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Introduction

Despite significant progress in cancer therapy by conven-
tional approaches of surgery, radiotherapy, and chemotherapy in 
the last decade, the overall survival rates of cancer patients have 
not been substantially improved.1 Among those approaches, che-
motherapy has been widely used to inhibit cancer cell prolifera-
tion and induce cancer cell apoptosis; however, chemopreventive 
agents may not only directly cause immune cell death due to their 
cytotoxicity, but also alter tumor-reactive immune responses, so 
cancer immunoresistance and immune escape are major obstacles 
in chemotherapy. In recent years, immunotherapy as a comple-
mentary strategy could be helpful to eradicate cancer cells when 
combined with chemotherapy.2-5 Thus, a better understanding of 
how chemotherapy may affect the immune responses of cancer 

cells is necessary for the improvement of the efficacy of chemo-
therapy combining with immune remedy.

The tumor-associated calcium signal transducer (TROP2/
TACSTD2) gene,6 is a surface glycoprotein originally identified 
in human placental trophoblast and subsequently reported to be 
highly expressed by various types of human carcinomas, such as 
pancreatic,7 gastric,8 oral,9 lung,10 laryngeal squamous cell car-
cinoma,11 and colorectal cancers,12-14 but rarely or restrictively 
expressed in normal adult tissues,15 and correlate with invasive 
behavior and poor prognosis, which suggests that it has a role in 
tumor progression. Trop-2 is also identified as a marker of a sub-
population of prostate basal cells in both murine and human,16 
the Trop-2-expressing basal cells possesses stem cell capacities 
such as self-renewal, tissue regeneration, and multilineage dif-
ferentiation, Stoyanova et al.17 further demonstrate that Trop-2 
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Chemotherapy has been widely used in cancer treatment, but the prognosis of the cancer patients following che-
motherapy has not been substantially improved. Alternative strategies such as immunotherapy and their combinations 
with chemotherapy are now being considered; however, the effects of chemotherapy on the immune responses of can-
cer cells are not fully understood. In the present studies, we reveal a potential link between chemotherapy and cancer 
immunoresistance, we first examined the effects of chemopreventive agent DDP on the expression of a cell surface 
glycopreotein Trop-2 in lung cancer cells, and found that DDP not only induce Trop-2 surface expression in human lung 
cancer cells, but also induce T-cell apoptosis effectively. In order to investigate the relationship between DDP-induced 
Trop-2 expression and T-cell apoptosis, we stably transfected A549 and PC14 lung cancer cells with Trop-2 shRNA, the 
DDP-induced Trop-2 surface expression was effectively decreased in stably transfected cell lines, but chemotherapeutic 
reagent-induced cell proliferation inhibition and apoptosis were increased through inhibition of the MAPK signaling 
pathway. In vivo animal experiments showed that Trop-2 knockdown tumors displayed a slower growth rate than the 
control xenografts. Importantly, DDP treatment exhibited a strong antitumor activity in the mice with Trop-2 knock-
down tumors, but only a marginal effect in the control group. Taken together, our data show that DDP resistance in lung 
cancer cells could be induced through increased surface expression of Trop-2, which at least partially by interfering with 
MAPK pathway. These results provide novel insight into the function of Trop-2 and encourage the design and testing of 
approaches targeting this protein and its partners.
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controls stem/progenitor self-renewal and tissue regeneration in 
the prostate. Trop-2 is thought to be a signal transducer play-
ing a regulatory role in the growth of cancer cells18 and also in 
morphogenesis19 through regulating the intracellular calcium 
levels,20 Trop-2 has also been proposed as a target for anticancer 
immunotherapy,21 anti-Trop-2 monoclonal antibodies (mAbs) 
have been shown to kill uterine serous papillar carcinoma cells 
via Ab-dependent cell-mediated cytotoxicity in vitro;22 Trop-2 is 
a cell surface marker of gastric adenocarcinoma cell line (AGS), 
anti-Trop-2 conjugated liposomes loaded with apoptosis activa-
tor 2 on AGS cell line induces apoptosis effectively.23

Although Trop-2 expression is elevated in various carcinomas 
and serves as a marker of cancer immunotherapy, the biological 
role of Trop-2 in chemotherapy, and the correlation of Trop-2 
with chemotherapy or immunotherapy are not well understood. 
In the present study, we demonstrate that Trop-2 confers resis-
tance to DDP in vitro by reducing the sensitivity of lung can-
cer cells to apoptosis, which mediated via the MAPK signaling 
pathway. Furthermore, in contrast to previous studies majorly 
focused on the oncogene effects of Trop-2, our data show that 
Trop-2 plays an important immunoregulatory role in determin-
ing the resistance to DDP via increased surface expression in lung 
cancer cells. These findings provide new insight into the role of 
Trop-2 in cancer and may have important implications in the 
development of targeted therapeutic remedy to overcome DDP 
resistance, our findings also reveal a potential link between che-
motherapy and immunoresistance.

