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Abstract

Selective downregulation of the human antigen R (HuR) protein by siRNA may provide a 

powerful approach for treating lung cancer. To this end, we investigated the efficacy of transferrin 

receptor-targeted liposomal nanoparticle-based HuR siRNA (HuR-TfNP) therapy and compared to 

control siRNA (C)-TfNP therapy both, in vitro and in vivo using lung cancer models.

In vitro studies showed HuR-TfNP but not C-TfNP efficiently downregulated HuR and HuR-

regulated proteins in A549, and HCC827 lung cancer cells resulting in reduced cell viability, 

inhibition of cell migration and invasion, and induction of G1 cell-cycle arrest culminating in 

apoptosis. However, HuR-TfNP activity in normal MRC-9 lung fibroblasts was negligible. In vivo 
biodistribution study demonstrated that fluorescently labeled HuR-siRNA or ICG dye loaded 

TfNP localized in tumor tissues. Efficacy studies showed intratumoral or intravenous 

administration of HuR-TfNP significantly inhibited A549 (>55% inhibition) and HCC827 (>45% 
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inhibition) subcutaneous tumor growth compared to C-TfNP. Furthermore, HuR-TfNP treatment 

reduced HuR, Ki67, and CD31 expression and increased caspase-9 and PARP cleavage and 

TUNEL positive staining indicative of apoptotic cell death in tumor tissues compared to C-TfNP 

treatment. The antitumor activity of HuR-TfNP was also observed in an A549-luc lung metastatic 

model, as significantly fewer tumor nodules (9.5±3.1; p<0.001; 88% inhibition) were observed in 

HuR-TfNP-treated group compared with the C-TfNP-treated group (77.7±20.1). Significant 

reduction in HuR, Ki67, and CD31 expression was also observed in the tumor tissues of HuR-

TfNP-treatment compared to C-TfNP treatment.

Our findings highlight HuR-TfNP as a promising nano-therapeutic system for lung cancer 

treatment.
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Introduction

The effectiveness of conventional therapies for lung cancer has been challenged by ever 

increasing tumor heterogeneity and undesired side effects [1]. This scenario emphasizes the 

need for newer therapeutic strategies that overcome these limitations. The therapeutic 

potential of anti-cancer agents can be tremendously improved by means of targeted delivery 

towards cancer cells that overexpress surface molecules [2, 3]. Such molecules often act as 

receptors for ligands or antibodies with high specificity.

The iron-binding serum protein transferrin (Tf) has specific affinity towards transferrin 

receptors (TfR) expressed in the cell membrane, which is a basic requirement for iron 

transport in cells [4]. A significant number of lung cancers overexpress transferrin receptors; 

moreover, their expression in patients with non-small cell lung cancer (NSCLC) has shown 

significant prognostic value [5]. Therefore, TfR-targeted drug delivery may be a promising 

strategy to improve the efficiency of lung cancer therapy.

Recent studies have shown that high levels of the human antigen R (HuR), an RNA binding 

protein, is expressed in many cancer types [6–8], and regulates the expression of several 

pathologically important mRNAs, particularly in lung cancer [9,10]. Further, HuR regulates 

cancer cell proliferation, migration, angiogenesis, and metastasis [7–9, 11, 12]. HuR has also 

been associated to play a role in chemotherapeutic resistance [13–14]. Recent studies from 

our laboratory demonstrated that HuR downregulation inhibited cell growth in non-small 

cell lung cancer (NSCLC) in vitro and altered the cells’ ability to undergo migration and 

invasion [12,15]. Further, we recently showed HuR inhibition radiosensitized human breast 

cancer cells [16]. All of these studies indicate HuR is a molecular target for cancer therapy 

and advancing preclinical testing of HuR-targeted therapies could ultimately lead to clinical 

testing.

RNA interference (RNAi)-based gene silencing provides a promising strategy to knockdown 

target genes involved in cancer pathology. Downregulation of the HuR gene using 
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complimentary small interfering RNA (siRNA) is an effective method that has demonstrated 

therapeutic efficiency in cancer cells [8, 12]. Because of its poor cell uptake and low serum 

stability, delivery of naked siRNA often utilizes nanocarriers, such as liposomes/lipid 

nanoparticles (NPs) [8, 15, 17] polymer nanoparticles [18, 19], or nanoparticles made from 

inorganic materials [20, 21]. In the present study we have used a lipid-based 

nanoformulation using DOTAP (1, 2-dioleoyl-3-trimethylammonium-propane chloride 

(DOTAP) and cholesterol as the carrier components for HuR siRNA delivery in vitro and in 
vivo [22–24].

