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Abstract
Background: Cisplatin-based chemotherapy is the standard first-line treatment for
non-small-cell lung cancers (NSCLCs); however, the long-term therapeutic effect is
reduced by chemoresistance. Brain and reproductive organ-expressed (BRE) pro-
teins are overexpressed in several cancers and have an anti-apoptotic function.
However, their biological role in the development of the chemoresistant phenotype
of human NSCLC remains unknown. We investigate the differential expression of
the BRE gene in human lung adenocarcinoma cell lines A549 and the cisplatin-
resistant variant A549/cisplatin (DDP), and the mechanisms of cisplatin-resistance
induced by the BRE gene.
Methods: Cell counting kit-8 assay was employed to determine the sensitivity of
A549 and A549/DDP cell lines to cisplatin. BRE expression was measured using
quantitative real time-polymerase chain reaction and western blot analysis. The
apoptosis rate of lung adenocarcinoma cells was determined by flow cytometry.
Results: BRE expression in A549 cells, derived from human lung cells, was markedly
decreased compared with parental cisplatin-resistant A549/DDP cells at messenger
ribonucleic acid and protein levels. BRE overexpression in A549 significantly
decreased sensitivity to DDP by inhibiting cell apoptosis. Conversely, BRE knock-
down in A549/DDP cells increased their chemosensitivity. Importantly, we demon-
strate that BRE overexpression induces the expression of phosphoprotein kinase B
(p-Akt) in lung cancer cells, while BRE silencing inhibits p-Akt expression. Further-
more, downregulation of p-Akt by LY294002 reversed the DDP resistance induced
by BRE by increasing apoptosis. BRE enhances the DDP resistance of lung cancer
cells through the Akt signaling pathway.
Conclusion: Our findings provide new insight into the mechanism of DDP resis-
tance in NSCLC cells and suggest BRE as an attractive new target for NSCLC
treatment.

Introduction

Cisplatin (DDP) is the most frequently used chemotherapeu-
tic agent for lung cancer. Initiation of DDP is mediated by its
interaction with DNA to form DNA adducts, primarily
intrastrand crosslink adducts, which activate several signal
transduction pathways, including those involving ATM
Rad3-related protein kinase (ATR), p53, p73, and mitogen-
activated protein kinases (MAPK), followed by culmination
in the activation of apoptosis.1 DDP exerts anticancer effects
via multiple mechanisms, yet its most prominent mode of

action involves the generation of DNA lesions, followed by
the activation of the DNA damage response and the induc-
tion of mitochondrial apoptosis.2 DDP resistance, however,
can attenuate DNA damage-mediated apoptotic signals. The
resistance ensues, which is a major limitation of DDP-based
chemotherapy. DDP resistance represents a major obstacle in
effective clinical treatment. There is an urgent need to eluci-
date the mechanisms that regulate DDP resistance in lung
cancer. The molecular mechanism of DDP resistance in lung
cancer is complicated, including chromosome abnormality,
apoptosis-related cellular signal transduction, apoptosis
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inhibitory factor gene expression, and DNA damage repair
gene expression.3–6 Although there are many factors inducing
chemoresistance in lung cancer therapy, the exact mecha-
nisms of DDP resistance remain unclear.

Brain and reproductive organ-expressed (BRE) proteins,
known as BRCC45, encode a protein with a molecular weight
of 44 kD.7 BRE is distributed in the nucleus and cytoplasm of
cells and is a member of the breast cancer 1 (BRCA1)
complex, which is involved in DNA repair.8,9 In cytosol, the
overexpression of BRE in transfected cells results in the
attenuation of death receptor and stress stimuli-activated
apoptosis, through inhibition of the mitochondria-
dependent apoptotic pathway. Moreover, BRE also
downregulates tumor necrosis factor alpha (TNFα) signaling
by binding death receptors and an overexpression of BRE
inhibits apoptosis in hepatocelluar, breast, esophageal, and
mouse Lewis lung cancers.10–13 However, the role of BRE in
apoptosis and DDP resistance in human lung cancer is still
unknown.

