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Inhibitor of DNA binding 3 reverses cisplatin resistance in human
lung adenocarcinoma cells by regulating the PI3K/Akt pathway
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Abstract. Inhibitor of DNA-binding 3 (ID3) is a helix-
loop-helix transcription factor that is associated with cell
proliferation, differentiation and drug resistance in human
cancer, and with anticancer effects in certain types of cancer
cells. The present study investigated whether and how ID3 was
involved in multidrug resistance (MDR) in human cisplatin
(DDP)-resistant A549/DDP lung adenocarcinoma cells. The
underlying mechanism of action was investigated in vitro. Cell
Counting Kit-8 (CCK-8) and flow cytometry assays demon-
strated that overexpression of ID3 enhanced chemosensitivity
and decreased drug efflux in A549/DDP cells. Reverse tran-
scription-quantitative polymerase chain reaction revealed that
the expression of anti-apoptotic gene B-cell lymphoma-2 was
significantly downregulated in cells expressing exogenous ID3
(P<0.05). These results indicated that ID3 may synergize with
DDP to increase apoptosis in A549/DDP cells. ID3 overexpres-
sion modulated the activity of phosphoinositide 3-kinase/RAC
serine/threonine-protein kinase signaling and downregulated
the expression of multi-drug resistance protein-1, indicating
that ID3 expression can reverse multi-drug resistance in
AS549/DDP cells. Collectively, these results indicate that ID3 is
a potential effective chemotherapeutic target for the treatment
of human DDP-resistant A549 lung adenocarcinoma therapy.

Introduction

Lung cancer is the leading cause of cancer-associated
mortality worldwide, with the majority of cases non-small
cell lung cancer (NSCLC) (1). Platinum-based chemotherapy
in combination with radiation therapy is the mainstream in
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patients with NSCLC treatment; however, chemoresistance
limits the survival of patients with advanced disease that are
receiving chemotherapy (2). Cisplatin (DDP) is one of the most
commonly used chemotherapeutic agents for patients with
lung cancer owing to its high efficiency, relatively mild side
effects and ease of administration. However, DDP resistance
often occurs in clinical practice (3). Therefore, investigation
of the mechanisms of drug resistance may accelerate the
identification of novel therapeutic targets and strategies for the
treatment of NSCLC (4).

Multidrug resistance (MDR) is a major obstacle of
successful chemotherapy treatment. Thus, an improved
understanding of the different mechanisms underlying MDR
or searching for effective MDR modulators represents a
promising strategy to overcome drug resistance. Several major
mechanisms of drug resistance in cancer cells have been iden-
tified, including alterations to drug metabolism and apoptosis
pathways, deficiencies in DNA repair pathways that induce
resistance to chemotherapy and overexpression of ATP-binding
cassette (ABC) transporters that are involved in the efflux of
chemotherapeutic drugs (5-7). The phosphoinositide 3-kinase
(PI3K)/RAC serine/threonine-protein kinase (Akt) signaling
pathway has a substantial role in drug resistance by enabling
tumor cells to escape apoptosis (8). The PI3K/Akt signaling
pathway has been reported to control the expression and func-
tion of the numerous proteins essential for tumor cell drug
resistance (9,10).

Inhibitor of DNA binding 3 (ID3) is a member of the
ID family of genes, which are key regulators of cellular
proliferation, differentiation, apoptosis, tumorigenesis and
carcinogenesis (11-13). A previous study demonstrated that ID3
induced apoptosis in immortalized human keratinocytes upon
exposure to ultraviolet B radiation, consistent with its role as
a tumor suppressor (14). ID3 synergizes with 5-FU and DDP
therapies for non-melanoma skin cancer cells, and mediates
apoptosis in A431 cells via the ETS domain-containing protein
Elk-1/caspase-8-dependent pathway (15). Overexpression of
ID3 has been documented to trigger apoptosis in A549 human
lung adenocarcinoma cells (16,17), meaning that it could
serve as a novel strategy for inhibiting DDP-sensitive lung
cancer (18). Thus, there may be a link between the ability of ID3
to induce apoptosis and function as a tumor suppressor gene.
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ID3, as a regulator of apoptosis whose expression is
induced by antineoplastic agents, has the potential to enhance
the sensitivity of chemotherapy. However, whether and how
ID3 is involved in regulating DDP resistance in A549/DDP
cells remains unclear. The present study revealed that over-
expression of ID3 induced apoptosis in A549/DDP cells and
enhanced the sensitivity of A549/DDP cells to DDP treatment.
In addition, the results of the present study also indicated
that ID3 exerted its tumor-suppressing activity by directly
suppressing the PI3K/Akt signaling pathway. These results
may provide novel insights into the molecular mechanisms
of DDP resistance induced by overexpression of ID3 levels in
lung adenocarcinoma cells and indicate that ID3 may represent
a novel therapeutic target for the reversal of DDP resistance in
lung adenocarcinoma cells.

