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Abstract

Bmil gene overexpression is found in various human tumors and has been shown as a potential
target for gene treatment. However, siRNA-based treatments targeting Bmil gene have been
restricted to limited delivery, low bioavailability and hence relatively reduced efficacy. To over-
come these barriers, we developed a folate receptor targeted co-delivery system fo-
late-doxorubicin/Bmil siRNA liposome (FA-DOX/siRNA-L). The FA-DOX/siRNA-L was pre-
pared through electrostatic interaction between folate doxorubicin liposome (FA-DOX-L) and
Bmil siRNA. In vitro and in vivo studies showed that FA-DOX/siRNA-L inhibited tumor growth by
combinatory role of Bmil siRNA and doxorubicin (DOX). Co-delivery of Bmil siRNA and DOX
by FA-DOX/siRNA-L showed significantly higher efficacy than sole delivery of either DOX or
Bmil siRNA. Real-time PCR and western blot analysis showed that FA-DOX/siRNA-L silenced the
expression of Bmil gene. In addition, higher accumulation of the siRNA and DOX in tumor cells
indicated that folate ligand displayed tumor targeting effect. These results suggest that Bmil is an
effective therapeutic target for siRNA based cancer treatment that can be further improved by
co-delivery of DOX through targeted liposomes.
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Introduction

Small interfering RNAs (siRNAs) have attracted
considerable research attention for their potential
therapeutic applications. Notably, a number of stud-
ies have explored the use of siRNAs to silence the
expression of oncogenes and specific targets that
promote the proliferation of tumor cells as an anti-
cancer strategy [1]. Bmil, a member of the mammali-
an polycomb group of multimeric transcriptional re-
pressors, is involved in the regulation of develop-

ment, stem cell self-renewal, cell cycle, and senescence
[2, 3]. Deregulation of Bmil expression has been re-
ported in various tumor types, including
non-small-cell lung carcinoma, colon carcinoma,
medulloblastoma, metastatic melanoma, and naso-
pharyngeal carcinoma [4-8]. In our past study, we
found that downregulation of Bmil by lenti-virus
mediated shRNA inhibits the growth of hepatocellu-
lar carcinoma both in vitro and in vivo, which suggests
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again that Bmil is a potential target for cancer therapy
[9, 10]. However, due to lack of an effective and safe
delivery strategy, the feasibility of Bmil targeted
therapy for clinical translation has not been exten-
sively investigated up to date.

Combination therapy with siRNAs and chemo-
therapeutics has been investigated as an alternative
strategy for achieving enhanced anticancer activity.
Several groups have designed delivery systems based
on liposomes or nanoparticles for co-delivery of anti-
cancer chemotherapeutics and siRNAs. Some of the
reported studies include: cationic liposomes for
co-delivery of doxorubicin (DOX) and siRNA target-
ing multi-drug resistance (MDR) protein to enhance
anticancer efficacy in lung cancer cells [11]; mesopo-
rous silica nanoparticles to deliver DOX and Bcl-2
siRNA for effective treatment of cancer cells [12], and
micellar nanoparticles carrying paclitaxel (PTX) and
siRNA specific for polo-like kinase 1 to induce a syn-
ergistic tumor-suppressive effect [13]. Among the
various types of delivery systems, liposome has at-
tracted considerable attention. It is one of the only two
families of therapeutic nanocarriers that have been
approved in clinical practice [14]. Compared with free
chemical drugs, liposome can help prolong systemic
circulation time, enhance tumor localization and
overcome MDR [15, 16]. Liposome can also reduce the
adverse effects of chemotherapeutic drugs, such as the
cardiac toxicity of DOX [17-20]. For two decades,
studies have been focused on the development of
novel liposomal therapeutic agents with high encap-
sulation efficiency and enhanced passive targeting
efficiency.

DOX, a potent anticancer drug, is effective
against a wide range of human neoplasms. It has been
widely applied as a chemotherapeutic agent for can-
cer treatment. However, the clinical uses of DOX are
restricted largely due to limited tissue specificity and
serious cardiotoxic effects resulted from the genera-
tion of free radicals and lipid peroxidation. To reduce
the toxicity of DOX, liposomal formulation was ap-
plied in clinics. However, the efficacy of DOX treat-
ment was not enhanced greatly by liposomal delivery.
To further improve the efficacy of liposomal DOX,
targeting liposomes was employed to promote the
tumor targeting effect and hence improve the efficacy.
In recent years, many studies have been focused on
targeting delivery systems, such as folate receptor
targeting systems [21], transferrin receptor targeting
system [22], RGD conjugating delivery system etc [23].

Folate receptor (FR), a glycosyl phosphatidino-
sitol (GPI)-anchored membrane protein, is overex-
pressed in 90% ovarian carcinomas and many types of
other epithelial cancers [24-28]. The expression levels
of FR in normal tissues are much lower than in tumor

tissues. FR is an ideal target for drug delivery for its
distinct expression between normal tissues and ma-
lignant tissues. Folate, the natural ligand of FR, has
been extensively investigated for chemotherapeutic
nanoparticle delivery considering its inherent high
affinity, small size and non-toxicity [29-36]. Lee and
Low synthesized the folate-conjugated liposomes by
incorporating 0.1 mol% of folate polyethylene glycol
distearoylphosphatidylethanolamine (FA-PEG-DSPE)
construct into the lipid bilayer. The uptake of
FA-PEG-DSPE liposomal DOX by KB cells was sig-
nificantly increased and the cytotoxicity was en-
hanced as well [37]. Since then, various lipophilic fo-
late derivatives have been evaluated to improve the
targeting efficiency and stability of liposomes [21, 38,
39].

Despite the critical role of Bmil in cancer cell
regulation, Bmil has not been sufficiently investigated
as a new therapeutic target for siRNA, either as a
monotherapy or combination therapy. In particular,
no reported studies have explored the co-delivery of
Bmil siRNA in combination with chemotherapy by an
in vivo feasible targeted delivery system. In this study,
we formulated for the first time an FR targeting cati-
onic liposome encapsulating DOX and Bmil siRNA
(FA-DOX/siRNA-L). After the preparation of
FA-DOX/siRNA-L, characterization, FR dependent
cellular uptake, gene silencing and cytotoxicity, in vivo
pharmacokinetics and distribution, liver and kidney
toxicity, anti-tumor efficacy, and the preliminary
mechanisms were investigated to determine the effi-
cacy and safety of co-delivery of Bmil siRNA and
DOX.