Apoptosis influences cell survival and proliferation, and
defends against abnormal cellular changes and infection.14–16

Recent research shows that apoptosis also plays an
important role in DDP resistance in Ewing’s sarcoma.17

Apoptotic inhibitor molecules, such as survivin and
X-linked inhibitor of apoptosis protein (XIAP), both of
which belong to the IAP superfamily, can exacerbate DDP
resistance when overexpressed.18,19 These inhibitors directly
or indirectly impact the activities of caspases (cysteinyl
aspartate specific proteinase), the direct effectors of
apoptosis, irrespective of the DNA damage pathway, and
mediate the apoptotic signal. For DDP, caspases 3, 8, and 9
are critical, and their activation is attenuated in DDP-
resistant cells.20 Overexpression of Bcl-2 is also associated
with DDP resistance, and this is probably facilitated by an
increase of glutathione levels and compounded by the
presence of mutant p53.21 Similarly, upregulation of Bcl-xL
is also observed in DDP-resistant tumor cells, possibly as
a result of repression of the negative regulator BAD.22

Among these inhibitory mechanisms of DDP-induced
apoptosis, the phosphatidylinositol-4,5-bisphosphate 3-
kinase (PI3K)/protein kinase B (Akt) pathway plays an
important role.23

Protein kinase B was originally identified as the likely
transforming gene component (v-Akt) of the Akt8 provirus.24

We now know that the Akt family comprises three closely
related isoforms: Akt1, Akt2, and Akt3. We have a very good
understanding of the mechanisms by which Akt isoforms are
activated by growth factors and other extracellular stimuli, as
well as by oncogenic mutations in key upstream regulatory
proteins, including Ras, PI3-kinase subunits, and phospha-
tase and tensin homolog.25 Activation of the PI3K/Akt
signal pathway is involved in resistance to DDP-induced
apoptosis.26

In the present study, we sought to investigate the putative
role of BRE in DDP-resistant non-small cell lung cancer
(NSCLC). We found that BRE was decreased in A549 cells
compared with parental DDP-resistant A549/DDP cells, sug-
gesting that BRE might act as a DDP-resistant gene in
NSCLC. We identified that BRE overexpression in A549 cells
decreased chemosensitivity to DDP by inhibiting cell apopto-
sis. By contrast, BRE knockdown in A549/DDP cells increased
their chemosensitivity. Furthermore, we found that the Akt
signaling pathway was involved in BRE-induced apoptosis
and DDP resistance in lung cancer.

Methods and materials

Cell culture and transfection

The human lung adenocarcinoma cell line A549 and the
DDP-resistant variant A549/DDP (obtained from the Tianjin
Lung Cancer Institute, Tianjin, China) were cultured in RMPI
1640 medium containing 10% fetal bovine serum (Gibco,
Carlsbad, CA, USA) at 37°C with 5% CO2 incubator, and for
A549/DDP, 2 μg/mL DDP was added (Sigma-Aldrich, St.
Louis, MO, USA). Cells were cultured to 80% confluence and
transfected with recombinant eukaryotic vector and empty
vector using Lipofectamine 2000 (Invitrogen, Carlsbad, CA,
USA) according to the manufacturer’s recommendation.

Small interfering ribonucleic acids

The small interfering ribonucleic acids (siRNA) targeting
human BRE messenger (m)RNA, negative control siRNA
(siControl) were purchased from GenePharma (Shanghai,
China). BRE siRNA sense: 5′-GCC CGU AGA UUU CAG
CAA UTT -3′; anti-sense: 5′-AUU GCU GAA AUC UAC
GGG CTT -3′. Control siRNA sense: 5′-UUC UCC GAA
CGU GUC ACG UTT -3′; anti-sense: 5′-ACG UGA CAC
GUU CGG AGA ATT -3′.

Plasmid constructs

Ectopic expression of BRE sequences were obtained from
GenBank (Gene ID: 9577). Human BRE was constructed by
polymerase chain reaction (PCR) and cloned into pcDNA3.1
vector (Invitrogen, USA), named pcDNA3.1- BRE. The
primers used in this study were as follows: sense 5′- AAG CTT
AAA ATG TCC CCA GAA GTG GCC TTG AAC CG -3′ and
antisense 5′- TCT AGA AAT AAG CCC AAA GTG ATC AAA
ATT ACT G -3′.

