miR‑1915 regulated the expression of 
CD133, Paired box gene 2 and Toll‑like receptor 2 in adult 
renal progenitor cells (14). miR‑1915 suppressed the expression 
of B‑cell lymphoma (Bcl)‑2 at the post‑transcriptional level 
to modulate multidrug resistance by increasing drug sensi-
tivity in human colorectal carcinoma cells (15,16). However, 
miR‑1915‑3p remains to be implicated in lung cancer.

In the present study, the role of miR‑1915‑3p in the 
etoposide (VP16)‑induced apoptosis of lung cancer cells 
was investigated. miR‑1915‑3p prevented VP16‑induced cell 
apoptosis, and further investigation revealed that developmen-
tally regulated GTP‑binding protein 2 (DRG2) and pre‑B cell 
leukemia homeobox 2 (PBX2) were direct and functional 
targets of miR‑1915‑3p. Furthermore, DRG2 and PBX2 may 
partly circumvent the effect of miR‑1915‑3p on the apoptosis 
of H441 and H1650 cells. Therefore, miR‑1915‑3p is a putative 
therapeutic agent for the treatment of lung cancer.

Materials and methods

Cell culture. NCI‑H441 (H441) and NCI‑H1650 (H1650) cells 
(American Type Culture Collection, Arlington, VA, USA) 
were maintained in RPMI‑1640 medium (Gibco; Thermo 
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Fisher Scientific, Inc., Waltham, MA, USA), supple-
mented with 10%  fetal bovine serum (Beijing Yuanheng 
Shengma Biotechnology Research Institute, Beijing, China), 
100  U/ml  streptomycin (Biological Industries, Kibbutz 
Beit‑Haemek, Israel) and  100  U/ml  penicillin (Biological 
Industries), and were maintained at 37˚C in a humidified 
5% CO2 incubator. The medium was changed on alternate days 
and the cells were split prior to reaching 100% confluence.

Oligonucleotides, plasmids and transfection. An miR‑1915‑3p 
mimic (a chemically synthesized, double‑stranded miRNA) 
and miR‑1915‑3p inhibitor were purchased from GenePharma 
(Shanghai, China).

The full‑length 3'‑UTR of DRG2 or PBX2 was subcloned into 
the pIS0 luciferase plasmid (17) to generate pIS0‑DRG2‑3'‑UTR 
or pIS0‑PBX2‑3'‑UTR, respectively. Mutant constructs of 
DRG2 and PBX2‑3'‑UTR, termed pIS0‑DRG2‑3'‑UTR‑mut and 
pIS0‑PBX2‑3'‑UTR‑mut, respecitvely, which bore a replace-
ment of three nucleotides within the core binding sites of DRG2 
or PBX2‑3‑UTR, were synthesized using mutant PCR primers. 
The primer pairs were as follows: pIS0‑DRG2‑3'‑UTR‑forward 
(F),  5'‑TTG​AGC​TCC​CAG​CAC​CAA​GTA​CAG​TC‑3' and 
‑reverse (R), 5'‑GCT​CTA​GAA​A​GGA​GAG​CCA​GGA​GAAC‑3'; 
pIS0‑DRG2‑3'‑UTR‑mut‑F, 5'‑CCT​CGT​CTC​CAG​TGG​GAG​
GTGG‑3' and ‑R, 5'‑CCA​CCT​CCC​ACT​GGA​GAC​GAGG‑3'; 
pIS0‑PBX2‑3'‑UTR‑F, 5'‑TTG​AGC​TCC​GGA​CGG​CTT​ACT​
TAC​CT‑3' and ‑R, 5'‑GCT​CTA​GAC​TTC​ACT​GCC​TCC​ACA​
TC‑3'; pIS0‑PBX2‑3'‑UTR‑mut‑F, 5'‑GAA​AAA​GAA​ACC​AGT​
GGA​TCC​ATCT‑3' and ‑R, 5'‑AGA​TGG​ATC​CAC​TGG​TTT​
CTT​TTTC‑3'.

The cells were seeded into 6-well plates at 2x105 cells/well. 
When the cell density reached 60‑70%, the cells were trans-
fected with DNA plasmid and oligonucleotide using Lipo-
fectamine 2000 (Invitrogen; Thermo Fisher Scientific, Inc.), 
according to the manufacturer's instructions.

Prediction of miRNA targets. In order to investigate the predicted 
target genes, the TargetScan program (http://www.targetscan.
org/) and the miRbase program (www.mirbase.org) were used.

