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Abstract

Co-administration of functionally distinct anti-cancer agents has emerged as an efficient strategy
in lung cancer treatment. However, a specially designed drug delivery system is required to co-
encapsulate functionally different agents, such as a combination of siRNA and chemotherapy, for
targeted delivery. We developed a folic acid (FA) -conjugated polyamidoamine dendrimer (Den) -
based nanoparticle (NP) system for co-delivery of siRNA against HUR mRNA (HuR siRNA) and
c/s-diamine platinum (CDDP) to folate receptor-a (FRA) -overexpressing H1299 lung cancer
cells. The co-delivery of HuR siRNA and CDDP using the FRA-targeted NP had a significantly
greater therapeutic effect than did individual therapeutics. Further, the FRA-targeted NP exhibited
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improved cytotoxicity compared to non-targeted NP against lung cancer cells. Finally, the NP
showed negligible toxicity towards normal MRC9 lung fibroblast cells. Thus, the present study
demonstrates FRA-targeted Den nanoparticle system as a suitable carrier for targeted co-delivery
of siRNA and chemotherapy agents in lung cancer cells.
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A novel chemotherapeutic (CDDP)-siRNA (HUR) combination was tested for its anti-tumor
efficiency in lung cancer cells using folic acid conjugated Dendrimer-Polyethlyeneimine (Den-
PEI) nanoparticles. This Den-PEI-CDDP-HuR-FA system showed favorable properties for
targeted delivery and enhanced cell uptake in folate receptor alpha (FRA) overexpressing lung
cancer cells. The targeted nanoparticle delivery also induced apoptosis, and demonstrated efficient
combined therapeutic activity of CDDP and HuR siRNA in lung cancer cells.
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Background

The combined delivery of multiple chemotherapeutic agents to avoid the dose-dependent
side effects of individual drugs has been effective, to some extent!-2. However, nonspecific
drug delivery and reduced therapeutic effects due to poor bioavailability are unresolved
issues3. Therefore, new delivery strategies are urgently needed to overcome these
challenges.

Cis-diamminedichloroplatinum Il (CDDP) is a platinum-based anti-cancer drug that is
commonly used for the treatment of lung cancer°. CDDP intercalates into the cellular DNA
forming DNA adducts resulting in apoptosis®. A major limitation of CDDP is its ability to
form DNA adducts in normal tissue resulting in non-specific toxicity; hence, a tumor-
targeted carrier is required for improve therapeutic efficacy while minimizing non-specific
toxicity /2. Studies have shown co-delivery of CDDP and tumor suppressor genes enhances
the therapeutic efficacyl0.
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We and others reported that human antigen R (HUR), an RNA-binding protein that
influences the translation of key survival and growth-related mRNAs in cancer cells, is a
potential cancer therapy target!1:12. HuR is elevated in lung cancer compared with normal
healthy cells13: 14, Overexpression of HUR is implicated in tumorigenesis5, cancer cell
immune recognition, and metastasis®-18. Reports suggest that HUR gene downregulation
suppresses tumor growth and metastasis'®. RNAi-based gene silencing methods, especially
the use of small interfering RNA (siRNA), hold great promise for efficient HUR
downregulation20: 21, Based on these reports we hypothesized that combining HUR siRNA
and CDDP would improve the therapeutic index of these individual agents against lung
cancer.

Metallic and polymer-based nanocarrier delivery systems have garnered considerable
attention as anti-cancer drug carriers2-24. Among those drug delivery systems, poly
(amidoamine) (PAMAM) dendrimers has advantages, such as the availability of numerous
free amino groups that can be functionalized with multiple biomolecules and the ability to
incorporate hydrophilic and/or hydrophobic drugs25-27. Moreover, dendrimers
functionalized with targeting ligands can effectively deliver chemotherapeutics and siRNA
specifically into tumor tissues?8-2%, Various surface receptors, among which folate receptor
alpha (FRA) is well-recognized for targeted drug delivery, are overexpressed in lung cancer
cells®0,

In the present work, we designed a PAMAM dendrimer-based nanoparticle system for FRA-
targeted delivery of a combination of HuUR siRNA and CDDP and tested its efficacy using
lung cancer cells as a model.

of Den-PEI-CDDP-siRNA-FA nanoparticles

In the first step of Den-PEI-CDDP-siRNA-FA nanoparticle preparation, polyethyleneimine
(PEI) was covalently conjugated to fourth-generation (G4, 64 amine surface groups) Poly
(amidoamine) dendrimer (Den) through a bifunctionalized PEG crosslinker molecule.
Briefly, 1:10 molar ratios of 1.4 pmol Den (20mg) and 14 pmol PEI (11.8ug) were dissolved
in 2 ml of Tris-HCI (pH 7.4). To this mixture, 14 pmols of the NHS-PEG-NHS (28ug) cross-
linker was added to conjugate the surface amine groups of dendrimer with PEI amine
groups. Then, the reaction mixture was stirred at room temperature (RT) for 24 h, followed
by purification by dialysis against Tris-HCI (pH 7.4; 8 KDa MW cutoff membrane) to
remove the unbound molecules. The resulting Den-PEI nanoparticles were used in
subsequent steps as described below.

