
Abstract. Background/Aim: High expression level of Wilm’s
tumor gene (WT1) in several types of tumors appears to confer
disruption of apoptosis and resistance to chemotherapeutic
drugs, and correlate with poor outcome. The aim of this work
was to determine if down-regulation of WT1 expression results
in decreased cell proliferation and the increased action of
different types of drugs, both in vitro in B16F10 cells, and in
vivo in C57BL/6 mice. Materials and Methods: Inhibition of
cell proliferation by short hairpin RNA against WT1 (shRNA-
WT1), cisplatin, and gemcitabine in B16F10 cells in vitro was
determined by the MTT assay and analysis of clonogenic
survival. The apoptosis rate was determined by flow cytometry
for annexin-V- fluorescein isothiocyante and propidium iodide.
Results: Compared to treatment with shRNA-WT1 alone,
treatment with shRNA-WT1 in combination with drugs had a
synergistic inhibitory effect on B16F10 cell proliferation,
particularly for the combination of cisplatin and gemcitabine
at their 25% cytotoxic concentrations in vitro. Furthermore,
mice treated with shRNA-WT1 in combination with cisplatin
and gemcitabine were protected in the same way as those
treated with the drugs alone, but were in better physical
condition. Conclusion: Decreased WT1 expression induces cell
death and potentiates the action of anticancer drugs by
inducing synergistic effects both in vitro and in vivo, which may
be an attractive strategy in lung cancer therapy.

The Wilm’s tumor gene (WT1) encodes a transcription factor
with zinc finger motifs that modulates the expression of
several genes involved in cell proliferation (1) and apoptosis
(2). WT1 expression is observed in some type of
malignancies, such as leukemia and solid tumors, including
breast cancer (3), colon (4), ovarian (5), melanoma (6) and
lung cancer (7). High levels of WT1 mRNA have been
correlated with poor prognosis in patients with breast cancer
and leukemia (8-10), as well as greater drug resistance (11)
and worse survival compared to patients with low levels of
WT1 mRNA (10). For this reason, WT1 is considered a good
target for anticancer therapy (12). The silencing of genes
involved in proliferation and apoptosis are an attractive
strategy for the development of anticancer therapies (13-15),
and for sensitizing tumor cells to chemotherapy (14). It has
been observed that silencing genes such as B-cell lymphoma
2 (BCL2) and BCL-xL sensitizes cisplatin-resistant cells (16,
17). RNA therapeutics, the design and dosage of which can
be tailored to individual patients based on their mRNA
expression levels of target genes, might represent the next
generation of personalized medicine (18).

Down-regulation of WT1 protein expression by antisense
oligodeoxynucleotides and RNA interference in different
types of cell lines (1, 19-21) was found to result in cell
growth inhibition, as well as modified expression of proteins
involved in the cell cycle, such as cyclin D1, and those
involved in apoptosis, such as caspase-3 and poly-ADP-
ribose polymerase (1, 19). In vivo, Zamora et al. observed
that delivery of complexes of small hairpin RNA plasmid
against WT1 (shRNA-WT1) with polyethyleneimine (PEI)
by an aerosol system to lungs of mice with B16F10 lung
metastases resulted in a reduction in the number and size of
lung tumor foci and the number and size of tumor blood
vessels, suggesting reduced angiogenesis (22). Furthermore,
it has been shown that WT1 silencing by shRNA synergized
with chemotherapeutic agents and induced
chemosensitization to doxorubicin and cisplatin in B16F10
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murine melanoma cells (23). Cisplatin and gemcitabine are
among the most widely used cytotoxic agents for cancer
therapy to treat various solid tumors such as ovarian, non-
small cell lung, pancreatic, and breast cancer (24-27). The
combination of gemcitabine with cisplatin is an attractive
therapeutic strategy because of its favorable toxicity profile,
and preclinical studies have suggested that gemcitabine may
have an additive or synergistic effect when combined with
cisplatin (26).