Materials and methods

Cell culture. The DDP-resistant A549/DDP cell line and
native A549 cells were purchased from the Cancer Institute of
the Chinese Academy of Medical Sciences (Beijing, China).
Cells were cultured as previously described (18). In all experi-
ments, cells were grown in culture medium to 70% confluence
in 100-mm tissue culture dishes. Cells were serum-starved for
24 h.

Transient transfection. Briefly, A549 and A549/DDP cells
(2.5x10° cells/ml) were seeded in 6-well plates and incubated
overnight. Cells were then transfected with pEGFP/ID3
(4 pgl/ul, overexpression ID3 vectors) and pEGFP/control
(4 pglul, control vectors) plasmid, which were purchased
from Nanjing Realgene Co., Ltd. (Nanjing, China) using
Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific,
Inc., Waltham, MA, USA), according to the manufac-
turer's protocol. After 24 h, cells were collected, followed by
reverse transcription-quantitative polymerase chain reaction
(RT-gqPCR), western blot analysis, or cell viability determined
by CCK-8.

CCK-8 assay for proliferation activity. AS49/DDP cells
(1x10* cells/ml) that were untransfected, transfected with
pEGFP/ID3 or transfected with pEGFP/control were seeded
into 96-well plates and incubated with various concentrations
of DDP (0,0.5,1.0,2.0,5.0, 10, 15,20, 30, 40 and 80 pg/ml) for
24 h in quadruplicate. Next, 10 ul CCK-8 (Dojindo Molecular
Technologies, Inc., Shanghai, China) solution was added to
every well and cells were incubated for a further 4 h. The
optical density (OD) was then measured at 570 nm using a
microplate reader. The inhibition rate was calculated as
follows: Inhibition rate (%)=(1-ODsy,,,, value of experimental
group/ODg;,., Value of control group) x100. From this, the
half-maximal inhibitory concentration (ICs,) was calculated.
The reversal fold (RF) values were calculated using the
following formula: RF=ICs, of pEGFP-ID3 group/ICs, of the
pEGFP group. The experiments were repeated three times.

Annexin V-fluorescein isothiocyanate (FITC)/propidium
iodide (PI) apoptosis assay. Transfected and untransfected
A549/DDP cells (3.5x10° cells/ml) were seeded into 12-well
plates and incubated with 0, 1.0 or 2.0 yg/ml DDP for 24 h.
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The A549/DDP cells were then washed with 1X PBS and
resuspended in 100 pl binding buffer (Sigma-Aldrich; Merck
KGaA, Darmstadt, Germany). Next, Annexin V-FITC and PI
(Sigma-Aldrich; Merck KGaA) were added for 30 min at 37°C
in the dark. Following dilution with 400 yl binding buffer,
staining was analyzed within 1 h by flow cytometry. The fluo-
rescence intensity (green, FL1-H; red, FL2-H) was measured
using a FACSCalibur flow cytometer (BD Biosciences, San
Jose, CA, USA). CellQuest Pro software 5.1 (BD Biosciences)
was used for acquisition and analysis of data.