CDDP encapsulation into Den-PEI nanoparticles was carried out via hydrolysis3L. Briefly,
15 mg of CDDP was dissolved in 10 ml of de-ionized water with vigorous stirring at RT,
followed by the addition of 20 mg of Den-PEI nanoparticles and stirring continued at RT in
the dark for 24 h. After completing the reaction, unbound CDDP was removed by dialyzing
Den-PEI-CDDP complex against Tris-HCI. To calculate the CDDP encapsulation efficiency,
we measured the unbound CDDP concentration and compared it with the known CDDP
concentrations standard curve using a colorimetric O-phenylenediamine (OPDA) assay, as
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mentioned in the supplementary material. The FA-PEG-NHS was conjugated to Den-PEI-
CDDP (Den-PEI-CDDP-FA) through amide covalent linkage; the detailed procedure is
mentioned in the supplementary material.

Next, sSiIRNA was encapsulated via electrostatic interaction in Den-PEI-CDDP and Den-PEI-
CDDP-FA nanoparticles by mixing the nanoparticles with siRNA (N/P ratio 10) in Tris-HCI
(pH 7.4) buffer and incubating at RT for 20 min. The formation of the Den-PEI-CDDP-
SiRNA and Den-PEI-CDDP-siRNA-FA nanoparticles was confirmed with agarose gel. The
protection of siRNA in the Den-PEI-CDDP-siRNA nanoparticle complex was studied using
an agarose gel retardation assay. Briefly, Den-PEI-CDDP-siRNA nanoparticles were
incubated in 10% fetal bovine serum (FBS) Tris-HCI (pH 7.4) buffer at 37°C. After 30 min,
1 h, and 3 h of incubation, aliquots from each sample were collected. Then, the sSiRNA
protection was confirmed by agarose gel, as mentioned in the supplementary material.

Non-small-cell lung cancer (H1299 and A549) and normal lung fibroblast (MRC9) cell lines
were maintained in RPMI-1640 and MEM medium respectively, and cultured as described
previously 32,

In vitro cellular uptake of Den-PEI-CDDP-siGLO nanoparticles

Cell uptake of the Den-PEI-CDDP-siGLO nanoparticles was studied by measuring
fluorescence intensity (FI) and fluorescence microscopy images in H1299 cells using
fluorescent siRNA (siGLO, red). For cell uptake measurements, H1299 cells were seeded in
6-well plates or on coverslips, and treated with Den-PEI-CDDP-siGLO nanoparticles with
50 and 100 nM of siGLO concentrations per well. Untreated groups served as controls. After
24 h, cells were harvested and washed with PBS. The fluorescence was measured with an
Envision multiplate reader (Perkin Elmer, Santa Clara, CA, USA) with excitation 555 nm
and emission 570 nm wavelengths. The obtained fluorescence intensity was normalized to
10000 cells. Cells seeded on coverslips were stained using LysoTracker® green (7.5 pl) per
the manufacturer’s protocol (Thermo Fisher, LysoTracker® Green DND-26) for 2 h. Then,
the coverslips were processed for microscopy images, as described earlier 33. Fluorescence
images of cells were acquired using a Nikon TiU microscope attached to a charge-coupled
device (CCD) camera (Nikon Instruments, Inc., New York, NY, USA) and imported into
ImageJ analysis software (NIH, Bethesda, MD, USA).

Next, we studied the role of receptor-mediated endocytosis in cell uptake of FRA-targeted
nanoparticles through a temperature dependency assay and a receptor blocking study in the
presence of exogenous folic acid-containing media. For the temperature-dependent uptake
study, H1299 cells were grown in 6-well plates and then added to the Den-PEI-CDDP-
siGLO or Den-PEI-CDDP-siGLO-FA formulations with equivalent siGLO concentrations
(50 nM). The plates were then kept either at 37 °C or 4 °C for 4 h. The cells were then
harvested. The siGLO-fluorescence was measured and compared with the fluorescence
obtained from non-FA-targeted Den-PEI-CDDP-siGLO nanoparticle-treated cells.

In the folate receptor blocking study, H1299 cells were incubated with one of the following
media: regular RPMI-1640 medium, in which a minimum amount of folic acid is present,
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folic acid-free RPMI-1640 medium, or RPMI-1640 medium with 1 mM of exogenous folic
acid added. After 24 h of incubation, 1 h of serum starvation was carried out. We added
Den-PEI-siGLO-FA nanoparticles containing 50 nM siGLO and incubated them for 24 h.
The cells were then collected and the siGLO fluorescence was measured as mentioned
above.

Cell viability assay

Cell viability assays were conducted using the standard trypan blue exclusion assay33. In a
typical cell viability experiment, H1299 and A549 (0.1x106) cells were grown in 6-well
plates and were treated with Den-PEI-CSi (scrambled siRNA) or Den-PEI-HuR (HUR
SiRNA) for 72 h with 100 nM of siRNA per well. Untreated cells served as controls.