In this study, we analyzed the effect of shRNA-WT1/PEI
complexes administered via aerosol on the sensitization to
cisplatin and gemcitabine alone versus in combination, both
in vitro in B16F10 cells and in vivo in mice with B16F10
lung metastases.

Materials and Methods 

Animal model. Eight-week-old female C57BL/6 mice were
purchased from Harlan Laboratory (Coyoacan, DF, Mexico). Four
mice in each group were used in the assay and caged under
controlled room temperature, humidity, and light (12/12 h light-dark
cycle) with water and food ad libitum. The experimental protocols
used in this study were approved by the Institutional Animal Care
and Use Committee of the Faculty of Biological Sciences, UANL
(approval number 0032/2017). 

Cell lines and cell cultures. The B16F10 murine melanoma cell line
was obtained from the American Type Culture Collection
(Manassas, VA, USA), and cultured and maintained in Dulbecco’s
modified Eagle’s medium (DMEMF-12) (Life Technologies,
Invitrogen, Burlington, ON, Canada), supplemented with 10% fetal
bovine serum, 100 U/ml of penicillin, and 100 μg/ml of
streptomycin (Gibco, Grand Island, NY, USA). Cells were incubated
in a humidified chamber at 37˚C in an atmosphere of 95% O2 and
5% CO2.

Transfection of shRNA-WT1. B16F10 cells were seeded in a 96-well
plate for 24 h. After that, the B16F10 cells were transfected with
the small hairpin RNA plasmid to produce RNAi against WT1
(shRNA-WT1), or with the plasmid enhanced green fluorescent
protein (pEGFP-N2) as a negative control (Clontech Palo Alto, CA,
USA) using the cationic polymer PEI (25-kDa branched form;
Aldrich, Milwaukee, IL, USA) and incubated at 37˚C, 5% CO2 for
72 h. The PEI–DNA complex was generated as described by
Zamora-Avila et al. (22). Thereafter, a 3-(4,5-dimethylthazol-2-yl)-
2,5-diphenyl tetrazolium bromide (MTT) assay was performed.
Twenty microliters of MTT solution at 5 mg/ml was added to each
well and incubated at 37˚C for 1 h. The absorbance at 570 nm was
measured using a microplate reader (Microplate Autoreader EL311;
BioTek Instruments Inc., Winooski, VA, USA). Data are presented
as the mean percentage of cell viability±SD.  

Chemosensitivity assay. B16F10 cells were cultured in 96-well plates
for 24 h and then transfected with shRNA-WT1. After 24 h, the cells
were treated with several concentrations of cisplatin (2.5, 5, 7.5, 10,
12.5, 15 ng/μl) or gemcitabine (0.5, 1.5, 10, 50, 100 pg/μl). After 48
h of incubation, cell viability was determined using MTT assay. The
50% cytotoxic concentration (CC50) was calculated using log

(inhibitor) versus response (variable slope) CompuSyn software
(ComboSyn, Inc, Paramus, NJ, USA). To determine the combined
effects of cisplatin and gemcitabine on B16F10 cells, different
concentrations of drugs were tested, corresponding to CC12.5, CC25,
and CC37.5, on cells transfected with shRNA-WT1 and p-EGFP-N2.
The analysis of the combinatorial effect, based on the equation for
the median effect and the normalized isobologram, was performed
using CompuSyn software.

Colony formation assay. B16F10 cells were seeded in 6-well plates
at 200 and 500 cells/well, for control and treatments, respectively.
After 24 h, cells were transfected with shRNA-WT1; 24 h after
transfection, cells were treated with a dose corresponding to the
CC50 of cisplatin and gemcitabine, and incubated in culture medium
for 14 days. The cells were then washed with phosphate-buffered
saline (PBS), fixed with 100% methanol, and stained with 0.1%
crystal violet. To determine the number of colony-forming units, the
cells were observed under a stereoscopic microscope. Colonies
consisting of more than 50 cells were counted.