RNA extraction and reverse transcription‑quantitative 
polymerase chain reaction (RT‑qPCR). The total RNA was 
extracted using Invitrogen TRIzol reagent (Thermo Fisher 
Scientific, Inc.). The RT was performed using a FastQuant 
RT kit [TianGen Biotech (Beijing) Co., Ltd, Beijing, China]. 
miR‑1915‑3p was reverse‑transcribed using a stem‑loop 
primer (5'‑CTC​AAC​TGG​TGT​CGT​GGA​GTC​GGC​AAT​TCA​
GTT​GAG​CCC​GCC​GC‑3'). The RT of DRG2/PBX2 mRNA 
was performed using a FastQuant RT kit [TianGen Biotech 
(Beijing) Co., Ltd], according to the manufacturer's protocol. 
RT‑qPCR was performed using a SuperReal PreMix Plus 
kit [TianGen Biotech (Beijing) Co., Ltd]. U6 small nuclear 
RNA and β‑actin mRNA were used as internal controls for 
miR‑1915‑3p and DRG2/PBX2 mRNA, respectively. All reac-
tions were performed in triplicate. The primers used were as 
follows: DRG2‑F, 5'‑GCT​GAA​CCT​GGA​CTA​TCTG‑3' and 
‑R, 5'‑GAA​TGA​TGG​CGT​CTG​TGA‑3'; PBX2‑F, 5'‑CCC​ATG​
TCA​TGA​ACC​TGC​TG‑3' and ‑R, 5'‑GCG​CTG​AAC​TTT​CGA​
TGG​AT‑3'. The relative fold changes were calculated using the 
‑2∆∆Cq method, and β‑actin was used as an internal control.

Luciferase assay. The cells were cultured in 96‑well plates and 
transiently co‑transfected with the miR‑1915‑3p mimic and the 
pIS0 vectors using Lipofectamine 2000 reagent (Invitrogen; 
Thermo Fisher Scientific, Inc.). A scrambled sequence 
(5'‑AAC​CAC​UCA​ACU​UUU​UCC​CAA​dTdT‑3') was used as 
a negative control. Following an incubation for 48 h, luciferase 
activity was measured using a dual luciferase reporter assay 
system (Promega, Madison, WI, USA). pRL‑TK Renilla was 
used as an internal control. Three independent experiments 
were performed, and all reactions were performed in triplicate.

Flow cytometric analysis (FCM). The cells were seeded 
into 6‑well plates at a density of 5x104 cells/well, and were 
transfected with the miR‑1915‑3p mimic or miR‑1915‑3p 
inhibitor for 24 h, starved overnight, and treated with etopo-
side for 48 h. The apoptotic cells were detected using the 
Annexin V‑FITC Apoptosis Detection kit (BD Biosciences, 
San Jose, CA, USA) and analyzed on a FACSCalibur™ 
flow cytometer (BD Biosciences) using CellQuest software 
version 3.3.

Western blotting. The cellular proteins were extracted 
following treatments, as previously described  (18). The 
protein (20 µg) was loaded into each lane of 8% polyacryl-
amide gels. The proteins were separated by electrophoresis 
and the proteins were blotted onto polyvinylidene difluoride 
membranes (Amersham Pharmacia Biotech, St. Albans, UK) 
by electrophoretic transfer. The membrane was incubated with 
primary antibodies goat anti-DRG2 (1:750; cat. no. sc‑164233; 
Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA), rabbit 
anti-PBX2 (1:1,000; cat. no. sc‑980; Santa Cruz Biotechnology, 
Inc.) and rabbit anti-β‑actin (1:3,000; cat.  no.  4970; Cell 
Signaling Technology, Inc., Beverly, MA, USA), which was 
used as a loading control.

Statistical analysis. The data are expressed as the mean ± stan-
dard deviation from at least three separate experiments, and 
Student's t‑test was performed using SPSS  17.0  software 
(SPSS, Inc., Chicago, IL, USA). P<0.05 was considered to 
indicate a statistically significant difference.