In a separate study, we tested the cytotoxicity of Den-PEI-CDDP, Den-PEI-HuUR, and Den-
PEI-CDDP-HuR with equivalent concentrations of CDDP (10 uM) and HuR siRNA (100
nM) in H1299, A549, and MRC9 cells. Cells that received no treatment served as controls.

For determining the cell killing efficiencies between targeted and non-targeted nanoparticles,
cells were treated with Den-PEI-HUR-FA and compared against Den-PEI-HuR and Den-
PEI-CDDP-HuR-treated cells were compared to Den-PEI-CDDP-HuR-FA-treated cells.

Western blot assay

Total cell lysates prepared from cells receiving different treatments were analyzed for HuUR,
cyclin E (1:1,000 dilution; Santa Cruz Biotechnology, Dallas, TX, USA), caspase9, PARP,
and -yH2AX (1:500; Cell Signaling Technology, Inc., Danvers, MA, USA) by western blot
analysis as previously described!3. Actin (1:2,000; Sigma Chemicals, St Louis, MO, USA)
was used as an internal loading control. The relative protein expression compared to beta-
actin was quantified using GelQuant software (Syngene) as previously described13:14,

Apoptotic Analysis

Apoptotic cell death was determined using the Alexa Fluor-488-Annexin V/Propidium
lodide (PI) (Thermo Fisher Scientific, Eugene, OR USA) staining kit per the manufacturer’s
protocol. Briefly, H1299 cells grown in 6-well plates were treated with Den-PEI-CDDP-
HuR and Den-PEI-CDDP-HuR-FA for 72 h (10 uM CDDP and 100 nM HuR per well).
Untreated cells served as controls. The treated cells were harvested and washed with PBS.
Then, the cells were stained with 5 pl of Alexa Fluor-488-Annexin V and 1 pl of Pl
(Img/ml) solution for 15 min at room temperature. The percent of cells undergoing
apoptotic death was measured with a FACS Calibur flow cytometer using the Cell Quest
software (BD Biosciences). The percentage of apoptotic cells was calculated as the
percentage sum of Annexin-V-positive (Q2) and Annexin-V/PI-positive (Q3) cell
population.

Supplementary Materials

Further detailed materials and methods, characterization and optimization of FA and CDDP,
and results are given in the supplementary materials.
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Each experiment was repeated at least three separate times (n=3) and the data are
represented as mean + standard deviation. Response variables, including percent cell
viability, fluorescence, HUR mRNA, and western blot quantifications, were compared
among treatment groups using one-way analysis of variance. A P-value less than 0.05 were
considered statistically significant. SAS 9.2 software (SAS Institute Inc., Cary, NC) was
used for the statistical analysis.

Synthesis and characterization of Den-PEI-CDDP-HuR-FA nanoparticles

The fourth-generation Poly (amidoamine) dendrimer nanoparticles (G4-PAMAM) were
modified with FA for the co-delivery of HUR siRNA and CDDP specifically towards FRA-
overexpressing lung cancer cells. The G4-PAMAM dendrimer contains peripheral amine
groups, of which 10% were exploited for modification using PEI. The scheme of Den-PEI-
CDDP-HuR-FA synthesis is shown in Supplementary Figure 1. Low molecular weight (800
MW), branched PEI was covalently conjugated by using an NHS-PEG-NHS crosslinker that
enhances the net positive charge of the particle to absorb negatively charged siRNA electro-
statistically with high efficiency. Addition of PEI improves the endosomal escape and
transfection efficiency of siRNA34. The PEI modification was confirmed by zeta potential
measurements.

Bare dendrimer nanoparticles showed an average charge of +5.9 mV (Figure 1A). After
conjugating with PEI, the charge increased to +8.75 mV and is likely due to the enormous
amine groups of PEIs. Determination of the size and shape of the Den-PEI nanoparticles by
TEM imaging showed well-dispersed spherical particles less than 10 nm in size. (Figure
1B).

Dendrimers possess several primary and secondary amine groups that contribute in forming
complexes between CDDP and PAMAM dendrimers through coordinate bonds3°. The
encapsulation efficiencies for CDDP were 35.65 + 5.65 and 40.52 + 4.18% in Den-PEI and
Den-PEI-FA nanoparticles respectively (Table 1). This result shows that folic acid
conjugation did not markedly alter the CDDP encapsulation efficiency. The encapsulation of
CDDP by Den-PEI (Den-PEI-CDDP) nanoparticles increased its zeta potential from +8.75
mV to +14.5 mV (Figure 1A). To target FRA receptors, the surface amine groups of the
Den-PEI-CDDP nanoparticles were covalently conjugated with pre-synthesized folic acid-
PEG-NHS linker through an amide bond. The presence of folic acid in Den-PEI-CDDP-FA
nanoparticles was confirmed by an absorption maximum of 280 nm, as evidenced by
increases in peak intensity with increasing folic acid concentrations (Supplementary Figure
2). The addition of FA to Den-PEI-CDDP increased the zeta potential from +14.5 mV to
+17.2 mV.