RNA isolation and RT-PCR. Total RNA from B16F10 cells was
isolated using 1 ml of Trizol reagent (Life Technologies, Carlsbad, CA,
USA) according to the manufacturer’s instructions. RNA concentration
and integrity were determined by measuring the absorbance at 260 nm.
The cDNA was performed using 5 μg of total RNA, 200 U of
Superscript III, and 0.5 μg of oligo dT (12-18) under the following
conditions: 42˚C for 90 min, followed by heating at 70˚C for 10 min.
The cDNA obtained was amplified using Taq DNA polymerase (Life
Technologies) and Wt1 primers: 5’-AACGCCCCTTCATGTGTGC-3’
and 5’-GCTGGTCTGAACGAGAAAACCTTC-3’ to amplify a
fragment of 150 bp. PCR was performed according to Laux et al. (28).
For Bcl2, the primers used were 5’-TCATGTGTGTGGAGAGCGGT
CCAA-3’ and 5’-GTGTGTGTCTGTCTGTGTGTGTA-3’ to amplify
a fragment of 422 bp. For glyceraldehyde-3-phosphate dehydrogenase
(Gapdh), the primers: 5’-GTGGGGCGCCCCAG GCACCA-3’ and ‘-
GTGGGGCGCCCCAGGCACCA-3’ were used to generate a 452-bp
product. PCR products were analyzed by electrophoresis on a 0.8%
agarose gel and visualized by ethidium bromide staining. 

Flow cytometric analysis of apoptosis. The apoptosis assay was
performed using ApoTargetTM annexin V-FITC kit (BioSource
International, Inc., Camarillo, CA, USA) and following the
manufacturer’s protocol. Briefly, B16F10 cells were seeded at a
density of 5×105/well in a 6-well plate. After 24 h of adherence,
cells were transfected with the shRNA-WT1. At 24 h post-
transfection, the cells were exposed to treatments (0.001 ng/μl
gemcitabine or 0.1 ng/μl cisplatin) and then incubated for 48 h. The
cells were then trypsinized, washed twice with cold PBS and
suspended in 100 μl of binding buffer (0.1 M Hepes/NaOH pH 7.4,
1.4 M NaCl, 25 mM CaCl2), supplemented with 0.5 μl of Annexin
V-FITC and 0.5 μl of propidium iodide (PI). The cell suspensions
were gently vortexed and incubated for 20 min at 4˚C in the dark,
and then measurements were acquired on a FACSCalibur flow
cytometer BD Accuri C6 (Becton Dickinson Biosciences, Ann
Arbor, MI, USA). Data were analyzed using CellQuest WinMDI
software (BD Biosciences, San Jose, CA, USA).

Animal model. Lung metastases were produced by intravenous
administration of B16F10 cells. For this, 5×105 cells (passages 3-
12), prepared in 150 μI medium without serum, were injected per
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mouse through the tail vein. Lung metastases were detected within
7 days after injection (22).

Preparation of PEI–DNA complexes. A stock solution of PEI (25
kDa branched form; Aldrich, Milwaukee, IL, USA) was prepared at
a concentration of 4.3 mg/ml (0.1 M in nitrogen) in water. The DNA
had 3 nmol phosphate per microgram and 1 ml of the 0.1 M PEI
solution had 100 nmol of amine nitrogen. The resulting charge ratio
was expressed as the ratio of PEI nitrogen to DNA phosphorus
(N/P). A 10:1 N/P was used for the experiments, which corresponds
to a 1.29:1 PEI/DNA weight ratio (22).

Delivery of PEI–DNA complexes by aerosol. A nose exposure
chamber was used for aerosol delivery of shRNA-WT1 15 four
mice using a Pulmo-Aide Model 5650D compressor, which includes
a Micro-Mist Nebulizer (115v) (DeVilbiss Health Care Corp.,
Somerset, PA, USA) (22). Beginning 2 days after injection of
B16F10 melanoma cell line, mice were treated three times at 6-day
intervals with 25 μg of PEI–DNA complexes per mouse in a final
volume of 2 ml, with four mice per experimental group. Mice in the
untreated control group were aerosolized with PEI-pEGFP-N2
complex (Clontech).