Results

Overexpression of Trop-2 in lung cancer patients
Trop-2 expression levels in NSCLCs and paired normal 

lung tissues were examined by means of quantitative real-time 
RT-PCR. As shown in Table 1, all (100%) of 5 adenocarcinomas 
expressed Trop-2 ranging from 4.3 × 10−1 to 3.9 × 101 (Trop-2 
expression level in A549 lung cancer cells was defined as 1.0), and 
15 squamous cell lung cancer tissues expressed Trop-2 at levels 
ranging from 8.0 × 10−1 to 4.5 × 100. However, Trop-2 expression 
was detected in 0/11 paired normal lung tissues of patients.

Trop-2-knockdown results in proliferation inhibition and 
G

2
-phase accumulation
To investigate the physiological function of Trop-2, we used 

shRNA to create stable Trop-2 knockdown cell variants derived 
from A549 and PC14 cell lines. As compared with the paren-
tal and the nontarget shRNA-transfected control cell variants 
A549-NC and PC14-NC, their corresponding Trop-2 knock-
down cell variants A549-shTrop-2 and PC14-shTrop-2 expressed 
very low levels of Trop-2, showing an effective knockdown of the 
Trop-2 protein (Fig. 1A).

To examine the effect of Trop-2 reduction on cell prolifera-
tion and cell cycle distribution, we then performed proliferation 
assays and FACS analysis. Cells were seeded in 96-well plates at 
104 cells per well and 48 h later the cell viability was analyzed by 
MTT assay. Figure 1B showed that knockdown of Trop-2 caused 
a remarkable inhibition of cell proliferation in both A549 and 

Table 1. Clinical features of patients with lung cancer and WT1 expression in lung cancer tissues

Patient Age (year) Sex Histology TNM Stage Trop-2 mRNA level

1 69 F Ad T1N1M0 IIA 8.0 × 10-1

2 55 M Ad T1N1M0 IIA 4.0 × 100

3 56 F Ad T2N1M0 IIB 0.7 × 100

4 50 M Ad T2N0M0 IB 2.3 × 100

5 63 F Ad T2N1M0 IIB 3.3 × 100

6 63 M Sq T1N0M0 IA 6.0 × 10-1

7 56 M Sq T1N0M0 IA 8.0 × 10-1

8 64 F Sq T2N1M0 IIB 3.4 × 100

9 47 M Sq T1N0M0 IA 0.5 × 10-1

10 56 M Sq T1N0M0 IA 4.5 × 10-1

11 63 M Sq T2N1M0 IIB 3.7 × 100

12 64 M Sq T1N0M0 IA 6.0 × 10-1

13 54 M Sq T2N1M0 IIB 6.5 × 100

14 71 M Sq T1N2M0 IIIA 5.4 × 100

15 61 M Sq T1N1M0 IIA 10.0 × 100

16 75 M Sq T2N1M0 IIB 3.5 × 100

17 53 M Sq T2N0M0 IB 9.0 × 10-1

18 59 M Sq T1N2M0 IIIA 3.9 × 101

19 76 M Sq T2N0M0 IB 0.5 × 100

20 66 M Sq T2N0M0 IB 7.3 × 10-1
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PC14 cells compared with that of control cells. Moreover, 
FACS analysis revealed that Trop-2 shRNA-stable trans-
fected cells exhibited a significantly higher proportion in 
G

2
 phase compared with that of control cells (Fig. 1C). 