The dendrimer nanoparticles showed positive surface charges when dispersed in Tris-HCI
pH 7.4 buffer, which allows the complexation of Den with negatively charged siRNA36. The
Den-PEI-CDDP and Den-PEI-CDDP-FA nanoparticles were complexed with sSiRNA
through electrostatic interaction at an N/P ratio of 10. The zeta potential of Den-PEI-CDDP
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(+14.5mV) was reduced upon siRNA complexation (+5.1mV). siRNA complexation reduced
the zeta potential of Den-PEI-CDDP-FA nanoparticles from +17.2 mV to +6.07 mV, due to
the negative charge contribution from siRNA (Figure 1A). Determination of SIRNA
encapsulation efficiency showed 97.84 + 0.12 and 97.87 £ 0.10 % of siRNA was
encapsulated in Den-PEI and Den-PEI-FA nanoparticles respectively (Table 1). Again our
study results demonstrated that folic acid conjugation produced negligible change in the
siRNA encapsulation of nanoparticles. TEM images of Den-PEI-CDDP-siRNA-FA
nanoparticles represent the conjugations of CDDP, siRNA, and FA that did not affect
nanoparticle size, compared with Den-PEI (Figure 1B, C).

The siRNA encapsulation in the Den-PEI-CDDP-siRNA and Den-PEI-CDDP-siRNA-FA
nanoparticles was confirmed with an agarose gel electrophoretogram (Figure 2A). The
SiRNA contained the nanoparticles remained in the wells (as evidenced by ethidium bromide
glowing in the wells), whereas free SIRNA moved into the gel as a result of electrophoresis.
These data confirmed the complexation of siRNA with Den-PEI-CDDP and Den-PEI-
CDDP-FA nanoparticles. Apart from encapsulation, Den-PEI-CDDP nanoparticles protected
the siRNA from degradation in the presence of serum (10% FBS) even after 3 h of
incubation, as the complex incubated with serum remained in the wells, without causing any
smear in the gel (Figure 2B). The lack of visible leaching of siRNA into the gel during
electrophoresis indicates complete protection of siRNA by the Den-PEI-CDDP
nanoparticles.

CDDP and siRNA release kinetics from Den-PEI-CDDP-siRNA and Den-PEI-CDDP-siRNA-
FA nanoparticles

The CDDP and siRNA release profiles from Den-PEI-CDDP-siRNA nanoparticles were
carried out in serum-free medium and in medium with 10% FBS containing Tris-HCI buffer
(pH 7.4). The CDDP release was higher and faster in the presence of serum (34%) compared
to 26% in the absence of serum at 7 h (Figure 2C). The CDDP release pattern from Den-
PEI-CDDP-siRNA-FA (28%) and Den-PEI-CDDP-siRNA (26%) nanoparticles were similar
indicating that folic acid conjugation has no influence on CDDP release profile.

SiRNA release study showed Den-PEI-CDDP-siRNA had released 28% and 20% of siRNA
in the absence and presence (10%) of FBS respectively at 24 h (Figure 2D). The lower
SiRNA release in 10% FBS-containing buffer may be attributable to siRNA degradation,
which might have influenced the low level of detection at 24 h by the PicoGreen assay®’.
After folic acid conjugation, 34% of siRNA was released from Den-PEI-CDDP-siRNA-FA.
This finding also indicates that the folic acid conjugation does not influence the siRNA
release profile. Our results demonstrate that CDDP and siRNA have distinct release patterns
from Den-PEI-CDDP-siRNA and Den-PEI-CDDP-siRNA-FA nanoparticles /n vitro and do
not influence each other.

Cell uptake and endosomal escape of Den-PEI-CDDP-siGLO nanoparticles

Cell uptake studies were carried out in H1299 cells with Den-PEI-CDDP nanoparticles
encapsulated with 50 nM or 100 nM concentrations of siGLO siRNA. A dose-dependent
increase in fluorescence intensity was observed at 24 h post Den-PEI-CDDP-siGLO
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treatment. A 3-fold enhancement in fluorescence intensity (FI; average 11395 a.u., p<0.01)
was observed when cells were incubated with 50 nM siGLO siRNA contained in Den-PEI-
CDDP compared with the untreated control group (4081 a.u.; Figure 3A). The FI was further
increased (average 17590 a.u., p<0.01) when siGLO concentration increased to 100 nM.
Fluorescence microscopy images (Figure 3B) showed punctate red fluorescence in the
cytoplasm of Den-PEI-CDDP-siGLO-treated cells that concurred with the FI study results.
Further, our studies showed majority of the siGLO siRNA-contained in the nanoparticles
escaped the lysosomes/endosomes compartment and entered the cytoplasm (red
fluorescence) with some still trapped in the endosome/lysosomes (orange fluorescence) as
evidenced by the LysoTracker Green staining (Figure 3B). These results indicate that Den-
PEI-CDDP-siGLO nanoparticles are efficiently taken up by the cells and the Den-PEI
nanoparticles allow the escape of siRNA from endosome/lysosomes into the cytoplasm.