Drugs administration in vivo. Mice were treated with two
applications of each drug intraperitoneally, at a dose of 60 mg/kg
of gemcitabine and 3 mg/kg of cisplatin. The drugs were
administered 1 day after the first two shRNA-WT1 aerosolizations.
This resulted in the following experimental groups: Control (−):
mice without tumor; Control (+): mice with tumor but not treated;
cisplatin treatment; gemcitabine treatment; shRNA-WT1; shRNA-
WT1 plus cisplatin; shRNA-WT1 plus gemcitabine; sh-RNA-WT1
plus cisplatin and gemcitabine treatment.

Evaluation of tumor burden. The mice were monitored until their
death. The lungs were isolated, washed with PBS, weighed, and
examined under an inverted microscope. Tumors that grew
contiguous to the lung were considered to be part of the lung for
the purpose of measuring lung weight. 

Statistical analysis. The combinatorial effect was calculated using
CompuSyn software, based on the equation of the median effect and
the normalized isobologram. The results are presented as the
mean±SD. Comparisons were performed in Graphpad Prism
software version 7 (GraphPad, San Diego, CA, USA) using analysis
of variance with post Tukey’s test, and differences with a p-value
of 0.05 or less were considered to be significant.

Results

Inhibition of WT1 with shRNA sensitizes B16F10 cells to
gemcitabine and cisplatin. Inhibition of cell viability was
analyzed to determine the functionality of the shRNA-WT1
plasmid (22); the cell growth curve indicates that the
proliferation rate was inhibited in a dose-dependent manner
compared to control cells, as shown in Figure 1A.
Fluorescence microscopy analysis after 72 h of transfection
showed a drastic reduction in cell proliferation, compared
with cells transfected with the pEGFP-N2 control plasmid
(Figure 1B). 

In order to determine chemosensitization, cells were
transfected with CC50 shRNA-WT1, and 24 h later were
treated with different concentrations of cisplatin and
gemcitabine for 48 h. The CC50 value for gemcitabine alone
was 0.05 ng/μl, and that for the combination of gemcitabine
with shRNA-WT1 was 0.013 ng/μl; treatment with
gemcitabine-cisplatin and gemcitabine-cisplatin-shRNA-WT1
had greater effect, with CC50 values of 0.005 and 0.001 ng/μl,
respectively, which represent a decrease of 10-fold and 50-fold
compared to the value for gemcitabine alone (Figure 2A).

On the other hand, the CC50 value was 10 ng/μl for
cisplatin alone, 2.5 ng/μl for the combination of cisplatin-
shRNA-WT1, and 1 ng/μl for the combination of cisplatin-
gemcitabine-shRNA-WT1, which represents a 10-fold
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Figure 1. Wilm’s tumor gene (WT1) knockdown inhibits proliferation of B16F10 cells. A: Inhibitory effect of short hairpin RNA against WT1 (shRNA-
WT1) on B16F10 cells, determined by the MTT assay. B: Assessment of shRNA transfection efficiency and cytotoxicity by fluorescence microscopy.
B16F10 cells were transfected with plasmid enhanced green fluorescent protein (pEGFP-N2) as control and shRNA-WT1, and cells were visualized
under a visible light and fluorescence light microscopy.



decrease with respect to cisplatin treatment alone. Cells
treated with the cisplatin-shRNA-WT1 combination
exhibited greater inhibition of cell proliferation compared
with cisplatin-gemcitabine treatment (Figure 2B).

In order to determine the effect of the combination of
cisplatin and gemcitabine on B16F10 cells, we tested
different concentrations of each of the drugs, corresponding
to their CC12.5, CC25, and CC37.5 values (Table I). Our
evaluation, based on the equation of the median effect and
the normalized isobologram (Figure 3), revealed the presence
of a synergistic effect in the case of combinatorial treatment
with both drugs (Figure 3A) and in the case of combinatorial
treatment with both drugs and shRNA-WT1 (Figure 3B).
The greatest cytotoxic effects were observed for the
combination of shRNA-WT1 with CC25 doses of both drugs.