These data demonstrate that Trop-2 reduction leads to 
growth arrest in G

2
 or reduction in progression through 

G
2
. To determine whether this effect is specific to lung 

cancer cells, we next performed the same experiments in 
Hela human cervical cancer cell line, and also observed 
a G

2
 accumulation Hela cell line post-shTrop-2 transfec-

tion (data not shown).
shRNA-mediated reduction in Trop-2 expression 

resulted in impaired cell motility and migration
Parental lung cancer cells and shTrop-2 stably trans-

fected cells were seeded in 12-well plates and allowed 
to attach overnight. Then we examined the role of 
each device on tumor cell migration by performing 
scratch assays, as shown in Figure  2A, the migration 
distances of A549-shTrop-2 and PC14-shTrop-2 were 
much slower than the scramble in both A549-shNC and 
PC14-shNC cells. The results revealed that cell migra-
tion was impaired when deficient of Trop-2, Figure 2B 
and Figure 2C also showed that the shTrop-2 inhibited 
migration and invasion of lung cancer cells. These data 
suggest that reduction of Trop-2 expression can inhibit 
early metastasis of lung cancer cells.

Induction of the Trop-2 expression in response to 
DDP in human lung cancer cells

To determine the effect of the standard lung cancer 
chemotherapy reagent DDP on Trop-2 mRNA expres-
sion and protein level, A549 and PC14 cells were incu-
bated with different concentrations of DDP for 24 h or 
incubated with 1 μg/ml DDP for 24 h or 48 h, respec-
tively. Unexpected, the Trop-2 expression was increased 
in time- and dose-dependent manner in both cell lines as 
determined by western blot assay (Fig. 3A and B).

Chemopreventive agents induce Trop-2 surface expression 
in lung cancer cells

We then assessed the effects of chemopreventive agents on 
Trop-2 surface expression in lung cancer cells, we first treated 
A549 and PC14 cells with 1 μg/ml of DDP, in the time course 
study, we observed an increase of Trop-2 surface expression as 
early as 12 h after the treatment, and its expression reached the 
highest level at 48 h after the treatment (Fig. 3C). We then exam-
ined the dose responses of DDP-induced Trop-2 surface expres-
sion. Figure 3D showed DDP induced dose-dependent increase 
of Trop-2 surface expression in A549 and PC14 cells. In addition, 
we examined whether other chemotherapeutic agents treatment 
could affect the surface expression of A549 cell line. We also 
demonstrated that As

2
O

3
 also induced Trop-2 surface expression 

in A549 cells (data not shown).
Chemopreventive agents promote Trop-2-specific T-cell 

apoptosis
We are wondering if the upregulated Trop-2 surface expres-

sion induced by DDP in lung cancer cells may affect cancer cell-
reactive T-cell functions. Co-culture of T cells with A549 cells 

pre-treated with DDP increased the apoptosis of CD8+ T cells 
when compared with that of T cells cultured with untreated 
control cells (Fig. 4). As the effects of DDP treated cancer cells 
on the apoptosis of CD8+ T cells were completely inhibited by 
Trop-2 blocking antibody, so we conclude that DDP induces 
CD8+ T-cell apoptosis through Trop-2-dependent pathway.

shRNA targeting Trop-2 sensitizes lung cancer cell lines to 
DDP treatment

As DDP treatment could increase the Trop-2 expression, which 
then induces CD8+ T-cell apoptosis, so we thought this could be 
an obstacle for DDP in use of lung cancer treatment. Thus we 
were considering the effect of DDP treatment in combination 
with Trop-2 shRNA transfection. After treated with various con-
centrations of DDP for 72 h, cell viability of A549-shTrop-2 and 
PC14-shTrop-2 was then analyzed by MTT assay, cell apoptosis 
was also detected by AO/EB staining post 1 μg/ml DDP treat-
ment. A dose-dependent inhibition of cell growth was observed 
in lung cancer cells (Fig. 5A), and the Trop-2 knockdown cells 
were about 2-fold more sensitive to DDP than parental and con-
trol cells. In A549 cells, the inhibition of cell growth was 51% 