RT-gPCR analysis. Total RNA was isolated from A549 and
A549/DDP cells, using TRIzol reagent (Invitrogen, Thermo
Fisher Scientific, Inc.) in accordance with the manufacturer's
protocol. The concentration and purity of the RNA samples
were determined using Eppendorf Biophotometer (Eppendorf,
Hamburg, Germany). In total, 1 ug of total RNA was used
to synthesize cDNA. cDNA was obtained by reverse tran-
scription with the PrimeScript RT Master Mix (Takara Bio,
Inc., Otsu, Japan). qPCR was performed using the FastStart
Universal SYBR Green Master (Rox) (Roche Applied Science,
Rotkreuz, Switzerland) with ABI 7500 Real Time PCR system
(Applied Biosystems, CA, USA). The primers were designed
with software Premier 5.0 (Premier Biosoft International, Palo
Alto, CA, USA) and synthesized by Sangon Biotech Co., Ltd.
(Shanghai, China). The sequences of the primers are depicted
in Table I. The thermocycling conditions were as follows: 95°C
for 4 min, followed by 40 cycles of 95°C for 40 sec and 60°C
for 30 sec, and final elongation at 72°C for 5 min. GAPDH was
used as an internal control, and the fold change was calculated
using the 242% method (19). PCR was performed in triplicate.

Flow cytometry analysis. A549/DDP cells (3.5x10° cells/ml)
transfected with pEGFP/ID3 or pEGFP/control, or untrans-
fected cells were washed with 1X PBS buffer and resuspended in
200 pl cell staining buffer (Beyotime Institute of Biotechnology,
Shanghai, China). After blocking with 10% fetal bovine serum
(FBS; HyClone Laboratories, Inc.) at 4°C for 1 h to mini-
mize non-specific background signals, 5 ul allophycocyanin
(APC)-conjugated anti-human multi-drug resistant protein-1
(MDR-1) antibody (ready to use dilution; cat. no. 348607,
BioLegend, San Diego, CA, USA) was added for 10-15 min
at 37°C in the dark. The expression of MDR-1 protein on
the cell membrane was detected using a FACSCalibur flow
cytometer (BD Biosciences, San Jose, CA, USA). CellQuest
Pro software 5.1 (BD Biosciences) was used for acquisition
and analysis of data.

Western blotting assay. Cells from each group were cultured
in the 6-well plates were washed in PBS and lysed in
Radioimmunoprecipitation Assay lysis buffer (Beyotime
Institute of Biotechnology, Shanghai, China). Protein concen-
trations was quantified by BCA Protein Assay kit (Beyotime
Institute of Biotechnology), Equal amounts of protein (20 pg)
were separated by 10% SDS-PAGE and transferred onto poly-
vinylidene difluoride membranes (EMD Millipore, Billerica,
MA, USA). After membranes were blocked with 5% skim
milk in TBS containing 0.2% Tween-20 at room temperature
for 2 h, the membranes were incubated overnight at 4°C
with primary antibodies comprising anti-MDR-1antibody
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Table I. Primer sequences used in reverse transcription-quantitative polymerase chain reaction.

Gene Direction Primer sequence Product length, bp

1D3 Forward 5'-ATGAAGGCGCTGAGCCCGGTGC-3' 360
Reverse 5'-CGGCCGAGTCAGTGGCAAAAGC-3'

Bcl-2 Forward 5'-GGGTGGGAGGGAGGAAGAATTT-3' 123
Reverse 5'-GCATCACATCGACCCCAATACAG-3'

GAPDH Forward 5'-CAACTAAGCGGCACAGAATG-3' 180
Reverse 5'-GCCAGTGGACTCCACGAC-3'

ID3, inhibitor of DNA binding 3; Bcl-2, B-cell lymphoma-2; bp, base pairs.

(cat. no. ab-170904; 1:400; Abcam, Cambridge, UK), B2 A549

anti-RhoE antibody (cat. no. sc-53874; 1:400; Santa Cruz 200 +* [ A549/DDP

Biotechnology, Inc., Dallas, TX, USA), anti-PI3K antibody 2

(cat. no. ab-40776; 1:400; Abcam). Subsequently, membranes

were washed three times, and then incubated with horse- g 100

radish peroxidase-conjugated anti-rabbit (cat. no. sc-51687, 5

1:1,000; Santa Cruz Biotechnology, Inc.) or anti-mouse E 120

secondary antibodies (cat. no. sc-2954; 1:1,000; Santa Cruz ]

Biotechnology, Inc.) for 1 h at room temperature. Anti-f3-actin -

antibody (cat. no. sc-47778; 1:500; Santa Cruz Biotechnology, % &0

Inc.) was used as a control. Immunoreactive bands were visu- &

alized by Enhanced Chemiluminescence Western Blotting 40

Detection Reagents (GE Healthcare Life Sciences, Little ’__‘ rj

Chalfont, UK) according to the manufacturer's protocol. O_iﬂ @ - [

>

The densitometric analysis of the bands was performed
using ImagelJ software (v.2.0; National Institutes of Health,
Bethesda, MD, USA).