For effective in vivo lung cancer therapy using HuR siRNA, we created a targeted delivery 

system by modifying the DOTAP:Chol nanoparticle platform with transferrin as a targeting 

ligand (DSPE-PEG-Tf). The targeting moiety, Tf, was chosen based on the expression levels 

of its receptors (TfR or CD71) in solid and metastatic lung tumor models. Initially, we tested 

the efficiency of HuR-TfNP versus HuR-NP (non-targeted) in vitro. Based on the results 

obtained, we hypothesized that TfNP-based targeted delivery of HuR siRNA would reduce 

the tumor burden in mouse models of lung cancer. We studied TfNP's biodistribution in 

mouse models and, relying on this data, we evaluated the target specificity and efficacy of 

HuR-TfNP versus C-TfNP (control siRNA) in solid tumor models. Finally, we used in vivo 
live imaging, tumor nodule counts, and immunohistochemistry of specific molecular 

markers to investigate tumor growth inhibition and the anti-metastatic activity of HuR-TfNP 

in a mouse model of metastatic A549-luc lung cancer.

Materials and Methods

Chemicals

1,2-dioleoyl-3-trimethylammonium-propane chloride (DOTAP), cholesterol, and 1,2-

distearoyl-sn-glycero-3-phosphoethanolamine-N-[(polyethylene glycol)-2000] (DSPE 

PEG2000) were purchased from Avanti Polar Lipids (Alabaster, AL). Transferrin and 

desferrioximine were purchased from Sigma-Aldrich Chemicals (St. Louis, MO). 

RPMI-1640 medium, EMEM medium, and fetal bovine serum (FBS) were purchased from 

GIBCO BRL Life Technologies (New York, NY). siGLO, Control siRNA (5’ UAA GGC 

UAU GAA GAGAUA C 3’), and HuR-siRNA (5’ UCA AAG ACG CCA ACU UGU A 3’) 

were purchased from Dharmacon (Lafayatte, CO).

Cell lines and cell culture

The human non-small cell lung cancer (NSCLC) A549 and HCC827 cell lines and normal 

MRC-9 lung fibroblasts were purchased from American Type Culture Collection (ATCC, 

Manassas, VA) and were authenticated via Single Tandem Repeat (STR; IDEXX 

Laboratories) profiling before the experiments. Mycoplasma testing by PCR was routinely 

performed using specific oligonucleotides (IDT, Chicago, IL). The passage number for 

tumor cells and normal lung fibroblasts used in the study was from 8–35 and from 4–12 

respectively. Tumor cells and normal cells were cultured in RPMI-1640 and EMEM 

respectively, supplemented with 10% FBS and 1% penicillin/streptomycin.
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Synthesis of Tf-NP

Preparation of DSPE-PEG-Tf—Briefly, transferrin (Tf; 150 nmol) was converted to its 

thiolated form by reacting Tf with Traut's reagent (2-iminothiolane) in sodium phosphate-

EDTA buffer (pH 8.0). The crude product (Tf-SH) was then purified from unreacted 

reagents using a PD-10 (Sephadex-G25) desalting column with sodium phosphate-EDTA 

eluent buffer (pH 7.1). The purified Tf-SH (150 nmol) was allowed to react with DSPE-

PEG-Maleimide (300 nmol) in sodium phosphate buffer (pH 7.1) for 24 h, reacting at 40°C 

to form a stable conjugate, DSPE-PEG-Tf. The product was then purified by dialysis against 

ultra-pure water overnight.

Preparation of TfNP—Liposomes (20 mM DOTAP:Chol) were synthesized and extruded 

stepwise through polycarbonate filters of different pore sizes (1.0, 0.45, 0.,2 and 0.1 nm), as 

previously described [12, 25]. For preparation of siRNA:liposome complexes, DOTAP:Chol 

(20 mM) stock solution and siRNA solution diluted in 5% dextrose in water (D5W) were 

mixed in equal volumes to give a final concentration of 4 mM DOTAP:Chol-siRNA in a 

300-ul final volume. DSPE-PEG-Tf ligands were inserted into preformed liposomes using 

the post insertion technique [26]. Briefly, DOTAP:Chol-siRNA was mixed with an aqueous 

dispersion of Tf-PEG-DSPE (from 0.01%, 0.03%, 0.05%, and 0.1 mol% of total lipid) and 

was vigorously rinsed up and down in a pipette tip. This complex was incubated at RT for 60 

min. In the case of unmodified DOTAP:Chol, D5W was added instead of Tf-PEG-DSPE 

solution. Both modified and unmodified liposomes were dialyzed against distilled water 

overnight at 4°C. Modified liposomes containing control siRNA and HuRsiRNA will 

henceforth be designated as C-TfNP and HuR-TfNP respectively.