Figure 1. Trop2-knockdown results in proliferation inhibition and G2-phase accu-
mulation in lung cancer cells. (A) Western blot analysis showing the Trop-2 protein 
level of A549 (left) and PC14 cells (right), stably transfected with either shNC or 
shTrop-2 and their corresponding parental cells. β-actin levels served as loading 
control. (B) Cell proliferation of A549 and PC14 lung cancer cells stably transfected 
with shTrop2 or nontarget control shRNA was detected by MTT assay. The viability 
of shNC transfected cells was considered as 100%. Data represented the mean ± 
SD of three independent experiments. (C) A549 and PC14 lung cancer cells were 
stably transfected with shTrop2 or nontarget control shRNA, cell cycle distribution 
was assessed by means of flow cytometry. The distribution of cells in the G1, S, and 
G2/M phases of the cell cycle were calculated and labeled.
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after exposure to 1 μg/ml DDP in the Trop-2 knockdown A549-
shTrop-2 cells compared with 29% and 37% in parental and 
control cells; in PC14 cells, the inhibition of cell growth was 
37% after exposure to 1 μg/ml DDP in the Trop-2 knockdown 
PC14-shTrop-2 cells compared with 18% and 25% in parental 
and control cells. Statistical analysis shows that the difference 
between Trop-2 knockdown and control cells was significant in 
both A549 and PC14 cells. Our result also showed that down-
regulation of Trop-2 prior to treatment with DDP led to a much 
higher rate of apoptotic cells compared with the DDP treated 
parental cells by AO/EB staining (Fig. 5B). These results indi-
cate that Trop-2 plays a role in tumor cell resistance to DDP.

Trop-2 regulates the activation of MAPK signaling pathway 
and its downstream antiapoptotic molecules

Since we observed chemo-sensitization accompanied by an 
increase in apoptosis in DDP-treated Trop-2 knockdown cells, 
we studied whether the effects of Trop-2 knockdown could be 
related to molecules and signaling pathways known to be involved 
in the apoptotic response. We then investigated the effects of 

Trop-2 knockdown on several signaling pathways, 
and we found that the MAPK signaling pathway 
activity was affected by shTrop-2 transfection. 
As seen in Figure  6A, the silencing of Trop-2 
induced a dramatic reduction in the phosphory-
lation level of Erk, an indicator of MAPK acti-
vation, both in untreated and DDP-treated cells. 
Furthermore, Mcl-1 was dramatically repressed in 
Trop-2 silenced cells with reduced Erk phosphory-
lation (Fig. 6B). VEGF, another direct target of 
MAPK, was also, to a lesser extent, reduced in 
Trop-2 silenced cells (Fig. 6B). In summary, these 
indicate that the silencing of Trop-2 reduces the 
phosphorylation of Erk, which leads to decreased 
expression of the antiapoptotic proteins Mcl-1 and 
VEGF.

Silencing of Trop-2 enhances cancer cell sen-
sitivity to DDP treatment in a xenograft mouse 
model

The in vitro experiments with the A549 and 
PC14 cells showed that the cytotoxic effect of 
DDP was enhanced in cells with silenced Trop-
2. Hence, we examined whether this could be 
observed also in vivo. A549 Trop-2 knockdown 
and control cells were injected s.c. in nude mice, 
and the animals were treated with DDP when 
the tumors had reached a mean diameter of 
5 to 6 mm. As shown in Figure 7, the growth rate 
was reduced by the knockdown in Trop-2 alone, 
and whereas DDP had a marginal effect on the 
growth of A549-shNC tumors, it showed a strong 
antitumor effect in the mice carrying growth of 
A549-shTrop-2 xenografts. These in vivo results 
strongly support the effects observed in vitro that 
Trop-2 plays a critical role in DDP responsiveness 
of lung cancer cells.

Discussion

Chemotherapy is widely used as one of the traditional method 
for cancer therapy, but cancer chemoresistance is a major obsta-
cle. In recent years, complementary strategies such as immuno-
therapy could be helpful to eradicate cancer cells when combined 
with chemotherapy. Nevertheless, chemopreventive agents may 
not only directly cause immune cell death due to their cytotoxic-
ity, but also alter tumor-reactive immune responses. Thus, a bet-
ter understanding of how chemotherapy may affect the immune 
responses of cancer cells, and find the related signaling pathways 
involved in the process is necessary for the improvement of the 
efficacy of chemotherapy or chemotherapy in combination with 
immunotherapy.