Results

miR‑1915‑3p is involved in lung cancer cell apoptosis. 
Etoposide (VP16) is known to exert its cancer cell killing effects 
through induction of apoptosis (19). VP16 induces apoptosis in 
a number of cancer cell types (20‑23), and has been used for 
the treatment of a wide variety of cancer types (24). In the 
present study, a marked increase in the levels of apoptosis were 
detected in H441 and H1650 cells following treatment with 
VP16 (Fig. 1A and B). RT‑qPCR was subsequently performed 
to assess whether any changes in the level of miR‑1915‑3p 
occurred. The expression of miR‑1915‑3p was markedly down-
regulated during VP16‑induced lung cancer cell apoptosis 
(Fig. 1C). The reduced expression level of miR‑1915‑3p during 
lung cancer apoptosis suggested that this miRNA may exert 
an antiapoptotic effect. To examine this hypothesis, the effects 
of transient transfection of the miR‑1915‑3p mimic, or addi-
tion of the miR‑1915‑3p inhibitor to lung cancer H441 cells, 
were investigated. Following transfection, the cells were 
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Figure 1. miR‑1915 is involved in lung cancer cell apoptosis. (A) The apoptosis of the H441 cells was induced by treatment with 100 µM etoposide (VP16) 
for 48 h. The histogram shows the percentage of apoptotic cells determined by FCM, and the error bars denote the mean ± standard deviation. (B) The results 
of FCM are shown, revealing the apoptosis of the H1650 cells following treatment with 100 µM VP16. The histogram shows the percentage of apoptotic 
cells determined by FCM, and the error bars denote the mean ± standard deviation. (C) The histogram shows the expression of miRNA‑1915‑3p in the 
H441 (left) and H1650 cells (right) at 48 h following treatment with 100 µM VP16 treatment. (D) The apoptosis of the H441 cells was induced by treatment 
with VP16 for 48 h following 24 h transfection with miR‑1915‑3p mimic. The histogram shows the percentage of apoptotic cells determined by FCM, and the 
error bars denote the mean ± standard deviation. (E) The apoptosis of H1650 cells induced by treatment with VP16 following miR‑1915‑3p mimic transfec-
tion for 24 h is shown. The histogram shows the percentage of apoptotic cells determined by FCM, and the error bars denote the mean ± standard deviation 
(**P<0.01 and ***P<0.001, compared with the control, using Student's t‑test). DMSO, dimethyl sulfoxide; FCM, flow cytometric analysis; FITC, fluorescein 
isothiocyanate; miRNA, microRNA; NC, negative control; PI, propidium iodide.
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Figure 2. DRG2 and PBX2 are direct targets of miR‑1915‑3p. (A) The miR‑1915‑3p targeting site resides at nt 38‑44 of the DRG2‑3‑'UTR and nt 701‑708 of 
the PBX2‑3'‑UTR. The upper panels are the sequence alignment of miR‑1915‑3p with binding sites on the DRG2‑ and PBX2‑3'‑UTR. The lower panel is a 
diagram of the luciferase reporter plasmids, including the plasmids with the full‑length DRG2‑3'‑UTR and PBX2‑3'‑UTR insert (pIS0‑DRG2‑3'UTR and 
pIS0‑PBX2‑3'UTR, respectively) and plasmids with a mutant DRG2‑3'‑UTR and PBX2‑3'‑UTR (pIS0‑DRG2‑3'UTR‑MUT and pIS0‑PBX2‑3'UTR‑MUT, 
respectively), which harbored a replacement of three nts within the miR‑1915‑3p‑binding site. (B) H1650 (upper panels) and H441 (lower panels) cells were 
transfected with the miR‑1915‑3p mimic (20 nM) or the plasmids pIS0‑DRG2/PBX2‑3'‑UTR or pIS0‑DRG2/PBX2‑3'‑UTR‑mut. pRL‑SV40 Renilla was used 
for normalization of the transfection efficiency. Following an incubation for 48 h, the luciferase activities were measured. (C) The expression levels of the 
DRG2 and PBX2 mRNAs in H1650 (left panel) or H441 (right panel) cell lines, treated as described above, were measured using RT‑qPCR. β‑Actin was used 
as internal control. (D) Western blotting was used to detect the expression of DRG2 and PBX2 proteins following transfection of the miRNA‑1915‑3p mimic 
(20 nM) or the miRNA‑1915‑3p inhibitor (40 nM) into the H1650 (left panels) or H441 (right panels) cells. *P<0.05; **P<0.01; ***P<0.001, compared with the 
NC experiments. DRG2, developmentally regulated GTP‑binding protein 2; NC. negative control; nt, nucleotide; PBX2, pre‑B cell leukemia homeobox 2; 
UTR, untranslated region; miRNA, microRNA.
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deprived of serum overnight, and were subsequently treated 
with VP16 for 48 h. FCM was performed to detect the number 
of apoptotic cells present. Overexpression of the miR‑1915‑3p 
mimic markedly inhibited VP16‑induced apoptosis (Fig. 1D). 
By contrast, overexpression of the miR‑1915‑3p inhibitor elic-
ited the opposite effect, promoting VP16‑induced apoptosis 
(Fig. 1D). A similar phenomenon was also observed in the 
lung cancer H1650 cells (Fig. 1E). Therefore, these results 
indicated that miR‑1915‑3p was associated with lung cancer 
cell apoptosis.