Nanoparticle characterization

Confirmation of Tf binding to NP—Conjugation of Tf into DSPE-PEG and DSPE-

PEG-Tf into DOTAP:Chol was confirmed by dot blot, as described previously [27].

Nanoparticle size, zeta potential, and morphology—The average hydrodynamic 

radius and zeta potential of NP and TfNP in solution was determined by dynamic light 

scattering (DLS) using a Zeta PALS Zeta potential and particle size analyzer (Brookhaven 

Instruments, Holtsville, NY). The shape and structure was analyzed using transmission 

electron microscopy (TEM) at the Oklahoma Medical Research Foundation (OMRF) core 

facility. The shape and size distribution of HuR-TfNP was observed under a Hitachi H600 

transmission electron microscope (TEM, Hitachi, Tokyo, Japan).

Protection of siRNA—The stability of encapsulated siRNA in the presence of serum was 

monitored by incubating TfNP loaded with siRNA in 50% FBS at 37 °C. Aliquots of 20 µl 

were withdrawn at 0 min and 60 min, and subjected to gel electrophoresis using agarose 

(1.2%) gel at 100V for 20 min in TAE buffer (pH 8.0). The efficiency of siRNA 

condensation by nanoparticles was determined against the free siRNA control [18]. The 

electrophoresis gel stained with ethidium bromide (SIGMA St. Louis MO) was visualized 

and imaged using a Syngene gel documentation system.
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SiRNA release profile—TfNP loaded with siGLO were suspended in tissue culture 

medium (pH 7.4), acetate buffer (ABS, pH 5.5) or tissue culture medium with 10% fetal 

bovine serum and were incubated at 37 °C with gentle shaking at 120 rpm. The release of 

siRNA was monitored at several time intervals, as described previously [21].

Optimization of Tf-PEG2000-DSPE on DOTAP:Chol: We evaluated the cellular uptake 

of TfNP in A549 cells with respect to modification ratio. A549 (2×105/well) cells seeded in 

a six-well plate were transfected with a siGLO-TfNP complex containing 0.01%, 0.03%, 

0.05%, or 0.1 mol% of Tf-PEG2000-DSPE to the total lipid in serum-free medium for six 

hours. After transfection, cells were replenished with RPMI1640 containing 10% FBS, and 

incubation was continued. Cells were harvested at 24 h after transfection, and fluorescence 

expression was determined using an Envision® plate reader (Perkin Elmer, Santa Clara, CA). 

Cells that were not transfected or transfected without free ligand served as controls.

Receptor-mediated endocytosis: A549 (2×105 cells/well) were seeded in a six-well plate 

and were treated with siGLO-TfNP. Untreated cells served as controls. After NP treatment, 

the plates with cells were incubated in either 37°C or 4°C [24]. The cells were harvested 

after 1 h and 4 h of incubation and the fluorescence intensity determined using an Envision® 

plate reader.

Specificity studies

Receptor stimulation studies—A549 cells (2×105 /well) were seeded in six-well plates. 

After 24 h of incubation, the medium was replaced with 1 ml of serum-free medium, with or 

without 100 µM of desferrioxamine (DFO). After 24 h of incubation, the media was 

replaced with siGLO-TfNP containing media. After 6 h, this siGLO-TfNP containing media 

was replaced with fresh 2% serum containing media and the cells were incubated overnight. 

Next day the cells were harvested and the fluorescence intensity of siGLO was measured 

using Envision® plate reader.

Receptor blocking studies—A549 cells (2×105 cells/well) seeded in six-well plates 

were pretreated with or without human transferrin (HTf; 1 mg) and were incubated at 37 °C 

with 5% CO2 for 1 h. The cells were subsequently treated with siGLO-TfNP in serum-free 

medium. Incubation continued for an additional 1, 4, and 24 h. At the end of the incubation 

period, the cells were subjected to fluorescence intensity measurement.