In this study, we examined the role of Trop-2 in lung cancer, 
and there are three major findings. First, we found that cell sur-
face glycoprotein Trop-2 is overexpressed in lung cancer speci-
mens and several lung cancer cell lines, using shRNA approach 
we demonstrated that Trop-2 is involved in cell growth and cell 

Figure  2. Regulation of migration, invasion by Trop-2 in lung cancer cells. (A) Motility 
assay. Photomicrographs demonstrating the results of the in vitro motility of in lung can-
cer cells using the simple scratch technique. Lung cancer cells were grown in monolayer, 
scratched and monitored every 6 h for 24 h. (B) Transwell migration assay. Lung cancer cells 
were plated in the top chamber of the transwell, cells migrated to the lower chambered 
were fixed with methanol, stained with crystal violet and counted. Data represent mean ± 
SD. *Significantly different from respective controls, P < 0.05. (C) Matrigel invasion assay. 
Lung cancer cells were plated onto the matrigel-coated membrane in the top chamber of 
the transwell for 24 h. Cells invaded to the lower chambered were fixed with methanol, 
stained with crystal violet and counted. Data represent mean ± SD. *Significantly different 
from respective controls, P < 0.05.
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cycle distribution in lung cancer cells; second, we showed that 
chemopreventive agents such as DDP and As

2
O

3
 can induce 

Trop-2 surface expression in human lung cancer cells, further-
more, the upregulated Trop-2 surface expression induced by che-
mopreventive agents effectively mediates T-cell apoptosis; third, 
Trop-2 shRNA induced knockdown of the Trop-2 protein in 

A549 cells resulted in increased sensitivity to the drug, whereas 
Trop-2 overexpressing parental cells were less sensitive to DDP-
induced apoptosis, thus targeting Trop-2 could counteract cel-
lular resistance to DDP.

Furthermore, in attempts to elucidate the mechanisms under-
lying the observed effects, we obtained the evidence for Trop-2 

Figure 3. Dose- and time-dependent increase of the Trop-2 surface expression in response to DDP in human lung cancer cells. (A) A549 and PC14 
cells were treated with different concentrations of DDP for 24 and 48 h, respectively, and Trop-2 expression was analyzed by western blot analysis. 
(B) Representative histograms and bar graphs show DDP-induced Trop-2 expression in lung cancer cells. Data are represented as mean ± SD from 
3 independent experiments. (C) A549 and PC14 cells were treated with 1 μg/ml of DDP for different time points, Trop-2 expression was analyzed by 
flow cytomertry. (D) A549 and PC14 cells were treated with different concentrations of DDP for 24 h, Trop-2 expression was analyzed by flow cytometry.
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regulating key genes in the mitogen-activated protein kinase 
(MAPK)-related signaling pathway. MAPK cascades are dem-
onstrated to be key signaling pathways involved in the regulation 
of normal cell proliferation, survival, and differentiation.24,25 
Aberrant regulation of this pathway contributes to cancer and 
other human diseases. Three major types of MAPK families, 
extracellular response kinase (ERK), c-Jun NH2-terminal 
kinase (JNK), and p38, have been described in mammalian 
systems. In particular, the ERK signaling pathway which uni-
versally governs proliferation, differentiation and cell survival, 
is associated with resistance to apoptosis in malignant tumors. 
Many studies showed that inactivation of this pathway sensitizes 
cancer cells to anti-cancer drugs induced apoptosis,26,27 and the 
subject of intense research scrutiny leading to the development 
of pharmacologic inhibitors for the treatment of cancer. Yao 
et al.28 demonstrated that Trop-2 has the ability to activate ERK 
using gene-reporter assays, and Trop-2 expression contributes to 
tumor by activating the ERK/MAPK pathway. Guerra et al.29 
further demonstrated a signaling-network-dependent, feedback 
mediated modulation of ERK by Trop-2, rather than an early 
activation step.

In the present study, we then analyzed the phosphorylation 
level of ERK and the expression changes of cyclin D1 and VEGF, 
and in transfectants with shTrop-2 or with control vectors. Cyclin 
D1 is downstream of ERK/MAPK,30 shTrop-2 stably transfected 
cells showed reduced phosphorylation level of ERK, and reduced 
cyclin D1 expression which could cause the G

2
 phase accumu-

lation post transfection. We also find that the expression of 
VEGF—another ERK/MAPK signaling pathway downstream 
target31—is also reduced post shTrop-2 transfection.

In summary, our study investigating the role of Trop-2 in 
drug resistance shows that the protein confers resistance to DDP 

in vitro by reducing the sensitivity of lung cancer cells to apop-
tosis, mediated via the MAPK signaling pathway. Furthermore, 
in contrast to previous studies majorly focused on the oncogene 
effects of Trop-2, our data show that Trop-2 plays an impor-
tant immunoregulatory role in determining the resistance to 
DDP via increased surface expression in lung cancer cells. These 
findings provide new insight into the role of Trop-2 in cancer 
and may have important implications in the development of 
targeted therapeutic remedy to overcome DDP resistance, our 
findings also reveal a potential link between chemotherapy and 
immunoresistance.