Statistical analysis. Statistical analysis was performed
using SPSS 16.0 (SPSS, Inc., Chicago, IL, USA). The statis-
tical difference of data between groups was analyzed by
one-way analysis of variance (ANOVA) or Student's t-test.
Student-Newman-Keuls (SNK) was used as a post hoc test
following ANOVA. Data are expressed as the means + standard
deviation. P<0.05 was considered to indicate a statistically
significant difference.

Results

The expression of ID3 mRNA in A549 and A549/DDP cells
was detected by fluorescent quantitative PCR. The expression
of ID3 was detected by RT-qPCR. Owing to the low level of
expression of ID3 in A549 and A549/DDP cells, ID3 was
overexpressed to elucidate the direct implication of ID3 in the
chemosensitivity of A549/DDP cells. As shown in Fig. 1, the
expression of ID3 was significantly increased in A549/DDP
cells transfected with pEGFP/ID3 compared with those
transfected with the empty vector or untransfected cells at the
mRNA level.

Raised sensitivity of chemotherapy in A549/DDP cells owing
to ID3 overexpression. Following pEGFP/ID3 transfection,
the growth of A549/DDP cells was evaluated using a CCK-8
assay. As shown in Fig. 2A, the IC, of DDP in A549/DDP cell
decreased from 19.38 to 11.71 pug/ml, representing a 1.66-fold

Figure 1. Expression of ID3 in the human lung adenocarcinoma A549 cell
line and the DDP-resistant A549/DDP cell line. At 24 h after transfection,
reverse transcription-quantitative polymerase chain reaction analysis was
performed to detect the expression of ID3. Compared with untransfected
and pEGFP/control-transfected cells, the expression of ID3 was significantly
increased in ID3/pEGFP-transfected A549 and A549/DDP cells. GAPDH
served as an internal reference. Detection was performed in triplicate.
"P<0.01. ID3, inhibitor of DNA binding 3; DDP, cisplatin; EGFP, enhanced
green fluorescent protein.

increase in DDP sensitization after ID3 transfection. The
results of the CCK-8 assay demonstrated that ID3 expression
and DDP treatment had synergistic effect on the inhibition of
cell growth, and the synergistic effect was caused by the change
of biological characteristics of A549/DDP cells following ID3
induction.

After transfection with pEGFP/ID3, A549/DDP
cells were treated with DDP at different concentrations
(0.0, 1.0 or 2.0 ug/ml) and the apoptotic rate were detected
by Annexin V-FITC/PI double staining. As depicted in
Fig. 2B and C, the apoptotic rate of A549/DDP cells trans-
fected with pEGFP/ID3 group was significantly higher than
that of pEGFP/control group (P<0.05), and the apoptotic rate
increased with the increase of DDP concentration, indicating
that ID3 and DDP have a synergistic effect on cell apoptosis.
This evidence further demonstrated that ID3 serves a key role
in the mechanism of reversal of DDP resistance in human lung
adenocarcinoma cells, potentially due to the overexpression
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Figure 2. ID3 enhances DDP sensitivity and increases apoptosis in A549/DDP cells. (A) The growth inhibitory effect of ID3/pEGFP on A549 and A549/DDP
cells at different DDP concentrations (0, 0.5, 1.0, 2.0, 5.0, 10, 15, 20, 30, 40 and 80 pg/ml). (B) Flow cytometry analysis of apoptosis in pPEGFP/control or
pEGFP/ID3-transfected A549/DDP cells combined with various concentrations of DDP (0.0, 1.0 or 2.0 ug/ml). (C) The percentage of apoptotic cells in
cells transfected with ID3 and treated with DDP was significantly higher than that in the pEGFP/control group. “P<0.01 vs. pEGFP/control group. (D) After
A549/DDP cells were transfected with ID3/pEGFP or pPEGFP/control for 24 h, the levels of Bcl-2 expression were assessed by reverse transcription-quantitative
polymerase chain reaction analysis. "P<0.05 vs. pEGFP/control group and blank cells. GAPDH served as an internal reference. Experiment was performed in
triplicate. “P<0.05. ID3, inhibitor of DNA binding 3; DDP, cisplatin; EGFP, enhanced green fluorescent protein; Bel-2, B-cell lymphoma-2.

of ID3, which results in a series of biological effects leading
to enhancement of the sensitivity of DDP in A549/DDP cells,
resulting in apoptosis, and reversal of drug resistance.