WT1 silencing and gemcitabine and cisplatin reduce Bcl2
expression in B16F10 cells. WT1 expression was observed
to be lower in B16F10 cells that were transfected with
shRNA-WT1 alone or in combination with the drugs, but
higher in gemcitabine-treated cells, whereas the converse
was seen with respect to Bcl2 expression (Figure 4).

WT1 silencing and gemcitabine and cisplatin reduce clonal
formation of B16F10 cells. A clonogenic assay was carried
out in order to examine the effect of shRNA-WT1 alone and
combined with cisplatin and gemcitabine on the ability of
B16F10 cells to form colonies (Figure 5). The results
indicate treatment with shRNA-WT1 reduced the number of
colonies formed by 38.27% that of the untreated control,
whereas the combination of shRNA-WT1 and gemcitabine
reduced the colony number by 57.6%, and shRNA-WT1-
cisplatin treatment reduced the colony number by 88%,
while the combined treatment with gemcitabine-cisplatin-
shRNA-WT1 reduced the colony number by 97%, in
comparison to the untreated control cells. Overall, our results
show that the colony-forming ability of the cells was
inhibited by shRNA-WT1 alone and in combination with
both drugs, which correlates with the inhibition of cell
proliferation previously observed in this study. 

WT1 silencing increases cellular apoptosis in B16F10 cells
induced by gemcitabine and cisplatin. To determine whether
the combined shRNA-WT1 and gemcitabine/cisplatin
treatment had the ability to induce apoptosis, flow
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Figure 2. Dose–response curve for the B16F10 cell line at 72 h of treatment with different concentrations of gemcitabine (Gem; A), and cisplatin
(Cis; B) alone, in combination, and with 50% cytotoxic concentration (CC50) doses of short hairpin RNA against Wilm’s tumor gene (shRNA-WT1). 

Table I. Effects of the combination of small hairpin RNA against Wilm’s tumor gene (shRNA-WT1) with the chemotherapeutic drugs cisplatin and
gemcitabine on B16F10 murine melanoma cells in vitro. 

Combination of treatments                   Cisplatin (pg/μl)                 Gemcitabine (pg/μl)                       Cytotoxic effect (%)                              Effect

C37.5+G12.5                                                     6000                                      12.5                                              69.93±3.9                                   Synergism
C25+G25                                                         4000                                      25                                                 86.13±2.1                                   Synergism
C12.5+G37.5                                                     2000                                      37.5                                              73.65±5.4                                   Synergism
CR37.5+GR12.5                                               1800                                        1.9                                              87.75±6.6                                   Synergism
CR25+GR25                                                    1200                                        3.7                                              98.21±3.0                                   Synergism
CR12.5+GR37.5                                                600                                         5.5                                              80.03±5.5                                   Synergism

C#: Cisplatin at #% cytotoxic concentration; G#: gemcitabine at #% cytotoxic concentration; CR#: cisplatin-treated shRNA-WT1-transfected cells
at #% cytotoxic concentration; GR#: gemcitabine-treated shRNA-WT1-transfected cells at #% cytotoxic concentration.



cytometry for annexin-V-FITC and PI dual labeling was
performed. The assay revealed that the apoptosis rate was
higher in cells treated with shRNA-WT1 cells (14.8%),
compared to untreated control cells (1.9%), whereas cells
treated with gemcitabine and cisplatin had specific PI
labeling of 7.9% and 9.3%, respectively, but were not
labeled for annexin V, which identifies apoptosis at an
earlier stage. In the case of combinatorial treatment with
shRNA-WT1 and drugs, a decrease in cell viability was
observed, indicating that cell death by apoptosis
predominated, with 21.2% of cells showing apoptosis for
gemcitabine-shRNA-WT1, 18% for cisplatin-shRNA WT1,
and 22% for the triple treatment gemcitabine-cisplatin-
shRNA-WT1. Combinatorial treatment with shRNA-WT1
and the drugs showed very little staining with PI, compared
to the higher percentage of PI-positive in cells when treated
with the drugs alone, indicating a change in the type of cell
death, preferentially apoptosis (Figure 6). 