Materials and Methods

Chemicals for preparation of liposomes

Doxorubicin hydrochloride (DOX HCI), folate,
dicyclohexylcarbodiimide (DCC), N-hydroxysuccini-
mide (NHS), cholesterol, DMSO, (NH4)2SOs, CHCls,
Sepharose CL-4B chromatography media and fo-
late-free RPMI 1640 cell culture medium were pur-
chased from Sigma-Aldrich Chemical Co (St. Louis,
MO, USA). DMEM high glucose medium was pur-
chased from the Hyclone of Thermo Scientific (IL,
USA). Trypsin was purchased from Beyotime Institute
of Biotechnology (Beijing, China). 1,
2-Dioleoyl-3-Trimethylammonium-Propane (Chloride
Salt) (DOTAP), monomethoxy polyethylene glycol
2000-distearoyl phosphatidylethanolamine (mPEG-
DSPE) and PEG-bis-amine (3350 Da) were purchased
from Avanti Polar Lipid (Alabaster, AL, USA). PD-10
desalting columns were purchased from GE
Healthcare Biosciences (PA, USA). All reagents and
solvents were of analytical or HPLC grade and were
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used without further purification. FAM or
Cyb5-labeled Bmil siRNA, and Chol-modified Bmil
siRNA (sense strand: 5'-CCA GAC CAC UAC UGA
AUA UAA-3'; antisense strand: 5'-UUA UAU UCA
GUA GUG GUC UGG UU-3') were synthesized by
Ribobio Co., Ltd (Guangzhou, China).

Cell culture

HeLa, KB, Hep3B, A549, Huh7, MCF-7 and LO2
cells are all from the China Center for Type Culture
Collection at Wuhan University (Wuhan, China). The
cells were cultured with folate free RPMI 1640 or high
glucose DMEM medium supplemented with penicil-

lin, streptomycin, and 10% FBS in 37°C and 5% CO:
incubators. M-plasmocin (San Diego, CA, USA) at a
concentration of 2.5 pg/mL was used to prevent the
possible mycoplasma infections.

Preparation of FA-DOX-L and DOX-L

Folate-PEG-bis-amine  and  cholesterol-OTs
(Chol-OTs) were synthesized by methods described in
literatures [40, 41]. Briefly, for the synthesis of fo-
late-PEG-bis-amine, folate (26.5 mg, 60 pmol) was
dissolved in DMSO, and then PEG-bis-amine (167.5
mg, 50 pmol), DCC (15.5 mg, 75pmol), NHS (8.63 mg,
75 pmol) and triethylamine (34.8 pL, 250 pmol) were
added into the solution and then reacted at 30°C
overnight. The reaction mixture was then centrifuged
for 7 min at 7,000 rpm, and then the supernatant was
transferred into a new centrifuge tube. Three mL of
NaxCO; (50 mM) was added and the mixture was
centrifuged for 15 min at 4,000 rpm. The upper layers
were purified by Sephadex G-25 gel-filtration chro-
matography and downy yellow solid was obtained by
lyophilization. For the synthesis of Chol-OTs, pyri-
dine, cholesterol (5 g, 12.93 mmol) and 4-toluene sul-
fonyl chloride (2.71 g, 14.22 mmol) were mixed and
stirred at 25°C for 12 h. The reactant was mixed with
25 mL of purified water and extracted 3 times with
ethyl ether. The organic phases were combined and
dried for 1 h with NaySOs. The residue was then re-
crystallized by petroleum ether. Finally, for the syn-
thesis of FA-CONH-PEG-NH-Chol (FA-PEG-Chol),
folate-PEG-bis-amine (128 mg, 33.9 pmol), Chol-OTs
(22.3 mg, 42.3 pmol) and triethylamine (11.8 pL, 84.6
umol) were dissolved in CHCls, and then reacted for
48 h under stirring at 25°C. The solvent (CHCl3) was
then removed by rotary evaporation and the residue
was treated by 8 mL NaxCOs (50 mM), the mixture
was ultra sounded for 10 min and further centrifuged
at 4,000 rpm for 20 min. Supernatant was then dia-
lyzed with dialysis membrane (MWCO 14 kDa). The
product FA-PEG-Chol was then obtained by lyophi-
lization, which yielded a yellow powder product (115
mg) with 81.6% yield. The molecular weight of the

FA-PEG-Chol was confirmed by matrix-assisted laser
desorption/ionization time-of-flight mass spectros-
copy (MALDI-TOF-MS, Bruker Daltonics Inc.,
Fremont, CA) (Supplementary Material: Figure S1).
The cationic liposomes were prepared by thin
film hydration and polycarbonate membrane extru-
sion method according to the literatures [31, 42]. The
lipid compositions of the FR-targeted liposomes and
non-targeted liposomes were DOTAP/Chol/mPEG-
DSPE/FA-PEG-Chol at a molar ratio of 40:55:4.5:0.5
and DOTAP/Chol/mPEG-DSPE at a molar ratio of
40:55:5 respectively. DOX was remotely loaded into
the liposomes by a transmembrane pH gradient.
Briefly, the total lipids (85 mg) was dissolved in
CHCl; and dried to a thin film by rotary evaporation
followed by further drying under vacuum at 40°C.
The lipid film was then hydrated with 2 mL

(NHy)2S04 (250 mM) for 30 min at 60°C. The resultant
of multilamellar vesicles were extruded 5 times
through 0.2 pm pore-size polycarbonate membranes
and 5 times through 0.1 pm pore-size polycarbonate
membranes using a Lipex Extruder (Northern Lipids
Inc., Canada) driven by pressurized nitrogen at 60°C
to produce homogeneous unilamellar vesicles. The
residual (NH4);SOs was removed with phos-
phate-buffered saline (PBS, pH 7.4) by size-exclusion
chromatography on a PD-10 column. DOX HCI dis-
solved in deionized H>O (10 mg/mL) was added to
the liposomes at a DOX-to-lipid ratio of 1:20 (w/w),
followed by a 30 min incubation at 65°C. Free DOX
was separated from liposomes by size exclusion
chromatography on a Sepharose CL-4B column. DOX
concentration in the liposomes and drug encapsula-
tion efficiency of the collected fraction were deter-
mined by measuring absorption at 480 nm on a
UV-Vis spectrophotometer (756 PC, Shanghai Spec-
trum Instruments, Shanghai, China) following lipo-
some lysis in ethanol.

Preparation of FA-DOXI/siRNA-L and
DOX/siRNA-L

The FA-DOX/siRNA-L and DOX/siRNA-L
were prepared at a w/w (liposome/siRNA) ratio of
200:1 in RNase free H>O by adding stock solution of
FA-DOX-L or DOX-L into a prepared siRNA solution.
The samples were vortexed, and the solutions were
then incubated at room temperature for 30 min to
ensure siRNA loading efficiently. The loading effi-
ciency of siRNA by DOX-L was determined by eth-
idium bromide (EB) dye displacement assay in the
agarose gel. Free or unconjugated siRNA will migrate
in the gels, but the conjugated siRNA will be stuck in
the loading wells with liposomes.
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Size and zeta potential determination

Particle size and zeta potential of the liposomes
were measured by Zeta PALS (Zeta Potential Ana-
lyzer, Brookhaven Instruments Corporation, Austin,
TX) according to the manufacturer's instructions. All
the measurements were carried out at room temper-
ature. Each parameter was measured three times, and
average values and standard deviations were calcu-
lated.