Materials and Methods

Tissue samples and cell lines
The non-small-cell lung cancer (NSCLC) cell lines (A549, 

PC14), were obtained from ATCC and propagated in the recom-
mended media. Lung cancer specimens and paired normal lung 
tissues were obtained from the primary tumor site during opera-
tion (Thoracic Surgical Departments of the Tangdu Hospital). 
Clinicopathologic features in lung cancers are listed in Table 1. 
NSCLC stages were classified according to the UICC TNM clas-
sification. For the use of these clinical materials for research pur-
pose, prior patients’ consents and approval from the Institutional 
Research Ethics Committee of Tangdu hospital were obtained. 
Written informed consents were signed by all the patients. Under 
sterile conditions, tumor samples of 0.5 cm in diameter were 
taken and shock-frozen in liquid nitrogen. Samples from mac-
roscopically tumor-free margins of the operative specimens were 
also processed accordingly.

Drugs and antibodies
DDP (min. 94%) was purchased from Sigma-Aldrich. A 

10 mM DDP stock solution was dissolved in PBS and stored 
at −20 °C until use. Monoclonal anti-human Trop-2, and goat 
anti-mouse secondary antibody for western blot were obtained 
from Santa Cruz Biotechnology, Inc. The anti-phospho-Akt(p- 
Thr473) was obtained from Cell Signaling.

Quantitative real-time RT-PCR
Quantitative real-time RT-PCR was performed using SYBR 

green master mix (Takara), according to the following PCR 
conditions: initial denaturation at 95 °C for 3 min followed by 
30 cycles of amplification at 95 °C for 10 s and 60 °C for 15 s. The 
amplified fluorescent signal was detected by Roche LightCycler 
480 (Roche Diagnostics). Relative quantification was assessed 
using secondary derivative maximum (Roche Diagnostics). 
Gene expression was normalized to GAPDH and differences 
in expression measured relative to the control (A549 cells). For 
each sample, all experiments were repeated in triplicate using two 
independent cDNA extractions with RNA isolated from 3 inde-
pendent RNA extractions.

Generation of stable cell lines
Short hairpin RNA (shRNA) constructs against Trop-2 Was 

chemically synthesized by AuGCT Biotechnology. The sense oligo-
nucleotide sequence was: 5′-GATCCCCAAG TGTCTGCTGC 
TCAATTCAAG AGTTGAGCAG CAGACACTTG GAGA-
3′. After annealing, the oligonucleotides were inserted into the 

Figure 4. Chemopreventive agents promote Trop-2-specific T-cell apop-
tosis. DDP-pre-treated lung cancer cells induce Trop-2-specific T-cell 
apoptosis. A549 cancer cells were pre-treated with 1 μg/ml of DDP for 
48 h. Mitomycin C was added to kill the cells. T cells were then co-cul-
tured with mitomycin C-treated A549 cancer cells in the absence (top 
row) or presence (bottom row) of anti-Trop-2 mAb for 16 h. Cells were 
then harvested and stained with PE anti-Trop-2, Alexa Fluor 488 anti-
annexin V and APC anti-CD8, and analyzed by flow cytometry for T-cell 
apoptosis in Trop-2+/CD8+ population. The results are representative of 
3 independent experiments.
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BamHI and HindIII sites of linearized pSilencer4.1-CMV neo 
vector (Ambion) according to the manufacturer’s instructions, 
and the recombinant vector was named as shTrop-2. The vector 
pSilencer4.1-CMV negative control was named as shNC.

Either Trop-2 shRNA construct or control vector were trans-
fected into A549 and PC14 cells by using Lipofectamine 2000 
(Invitrogen) according to the manufacturer’s protocols, followed 
by selection with 600 mg/mL G418 for 2 weeks. Antibiotic-
resistant clones were isolated in medium with 500 mg/mL of 
G418. Reverse transcription PCR and immunoblotting were 
performed to confirm the knockdown of mRNA and protein of 
Trop-2 in those transfectants. The stably transfected cells were 
named as A549-shTrop-2, A549-shNC, PC14-shTrop-2, and 
PC14-shNC, respectively.