WT1 silencing and gemcitabine and cisplatin inhibit B16F10
lung metastases in vivo. In vivo assays were performed on
C57BL/6 strain mice treated with different combinations of
shRNA-WT1, gemcitabine, and cisplatin. Mice with an
average initial weight of 20 g were injected with 5×105
B16F10 cells intravenously into the caudal vein, then treated
following the proposed schedule, and the survival times and
general health state of the mice were monitored during the
experiment. 

Figure 7A shows the survival curve up to 31 days from
the start of the experiment. Upon data analysis, it was
observed that compared to the untreated control group, mice
in all treated groups had a higher percentage of survival and
prolonged lifetime times. Survival rates of 100% were

observed in the groups treated with gemcitabine alone and
with the combination of gemcitabine-cisplatin-shRNA-WT1,
80% survival was observed in mice treated with shRNA-
WT1 or cisplatin alone, or with cisplatin-shRNA-WT1
combination, and the lowest recorded survival (40%) of
treated mice was for those receiving the gemcitabine-
shRNA-WT1 combination, in comparison with the 20%
survival rate observed in untreated control mice.
Additionally, the physical appearance of animals that
received both drugs plus shRNA-WT1 was better than that
of animals that received the drugs alone, which showed a
correlation with the percentage of survival and lifetime.
Representative images of the lungs of mice from the
different treatment groups are presented in Figure 7B. 
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Figure 3. Isobologram plot of the effects of combinatorial treatment on B16F10 cells at 48 h. A: Isobologram plot of B16F10 cells treated with
25% cytotoxic concentration (CC25) of gemcitabine (Gem) and cisplatin (Cis). B: Isobologram plot of B16F10 cells treated with CC50 short hairpin
RNA against Wilm’s tumor gene (shRNA-WT1), and CC25 gemcitabine or cisplatin.

Figure 4. Expression of Wilm’s tumor gene (Wt1) and B-cell lymphoma
2 (Bcl2) in B16F10 cells. Expression of Wt1 (150 bp), Bcl2 (422 bp),
and glyceraldehyde-3-phosphate dehydrogenase (Gapdh) (452 bp) in
B16F10 cells treated with short hairpin RNA against WT1 gene
(shRNA-WT1) at 50% cytotoxic concentration (CC50) (lane 1);
gemcitabine (CC25) (lane 2); gemcitabine (CC25) and shRNA-WT1
(CC50) (lane 3); cisplatin (CC25) with gemcitabine (CC25) (lane 4);
cisplatin (CC25) with gemcitabine (CC25) and shRNA-WT1 (CC50) (lane
5); as well as in untreated B16F10 cells (lane 6) and untreated K562
cells (lane 7).



Discussion

Lung cancer is one of the leading causes of death in the
world; its late diagnosis and the inefficacy of available

therapies render it difficult to cure. Standard treatment for
cancer includes a combination of different chemotherapeutic
agents (29, 30); however, these treatments have limited
efficacy and exert significant toxic effects on healthy cells.
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Figure 5. Analysis of clonogenic survival in B16F10 cells transfected with short hairpin RNA against Wilm’s tumor gene (shRNA-WT1) and treated
with gemcitabine (Gem) and cisplatin (Cis), alone and in combination. A: Representative images of clonogenic assays with different treatments.
Cells were seeded into 6-well plates at a density of 200 cells per well (for controls) and 500 cells per well (for different treatments). Ten days later,
the cells were fixed and the clonogenic assay was carried out. Data shown are the average of three independent experiments. B: The bar graph
shows the colony number for each treatment relative to that of the untreated control cells.

Figure 6. Wilm’s tumor gene (WT1) knockdown enhances drug-induced cytotoxicity and apoptosis in B16F10 cells. Apoptosis rates in B16F10 cells
transfected with short hairpin RNA against WT1 after 48 h of incubation with gemcitabine (Gem) and cisplatin (Cis) was determined by flow
cytometry. The results are representative of three independent experiments.