Nanoparticle uptake occurs via cell receptor-mediated endocytosis

The optimal FA concentration was measured as 3.75 pg/ml of FA-PEG-NHS on Den-PEI
nanoparticles in H1299 cells, based on FI of siGLO (Supplementary Figure 3A). Then, the
specific receptor-mediated cell uptake study was confirmed by two different methods. At
lower temperatures, cell surface receptors are generally inactive. Thus, the low temperature
hinders the receptor-mediated uptake of nanoparticles. In the present study, temperature-
dependent receptor-mediated uptake studies were carried out in H1299 cells after incubation
with Den-PEI-CDDP-siGLO-FA nanoparticles for 4 h at either 37 °C or 4 °C. Den-PEI-
CDDP-siGLO-FA nanoparticles showed the highest fluorescence intensity (average 12531
a.u.; p<0.01) compared with Den-PEI-CDDP-siGLO (average 7851 a.u.; p<0.01) and
untreated controls (average 1408 a.u.) at 37 °C (Figure 4A). However, at 4 °C the Den-PEI-
CDDP-siGLO-FA (average 3746 a.u.) showed decreased fluorescence intensity in cell
uptake compared with the Den-PEI-CDDP-siGLO (3968 a.u.) nanoparticles. The results
clearly demonstrate the specific receptor-mediated uptake tendency of the Den-PEI-CDDP-
siGLO-FA nanoparticles.

Den-PEI-siGLO-FA uptake was further confirmed by a folate receptor blocking study with
the addition of exogenous folic acid (ImM) in the medium prior to Den-PEI-siGLO-FA
treatment. The FRA blocking study was performed in H1299 cells with three different FA
concentrations in RPMI-1640 medium (Figure 4B). The highest fluorescence intensity was
observed with FA-free RPMI-1640 medium (average 8455 a.u.; p <0.01), followed by
regular RPMI-1640 medium (average 6452 a.u.), and RPMI-1640 medium with 1 mM
excess FA added (3985 a.u.). This finding demonstrates that Den-PEI-siGLO-FA
nanoparticle uptake by FRA-overexpressing cells depended on FA concentration in the
medium; with increasing FA concentrations, the uptake of Den-PEI-FA-siGLO nanoparticles
decreased. Further, Den-PEI-siGLO-FA nanoparticle uptake by cells occurs via folate
receptor-mediated endocytosis

Den-PEl-based CDDP and HuR siRNA co-delivery enhances the therapeutic efficiency in
lung cancer cells, while sparing normal cells

Treatment with Den-PEI-CDDP and Den-PEI-HUR resulted in approximately 29% and 23%
growth inhibition in H1299 cells at 72 h (Figure 5A). When the CDDP and HUR siRNA
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were combined with Den-PEI-CDDP-HuUR nanoparticles, cell growth inhibition was
significantly enhanced to 50% (0 <0.01). In A549 cells, Den-PEI-CDDP and Den-PEI-HuR
produced approximately 34% and 30% growth inhibition respectively. Strikingly, Den-PEI-
CDDP-HuR nanoparticles treatment produced 62% growth inhibition (p <0.01; Figure 5A).
In contrast, both Den-PEI-CDDP and Den-PEI-HuR nanoparticles treatment showed 18%
growth inhibition in normal MRC9 lung fibroblast cells. When MRC9 cells were treated
with Den-PEI-CDDP-HuR nanoparticles, the growth inhibition (27%; p=NS) was
comparable to that of individual treatments using Den-PEI-CDDP or Den-PEI-HUR
nanoparticles.

The combined therapeutic efficacy of Den-PEI-CDDP-HUR was further evaluated through
western blot analysis. Irrespective of formulation, HuR siRNA significantly induced HUR
knockdown in H1299 and A549 cancer cells (Figure 5B & C). Associated with HUR
knockdown was the marked reduction in HuR-regulated cyclin E levels for Den-PEI-HuR
and Den-PEI-CDDP-HuR nanoparticle treatments. In parallel, significant induction of
YH2AX expression which is a marker for DNA damage was observed in both H1299 and
Ab549 cells treated with Den-PEI-CDDP and Den-PEI-CDDP-HuR nanoparticles compared
with Den-PEI-HuR and untreated control cells (Figure 5B & C). Further, yH2AX expression
was higher (p<0.01) in Den-PEI-CDDP-HuR nanoparticle treatment compared to Den-PEI-
CDDP nanoparticle suggesting CDDP and HuR siRNA combination produced increased
DNA damage.

In MRC9 cells, Den-PEI-HuR treatment albeit produced some reduction in HuUR (Figure 5B;
p<0.05) when compared to untreated control, the difference in HUR knockdown was
negligible when compared to Den-PEI-CDDP. HuR knockdown however was significant
with Den-PEI-CDDP-HUR treatment compared to all other treatments (0<0.01). Cyclin E
also showed a slight reduction of expression Den-PEI-CDDP-HUR treatment correlating
with HUR knockdown effects. Examination for yH2AX expression showed modest increase
after treatment with Den-PEI-HuR and Den-PEI-CDDP-HuR nanoparticles (p<0.01).
Surprisingly, reduction in yH2AX expression was observed in Den-PEI-CDDP
nanoparticles treated cells compared to untreated control. Therefore, it appears that Den-
PEI-CDDP-HuR nanoparticles controlled and reduced the cytotoxic effect on normal cells
while imparting therapeutic efficiency in cancer cells.