3-(4, 5-Dimethyl-thiazol-2-yl)-2, 5-diphenyltetrazolium 
bromide (MTT) assay

Cell proliferation was determined by MTT (Sigma) assay as 
described elsewhere32 Briefly, the stably transfected cells were 
plated in 96-well tissue culture plates at a density of 1 × 104 cells 
per well and allowed to attach overnight, treated with different 
concentrations of DDP for 48 h, and then incubated with MTT 
(20 μl of 5 mg/mL) for 4 h. The formazan precipitate was dis-
solved in 150 μl of dimethylsulfoxide (DMSO) and the absor-
bance at 570 nm was measured by a benchmark microplate reader 
(Bio-Rad).

Cell cycle analysis
The effect of Trop-2 on cell cycle distribution was determined 

by flow cytometry using the cell cycle detection kit (Keygen). 
Briefly, adherent cells were collected, fixed with 70% ice-cold 

Figure 5. Trop-2 silencing sensitizes lung cancer cells to DDP-induced proliferation inhibition and apoptosis. (A) Cell viability of A549, A549-shNC, A549-
shTrop2 (left), PC14, PC14-shNC, and PC14-shTrop2 cell variants (right) following treatment with DDP at various concentrations for 72 h was assessed by 
MTT assay. Data are presented as the percentage of cell growth inhibition measured in DDP treated cells compared with untreated cells. The P value 
shows the difference between paclitaxel-treated Trop2 knockdown cells and parental cells. Columns, mean of 3 independent experiments done in trip-
licates; bars, SE; *significantly different from respective controls, P < 0.05. (B) A549, A549-shNC, A549-shTrop2 (up), PC14, PC14-shNC, and PC14-shTrop2 
cell variants (down) were treated with 1 μg/ml of DDP for 24 h, apoptosis was detected by AO-EB staining.
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ethanol, and stored at 4 °C. For cell cycle analysis, the fixed cells 
were stained with propidiumiodide (PI) and the cell cycle distri-
bution was performed by BD FACSCaliburTM (BD Biosciences) 
and analyzed by ModFIT software.

Cell migration assay
Cell motility was examined by scratch assay. Stably transfected 

cells were seeded in 6-well plates at a density of 1 × 106 cells per 
well and incubated the dishes at 37 °C until cells reached 100% 
confluence. An artificial gap was then generated by scratching 
with a pipette tip. Photographic images were taken from each 
well immediately and again after every 6 h until 24 h using a 
digital camera system. The software program HMIAS-2000 was 
used to calculate the cell migration distance (mm). Each experi-
ment was repeated at least 3 times.

Transwell migration assay
For transwell migration assays, 8 × 104 cells were plated in 

the top chamber onto the noncoated membrane (24-well insert; 
pore size, 8 ml; Corning Costar) and allowed to migrate toward 
serum-containing medium in the lower chamber. Cells were fixed 
after 24 h of incubation with methanol for 10 min and stained 
with 0.1% crystal violet (2 mg/ml). The number of cells invading 

through the membrane was counted under a light microscope 
(3 random fields per well).

Transwell invasion assay
For invasion assay, 8 × 104 cells were plated in the top cham-

ber onto the Matrigel coated Membrane (24-well insert; pore 
size, 8 ml; Corning Costar). Lung cancer cells were plated in 
medium without serum or growth factors, and medium supple-
mented with serum was used as a chemoattractant in the lower 
chamber. The cells were incubated for 24 h and cells that did 
invade through the pores were removed by a cotton swab. Cells 
on the lower surface of the membrane were fixed with methanol 
for 10 min and stained with 0.1% crystal violet. The number of 
cells invading through the membrane was counted under a light 
microscope (40×, 3 random fields per well).

Western blotting
Protein extract was electrophoresed on a 10% SDS-

polyacrylamide gel, transferred to NC membrane. After block-
ing the membrane was incubated overnight at 4 °C with primary 
antibodies. Primary antibodies were removed and the blots were 
extensively washed with TBST 3 times, then incubated for 1 h 
at room temperature with the secondary antibody. Following 

Figure 6. Trop-2 regulates the activation of MAPK signaling pathway and its downstream antiapoptotic molecules. Cells were treated with 1 μg/ml of 
DDP (72 h) or left untreated. Whole cell lysates were probed with indicated antibodies with β-actin as a loading control. (A) Trop-2 silencing suppressed 
ERK phosphorylation in A549 (left) or PC14 (right) cells. (B) Trop-2 silencing downregulated Mcl-1 and VEGF expression in A549 (left) or PC14 (right) cells.
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removal of the secondary antibody, blots were washed, and the 
specific bands were detected by chemiluminescence enhanced 
chemiluminescence kit (Santa Cruz).