Quantitative real-time polymerase
chain reaction

Quantitative real-time PCR (qRT-PCR) was performed to
validate the micro (mi)RNA expression level. qRT-PCR was
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carried out using SYBR Premix Ex TaqTM (Takara, Japan).
PCR were carried out in triplicate and analyzed using the ABI
Prism 7900HT fast real-time PCR system (Applied
Biosystems, Life Technologies, Carlsbad, CA, USA). The rela-
tive quantification values for each gene were calculated by the
2-ΔΔCt method using glyceraldehyde 3-phosphate dehydro-
genase (GAPDH) as an internal reference. The primers used
in this study were as follows: BRE forward, 5′- GAT TCA AGG
GTA TCA CAA A -3′ and reverse, 5′-CCA CAT CAG CAG
CAG AGT -3′; GAPDH forward, 5′-TGC ACC ACC AAC
TGC TTA GC-3′ and reverse, 5′-GGC ATG GAC TGT GGT
CAT GAG -3′.

Western blot analysis

Cells were treated with pcDNA3.1-BRE, pcDNA3.1, si-BRE,
or a blocking agent to target the PI3K/Akt pathway
(LY294002). Total cell extracts prepared from cells using
radio immunoprecipitation assay buffer (RIPA) buffer
(Beyotime, Guangzhou, China), were resolved on 10% gradi-
ent sodium dodecyl sulfate-polacrylamide gel and trans-
ferred nitrocellulose (NC) membranes. Membranes were
blocked for one hour in 5% skim milk in tris-buffered saline
plus tween 20 (TBST) and incubated with primary antibody
overnight at 4°C, followed by the incubation with appropriate
horseradish peroxidase-conjugated secondary antibody at
optimized concentration. The primary antibodies anti-
phosphoprotein (p)-Akt, anti-Akt, anti-p-signal transducer
and activator of transcription 3 (Stat3), anti-Stat3, and anti-
β-actin antibody were purchased from Cell Signaling Tech-
nology (Danvers, MA, USA) The densitometry of western
blot results was measured using ImageJ software.

Cell cycle analysis

Cell cycle analysis was performed with flow cytometry assay.
A549 and A549/DDP cells were harvested, fixed overnight at
4°C, and stained with a propidium iodide solution for
30 minutes, and were then analyzed using flow cytometry
(Beckman Coulter, Brea, CA, USA) and WinCycle (Windsor,
VT, USA).

Apoptosis analysis

Cells were transfected with pcDNA3.1/BRE, pcDNA3.1,
siBRE, or siNC, 48 hours after transfection. Cells were then
harvested and washed with ice cold phosphate-buffered
saline (PBS), and then subjected to Annexin V-FITC Apopto-
sis Detection kit I (BD Pharmingen, Franklin, NJ, USA) for
staining, which was followed by flow cytometric analysis
using a FACScan instrument (Beckman Coulter, USA). The
test was repeated three times per experiment.

Statistical analysis

The data were presented as mean ± standard deviation (SD).
A t-test was used to determine significant differences between
the control and treatment groups. Statistical analysis was per-
formed using SPSS version 15.0 (SPSS Inc., Chicago, IL,
USA), and P < 0.05 was considered a statistically significant
difference.

Results

Parental A549 cells and cisplatin
(DDP)-resistant A549/DDP cells differed
in biology

To better understand the biological theories of chemoresis-
tance in lung cancer cells, we established a DDP-resistant
human lung adenocarcinoma cell line by subjecting A549
cells to drug pressure. The resistant line was termed A549/
DDP. The cell counting kit-8 (CCK-8) assay was performed
on A549 and A549/DDP cells, which produced IC50 values
for DDP of 2.24 ± 0.62 ug/mL and 12.78 ± 0.66 ug/mL
(P < 0.01), respectively (Fig 1a). A proliferation assay indi-
cated that A549 grew at a faster rate than A549/DDP
(Fig 1b). Using flow cytometric analysis, we found that
A549/DDP cells displayed predominant accumulation
in the S phase and a reduction in the G2 phase compared
with A549 cells (P < 0.05; Fig 1c). The parental line
also demonstrated a greater rate of apoptosis (17.59 ±
2.19%) than in the resistant cells (5.91 ± 0.20%; P < 0.05;
Fig 1d).

Brain and reproductive organ (BRE) enhanced
resistance to DDP in lung cancer cells

Brain and reproductive organ expression was measured in
A549 and DDP-resistant A549/DDP cells using qRT-PCR and
western blot analysis. The mRNA and protein expression of
BRE in A549 cells was markedly lower than in A549/DDP
cells. The data indicate that BRE may be involved in DDP
resistance in human lung cancer cells.