In another set of experiments, A549 cells (2×105 cells/ well) seeded in six-well plates were 

pretreated with or without 10 µl of human transferrin antibody and were incubated at 37 °C 

with 5% CO2 for 1 h. The cells were subsequently treated with siGLO-TfNP in serum-free 

medium. Incubation continued for an additional 1 h and 4 h. At the end of the incubation 

period, the cells were subjected to fluorescence intensity measurement.

Cellular uptake studies: Cellular internalization of TfNP loaded with fluorescently labelled 

siRNA was measured quantitatively with an Envision® plate reader. A549, HCC827, and 

MRC-9 cells were separately seeded in six-well plates at 2×105 cells/ well. The next day, 

cells were transfected with either siGLO-TfNP or siGLO-NP in serum-free medium. Cells 
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were harvested after 1 h, 4 h, and 24 h of incubation, and were analyzed for the mean 

fluorescence intensity.

Cell viability assay: A549, HCC827, and MRC-9 cells were seeded in a six-well plate at 

2×105 in 2 ml of RPMI and EMEM media containing 10% FBS. After 24 h of incubation in 

a humidified atmosphere of 5% CO2 at 37 °C, the medium was replaced with 1 ml of serum-

free medium and was treated with TfNP loaded with control siRNA (C-TfNP) or HuR-

siRNA (HuR-TfNP). The final concentration of siRNA used in these experiments was 100 

nM. After 6 h of incubation, the medium was replaced with RPMI and EMEM medium 

containing 2% serum and was incubated for an additional 24 h and 48 h at 37 °C. Cells were 

harvested and cell viability was determined with trypan blue exclusion assay [28].

Western blotting: Total cell lysates prepared from cultured cells or tumor tissues receiving 

various treatments were prepared using RIPA buffer and were subjected to western blot 

analysis as previously described [24, 29, 30]. Primary antibodies against human HuR, Bcl2, 

Cyclin D1, Cyclin E, and p27 (Santa Cruz Biotechnology, Dallas, TX); caspase 9 and PARP 

(Cell Signaling, Cambridge, MA), and beta actin (Sigma Chemicals) were all purchased and 

used as recommended by the manufacturers. Proteins were detected using the appropriate 

horseradish peroxidase- (HRP)-tagged secondary antibodies and differences in protein 

expression determined as previously described [24, 29, 30].

Quantitative real-time polymerase chain reaction (qRT-PCR): qRT-PCR assay for HuR, 

Bcl2, and p27 was performed using specific oligonucleotide primers [Supplementary Table 

1] as previously described [24, 25]. Briefly, first-strand complementary (c)DNA was 

synthesized from 2 µg of total RNA using Quant script cDNA synthesis kit (Bio-Rad, 

Richmond CA). The cDNA was subsequently used to perform qRT-PCR (Bio-Rad CFX96 

Touch Real-Time PCR Detection System) with SYBR chemistry using iQTM SYBR Green 

super mix (Bio-Rad). The relative gene expression values were quantified by the 2−ΔΔCT 

method [30, 31].

Cell cycle analysis: C-TfNP and HuR-TfNP-treated cells were collected at 24 h and 48 h 

after treatment and stained with propidium iodide and were subjected to flow-cytometric 

analysis as previously described [24, 25, 32]. Untreated cells served as controls.

Migration and invasion assay: The cell migration and invasion assay was carried out as 

previously described [12, 24, 30]. Briefly, C-TfNP and HuR-TfNP-treated A549 cell were 

seeded in the upper chambers of the migration and invasion inserts. Cells receiving no 

treatment served as controls. The lower chamber was filled with 20% FBS-containing 

culture medium. After 24 h and 48 h of incubation, the number of migrated and invaded 

cells were counted and the results represented as previously described [24, 30].

Annexin V assay: A549 cells (2×105) seeded in a six well plate were treated with C-TfNP 

and HuR-TfNP and stained with annexinV conjugated to Alexa Fluor 488 dye and 

propidium iodide (PI) using Dead cell apoptosis kit (Life Technologies, Eugene, OR) 

according to manufacturer’s protocol. Briefly, the cells were harvested at 48 h after 

treatment and suspended in annexinV binding buffer at a concentration of 100,000 cells/ml. 
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100 µl of cell suspension was incubated with 5 µl of annexinV and 1µl of 100 µg/ml of PI for 

15 min at room temperature. After the incubation period, the cells were analyzed in 

FACSCalibur flow cytometer using Cell Quest software (BD Biosciences) at excitation 488 

nm and emission 530 nm. The number of of cells undergoing apoptosis was determined 

using the dual staining. Three subsets of cells were distinguished: Viable cells (annexin V 

and PI negative, early apoptotic cells (annexin V positive and PI negative), and dead cells 

(annexin V and PI positive). The results thus obtained were plotted as percentage of cells 

undergoing apoptosis after 48 h of treatment.