Agarose gel electrophoresis

Agarose gel electrophoresis was used to evaluate
the siRNA loading in liposomes. The siRNA or lipo-
some (the dose of siRNA was 120 pmol) was applied
to a 2% (w/v) agarose gel in TAE buffer containing
Goldview staining reagent (Solarbio, China). The free
siRNA or unconjugated siRNA will migrate in the
gels but the conjugated siRNA will be stuck in the
loading wells with liposomes. Images were obtained
using a UV transilluminator and a digital imaging
system (Life Science Technologies, USA).

Cellular uptake of liposomes

HeLa and KB cells grown in a monolayer were
washed once with fresh folate free RPMI 1640 me-
dium and then were incubated with FA-DOX-L,
DOX-L, FA-siRNA-L (Cy5 labeled siRNA), siRNA-L
(Cy5 labeled siRNA), FA-DOX/siRNA-L (FAM la-
beled siRNA) and DOX/siRNA-L (FAM labeled
siRNA) for 1 h at 37°C. For folate blocking group, 1
mM free folate was added to the incubation media
prior to the addition of FA-DOX/siRNA-L. After the
transfection for 1 h, the cells were rinsed with PBS for
3 times and fixed with 4% paraformaldehyde solution
(Thermo Scientific, USA) for 15 min. The solution of
4,6-Diamidino-2-phenylindole (DAPI, Thermo Fisher
Scientific, USA) was employed for the staining of nu-
cleus. Samples were observed with a fluorescence
microscope (Olympus, Japan).

Real-time PCR

Total RNA was extracted from the cells or tissues
by using Trizol reagent following the protocol sug-
gested by the manufacturer. Then the cDNA was
synthesized using the Reverse Transcription System
(Promega, Madison, USA). Real-time PCR was per-
formed with SYBR Green by using the Mx3005P
QPCR instrument (Agilent Technologies, USA). The
rRNA was applied as the input reference. The primers
used in this study are listed as follows: Bmil, F: TGG
ACT GAC AAATGCTGG AGA-3'R: GAA GAT TGG
TGG TGG TTA CCG CTG-3'; rRNA, F: CGG CTA
CCA CAT CCA AGG AA-3', R: GCT GGA ATT ACC
GCG GCT-3}; pl14 (Arf ), F: GTT CTT GGT GAC CCT
CCG GAT T-3', R: ATC AGC ACG AGG GCC ACA

G-3'; pl6 (Ink4A), F: GCC CAA CGC ACC GAA TAG
TT-3', R: GGG CAG TTG TGG CCC TGT AG-3'; p21
(Cipl), F: CCT GTC ACT GTC TTG TAC CCT-3', R:
GCG TTT GGA GTG GTA GAA ATCT-3".

Western blot analysis

Cells were lysed in lysis buffer CelLytic M Cell
Lysis Reagent (Sigma-Aldrich, MA, USA) for 30 min
on ice, and the supernatant was collected after cen-
trifugation at 12,000 rpm (Eppendorf 5415D). Cell
lysate was separated on a 10% acrylamide gel and
transferred to a PVDF membrane. Membranes were
blocked in 5% skim milk for 1 h and then incubated
with monoclonal antibody against Bmil (1:1000, Mil-
lipore, USA) or B-actin (1:5000, Millipore, USA) over-
night. Membranes were then washed in PBST (PBS
with 0.1% Tween-20) 3 times and then incubated for 1
h with secondary antibody. Then the membranes
were washed 4 times and developed by an enhanced
chemiluminescence system according to the manu-
facturer's instructions (Perkin Elmer, Waltham, MA).
Cytotoxicity

The cytotoxic effect of liposomes against the KB,
HeLa and Hep3B cells was measured by Cell Count-
ing Kit-8 kit (CCK-8 kit, Dojindo laboratories, Ku-
mamoto, Japan). KB, HeLa and Hep3B cells were
seeded onto 96-well plates at a density of 1 x 10*
cells/well. After 24 h, cells were treated with
FA-DOX/siRNA-L, FA-DOX-L, FA-siRNA-L, DOX-L
and free DOX. Cells were incubated for a further 24 h
and the proportion of viable cells measured colori-
metrically according to the user’s manual. Cell viabil-
ity within each group was expressed as a percentage
of the viability of control cells.

Microscopy

Microscopic examination of cells or tissue section
slides was performed with an Olympus SZX12 fluo-
rescence microscope equipped with digital camera
and connected to a PC running MagnaFire 2.0 camera
software (Optronics, Goleta, CA). Pictures were taken
at equal exposure time for each sample.

Stability test of the loading siRNA

The FA-DOX/siRNA-L was added into the
mouse serum and then keptin37°Cfor1h,3hand 6 h
respectively. Then the liposome solutions with serum
were added into the 6-well KB cell culture and incu-
bated for 1 h in the 37°C CO; incubator. After 1 h in-
cubation, the cells were rinsed with PBS for 3 times
and fixed with 4% paraformaldehyde solution
(Thermo Scientific, USA) for 15 min. DAPI solution
was employed for the staining of nucleus. Samples
were observed with a fluorescence microscope
(Olympus, Japan) and pictures were taken at same
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exposure time.

Pharmacokinetic analysis

Female Kunming mice (body weight ~25 g, 6 - 8
weeks old) were obtained from Laboratory Animal
Center of the Huazhong University of Science and
Technology. Liposomes or free drug was injected as a
single intravenous bolus via the lateral tail vein at a
dose of 5 mg/kg DOX, 4 mice for each group. At 10
min, 30 min, 1 h, 2 h, 4 h, 8 h, 12 h, and 24 h after the
injection, 500 pL blood was collected in hepa-
rin-treated tubes and then centrifuged at room tem-
perature (Eppendorf 5415D, 5,000 rpm, 5 min) to ob-
tain plasma. Plasma aliquots of 100 uL were added to
1 mL ethanol and 100 pL deionized water, followed
by addition of 25 pL 20% sodium dodecyl sulfate
(SDS). The samples were then vortexed for 30 s and
centrifuged at 4°C (12000 g, 10 min) to extract the
DOX from the plasma protein. DOX concentration in
plasma was measured by its fluorescence intensity at
495 nm by fluorescence spectrophotometer (Hitachi
F-2700, software FL solution, Japan). The concentra-
tion of DOX in each sample was calculated by using a
calibration curve determined by a series of dilution of
DOX solutions. Pharmacokinetic variables including
AUC, Cmay t1/2 and clearance were calculated by us-
ing pharmacological software Drug And Statistics
(Hefei, China, version 2.0).