DRG2 and PBX2 are direct targets of miR‑1915‑3p. To assess 
the molecular mechanism of miR‑1915‑3p in the regulation of 
apoptosis, putative miR‑1915‑3p targets were predicted using 
the target prediction programs, TargetScan, miRanda and 
miRbase. DRG2 and PBX2 were identified as potential targets 
of miR‑1915‑3p. The 3'‑UTR of the DRG2 and PBX2 mRNA 
contained a complementary site for the seed region of 
miR‑1915‑3p (Fig.  2A). To determine whether DRG2 and 
PBX2 were regulated by miR‑1915‑3p through direct binding 
to their 3'‑UTR sequences, a human DRG2/PBX2 3'‑UTR 
fragment containing wild‑type (wt) or mutant miR‑1915‑3p 
binding sequence were cloned downstream of the firefly lucif-
erase reporter gene. Co‑transfection of the luciferase reporter, 
pIS0‑DRG2/PBX2‑3'‑UTR‑wt and miR‑1915‑3p, into the lung 
cancer H1650 cells produced a 50‑80% decrease in the lucif-
erase activity compared with the negative control (Fig. 2B). 
This suppressive effect was rescued by the three nucleotide 
substitutions (pIS0‑DRG2/PBX2‑3ʼUTR‑mutant) in the core 
binding sites, as shown in Fig. 2B (upper panels). A similar 
effect was identified for the lung cancer H441 cells (Fig. 2B, 
lower panels).

The effect of miRNA‑1915 on the endogenous expression 
of DRG2/PBX2 was further examined. Marked decreases 
in the endogenous mRNA (Fig. 2C) and protein (Fig. 2D) 
expression levels of DRG2 and PBX2 were observed in the 
H441 and H1650  cells transfected with the miR‑1915‑3p 

mimic, whereas transfection with the miR‑1915‑3p inhibitor 
induced a marked increase in the protein expression levels 
of DRG2/PBX2  (Fig.  2D). These results suggested that 
miR‑1915‑3p inhibited the expression of DRG2/PBX2 at the 
post‑transcriptional level by directly targeting the 3'‑UTRs of 
the DRG2/PBX2 mRNA.

Overexpression of DRG2/PBX2 induces apoptosis of the 
H441  and H1650 lung cancer cells. Since miR‑1915‑3p 
decreased the expression of DRG2 and PBX2 and inhib-
ited apoptosis, consequently, the association of DRG2 or 
PBX with the process of apoptosis in the lung cancer cells 
was investigated. The H441 cells were transfected with a 
plasmid harboring DRG2 or PBX2 and deprived of serum 
overnight, followed by treatment with VP16 for 48 h. FCM 
was performed to assess the numbers of apoptotic cells. The 
overexpression of DRG2 or PBX2 significantly promoted 
VP16‑induced apoptosis (Fig. 3A). A similar phenomenon 
was observed in the H1650 lung cancer cells (Fig. 3B). The 
identification of DRG2 and PBX2 as novel miR‑1915‑3p target 
genes may explain, at least in part, the molecular mechanism 
of miR‑1915‑3p.

miRNA‑1915 regulates apoptosis through DRG2 and PBX2. 
Subsequently, whether DRG2 and PBX2 were involved in 
apoptosis regulated by miRNA‑1915‑3p was investigated. 
H1650 cells were co‑transfected with the miR‑1915‑3p mimic 
and pcDNA3‑DRG2 or pcDNA3‑PBX2, which encoded the 
full‑length coding region of DRG2/PBX2, although they 
lacked the 3'‑UTR of the DRG2/PBX2 mRNA. The results 
indicated that overexpression of miR‑1915‑3p alone decreased 
the number of VP16‑induced apoptotic cells, whereas 
co‑expression with DRG2 or PBX2 effectively reversed the 
change (Fig. 4A). A similar phenomenon was observed with the 
H441 cells (Fig. 4B). These results suggested that the apoptotic 
involvement of miR‑1915‑3p, at least in part, was dependent on 
its role in regulating the expression levels of DRG2 and PBX2.