In vivo studies

Subcutaneous tumor xenograft and experimental lung metastasis models—
Four-to-six-week-old female nude mice (Nu-Nu) were purchased from Charles River 

Laboratories (Wilmington, MA). The studies were conducted with the approval of and in 

accordance with guidelines of the Institutional Animal Care and Use Committee at the 

University of Oklahoma Health Sciences Center, Oklahoma City, OK. For establishing 

subcutaneous (s.c.) tumors, mice were anesthetized with 2% isoflurane and injected with 

A549 and HCC827 tumor cells (5×106 cells in 100 µl of PBS) subcutaneously in the lower 

right flank of mice. For studies involving bioluminescence imaging, A549 stably expressing 

luciferase (luc; A549-luc) was used. When the tumors reached a size of about 50–100 mm3 

the mice were randomized and used for biodistribution and efficacy studies as described 

below.

For establishing experimental lung metastasis, A549-luc cells (5×106 cells in 100 µl of PBS) 

were injected intravenously (i.v.) via tail-vein. Tumor formation in the lungs was detected by 

intraperitoneally (i.p.) injecting D-luciferin (D-Luc; 150 mg/kg) and measuring 

bioluminescence using the IVIS® Spectrum Imaging System (Perkin Elmer). When the 

tumor bioluminescence signals reached approximately average radiance of 5000 p/s/cm²/sr, 

mice were randomly assigned to treatment groups and efficacy studies conducted.

Biodistribution study—For determining the TfNP biodistribution in vivo, indocyanine 

green (an amphiphilic carbocyanine green dye; Sigma-Aldrich, Missouri) that fluoresces at 

the near infra-red (NIR) region was encapsulated in TfNPs. These NPs were prepared 

following the same method for encapsulating the siRNA as described above for in vitro 
studies with minor modifications. Briefly, an equal volume of DOTAP:Chol (20 mM) stock 

solution and ICG solution (1 mg/ml in water) was mixed, vortexed, and incubated at room 

temperature for 20 min. DSPE-PEG-Tf ligands were inserted into preformed liposomes 

using the post insertion technique. The solutions were then dialyzed against water overnight 

using a 10 kDa MW cut-off membrane, and were collected and labelled as ICG-TfNP.

ICG-TfNP (30 µg of ICG) was administered i.v. via tail vein to mice bearing subcutaneous 

A549 and HCC827 tumors or to non-tumor-bearing naïve mice. Free ICG-injected 

Subcutaneous tumor-bearing mice were used as controls. Mice were imaged (Ex: 785 nm, 

Em: 820 nm) at 10 min, 30 min, 4 h, and 24 h intervals post-injection using IVIS® Spectrum 

Imaging System. Similarly, for determining siRNA biodistribution in vivo, fluorescently 

labeled DY657HuRsiRNA contained in TfNP (DY647HuR-TfNP, 100 µg siRNA) was 
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injected i.v. via tail vein to HCC827 subcutaneous tumor-bearing mice and imaged (Ex: 785 

nm, Em: 820 nm).

For determining the biodistribution in mice bearing experimental lung metastasis, ICG-TfNP 

(30 µg ICG) was injected i.v. via tail vein of mice bearing A549-luc expressing lung tumors. 

Prior to injecting ICG-TfNP, mice were injected with D-Luc (150 mg/Kg) i.p. and after 10 

min were imaged to localize tumors in the lung. Subsequently ICG-TfNP was administered 

to mice and imaged and the localization of ICG-TfNP in the luc-expressing lung tumors 

determined by overlaying the images.

siRNA detection and quantitation in HuR-TfNP-treated tumors—For determining 

HuRsiRNA in HuR-TfNP-treated tumors, droplet digital PCR (ddPCR) QX100 (BioRad) 

assay using a custom-designed TaqMan® siRNA assay (Applied Biosystems) was employed. 