Tissue distribution, tumor tissue uptake and
anti-tumor efficacy study in vivo

Female Balb/C nude mice (6 - 8 weeks of age, 16
- 18 g) were obtained from Huafukang technology
corporation (Beijing, China), and kept in filter-topped
cages with standard rodent chow and water available
ad libitum, with a 12 h light/dark cycle. The experi-
ment protocol was approved by the ethical committee
of animal experiment of Huazhong University of
Science and Technology. For the tissue distribution
assay, subcutaneous KB tumors were seeded by inoc-
ulation of 2.5 x 10¢ KB cells in the front armpit of the
mice. At the tumor volume of 500 mm?3, liposomes or
free drug was injected via the lateral tail vein at a dose
of 170 pg/kg siRNA and 5 mg/kg DOX. After the
injection of 3 h, 500 pL blood was collected in hepa-
rin-treated tubes and then centrifuged (5,000 rpm, 5
min) at room temperature to obtain plasma. Plasma
aliquots of 100 pL were added with 1 mL ethanol, 100
uL deionized water, and 25 pL 20% sodium dodecyl
sulfate (SDS), and then were vortexed 30 s and cen-
trifuged (12000 g, 10 min) at 4°C to extract the DOX
from the plasma protein. Lung, heart, liver, spleen,
kidney and tumor tissues were also collected at 3 h
respectively after injection. Tissues of 0.1 mg were
homogenized with the buffer (300 pL EtOH, 15 pL

37% HCI, 185 pL H>O) and then centrifuged (Eppen-
dorf 5415D, 12,000 rpm, 15 min) at 4°C to collect the
supernatant. The concentration of DOX was deter-
mined by fluorescence spectrophotometer. DOX in
plasma was measured by its fluorescence intensity at
495 nm by fluorescence spectrophotometer (Hitachi
F-2700, software FL solution, Japan). For the efficacy
study, 2.5 x 10° KB cells were injected in the front
armpit of the nude mice. At the tumor volume of ~50
mmb?, liposomes or free drug was administrated by a
single dose tail vein injection (170 pg/kg siRNA, 8
mg/kg DOX). The tumor sizes were measured every
other day and any death of the mice was recorded.
Tumor tissue uptake were assayed using the tumor
tissue removed from mice for distribution study.
Apoptosis assay (TUNEL) and target gene expression
analysis (QRT-PCR) were performed by using the re-
sected tumor tissue from mice for efficacy study after
the mice were sacrificed. The tumor tissue sections
were examined by fluorescence microscope (Olympus
S5ZX12, Japan).

Liver and kidney toxicity

To check the potential liver and kidney toxicity
of FA-DOX/siRNA-L, mice were administrated with
a single dose tail vein injection of saline, FA-L, and
FA-DOX/siRNA-L at a liposome concentration of 310
mg/kg (n = 3). Blood samples were collected at 24 h
after the injections and then centrifuged (5000 rpm for
5 min) at room temperature to remove the cells. Then
the plasma was used to determine the ALT, AST,
BUN and CR levels by automatic biochemical ana-
lyzer (Roche ISE900, Switzerland).

Statistical analysis

Significance analysis of the data was performed
using Student’s t-test (SPSS Software, Chicago, IL). A
value of P < 0.05 was considered significant and P <
0.01 was considered highly significant when com-
pared with the corresponding control. Multiple
groups were compared by one-way ANOVA with
Dunnett’s t-test. A value of P < 0.05 was considered
significant and P < 0.01 was considered highly signif-
icant.

Results

FA-DOXI/siRNA-L preparation and
characterization

DOX-L or FA-DOX/-L was prepared according
to the methods to encapsulate DOX inside to achieve
minimal premature drug release. Then the Bmil
siRNA was loaded by DOX-L or FA-DOX/-L through
electrostatic adherence (Fig.1). Then the liposomes
were characterized to ensure the liposomes were
prepared correctly. By dynamic light scattering detec-
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Figure |. The structure and anti-tumor mechanisms of FA-DOX/siRNA-L. First, long circulating
FA-DOX/siRNA-L is bound to and internalized into tumor cells via folate receptors. Then
FA-DOXI/siRNA-L is transported through the endosome and lysosome. DOX and siRNA are released to
the cytoplasm. Finally, the Bmil siRNA binds to Bmil mRNA and the DOX binds to chromosomal DNA.

FA-DOXI/siRNA-L delivers the
Bmil siRNA and DOX efficiently
and simultaneously in vitro

After the preparation and charac-
terization, the efficiency of folate lipo-
some to deliver DOX and siRNA was
detected. We first assayed the expres-
sion of Bmil by western blotting and
gRT-PCR in 6 cancer cell lines Hep3B,
KB, Huh?7, Hela, A549, MCF-7, and 1
normal fetal liver cell line LO2. Results
showed that all six cancer cell lines
showed high level Bmil expression
(Fig.3A). Quantitative RT-PCR detec-
tion showed identical results with
western blotting, with the highest ex-
pression level in KB and HeLa cells
(Fig.3B). Thus, we chose KB, HeLa, and
Hep3B (negative for FR expression)

tion, the average particle sizes of DOX-L and
FA-DOX-L were 121.8 and 129.8 nm respectively
(Fig.2B). To find an appropriate preparation composi-
tion, we mixed the liposomes and siRNA at the ratio
40:1, 80:1, 120:1, 160:1 and 200:1 (w/w) and performed
the agarose gel electrophoresis. The result showed
that when the liposomes and siRNA were combined
at a ratio of 200:1 (w/w), the siRNA was fully en-
trapped in the loading wells with liposomes (Fig.2A).
This suggests that the siRNA can be fully loaded by
liposomes at the ratio of 200:1. After loading with
Bmil siRNA at the lipid/siRNA ratio of 200:1 (w/w),
the mean particle sizes of DOX/siRNA-L and
FA-DOX/siRNA-L were 159.8 and 161.8 nm respec-
tively (Fig.2B). This indicated that siRNA binding
increased the particle size of liposomes about 30-40
nm. The zeta potential of DOX-L and FA-DOX-L were
45.6 and 43.9 mV respectively (Fig.2B). After loading
with Bmil siRNA, the zeta potential of
DOX/siRNA-L and FA-DOX/siRNA-L were 17.6 and
19.8 mV respectively (Fig.2B). This is due to that the
positive zeta potential from DOTAP was neutralized
partly by the siRNA with negative potential. The en-
trapments of DOX in DOX-L, FA-DOX-L,
DOX/siRNA-L and FA-DOX/siRNA-L were 87.5,
85.6, 87.6 and 89.3% respectively (Fig.2B).