We therefore investigated the role of BRE in DDP resis-
tance. We performed a cell viability assay (CCK-8) to validate
the inhibitory concentration (IC)50 values for A549 and
A549/DDP cells exposed to DDP with and without BRE
expression. High BRE expression in A549 cells, achieved via
transfection, significantly increased the IC50 values for DDP;
silencing BRE by siRNA in A549/DDP cells reduced the IC50
values. The transfecting or silencing efficiency of BRE in the
cells was established using western blot analysis (Fig 2d and f,
lower). We concluded that BRE expression conferred DDP
resistance to A549 cells.
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BRE affected resistance to DDP through
regulation of apoptosis in lung cancer cells

To investigate the effect of BRE on cell viability, flow
cytometry was used to measure apoptosis. BRE upregulation

in A549 cells inhibited apoptosis, reducing the apoptotic rate
from 18.49 ± 2.19% to 12.84 ± 1.47%, compared with the
control group (Fig 3a). However, the apoptotic rate in A549/
DDP cells increased from 7.91 ± 0.95% to 14.9 ± 1.34% when
BRE was silenced by siRNA (Fig 3b). This result suggests that

Figure 1 Characteristics of A549/cisplatin (DDP) and parental A549 cells. (a) Cell counting kit-8 assay was used to measure cells inhibitory concentration
(IC)50 for DDP. (b) Cell growth was detected by a cell viability assay. , A549; , A549/DDP. (c) Cell cycle was investigated by flow cytometry. ,
A549; ,A549/DDP. (d) Cell apoptosis was measured by flow cytometry. Both A549 and A549/DDP cells were cultured with 2.0 μg/mL DDP. The data are
expressed as mean ± standard deviation of three independent experiments. *P < 0.05 and **P < 0.01 compared with A549 cells.
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BRE may be involved in the suppression of DDP-induced
apoptosis.

The protein kinase B pathway contributes to
BRE-induced DDP resistance

To investigate the antiapoptotic signal transduction pathway
affected by BRE upregulation, we measured apoptosis-related

proteins Akt and Stat3 using western blot analysis. Compared
with the control cells, Akt phosphorylation in A549 cells sig-
nificantly increased when BRE was overexpressed (Fig 4a),
and significantly decreased in A549/DDP cells when BRE was
knocked down (Fig 4b). In contrast, phosphorylated and
total Stat3 showed no significant change in either scenario
(Fig 4a). These results demonstrated that BRE-inhibited

Figure 2 Effect of brain and reproductive organ-expressed (BRE) protein on cisplatin (DDP) resistance in lung cancer cells. (a,b) BRE expression was mea-
sured by real-time polymerase chain reaction (PCR) and western blot in A549 and A549/DDP cells. (c-e) Ectopic expression of BRE in A549 cells. The mes-
senger ribonucleic acid (mRNA) and protein levels of BRE were examined by real-time PCR and western blot. Additionally, inhibitory concentration (IC)50
for DDP was measured using cell counting kit-8 (CCK-8) assay. (f-h) Silencing of BRE by small interfering (RNA) in A549/DDP cells. The mRNA and protein
levels of BRE were examined by real-time PCR and western blot. Additionally, IC50 for cisplatin was measured using CCK-8 assay. Data are reported as
mean ± standard deviation for three independent experiments (*P < 0.05, t-test).
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apoptosis may involve, at least in part, the PI3K/Akt signaling
pathway.

Protein kinase B is a major downstream target of PI3K. To
validate the relationship between BRE and the PI3K/Akt
signal pathway, we used LY294002 (PI3 kinase inhibitor) to
restrict the level of phosphorylated Akt. We transfected A549
cells with pcDNA3.1/BRE in the presence or absence of
LY294002 (20 μM). In the presence of LY294002, p-Akt levels
were markedly reduced in BRE-overexpressing A549 cells
(Fig 4c). Apoptosis also increased significantly in these cells
following treatment with 2.5 μg/mL DDP for 24 hours in the
presence of LY294002 (Fig 4d). Moreover, MTT analysis
showed that cell viability was significantly decreased in the
presence of LY294002 (Fig 4e).

Discussion

Chemotherapy is, at present, one of the most effective treat-
ments for lung cancer. Among the many chemotherapeutic
agents, DDP is the most commonly prescribed for treating
NSCLC. Unfortunately, the majority of tumors acquire drug
resistance. Most patients with advanced NSCLC will eventu-
ally relapse and die because of acquired drug resistance.
Therefore, DDP resistance is a major clinical challenge. The

mechanisms involved in DDP resistance remain largely unex-
plored, and, thus, are not yet fully understood.