Figure 3. Overexpression of DRG2 or PBX2 promotes VP16‑induced cell apoptosis. (A)  Apoptosis of the H441  cells was induced by treatment 
with 100 µM VP16 for 48 h following 24 h transfection with DRG2 or PBX2. The histogram shows the percentage of apoptotic cells determined by FCM, and 
the error bars denote the mean ± standard deviation. (B) FCM was used to detect apoptosis in the H1650 cells induced by treatment with 100 µM VP16 fol-
lowing DRG2 or PBX2 transfection for 24 h. The histogram shows the percentage of apoptotic cells, and the error bars denote the mean ± standard deviation 
(*P<0.05 and **P<0.01, compared with the control). DRG2, developmentally regulated GTP‑binding protein 2; FCM, flow cytometric analysis; PBX2, pre‑B cell 
leukemia homeobox 2; FITC, fluorescein isothiocyanate; PI, propidium iodide. 
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Figure 4. miR‑1915‑3p regulates apoptosis through DRG2 and PBX2. (A) Apoptosis of the H1650 cells transfected with the miRNA‑1915‑3p mimic, and/or 
combined with DRG2 or PBX2 for 48 h was determined using FCM (left). The error bars in the histograms on the right denote the mean ± standard deviation. 
(B) Apoptosis of the H441 cells at 48 h following transfection of the miRNA‑1915‑3p mimic, and/or combined with DRG2 or PBX2, was determined by 
FCM (left). The error bars in the histograms on the right denote the mean ± standard deviation (*P<0.05, **P<0.01 and ***P<0.001, compared with the miRNA. 
NC+pcDNA3 control, or the miRNA‑1915‑3p+pcDNA3 experiments). PI, propidium iodide; FITC, fluorescein isothiocyanate; FCM, flow cytometric analysis; 
DRG2, developmentally regulated GTP‑binding protein 2; FCM, flow cytometric analysis; NC, negative control; PBX2, pre‑B cell leukemia homeobox 2; 
miRNA, microRNA.
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Discussion

The association of a series of miRNAs with cellular apoptosis 
has been previously experimentally verified (25‑27). In the 
present study, it was demonstrated that miR‑1915‑3p was a 
candidate regulator of lung cancer cell apoptosis. This finding 
therefore expanded the list of miRNAs which are known to be 
involved in regulating apoptosis.

The experiments performed in the present study demon-
strated that DRG2 and PBX2 were targets of miR‑1915‑3p. 
By interacting directly with the 3'‑UTRs of the DRG2 and 
PBX2  mRNA, miR‑1915‑3p regulated the expression of 
DRG2 and PBX2 at the post‑transcriptional level. The overex-
pression of miR‑1915‑3p eliminated VP16‑induced apoptosis 
and led to a marked decrease in the endogenous protein 
expression of DRG2 and PBX2. DRG2 and PBX2 were there-
fore associated with apoptosis.

In previously published studies, the overexpression of 
DRG2 inhibited doxorubicin‑induced apoptosis in hepatocel-
lular carcinoma cells (28) and reduced the sensitivity of Jurkat 
cells to the antimitotic agent, nocodazole (29), although it 
is unclear whether DRG2 exerts a role in Jurkat cell apop-
tosis (30). PBX2 is a transcriptional activator, which binds to 
the T‑cell leukemia homeobox protein 1 promoter, and a high 
level of expression serves as an independent, negative prog-
nostic indicator for gastric cancer and esophageal squamous 
cell carcinoma (31). However, the roles of DRG2 and PBX2 in 
lung cancer apoptosis remain to be elucidated. In the present 
study, it has been demonstrated that the overexpression of 
DRG2 and PBX2 may markedly promote the VP16‑induced 
apoptosis of lung cancer cells.

In conclusion, the present study demonstrated for the 
first time, to the best of our knowledge, that the levels of 
miR‑1915‑3p are significantly downregulated during the apop-
tosis of lung cancer cells. The overexpression of miR‑1915‑3p 
markedly inhibited VP16‑induced cell apoptosis. DRG2 and 
PBX2 were identified as direct and functional targets of 
miR‑1915‑3p. Finally, it was demonstrated that miR‑1915 
regulates apoptosis via DRG2 and PBX2. These findings may 
lead to novel therapeutic options for treating human lung 
cancer.
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