Figure 2. Complexation of siRNA with folate DOX liposomes (FA-DOX-L) and
characterization of liposomes. A. A representative agarose gel electrophoresis image
illustrating siRNA loading efficiency at the following w/w ratio (FA-DOX-L/siRNA):
(1) 0:1 (siRNA only, control); (2) 40:1; (3) 80:1; (4) 120:1; (5) 160:1; (6) 200:1, and (7)
FA-DOX-L only. SIRNA combined to FA-DOX-L has limited migration in the agarose
gel, near the loading wells. B. Key parameters of DOX-L, FA-DOX-L, DOX/siRNA-L
and FA-DOX/siRNA-L liposomes. Data are expressed as mean + SD of three
independent samples.

cells for the successive studies and the
capability of folate liposome to deliver
Bmil siRNA was checked in these three cell lines.
Fluorescence microscopy showed clearly that upon 1
h treatment with Bmil siRNA-L, the siRNA was ag-
gregated at the membrane of KB cells but not inter-
nalized (Fig.3C). However, Bmil siRNA delivered by
FA-siRNA-L was noticeably uptaken and released to
the cytoplasm of KB cells after 1 h culture (Fig.3C).
The fluorescence of siRNA was much greater in KB
cells treated with FA-siRNA-L than that treated with
siRNA-L (Fig.3C). This suggests that FA-siRNA-L can
deliver the siRNA into the cells more efficiently than

A1 2 3

4 5 6 7

B
Liposome Particle Zeta potential DOX Entrapment
size (nm) (mV) (%)
DOX-L 121.8+06 456+3.27 875
FA-DOX-L 129.8+09 439+3.04 856
FA-DOX/siRNA-L 161.8+06 1981467 893
DOX/siRNA-L 159.8+09 176+5.76 8786
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the siRNA-L (Fig.3C). Western blotting also showed
that the Bmil expression in KB cells was inhibited by
FA-siRNA-L although the effect was identical to
siRNA-L and Chol-siRNA after 48 h treatments (Fig.3
D and E).

The efficiency of folate liposme to deliver DOX
was also determined in KB and HelLa cells, with
Hep3B cell as the negative control. KB cells treated
with free DOX showed clear fluorescence in nucleus,
which suggests the excellent permeability and uptake
of DOX (Fig.4A). When entrapped by DOX-L, the
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uptake of DOX showed marked reduction (Fig.4A).
However, FA-DOX-L can significantly improve the
uptake of DOX compared with DOX-L. Quantitative
analysis by fluorescence microplate reader also
showed that the FA-DOX-L increased the uptake of
DOX 6.8 and 8.2 fold in HeLa and KB cells than the
DOX-L respectively (Fig.4B). But FA-DOX-L cannot
increase the uptake of DOX in Hep3B cells compared
with DOX-L (Fig4B). These data suggest the
FA-DOX-L can deliver the DOX efficiently and this
effect is highly dependent on the folate ligands.
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Figure 3. The Bmil siRNA delivery efficiency by FA-siRNA-L and repression effects on Bmil expression in KB cells. For western blotting and qRT-PCR assay, cells cultured in
DMEM medium were harvested and protein or mRNA was extracted for the determinations. For the uptake study, KB and LO2 cells grown in a monolayer were incubated with
FA-siRNA-L, siRNA-L, and Chol-siRNA for | h at 37°C and were then used for the next assays. A. The Bmil protein expression in cancer or normal cell lines detected by western
blot. B. QRT-PCR quantitative analysis of the expression of Bmil in cancer cells in mRNA level. C. Cellular uptake and intracellular distribution of Bmil siRNA in the KB cells.
D. Western blotting of Bmil expression in the cells treated with Bmil siRNA complex or liposomes. LO2 cells were used as the normal cell control and B-actin was used as the
loading control. E. Quantitative analysis of the western blotting bands. Data are expressed as mean * SD of 3 independent samples. **: P < 0.01.
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Figure 4. Cellular uptake and distribution of DOX in KB and Hela cells. KB, HeLa and Hep3B cells (FR negative) grown in a monolayer were incubated with FA-DOX-L, DOX-L,
and free DOX for | h at 37°C. A. Fluorescence detection and localization of DOX in the KB cells. B. Cellular uptake of DOX delivered by DOX-L and FA-DOX-L in KB, Hela
and Hep3B cells. Hep3B cell was used as a negative control. Data are expressed as mean * SD of 3 independent samples. **: P < 0.01.
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Figure 5. Co-localization of Bmil siRNA and DOX in KB cells. KB cells grown in a monolayer were incubated with free DOX, DOX/siRNA-L, FA-DOX/siRNA-L and for | h
at 37°C. For folate blocking group, | mM free folate was added to the incubation media prior to the addition of FA-DOX/siRNA-L. Bmil siRNA was labeled with FAM (Green)
and DOX emits red fluorescence by itself. The nucleus was counterstained with DAPI (Blue).

We then checked the co-delivery and localization
of DOX and Bmil siRNA by FA-DOX/siRNA-L and
DOX/siRNA-L. DOX/siRNA-L can deliver both the
DOX (red) and siRNA (FAM labeled, green) to the KB
cells, but the efficiency was not so high (Fig.5, second
row). Compared with DOX/siRNA-L, FA-DOX/
siRNA-L can significantly improve the uptake of DOX
and siRNA simultaneously (Fig.5, first row) and this

effect can be blocked by addition of 1 mM free folate
(Fig.5, third row). Importantly, the distribution of
DOX in nucleus and Bmil siRNA in cytoplasm were
not affected each other when delivered by
FA-DOX/siRNA-L. Similar result was observed in
HeLa cells as in KB cells (Supplementary Material:
Fig. S2). These data illustrated that FA-DOX/siRNA-L
can deliver both DOX and siRNA efficiently and sim-
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ultaneously into cells and ensure the release of the
drugs.

FA-DOXI/siRNA-L showed improved cytotoxic
effects of Bmil siRNA and DOX

To verify the therapeutic effect of
FA-DOX/siRNA-L, the cytotoxic effects of various
Bmil and DOX formulations were evaluated in KB,
HeLa and Hep3B cells. Compared with saline treated
cells, FA-siRNA-L treated cells showed significant cell
growth inhibition or cell death (Fig.6). After 24 h
treatments, almost half of the KB and HeLa cells were
diminished by FA-siRNA-L treatment, whereas the
Hep3B cells survived well (Fig.6). After 24 h
FA-siRNA-L treatment, 57% KB and 58% Hela cells
were diminished, while only 41% Hep3B cells were
killed (Fig.6). Similarly, FA-DOX-L killed 81% KB
cells, 73% HeLa cells and 53% Hep3B cells (Fig.6). As
expected, FA-DOX/siRNA-L killed 90.5% KB cells,
82% Hela cells and 68% Hep3B cells, much higher
than FA-siRNA-L and FA-DOX-L (Fig.6). Together,
these data showed that FA-DOX/siRNA-L displayed
higher cytotoxicity than both FA-DOX-L and
FA-siRNA-L. These data suggest clearly that Bmil
siRNA and DOX delivered by FA-DOX/siRNA-L
showed enhanced cytotoxic effects in vitro.
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Figure 6. Cytotoxic effects of FA-DOX/siRNA-L in KB, Hela and Hep3B cells. Cells
were treated with liposomes with the final siRNA concentration of 100 nM and DOX
concentration of | mg/mL. The Hep3B cells were used as a negative control. The
multiple groups were compared by one-way ANOVA with Dunnett’s t-test. Data are
expressed as mean + SD (n = 3). *: P < 0.05; **: P < 0.01.