Tumor resistance to anticancer drugs occurs through many
mechanisms, such as inactivation of apoptotic pathways (31,
32). Down-regulation of the expression of genes involved in
cell proliferation or anti-apoptosis has been used to sensitize
different tumor cells to chemotherapy (33). WT1 expression
is essential for the proliferation of the B16F10 melanoma
cell line, and its down-regulation induces apoptosis and
chemosensitizes cells (22, 23).

The aerosol system has been used with the cationic
polymer PEI for the administration of genes or antisense
elements for the treatment of lung cancer. PEI-p53
complexes suppressed the establishment of lung metastases
in a model of human osteosarcoma in nude mice with the
SAOS-LM6 cell line (34), and in the B16F10 murine
melanoma model in C57BL/6 mice (35). On the other hand,
it was observed that the silencing of the WT1 gene using
PEI-shRNA complexes by aerosol delivery inhibited the
growth of B16F10 lung metastases (22).

Our previous results indicated that a shRNA targeted to
WT1 chemosensitized B16F10 cells to doxorubicin and
cisplatin in vitro (23). In this study, we analyzed whether this
shRNA-WT1 can sensitize B16F10 cells to combined
treatment with cisplatin and gemcitabine in vitro and in vivo.
We observed a greater antiproliferative effect on cells treated
with a combination of cisplatin and gemcitabine than on cells
treated with each of these drugs alone in vitro. Synergistic
effects were induced with combinations of different
concentrations of cisplatin and gemcitabine in cells
transfected with shRNA-WT1. 

In cells that were treated in vitro with shRNA-WT1 alone
or in combination with the drugs, WT1 expression decreased
and was correlated with BCL2 expression. It has been
reported that WT1 modulates the expression of BCL2, p21,
and cyclin D, and suppresses p53 activity, which leads to
resistance to chemotherapeutic compounds (23). BCL2
modulation by WT1 has been documented in different types
of cancer cells (36, 37) and involves a direct interaction with
the P2 region of the BCL2 promoter (38). On the other hand,
it has been observed that gemcitabine enhances WT1
expression in cholangiocarcinoma and human pancreatic
cancer cells, sensitizing the cells to a WT1-specific T-cell-
mediated antitumor immune response (39, 40).

In the analysis in vivo, mice that received the triple
combined treatment had no negative side-effects, and
presented a healthy appearance.

In the survival analysis, mice from all treated groups had
a higher percentage of survival and a prolonged lifetime,
compared to the untreated control group. The survival rate
was 100% in mice treated with gemcitabine and with the
combination of both drugs and shRNA-WT1, and 80% in
mice treated with shRNA-WT1 with and without cisplatin.
In all the groups, survival time was directly related to the
number of tumor foci found in the lungs of the mice. The
strong correlation between in vitro and in vivo antitumor
results, and the absence of side-effects with the combination
cisplatin-gemcitabine-shRNA-WT1 in vivo suggest that this
regimen might be an attractive strategy to effectively destroy
aggressive WT1-expressing tumors.
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Figure 7. Survival and tumors of mice bearing B16F10 tumors. A: Survival curves of B16F10 tumor-bearing mice treated with different combinations
of gemcitabine (Gem), cisplatin (Cis) and short hairpin RNA against Wilm’s tumor gene (shRNA-WT1). B: Images of lungs with pulmonary
metastasis at the end of the experiment. Control (−): mice without tumor; Control (+): mice with tumor but not treated.



We demonstrated that treatment with PEI-shRNA-WT1
complexes induces inhibition of cell proliferation and
sensitizes B16F10 cells to cisplatin and gemcitabine, causing
a synergistic effect in vitro. In vivo, the aerosol delivery of
PEI-shRNA-WT1 complexes potentiates the effect of
cisplatin and gemcitabine and inhibits lung metastasis. In
conclusion, WT1 silencing to sensitize tumor cells to
different drugs may be an attractive strategy in lung cancer
therapy.
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