We also verified the effect in the HUR mRNA knockdown using qRT-PCR analysis.
Significant reductions in HUR mRNA levels was observed in Den-PEI-HuUR- (~70%) and
Den-PEI-CDDP-HUR (~55%) nanoparticles-treated H1299 cells at 72 h, compared with
untreated control and Den-PEI-CDDP nanoparticles (Figure 6; p<0.01). In A549 cells, Den-
PEI-HuUR and Den-PEI-CDDP-HuR nanoparticle treatment reduced the mRNA levels about
65% and 66% respectively (p<0.01). In MRCS9 cells, Den-PEI-HuR- and Den-PEI-CDDP-
HuR- treatment reduced HUR mRNA levels by 64% and 32% respectively when compared
to untreated control cells. Interestingly, the reduction in HUR mRNA did not correlate with
HuR protein levels in Den-PEI-CDDP-HuUR- and Den-PEI-HuR-treated MRC9 cells. The
underlying cause for the difference in correlation between HUR mRNA and protein in MRC9
cells is not clear but could be speculated to be due to differences in post-translational
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regulation and processing in normal versus tumor cells38. Furthermore, the observation
made in the present study is not unique and concurs with our recent report support3®.

In A549 and MRC9 but not in H1299 cells, Den-PEI-CDDP treatment did reduce HuR
mRNA compared to control. These results indicated further improvements are needed to
increase tumor cell cytotoxicity and spare normal cells. Hence, we next tested FRA-targeted
nanoparticle (Den-PEI-CDDP-HuUR-FA), for enhanced therapeutic efficiency in FRA-
overexpressing lung cancer cells.

FRA-targeted siHuUR specific delivery into H1299 cells

We have previously reported H1299 cells overexpress of FRA%0. Thus, these cells are a
suitable tumor cell model with which to demonstrate the targeted delivery efficiency of Den-
PEI-HuR-FA nanoparticles in comparison with non-targeted nanoparticles. As shown in
Figure 7A, Den-PEI-HuR-FA nanoparticle treatment produced 33% growth inhibition
compared to 21% inhibition produced by Den-PEI-HuUR nanoparticle treatment (0 <0.01)
over untreated control at 72 h. Correlating with the growth inhibitory activity, significant
reduction in HUR and cyclin E protein levels were observed in both, Den-PEI-HuR-FA- and
Den-PEI-HuR- nanoparticle treated cells compared to untreated control (Figure 7B & C;
p<0.01). However, the reduction in these proteins was greater in cells treated with Den-PEI-
HuR-FA nanoparticles than in cells treated with Den-PEI-HuR nanoparticles. These results
demonstrate that FRA-targeted Den-PEI-HuR-FA nanoparticles are more efficient in
enhancing the therapeutic efficacy of HuUR siRNA in a FA expressing lung cancer cell line.

Den-PEI-CDDP-HuR-FA nanoparticles efficiently delivered and enhanced therapeutic
efficiency in FRA-overexpressing H1299 cells

Since Den-PEI-HuR-FA nanoparticles showed greater growth inhibition, we next
investigated whether enhanced antitumor activity could be also observed when CDDP is
incorporated in the Den-PEI-HuR-FA nanoparticle formulation. Both Den-PEI-CDDP-HuR-
FA and Den-PEI-CDDP-HuR nanoparticle treatment produced significant cell growth
inhibition compared to untreated control at 72 h (Figure 8A; p<0.01). However, Den-PEI-
CDDP-HuR-FA nanoparticle treatment produced greater growth inhibitory activity (~64%;
p<0.01) compared to Den-PEI-CDDP-HuR nanoparticle treatment (~50%; p <0.01).

The protein expression analysis showed a strong correlation with the growth inhibition
results. Compared with Den-PEI-CDDP-HuR nanoparticles, the Den-PEI-CDDP-HuR-FA
nanoparticles significantly reduced HuR and cyclin E protein expression while
concomitantly increasing caspase 9 and PARP cleavage, which are markers indicative of
cells undergoing apoptosis (Figure 8B & C; p<0.01). Further evidence for cells undergoing
apoptosis was revealed by Annexin V staining. As shown in Figure 8D, Den-PEI-CDDP-
HuR-FA nanoparticle treatment (~71% apoptotic cells) showed 25% and 32% (p <0.01)
higher apoptosis than did Den-PEI-CDDP-HuUR nanoparticles (~45% apoptotic cells) and
positive control free CDDP (~38% apoptotic cells), respectively. Finally, yH2AX was also
significantly expressed with Den-PEI-CDDP-HuR-FA nanoparticles compared with Den-
PEI-CDDP-HuR nanoparticles (Figure 8B& C; p<0.01). These findings demonstrate that
combined delivery of CDDP and HuRsiRNA to FRA-overexpressing lung cancer cells can
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be achieved using the FA-targeted Den-PEI delivery system to produce increased antitumor
activity while reducing the cytotoxicity to normal cells.