Pharmacokinetic analysis

We first assayed the stability of siRNA conju-
gated with liposome in the serum. After 6 h culture
with the mouse serum, the FA-DOX/siRNA-L still
can be uptaken by KB cells in cell culture. In addition,

the amount of siRNA absorbed by KB cells had no
significant reduction after 6 h culture compared with
1 and 3 h culture with mouse serum. This suggests
that the siRNA conjugated with FA-DOX/siRNA-L is
stable in the blood circulation for at least 6 h (Fig.7).
We then determined the pharmacokinetics of both
FA-DOX/siRNA-L, DOX/siRNA-L and free DOX.
Plasma clearance kinetics of liposomal DOX is shown
in Figure 8A and pharmacokinetic parameters are
summarized in Figure 8B. As expected, free DOX
showed rapid clearance from the plasma and its con-
centration was almost undetectable after 30 min
(Fig.8A). Meanwhile, DOX/siRNA-L showed a much
longer circulation time, and its half-life increased to
6.14 h (Fig.8B). FA-DOX/siRNA-L showed similar ti/2
with DOX/siRNA-L, 6.82 h (Fig.8B). In addition, both
FA-DOX/siRNA-L and DOX/siRNA-L showed much
larger AUC than free DOX.

DOX distribution and Bmil repression by
FA-DOXI/siRNA-L delivery in vivo

Tissue distributions of DOX in normal and tu-
mor tissues were observed in tumor-bearing nude
mice after 3 h tail vein injection. Both DOX/siRNA-L
and FA-DOX/siRNA-L injections showed evident
DOX accumulation in livers with reference to other
organs compared with free DOX (Fig.9A). However,
the distribution of DOX delivered by DOX/siRNA-L
and FA-DOX/siRNA-L in kidneys and hearts were
similar to free DOX (Fig.9A). In tumor tissues,
DOX/siRNA-L and FA-DOX/siRNA-L both in-
creased the concentration of DOX greatly compared
with  free DOX  (Fig9B). In  addition,
FA-DOX/siRNA-L showed even higher DOX uptake
than DOX/siRNA-L in tumor tissues (Fig.9B). These
results showed that FA-DOX/siRNA-L efficiently and
specifically delivered DOX to the tumor tissues.

To minimize the degradation of siRNA during
the tissue processing and fluorescence quenching, we
used qRT-PCR to investigate the distribution of Bmil
siRNA in the tumors tissues. We collected the tumor
tissues 24 h after the drug administration and har-
vested the total mRNA to perform qRT-PCR assay.
Similar to saline, the formulation of FA-DOX-L,
DOX-L and DOX had no influence on Bmil expres-
sion (Fig.9C). However, siRNA-L and
FA-DOX/siRNA-L administration significantly re-
duced Bmil expression in the tumors (Fig.9C).
Moreover, FA-DOX/siRNA-L showed even greater
repression effects than the siRNA-L (Fig.9C). These
data suggest that through FA-DOX/siRNA-L deliv-
ery, Bmil siRNA can inhibit Bmil expression both in
vitro and in vivo.
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Figure 7. Stability test of the siRNA of the FA-DOX/siRNA-L. The FA-DOX/siRNA-L liposomes were cultured with mouse serum for |, 3 and 6 h at 37 °C. Then the liposomes
solutions with serum were added to KB cell culture for | h under 37 °C. The siRNA was labeled with FAM (green) and the nucleus was counterstained with DAPI (blue). Note
the color of the nucleus was merged from blue (DAPI) and red (DOX).
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Figure 8. The pharmacokinetic analysis of DOX in mouse plasma. A. Pharmacokinetic curves of DOX, DOXI/siRNA-L, FA-DOX/siRNA-L in the mouse plasma. The mice were
injected intravenously by a single dose of drugs at a DOX concentration of 5 mg/kg in female Kunming mice and the blood samples were collected at 8 time points (n = 4). B.
Pharmacokinetic parameters of DOX calculated from the same experiment by a non-compartment model (n = 4 animals for each group). AUC: area under curve; CLz: clearance;
tinz: plasma half-life; Vz: distribution volume during elimination phase; Cmax: maximum plasma drug concentration.
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Figure 9. DOX distribution and Bmil expression in normal and tumor tissues in xenograft nude mice. For panel A and B, the mice were injected via tail vein at a single dose of
saline, free DOX (5 mg/kg), DOX/siRNA-L (170 pg/kg siRNA, 5 mg/kg DOX) and FA-DOX/siRNA-L (170 pg/kg siRNA, 5 mg/kg DOX) (n = 3) when the tumors grew to about
500 mm3. The tissues were collected at the 3 h after the injections. A. Quantitative analysis DOX distribution by the microplate reader in the normal tissues of xenograft nude
mice. B. DOX distribution by fluorescence detection in tumor tissues of mice. C. Relative Bmil mRNA levels in tumor tissues treated with saline, free DOX, DOX-L,
DOXI/siRNA-L, FA-DOX-L and FA-DOX/siRNA-L by a single dose tail vein injection (170 pg/kg siRNA, 5 mg/kg DOX) (n = 3). Total mRNA was extracted from the isolated
tumor tissues 24 h after the drug injections. Data are expressed as mean * SD. *: P < 0.05.

Evaluation of in vivo tumor inhibition ability

Anti-tumor therapeutic efficacy of various for-
mulations composed of DOX and/or Bmil siRNA
were further evaluated using a KB xenograft tumor
mouse model. A single dose of DOX and/or Bmil
siRNA formulation was administrated by tail vein
injection upon the subcutaneous tumor grew to ~50
mm?. At the 25th day after the injection, the mice were
sacrificed and tumors were removed for volume de-
termination and histology examination. Compared
with the saline group (2319 mm?), free DOX group
(1287 mm?3) and DOX-L group (1099 mm?3) showed
smaller tumors at 25 days (Fig.10A and B). Tumors of
FA-DOX-L group (540 mm?) and FA-siRNA-L group

(855 mm?) were even smaller than DOX and DOX-L
treated tumors (Fig.10A and B). Notably,
FA-DOX/siRNA-L treated tumors had the smallest
sizes (248 mm?) among these formulations treatment
groups (Fig.10A and B). The growth curve of tumors
showed that the differences among these groups were
due to continuous growth inhibition induced by these
formulations (Fig.10B). Statistical analysis between
FA-DOX/siRNA-L and FA-DOX -L group indicted a
P value of 0.032 (Fig.10B). These data suggest that
DOX and Bmil siRNA  co-delivery by
FA-DOX/siRNA-L can enhance the tumor inhibition
capability and provide improved therapeutic effect.
To evaluate the systemic toxicity of various
formulations, the body weight changes in mice were
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examined every 4 days after injections. At the fourth
day, the DOX injected mice showed sudden weight
loss compared with other group mice (Fig.10C). The
body weights of FA-DOX-L treated mice showed
slight decrease, while other group mice kept slowly
growing or unchanged. These data showed that
co-delivery of DOX and Bmil siRNA by
FA-DOX/siRNA-L did not increase systemic toxicity
compared with FA-DOX-L or FA-siRNA-L (Fig.10C).