A549 and HCC827 tumor tissues from mice that were treated with a single dose of HuR-

TfNP (n=2) or treated with C-TfNP (n=2) was harvested and total RNA was isolated. For 

use as positive control, a tumor lysate prepared from a mouse that did not receive any 

treatment was spiked with 100 µg of HuR siRNA and total RNA was isolated from it. Total 

RNA samples isolated from HuR-TfNP, C-TfNP and untreated control samples were diluted 

to 10 ng before the samples were used for the assay. Reverse transcription (RT) was 

performed with the diluted total RNA using specific stem-loop RT primers (Applied 

Biosystems) for human HuR siRNA. ddPCR was used to detect and quantify the siRNA in 

each tumor, following the manufacturer’s protocol. Briefly, the single-strand cDNA, TaqMan 

probes, ddPCR buffer, and water were mixed to obtain a 20:l ratio of the ddPCR reaction 

mix. Using a BioRad droplet generator, droplets were generated with the ddPCR reaction 

mix and droplet-making oil. The droplets were transferred into a 96-well plate. After sealing 

the plate with foil at 180 °C, 40 cycles of PCR amplification were carried out in a BioRad 

T100 iCycler. Each droplet was quantified for TaqMan probe fluorescence using the BioRad 

QX100 droplet counter. Absolute copies per µl were calculated using the Poisson 

distribution algorithm. The copy number of spiked siRNA detected by ddPCR was 

considered as 100% input siRNA, and relative percent intake was further calculated in the 

treated tumor tissues and results expressed as percent intake of siHuR/100% input siHuR.

Efficacy studies in subcutaneous tumor model—Nude mice bearing A549 and 

HCC827 subcutaneous tumors were randomized into two groups (n=5/group/tumor type) 

when the tumors reached a size of 50–100 mm3. Mice were treated intratumorally with C-

TfNP and HuR-TfNP containing 100 µg of scrambled siRNA (C-TfNP) or HuRsiRNA 

(HuR-TfNP). The animals were treated three times a week for two weeks. Tumor volumes 

were measured at regular intervals as previously described [33, 34]. The experiment was 

terminated on day 25 after initiation of treatment and tumor tissues were harvested and used 

for molecular and immunohistochemical studies.

For determining the therapeutic efficacy of systemic HuR-TfNP treatment, mice bearing 

A549-luc and HCC827 subcutaneous tumors were divided into two groups (n=8/group/

tumor model) when the tumors reached a size of 50–100 mm3. The mice were treated with 

C-TfNP and HuR-TfNP by intravenous tail-vein administration. All other experimental 

conditions including number of treatments and tumor measurement except the experiment 
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duration remained the same as described above for intratumoral treatments. For determining 

the therapeutic effect of HuR-TfNP, two mice from each treatment group was euthanized 

after two treatments and the tumor tissues harvested for molecular analysis. At the end of the 

study, tumor tissues from all of the animals from the two treatment groups were harvested 

and used for molecular and immunohistochemical studies.

For determining growth of A549-luc tumors, we also conducted bioluminescence imaging 

and tumor growth calculated by measuring luminescence on days 1, 15 and 33. 

Luminescence was determined by injecting D-Luciferin (150 mg/Kg) i.p. and 10 min later 

subjecting the mice to imaging using IVIS® Spectrum Imaging System. The results were 

calculated and expressed as average radiance (photons/sec/cm2/sr) and subjected to 

statistical analysis. Imaging beyond day 33 could not be performed as the mice in the C-

TfNP-treatment were euthanized due to large tumor burden and observance of signs of 

necrosis.

Efficacy studies in experimental lung metastasis model—A549-luc cells (5×106 

suspended in 100 µl of PBS) were injected i.v. into the tail veins of nude mice. Once 

bioluminescence signals in the lungs reached approximately 3000 p/s/cm²/sr average photon 

radiance, they were randomly divided into two groups (n=10/group) and treated with C-

TfNP and HuR-TfNP containing 100 µg of siRNA. TfNPs were injected i.v. via the lateral 

tail vein three days a week for two weeks for a total of six treatments. Tumor growth was 

measured by evaluating Luc expression by imaging. Mice were imaged on day zero (before 

treatment) using an IVIS® Spectrum Imaging System within 10 min after the injection of D-

Luc (150 mg/kg). The imaging was performed every two weeks for a total period of 6 

weeks. Living image 2.5 software was used to determine the regions of interest (ROI), and 

average radiance (p/s/cm2/sr) was measured for each mouse. The average ROI for each 

treatment group was measured, and the difference in the ROI between the groups was noted. 