Flow cytometry (FACS)
Trop-2 surface expressionwas analyzed by flow cytometry as 

Zhang et al. described previously.33 Briefly, lung cancer cells were 
harvested and washed with FACS buffer (PBS with 5% FBS buf-
fer and 0.1% NaN

3
) for twice and then incubated with PE-anti 

human Trop-2 or isotype control antibodies for 30 min at 4 °C. 
Cells were then washed with FACS buffer and analyzed on a 
FACSCalibur flow cytometer with Cell Quest software (Becton 
Dickinson).

T-cell apoptosis assay
Peripheral blood mononuclear cells (PBMCs) were isolated 

using Lymphoprep density gradient centrifugation (Accurate 
Chemical) from healthy human donors. PBMCs were plated at a 
density of 1 × 107/well in 6-well plates and stimulated with A549 
lysate for 4 d to stimulate Trop-2 expression in PBMCs. Stimulated 
PBMCs were then harvested and purified by Lymphoprep den-
sity gradient centrifugation again, and then co-cultured with 
mitomycin C-treated A549 lung cancer cells at 10:1 ratio for 
16 h. Ten micrograms per milliliter anti-Trop2 blocking antibody 
was added to indicated wells to examine Trop-2 specific in CD8+ 
T-cell apoptosis. PBMCs were then harvested and stained with 
PE-conjugated Trop-2, Alexa Fluor 488-conjugated annexin V 
and APC-conjugated CD8 antibodies. Trop-2-dependent CD8+ 
T-cell apoptosis was calculated as the percentage of annexinV+ 
cells in gated Trop-2+/CD8+ population.

Acridine orange–ethidium bromide (AO/EB) staining
Morphological evidence of apoptosis was obtained using AO/

EB staining, and stained cells were examined using fluorescence 
microscopy. Viable cells were colored green with intact nuclei. 
Non-viable cells had bright orange chromatin. Apoptosis was 
demonstrated by the appearance of cell shrinkage with condensa-
tion and fragmentation of nuclei. Apoptotic cells were easily dis-
tinguished from necrotic cells because the latter appeared orange 
with a normal nuclear structure.

In vivo mouse model studies
Eight-week-old female BALB/c nu/nu mice were purchased 

from animal experiment center of the Fourth Military Medical 
University and bred under pathogen-free conditions. Animal 
experiments in this study were performed in accordance with 
medicine institutional guidelines of the Fourth Military Medical 
University. Mice were subcutaneously injected in the back with 
5 × 106 A549-shTrop-2 or A549-shNC cells in both flanks of 
nude mice treated with DDP (10 mg/kg). The drug was injected 
i.v. into the tail vein at day 0 when the mean tumor diameter was 
5 to 6 mm, and the tumor diameter was measured 1 to 2 times 

per week. Tumor proliferation was evaluated by the average size 
of tumors and tumor size was calculated according to the for-
mula: V = 0.4 × largest diameter × smallest diameter2  .

Statistical analysis
All experiments were performed a minimum of three times. 

Data represent the mean ± SD calculated from multiple inde-
pendent experiments. Statistically significant differences for 
data points represent P < 0.05 and were calculated by using the 
unpaired t test. Quantitative real-time reverse transcription-PCR 
data were calculated with JMP 5 for Windows software (SAS 
Institute, Inc.). Differences between groups were estimated using 
the Student t test.
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Figure  7. In vivo evaluation of combined Trop-2 and DDP therapy in 
A549 xenografts. Growth curves of lung cancer xenografts in nude mice 
established by s.c. injection of 5 × 106 A549-shTrop-2 or A549-shNC cells 
in both flanks of nude mice treated with DDP (10 mg/kg). The drug was 
injected i.v. into the tail vein at day 0 when the mean tumor diameter 
was 5 to 6 mm, and the tumor diameter was measured 1 to 2 times per 
week. Each group consisted of 5 to 6 animals and the data are presented 
as mean of 2 independent experiments, data are represented as mean ± 
S.E.M., P < 0.01.
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