The enhanced apoptosis induction by
FA-DOXI/siRNA-L

To determine whether there are synergetic an-
ti-tumor effects of DOX and Bmil siRNA resulted
from the enhanced apoptosis, we checked the apop-
tosis by TUNEL assay in tumor samples of treated
mice. In saline injected mice, no TUNEL staining was
observed (Fig.11A). In FA-siRNA-L and FA-DOX-L
treated mice, widespread TUNEL staining clearly
showed the existence of apoptosis (Fig.11B and C). In
FA-DOX/siRNA-L treated mice, both the strength
and amount of the signal were stronger than that of
FA-siRNA-L or FA-DOX-L treated mice (Fig.11D). To
determine whether the cellular apoptosis or growth
inhibition was resulted from the Bmil expression
suppression, we checked the expression of its down-
stream targets, p14 (Arf), p16 (Ink4A) and p21 (Cipl).
The qRT-PCR results showed that Bmil knockdown
upregulated the expression of pl4, pl6 and p2l to
1.61, 1.95 and 1.91 fold respectively (Fig.12). Consid-
ering the role of p14 and p21 inducing cellular apop-
tosis and pl6 mediating cell cycle arrest, these data
suggest that Bmil knockdown contributes as least
partly to the cancer cell apoptosis and growth inhibi-
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tion. Together, these data suggest that the enhanced
treatment efficacy of Bmil siRNA and DOX
co-delivery by FA-DOX/siRNA-L was resulted from
the integrated apoptosis or cell cycle arrest induced by
DOX and Bmil siRNA.

Liver and kidney toxicity of FA-DOX/siRNA-L

Besides the efficacy of liposomal chemothera-
peutic drugs, another concern about the druggability
of liposomal formulation is its safety. Considering a
high concentration of DOX was accumulated in the
liver, which might lead to potential liver toxicity, we
assayed the liver and kidney toxicity of
FA-DOX/siRNA-L in mice. It was found that 24 h
after FA-L injection, the ALT and AST level rose to
97.7 £ 44 and 207.3 £ 12.9 U/L in comparison with
33.7 £ 3.8 and 1333 + 13.9 U/L of saline injection
group. After FA-DOX/siRNA-L injection, the ALT
and AST level rose to 84.3 + 7.7 and 189.3 £+ 142 U/L
(Fig.13A). We also compared the AST/ALT ratio
among the saline, FA-L and FA-DOX/siRNA-L injec-
tion groups. The AST/ALT ratios of FA-L and
FA-DOX/siRNA-L groups were 2.1 and 2.3, whereas
the ratio of saline group was 3.9, which hints the tox-
icity was a mild and short time effect (Fig.13A) [43,
44]. We also observed the BUN and CR level after the
liposomes injection. After injection of FA-L or
FA-DOX/siRNA-L, the BUN and CR levels in the
mouse blood did not show significant increase com-
pared with saline injections (Fig.13B). This was con-
sistent with the observation that the distribution of
FA-DOX/siRNA-L was relatively low in the kidney
(Fig.9A).
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Figure 10. Anti-tumor effects of FA-DOX/siRNA-L in xenograft mouse model. A. Excised tumors at the end point of the experiment (day 24 after the drug injection). B. Growth
curves of xenograft tumors treated with saline, free DOX, DOX-L, FA-siRNA-L, FA-DOX-L and FA-DOX/siRNA-L by a single dose tail vein injection (170 pg/kg siRNA, 8 mg/kg
DOX). The curves present the changes of tumor sizes from the day of injection (day 0). The comparisons were performed versus the FA-DOX-L group by the Student’s test.
Data are expressed as mean * SD (n = 3). *: P < 0.05. C. Body weight changes of mice treated with saline, free DOX, DOX-L, FA-siRNA-L, FA-DOX-L and FA-DOX/siRNA-L.

Saline injection was used as the control. Data are expressed as mean * SD (n = 3).
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Figure | 1. TUNEL staining in biopsies of KB tumors treated with a single dose injection of siRNA and/or DOX liposomes (170 ug/kg siRNA, 8 mg/kg DOX). The tumors were
removed from the mice after the efficacy study (day 24 after the drug injection) and biopsies were made after 4% PFA fixation. TUNEL signal was colored by diaminobenzidine
(DAB, brown color) and cell nucleus was counterstained by hematoxylin. A. Saline; B. FA-siRNA-L; C. FA-DOX-L; D. FA-DOX/siRNA-L.
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Figure 12. The expression of Bmil target genes in tumor tissues when Bmil was
knockdown. Tumor tissues were resected from the mice treated with a single dose
injection of FA-DOX-L, FA-DOX/siRNA-L liposomes (170 ug/kg siRNA, 8 mg/kg
DOX) and saline (NC group) after the efficacy study (day 24 after the drug injection).
Total mMRNA was extracted from the frozen tumor tissue samples (n = 3).

Conclusion and Discussion

Bmil gene has been extensively investigated in
cancer biology, with growing evidences supporting its
functions in tumor formation and disease relapse in a
number of cancer types. Overexpression and activa-
tion of Bmil induce various forms of cancer, and are
required for the onset and maintenance in various
human tumors. Despite its roles in carcinogenesis, its
therapeutic potential has not been adequately evalu-
ated under a translational research setting. A possible
circumstance is that expression of the Bmil is also
essential for the self-renew and proliferation of many
types of stem cells besides the cancer cells [45-48],
which demands a targeted delivery system to mini-

mize the undesired side effects to these tissues. To
overcome this barrier, this study was aimed at de-
signing a targeted liposomal formulation that can
specifically deliver Bmil siRNA and DOX into the
tumor site, down regulate Bmil expression in the
tumor and achieve therapeutic cures.

To our knowledge, the current study demon-
strated for the first time that inhibition of Bmil pro-
tein expression by siRNA could induce apoptosis in
tumors together with DOX, and significantly suppress
tumor growth of cancer cells in nude mice. Through
co-delivery of DOX and siRNA by folate liposome, we
have demonstrated such a feasibility using a model
system to deliver siRNA and chemotherapeutics both
in vitro and in vivo. We envisioned that this
co-delivery system could be generalized to other an-
ticancer drugs and other siRNAs.