Discussion

In the present study, we developed and evaluated a nanoparticle system based on a PAMAM-
dendrimer-PEI conjugate for the co-delivery of HUR siRNA and CDDP for cancer therapy.
Incorporation of PEI via conjugation to the dendrimer improved the siRNA complexation
and endosomal escape efficiency*L. Further, the use of a PEG linker between the PEI and
dendrimer molecules improved the dispersibility of the complex in aqueous solution. Using
two different methods we successfully encapsulated CDDP and HuR siRNA in the
nanoparticle. The primary and secondary amine groups of PAMAM dendrimers contribute to
the formation of coordinate bonds with the platinum of CDDP through hydrolysis that
resulted in a CDDP encapsulation efficiency of 35.65%. The protonated Tris-HCI (pH 7.4)
buffer increases the positive surface charge of amine groups, while converting amine groups
to amino groups that facilitated the siRNA complexation with the dendrimer by electrostatic
adsorption in Tris-HCI pH 7.4 buffer32 as illustrated in Supplementary Figure 1. The
resulting nanoparticles had favorable physicochemical properties, such as particle size, zeta
potential, drug and siRNA encapsulation efficiencies, and /n vitro release profiles, indicating
that the nanoparticle system will be efficient in delivering a combination of siRNA and
CDDRP to lung cancer cells.

Although our nanoparticles exhibited favorable physicochemical properties, there are
numerous barriers that need to be overcome for achieving significant and measurable
therapeutic efficacy. The first barrier is the issue of siRNA stability in particular under /n
vivo conditions. The presence of serum proteins in particular often destabilizes sSiRNA and
allows for rapid bio-clearance before reaching its target. Another barrier that restricts nucleic
acids and siRNA efficacy is the endosome compartment that traps and degrades them thus
reducing their entry into the cytoplasm. Thus, for having successful cancer treatment
outcomes the nanodrug delivery system should be able to overcome these barriers. In the
present study, the Den-PEI nanoparticles not only protected the siRNA in the presence of
serum but also showed that it facilitated the endo-lysosomal escape of siRNA and
successfully induced silencing of the target gene in cancer cells. Another factor for
consideration is the release rate kinetics when two different types of therapeutics such as
siRNA and chemotherapy are used; here, simultaneous CDDP and HuR siRNA release
occurred from dendrimer nanoparticles, initiating the therapeutic process. Finally,
therapeutic efficacy against cancer cells needs to be achieved without having off-target
effects and increasing untoward non-specific toxicity to normal cells. As shown in
Supplementary Figure 4 A & B, although Den-PEI-HuR nanoparticles markedly suppressed
HuR in lung cancer cells and inhibited their growth (0p<0.05), some degree of cytotoxicity
was also observed in Den-PEI-control (c) si treatment when compared to untreated control
cells. This observation warranted development and testing of tumor-targeted nanoparticle
delivery system. Further, it was realized that HUR knockdown alone was not sufficient to
eliminate cancer completely; and that combining with other anti-cancer agents was needed.
For this purpose we exploited the FA overexpression in lung cancer and tested FRA-targeted
dendrimer nanoparticles for CDDP and HuRsiRNA combinatorial therapy.
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CDDP as the drug of choice was selected because it is the front-line chemotherapeutic used
to treat lung cancer. The rationale to select HUR as a molecular target for therapy is because
it has been implicated in regulating key cellular processes by binding to mRNAs, and
controls the expression of proteins involved in cancer cell growth, proliferation, and
metastasis!®. Further, specific knockdown of HuR using siRNA3%42 or small molecule
inhibitors*3-45 has been shown to downregulate cancer pathology-related proteins resulting
in pronounced anticancer activity®. Herein, we demonstrated combination therapy using
FRA-targeted dendrimer nanoparticles exhibited specificity and selectivity towards FRA
overexpressing cancer cells that improved the therapeutic efficiency and also reduced the
cytotoxicity towards normal cells. The combined therapeutic effect with HUR siRNA was
observed at low CDDP concentrations (ICyq value). At higher concentrations of CDDP, the
cellular toxicity was high (Supplementary Figure 3B) that masked the growth inhibitory
effects of sSiRNA-based gene knockdown. Moreover, use of high CDDP concentrations
would lead to undesirable toxicity in normal cells and thus making the nano-delivery
approach non-translatable to the clinic33. Finally, molecular studies revealed FRA-targeted
dendrimer nanoparticle therapy induced greater DNA damage and apoptotic cell death
compared to non-targeted nanoparticle treatment. In conclusion our study results
demonstrate combined delivery of CDDP and HuR siRNA is feasible using FRA-targeted
dendrimer nanoparticle for treating FRA-overexpressing lung cancer cells, while minimizing
their toxicity to normal cells. Our studies provide a platform for conducting advanced /in
vivo studies using lung tumor xenograft models.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Characterization of Den-PEI-CDDP-siRNA-FA nanoparticles. (A) Surface charge

measurement by zeta potential each step of nanoparticle modification to form Den-PEI-
CDDP-siRNA-FA. (n=5) (B and C) TEM images of Den-PEI and Den-PEI-CDDP-siRNA-
FA nanoparticles.
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Figure 2.