All animals were sacrificed at week 6 and lungs from five animals in each group was 

collected and used for molecular and immunhistochemical studies.

The remaining 5 mice per treatment group were used for counting extrapulmonary lung 

nodules as previously described [25, 33, 35]. Briefly, 10 ml of Bouin’s fluid was 

intratracheally injected into the lungs of sacrificed mice. The inflated lungs were removed 

and washed with PBS. The extrapulmonary tumor nodules appearing as white nodules in 

each lobe of the lung were counted under the dissection microscope. The difference in the 

average number of nodules per lung from each treatment group was calculated and subjected 

to statistical analysis

Immunohistochemistry—Immunohistochemical (IHC) staining on tumor tissues 

harvested from C-TfNP and HuR-TfNP-treated mice was performed using an automated 

immunostainer (Leica, Bond-III, Leica, Buffalo Grove, IL) with the following primary 

polyclonal antibodies: HuR (Santa Cruz), Ki67 and mouse CD31 (Abcam, Cambridge, MA). 

Appropriate positive and negative controls were included. The stained tissue sections were 

analyzed using the Aperio ScanScope Image Analysis System (Aperio, Vista, CA) [36]. 

HuR and Ki-67 stained tumor tissues were analyzed using a positive nuclear count algorithm 

with the Aperio ImageScope viewer. The number of positive nuclei from regions-of-interest 
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(ROIs) was determined for each animal from C-TfNP and HuR-TfNP treated groups. For the 

CD31 marker staining, we determined the number of microvessels per mm2 of the tissue 

using the Aperio microvessel analysis algorithm. The results obtained for each of the marker 

in the two treatment groups were subjected to statistical analysis.

TUNEL Assay—TUNEL Assay was performed using in situ cell death detection kit from 

Roche Diagnostics (Indianapolis, IN), according to the manufacturer’s protocol. Briefly, 

tumor tissue sections were incubated with proteinase K for 10 min, blocked and incubated 

with TUNEL reaction mixture for 60 min at 37 °C. Apoptotic nuclei were labeled by the 

addition of anti-fluorescein alkaline phosphatase conjugate. Stained tumor sections were 

analyzed using the Aperio Scanscope Image and the number of TUNEL positive nuclei 

counted using the positive nuclei count algorithm with the Aperio ImageScope viewer.

Statistical Analysis

The SAS 9.2 software was used for statistical analyses. All data were provided as mean ± 

standard deviation (SD). Univariate statistical significance was determined by one-way 

analysis of variance (ANOVA) with Tukey’s adjustment for pairwise comparisons. 

Differences between groups were obtained using a linear mixed effects model with Tukey’s 

adjustment. A P value of less than 0.05 was considered statistically significant.

Results

Physicochemical characterization of TfNP

Cationic lipid-based nanoparticles are the most commonly used carriers for gene 

therapeutics, due to their effective gene transfection ability in vitro and in vivo. Hence, we 

chose a cationic liposome platform, DOTAP:Chol, which demonstrated gene delivery 

potential in our previous studies [12, 22–24], in formulating TfR-targeted nanoparticles 

(TfNP). HuR-siRNA was allowed to interact electrostatically with cationic DOTAP:Chol 

liposomes to form HuR-NP. Table 1 shows the average particle sizes and zeta potentials of 

all formulations used in the present study. The unmodified nanoparticles carrying control 

siRNA (C-NP) were near spherical in structure, as observed with transmission electron 

microscopy (TEM) [Supplementary Fig. S1(a)].

The scheme of HuR-TfNP synthesis is shown in the Fig. 1A. The optimal Tf ligand density 

in NPs that favored an increased cell uptake of fluorescently labelled siRNA (siGLO) was 

determined to be 0.05% compared to 0.01%, 0.03% and 0.1% Tf ligand and no ligand 

[Supplementary Fig. S2; p <0.05]. The observation that 0.01% and 0.03% Tf ligand density 

on NP showed relatively lower fluorescence and cell uptake compared to no ligand on NP 

was somewhat unexpected and likely due to insufficient number of ligand attached to NP. 