In this study, contradictory to the hypothesis
that the FR targeted FA-siRNA-L shows better re-
pression effects than the non-targeted siRNA-L, the
gene silencing effects between these two formulations
were actually similar in vitro (Fig.3D). The possible
reasons are listed as follows: first, the total siRNA
delivered by various liposomal formulations was
added into the cell culture in the same amount, which
resulted the cells absorbed the same amount of siRNA
after 48 h culture; second, the cationic liposome itself
has a very high transfection capability even without
the targeting ligand; third and most importantly,
western blotting was assayed at 48 h post transfection,
when the inhibitory effects of Bmil siRNA may have
reached the plateau phase.
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Figure 13. Determination of the liver and kidney toxicity of FA-DOX/siRNA-L. Female Kunming mice were injected intravenously with a single dose of saline, FA-L, and
FA-DOXI/siRNA-L at a blank liposome concentration of 310 mg/kg (n = 3). Blood samples were collected 24 h after drug injections. A. Liver toxicity determined by AST, ALT level
and AST/ALT ratio. B. Kidney toxicity determination by BUN and CR level in plasma. *: P < 0.05.

We also noticed in our study that both the
FA-DOX/siRNA-L and DOX/siRNA-L liposomes
showed higher accumulation in livers. This observa-
tion is consistent with studies from other groups that
the cationic liposomes are preferentially uptaken by
livers. A possible reason is that the macrophages or
Kupffer cells in liver facilitated the uptake and hence
retained the liposomes in livers [49]. The second pos-
sible reason is that the widespread blood vessel or
capillary in the livers promoted the uptake of lipo-
somes by the hepatocytes. Although the toxicity study
suggests that the FA-DOX/siRNA-L injection induces
acute liver toxicity, the toxicity of FA-DOX/siRNA-L
is actually derived from the FA-L liposome itself in-
stead of the DOX and siRNA since the toxicity of
FA-DOX/siRNA-L was similar with FA-L (Fig.13). In
addition, the decreased AST/ALT hints this toxicity is
possibly mild and reversible since the AST/ALT val-
ue generally increase significantly in severe liver
damages [43, 44]. On the other hand, this phenome-
non may prompt that this delivery system is possibly
appropriate for the treatment of liver cancers.

For targeted nanomedicines, conjugated target-
ing ligand can significantly improve the therapeutic
effectiveness of conventional chemotherapeutics or
gene therapy in cancer. Our data showed that the
FA-DOX/siRNA-L could efficiently bind to KB and
HelLa cells overexpressing FR and increase the uptake
of DOX and Bmil siRNA, suggesting the effectiveness
of FR targeting. On the other hand, the targeting ac-
tivity of folate conjugated liposome is highly de-
pendent on the folate receptor, which may limit the
application of FR targeting liposome delivery. We also
noticed that although Hep3B cells express very low
level folate receptor, the FA-DOX/siRNA-L still
showed relative high cytotoxicity on them in vitro.
This effect was resulted from the passive targeting

effects of liposome itself. That is, although the folate
ligand dose not promote the uptake of FA conjugated
liposomes by receptor mediated active targeting
pathway, the FR negative Hep3B cell still can uptake
the liposomes by regular endocytosis. This role for
liposomes has been confirmed by commercial use as a
delivery vector in vitro. For example, Lipofectamine
2000® has long been used a transfection reagent.
Importantly, our data validated the rational of
co-delivery of DOX and Bmil siRNA since the selec-
tion of chemotherapeutics and gene drugs is critically
important for combined therapy. Both in vitro and in
vivo results illustrated that these two drugs showed
additive or enhanced effects. As an oncogene, Bmil is
not overexpressed in normal tissue cells. Co-delivery
of Bmil siRNA will not increase the toxicity of
chemotherapeutic drugs to normal tissues. Im-
portantly, unlike TP53 or BCL-2 gene, Bmil mutations
are seldom found in the cancer samples. Bmil func-
tions as an oncogene mostly by amplification in cop-
ies, and this specific feature makes it an ideal target
for siRNA based treatments since the mutations in the
coding sequence may make the siRNA totally invalid.
In terms of mechanisms, Bmil exerts its oncogenic
function in many types of cancers mainly by silencing
the Ink4a/Arf tumor suppressor locus encoding the
p16 (Ink4A) and p14 (Arf) proteins. Whereas p16 in-
hibits cell cycle progression by disrupting the cyclin
D/CDK4/6 complex, pl4 suppresses Mdm?2 function
resulting in p53 stabilization and subsequent apopto-
sis [50]. Our data illustrated that Bmil knock down
significantly resulted in the up-regulation of p14, p16
and p21 in tumor tissues. This suggests that Bmil
siRNA may induce apoptosis by activating pl4 de-
rived and p21 dependent apoptotic pathway and in
turn sensitize the cancer cells to DOX chemotherapy.
In addition, we observed that the DOX delivered by
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the folate liposome was primarily localized in peri-
nuclear region upon internalization, while the Bmil
siRNAs were presented in the cytoplasm. This distinct
intracellular distribution model perfectly matches
their acting sites in the cells. Taken together, the
co-delivery strategy of a broad spectrum chemother-
apy with Bmil represents a promising approach to
overcome existing barriers with cancer therapy that
warrants further studies.

Finally, the synergistic or combined effects by
co-delivering anti-cancer drugs and siRNAs have also
been confirmed by other studies using different de-
livery system or targeting different genes. Chen et al
designed a CD13 targeting (NGR peptide) PEGylated
LPD (liposome-polycation-DNA) nanoparticle
(LPD-PEG-NGR) to deliver c-MYC siRNA and DOX,
and they observed the enhanced therapeutic effects in
tumor mouse model [51]. Co-delivery of paclitaxel
and Bcl-2 siRNA by cationic core-shell nanoparticles
was also showed increased cytotoxicity in human
breast cancer cells [52]. Co-delivery of EGFRvVIII
siRNA and erlotinib in glioblastoma cells was also
found to significantly inhibit cell proliferation and
induce apoptosis compared with the individual
treatments [53]. Some studies focused on suppressing
the drug-resistant capability of multiple drug resistant
cells by co-delivering chemical drugs and siRNA tar-
geting P-gp [11, 54] or other genes [11, 12]. These
studies demonstrated that co-delivery of a chemo-
therapeutic agent and a P-gp or other siRNA to a
drug-resistant cancer cell line could accomplish the
cell killing in an additive or synergistic fashion. Some
research teams also fabricated or applied novel mate-
rial to deliver chemical drugs and siRNA, such as
mesoporous silica nanoparticles (MSNP) [12, 55],
nanostructured lipid carriers (NLCs) [56] and cationic
core-shell nanoparticles (MDS-co-CES) [52] et al.
When these materials were used for co-delivery an-
ti-cancer drugs and siRNA, synergistic or enhanced
anti-cancer effects were achieved as the liposome
based drug delivery system dose. These studies, to-
gether with our study, collectively suggest that the
synergistic or combined effect by co-delivering
chemotherapeutic drugs and siRNA to cancer cells is a
universal phenomenon and hold promise for the fu-
ture personalized cancer treatments.
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