Gel retardation assays and /n vitro drug/siRNA release profiles of Den-PEI-CDDP-siRNA-
FA. (A) siRNA encapsulation study of agarose gel with free siRNA, 10:1 N/P ratio of Den-
PEI-CDDP-siRNA and Den-PEI-CDDP-siRNA-FA. (B) Agarose gel electrophoretogram
showing siRNA protection efficiency of Den-PEI-CDDP-siRNA nanoparticles incubated in
10% FBS at 30 min, 1 h, and 3 h, respectively, compared with free siRNA. (C and D) /n
vitro CDDP and siRNA release profiles from Den-PEI-CDDP-siRNA nanoparticles in the
presence and absence of 10% FBS in Tris-HCI buffer (pH 7.4) and Den-PEI-CDDP-siRNA-
FA nanoparticles in Tris-HCI buffer (pH 7.4).
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Figure 3.

Cell uptake study of Den-PEI-CDDP-siGLO nanoparticles in H1299 cells (A) Fluorescence
intensity measurement of Den-PEI-CDDP-siGLO nanoparticles when incubated with H1299
cells for 24 h. (n=3) (B) Fluorescence microscopy images show the endosomal entrapment
and escape of Den-PEI-CDDP-siGLO nanoparticles vs untreated control in H1299 cells. The
Den-PEI-CDDP-siGLO was incubated with H1299 cells for 24 h, followed by LysoTracker

Green staining and fluorescence microscopy. Images were taken at 60X magnification;
(scale bar = 10pum, p** <0.01).
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Figure 4.
FRA-mediated endocytosis study by fluorescence measurement in H1299 cells. (A)

Temperature-dependent uptake of Den-PEI-CDDP-siGLO and Den-PEI-CDDP-siGLO-FA
nanoparticles at 37°C and 4°C when incubated for 4 h, and (B) uptake of Den-PEI-siGLO-
FA nanoparticles in H1299 cells when incubated for 24 h in RPMI-1640 medium containing
endogenous levels of FA, without FA, or an excess of FA (1 mM). (n=3; ** denotes p<0.01,
NS = not significant).
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Figure 5.
The combined therapeutic efficacy of Den-PEI-CDDP-HuUR nanoparticles compared with

Den-PEI-CDDP and Den-PEI-HuUR nanoparticles in H1299, A549, and MRC9 cells at 72 h.
(A) Cell viability (n=4) and (B) western blot images of HUR, and cyclin E and yH2AX
expression levels. (C) The respective band quantification values, in H1299, A549, and
MRC9 cells. (** denotes p <0.01, * denotes p <0.05, NS = not significant).
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Figure 6.

HuR mRNA knockdown study by qRT-PCR. HUR mRNA knockdown analysis of Den-PEI-
CDDP-HuR, Den-PEI-HuR, and Den-PEI-CDDP nanoparticles in H1299, A549, and MRC9
cells at 72 h. (n=3; ** denotes p <0.01, *denotes p <0.05, NS = not significant).

Nanomedicine. Author manuscript; available in PMC 2019 February 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Amreddy et al.

% Cell viability

Page 22
A ) B C
120 =
<
o 700000
g =
100 -
_ 5 o £ 600000
: B 2
80 - E £ £ = 500000 -
S a & =
=
%1 S e | HuR 2400000
40 - 3300000
T T e CyainE
= 200000 -
20 - =
Actin £
Z 100000
0 4
g =z = 0
= = ~ HuR cyclin E
S - =
) E =
; X
= =
2 = Control .Den—PEl-HuR -Dm-PEl-HuR-FA
Pog E
-
H1299

Figure 7.
Therapeutic efficiency of Den-PEI-HUR versus Den-PEI-HUR-FA in H1299 cells. (A) Cell

viability and (B & C) western blot and respective band quantification graphs of HuR, cyclin
E, and the internal control actin. (n=4; **denotes p <0.01, *denotes p <0.05, NS = not
significant).
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Figure 8.
Therapeutic efficiency of Den-PEI-CDDP-HUR versus Den-PEI-CDDP-HuUR-FA in H1299

cells. (A) Cell viability assay, (n=4) (B) western blot analysis, and respective band (C)
quantification graphs of HUR, cyclin E, cleaved caspase9, PARP, and yH2AX markers. (D)
Dot plots showing distribution of cell population for analysis of apoptosis profile and the
graphical representation of total apoptotic cell population (%) in H1299 cells when treated
with Den-PEI-CDDP-HuUR, Den-PEI-CDDP-HuR-FA, and free CDDP. Cells were dual
stained with Alexa Fluor 488-Annexin V and propidium iodide after 72 h of treatment and
were analyzed using flow cytometry (** denotes p<0.01, * denotes p <0.05, NS = not
significant). (n=2; Q1, Annexin V and PI negative; Q2, Annexin V positive; Q3, Annexin V
and PI positive; Q4, PI positive)
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CDDP and siRNA encapsulation efficiencies in Den-PEI and Den-PEI-FA nanoparticles

Table 1

Nanoparticle

% CDDP encapsulation efficiency + SD

% siRNA encapsulation efficiency + SD

Den-PEI

35.65 +5.65

97.84 £0.12

Den-PEI-FA

40.52+£4.18

97.87 £0.10
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