The results of the western blotting assay demonstrated that
the expression of anti-apoptotic gene Bcl-2 was significantly
downregulated in pPEGFP/ID3 transfected cells (P<0.05;
Fig. 2D), indicating that ID3 may be involved in apoptosis as
part of the upstream regulatory/apoptotic-associated genes,
thus reversing drug resistance.

Inhibition of MDR-mediated transport due to ID3
overexpression. To investigate the possible molecular mecha-
nism of the ID3-dependent reversal of DDP resistance and
promotion of apoptosis in tumor cells, the changes in the expres-
sion of multidrug resistance-associated genes was assessed. The
results of this analysis revealed that the expression of RhoE
protein was increased in pEGFP/ID3 transfected cells compared
with the empty vector group (Fig. 3A). Furthermore, western

blotting and flow cytometry analysis (Fig. 3B and C) revealed
that the expression of MDR-1 was significantly downregulated
in pPEGFP/ID3 transfected cells. This result indicated that the
efflux functions mediated by MDR-1 were significantly inhib-
ited following ID3 overexpression. The data indicated that ID3
may be implicated in key steps of the development of multi-drug
resistance in human lung adenocarcinoma cells.

ID3 overexpression results in the inhibition of PI3SK/Akt
signaling. The PI3K/Akt pathway is one of the most notable
signaling pathways in cell apoptosis. The activation of the
PI3K/Akt signaling pathway is involved in the regulation of cell
survival and glycogen metabolism. It is closely associated with
the inhibition of tumor cell apoptosis and the occurrence and
development of tumors. Akt activity is positively associated
with drug resistance in lung, ovarian and breast cancer (20).
The present study assessed the activity of PI3K/Akt signaling
by pEGFP/ID3 transfection in A549/DDP cells. Western
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Figure 3. ID3 decreases the expression levels of multi-drug resistance proteins. (A) Detection of RhoE by western blot analysis. RhoE protein expression
was significantly upregulated in the pEGFP/ID3-transfected A549/DDP cells as compared with pEGFP/control group. 3-actin served as the loading control.
(B) The MDR-1 protein levels in DDP resistant cells were identified by western blot. Results revealed that the expression of MDR-1 was downregulated
significantly in pEGFP/ID3-transfected A549/DDP cells as compared with pEGFP/control group. 3-actin served as an internal control for loading. (C) The
results of flow cytometry demonstrated a decrease in MDR-1 protein levels in pEGFP/ID3-transfected A549/DDP cells as compared with pEGFP/control
group. “P<0.01 vs. pEGFP/control group. ID3, inhibitor of DNA binding 3; DDP, cisplatin; EGFP, enhanced green fluorescent protein; RhoE, Rho-related

GTP-binding protein RhoE; MDR-1, multi-drug resistance protein-1.

blotting (Fig. 4) revealed that the phosphorylation of Akt was
significantly decreased following pEGFP/ID3 transfection,
compared with the empty vector group (P<0.05). Conversely,
overexpression of ID3 inhibited PI3K/Akt signaling pathway
activity, thereby inhibiting tumor cell proliferation and
reversing of drug resistance.

Discussion

ID3 is considered to have multiple roles in the regulation of
cell growth; it was identified as a tumor suppressor gene for
Burkitt's lymphoma (21). Kee et al (22) proposed that the
induction of apoptosis by the retroviral-mediated expression
of ID3 in B lymphocyte progenitors (BLPs) by transforming
growth factor-f1-mediated signaling. In addition, Genetic
aberrations to ID3 indicate that it may function as a tumor
suppressor (23). It has been recognized that ID3 serves as an
inducer of apoptosis in response to X-ray irradiation via the
regulation of endogenous (3-catenin level (24). Evidence has
also demonstrated that ID3 induced apoptosis in immortal-
ized human keratinocytes (14). Recently, it was reported
that ID3-induced apoptosis is mediated through its HLH
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Figure 4. Effect of ID3 gene expression on the phosphorylation of Akt in
A549/DDP cells. (A and B) Detection of pAkt by western blot analysis.
pAkt levels were significantly downregulated in pEGFP/ID3-transfected
A549/DDP cells. B-actin served as an internal control for loading. “P<0.01
vs. the pEGFP/control group. pAkt, phosphorylated RAC serine/threonine-
protein kinase; ID3, inhibitor of DNA binding 3; DDP, cisplatin; EGFP,
enhanced green fluorescent protein.