In this study, we found that the mRNA and protein expres-
sion levels of BRE in parental A549cells were markedly
decreased compared with DDP-resistant A549/DDP cells.
The reintroduction of BRE in A549 cells significantly
increased the DDP IC50 values. Meanwhile, silencing BRE
by siRNA in A549/DDP cells decreased the IC50 values.
These findings strongly suggest that BRE potentiates DDP
resistance in lung cancer. BRE, also known as BRCC45, local-
izes to different subcellular compartments. Recently, BRE
overexpression has been reported in several types of tumors,
such as hepatocellular and esophageal cancers and mouse
Lewis lung cancer, and experimental evidence suggests that
BRE could inhibit cancer cell apoptosis.10–13,27 These findings
raise the possibility that BRE may induce DDP resistance in
lung cancer through an apoptosis-related pathway.

To explore this hypothesis, we first investigated the func-
tion of BRE in apoptosis. Li et al. found that the anti-
apoptotic role of cytosolic BRE is independent of its nuclear
counterpart and is not dependent on direct targeting of the
mitochondria.28 BRE overexpression could inhibit apoptosis
by repressing TNF-induced NF-κB activation. The TNF-
related apoptosis-inducing ligand is correlated with

Figure 3 Effect of brain and reproductive organ-expressed (BRE) protein on apoptosis in lung cancer cells. (a) Ectopic expression of BRE in A549 cells.
Flow cytometry assay was used to measure the apoptosis rate of cells. (b) Silencing BRE by small interfering ribonucleic acid (siRNA) in A549/cisplatin
(DDP) cells. The apoptosis rate of cells was measured by flow cytometry assay.
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Figure 4 Phosphatidylinositol-4,5-bisphosphate 3-kinase/protein kinase B (Akt) pathway involvement in brain and reproductive organ-expressed (BRE)-
induced cisplatin (DDP) resistance. (a) Ectopic expression of BRE in A549 cells. The protein levels of phosphor (p)-Akt, Akt, p-signal transducer and acti-
vator of transcription 3 (Stat3), and Stat3 were examined by western blot. (b) Silencing BRE by small interfering ribonucleic acid (siRNA) in A549/DDP
cells. The protein levels of p-Akt and Akt were examined by western blot. (c–f) A549 cells after transfection of pcDNA3.1/BRE with or without LY294002,
followed by the addition of 2 g/mL cisplatin. (c) Western blot was used to detect the protein levels of p-Akt and Akt. (d,e) Cell apoptosis rate was mea-
sured by flow cytometry assay. (f) Inhibitory concentration (IC)50 for cisplatin was measured by cell counting kit-8 assay.
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DDP-induced apoptosis in esophageal squamous cell carci-
noma.29,30 These studies support our hypothesis that BRE may
inhibit DDP-induced apoptosis through one or more
apoptosis-related pathways. Our data showed that the rein-
troduction of BRE dramatically reduced apoptosis in NSCLC
cells in vitro. In contrast, silencing of BRE by siRNA in A549/
DDP cells increased apoptosis. Because decreased apoptosis is
a key feature of drug resistance, our data suggest that
increased BRE expression may facilitate the DDP resistance of
human cancers like NSCLC.

Protein kinase B is a major downstream target of PI3K.
Research has shown that the PI3K/Akt signaling pathway is
frequently overactivated in human lung, breast, endometrial,
and ovarian cancers, glioblastomas, and medulloblastomas.
Current research has also demonstrated that Akt activation
confers resistance to DDP-induced apoptosis in ovarian
cancer. In this study, we found that p-Akt levels were signifi-
cantly increased in BRE overexpressed A549 cells and
decreased in BRE silenced A549/DDP cells. After inhibiting
PI3K/Akt signaling by LY294002, the apoptotic ratio of BRE
overexpressed A549 cells was significantly increased.

Conclusion

This study has shown that BRE plays an important role in
promoting DDP resistance in human lung adenocarcinoma.
Thus, clarifying the mechanism of BRE-induced DDP resis-
tance and identification of specific agents able to inhibit the
expression of BRE is a potential future strategy for the treat-
ment of NSCLC.
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