and C-terminal domains. ID3 also sensitized SCC cells to
chemotherapeutic agents, including DDP and 5-fluorouracil
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(5-FU), via Elk-1/caspase-8-dependent apoptotic pathway (15).
Previous studies found that exogenous ID3 expression induced
inhibition of proliferation and apoptosis in A549 cells and
A549/DDP cells (16-18). The present study aimed to determine
whether ID3 overexpression could enhance the sensitivity of
lung cancer cells to DDP.

Inhibitor of differentiation/DNA binding (Id) proteins,
which are negative regulators of basic helix-loop-helix (bPHLH)
transcription factors, function as dominant-negative inhibitors
of E-proteins by inhibiting their ability to bind DNA (12). ID3
belongs to the ID family and acts as a negative regulator that
inhibits apoptosis by anticancer drugs (25), which is expected
to become a novel therapeutic target for enhancing sensitivity
to chemotherapy. ID3 has been shown to sensitize sarcoma
cells and A431 cells to DDP and 5-FU, respectively (26). A
previous study revealed that ID1 is a molecular marker of lung
cancer prognosis, and downregulation of the expression of ID1
could increase the sensitivity of lung cancer chemotherapy;
however, its mechanism remains unclear (27). Additional
evidence revealed that downregulation of ID1 can enhance
the sensitivity of gastric cancer MGC803 and AGS cells to
DDP (28). ID1 and ID3 co-expression was associated with
a poor clinical outcome in patients with locally advanced
NSCLC treated with chemoradiotherapy (29). The results of
the present study indicated that ID3 serves an important role in
cisplatin resistance in lung adenocarcinoma, and demonstrated
that ID3 overexpression may enhance cisplatin chemosensi-
tivity and resulted in markedly attenuated growth inhibition of
tumor cells. However, to the best of our knowledge, no study
exists concerning the specific mechanism of apoptosis driven
by ID3 in human lung adenocarcinoma cells and the mecha-
nism of resistance reversal in A549/DDP.

Bcl-2 can suppress apoptosis, leading to the generation of
drug resistance in several cell types (30). Bcl-2-transfected
cancer cells became more resistant to DDP (30,31). Therefore,
the expression of Bcl-2 is closely associated with drug resis-
tance in tumor cells. The results of RT-qPCR in the present
study revealed that the expression of e anti-apoptotic gene Bcl-2
was significantly downregulated in pEGFP/ID3-transfected
cells, indicating that ID3 may be involved in apoptosis as part
of the upstream/anti-apoptosis-associated genes to reverse cell
resistance.

Drug resistance is the primary reason for the failure
of cancer treatments (1). MDR is the main cause of chemo-
therapy failure, leading to the recurrence of cancer (32). Thus
it is important to find effective methods to reverse MDR. The
present study demonstrated that the expression of MDR-1 in
A549/DDP cells transfected with pEGFP/ID3 was signifi-
cantly downregulated, as analyzed using flow cytometry and
western blot analysis (P<0.05), indicating that ID3 overexpres-
sion reverses DDP resistance in A549/DDP cells. Notably, ID3
transgene expression increased the expression of RhoE, which
may result in inhibition of tumor growth. These results are
consistent with those of recent studies, which revealed that the
downregulation of RhoE expression in lung cancer cell lines
and other cancerous tissues may contribute to the invasion and
metastasis of tumor cells (33,34).

Taken together, the results of the present study
demonstrated that ID3 overexpression in A549/DDP cells
inhibited DDP resistance by suppressing activation of the
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PI3K/Akt signaling pathway. Therefore, overexpression of
ID3 may be a potential approach to reverse DDP resistance in
DDP-resistant human lung adenocarcinoma cells. However,
the exact molecular mechanisms of tumor MDR require
further investigation.
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