Additionally, the presence of neutral polymer PEG which is post-inserted in DOTAP:Chol 

lipid bilayer as DSPE-PEG-Tf might have influenced the strength of electrostatic binding of 

the NP to the cell membrane causing a reduced cell uptake [37]. The insufficient Tf ligand 

concentration and contributory effect of PEG are likely overcome when 0.05% Tf ligand 

concentration is used resulting in enhanced cell uptake. Our results clearly demonstrate that 

Muralidharan et al. Page 10

Mol Cancer Ther. Author manuscript; available in PMC 2018 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



ligand concentration on NP surface is an important determining factor for the optimal 

affinity of NP to the cell surface receptors and uptake and concurs with previous report [38.].

The particle size showed a gradual increase from 180.54 ± 9.6 nm (empty NP) to 313.43 

± 6.5 nm (HuR-TfNP) due to siRNA loading and surface modification with Tf ligand [Table 

1]. The siRNA was well condensed by TfNP, resulting in mobility retardation, as shown in 

the gel electrophoretogram [Supplementary Fig. S1(b)]. The siRNA encapsulation efficiency 

expressed as percent (% EE) was calculated using the following equation: 

. The siRNA EE was found to be 80.07 ± 0.35% for HuR-TfNP.

The in vitro release profiles of siRNA-Tf-NP were investigated in three different media 

conditions such as acetate buffer solution (ABS; pH 5.5), tissue culture medium (pH 7.4), 

and 10% serum containing culture medium (pH 7.4) at 37 °C over a period of 24 h 

[Supplementary Fig. S1(c)]. A burst siRNA release pattern was observed for the first 6 h 

(~25–40% siRNA released) in culture medium and 10% serum containing culture medium 

(pH 7.4). The observed siRNA release characteristics are typical of a lipid nanoparticle 

delivery system, and concur with previous studies [39, 40]. However, the siRNA release rate 

was higher when siRNA-TfNP was incubated in culture medium alone (~46% siRNA 

released) compared to 10% serum containing medium (~27% siRNA released). The siRNA 

release was noticeably slower after 6 h until the measurement at 24 h, indicating a sustained 

release pattern. However, at low pH (5.5), siRNA release was rapid, reaching 64% in 6 h and 

93% in 24 h. This result is consistent with our previous report that show enhanced siRNA 

release rate at low pH (5.5) [24].

In vitro evaluation of siGLO-TfNP

Since the purpose of ligand (Tf) modification of NP was to render specificity in cellular 

uptake [27], and to achieve enhanced siRNA delivery efficiency in cancer cells, we 

investigated the cell uptake mechanism of Tf-NP. In one of our studies using 

desferrioxamine (DFO), an iron chelator, TfR (known as CD71) expression was upregulated 

in A549 lung cancer cells that were subjected to siGLO-TfNP treatment [Supplementary 

Fig. S3 (a); upper panel]. We observed a clear difference in fluorescence intensity of TfNP-

delivered siGLO in DFO-treated and untreated A549 cells [Supplementary Fig. S3 (a)]. The 

increased fluorescence intensity in the DFO-treated group indicates enhanced uptake of 

siGLO-TfNP compared with cells that were not pre-treated with DFO.

To further understand the specificity of TfNP, we conducted a separate study in which 

human transferrin (HTf) and TfNP were allowed to compete against each other [27], in 

interacting with TfR-expressing A549 cells. The results showed that HTf (1 µg/well) 

significantly inhibited the uptake of siGLO-TfNP, as measured by fluorescence intensity, at 

all time points (1 h, 4 h, 24 h) [Supplementary Fig. S3(b)]. To confirm the TfR-based 

specificity of TfNP, A549 cells were pretreated with human transferrin receptor-antibody 

(TfRAb). Significant reduction in siGLO-TfNP fluorescence intensity was observed at 1 h 

and 4 h with the TfRAb-added group, indicating receptor-mediated siGLO-TfNP uptake is 

abrogated in presence of TfRAb [Supplementary Fig. S3(c)]. Further, the involvement of a 

TfR-based endocytosis mechanism in TfNP uptake was demonstrated by incubating the cells 
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at 4 °C or 37 °C while administering siGLO-TfNP treatment. Receptor-mediated 

endocytosis is known to be affected by low temperature [41]. The results showed a marked 

decrease, especially at 4 h, in cell uptake of siGLO-TfNP at 4 °C compared with 37 °C, 

suggesting that the predominant mechanism of cell uptake was via receptor-mediated 

endocytosis [Supplementary Fig. S3(d)].

Having made it clear that the TfNP internalization depends on TfR expression levels in the 

target cell, we wanted to verify whether TfR expression levels contribute to TfNP’s 

selectivity towards lung cancer cells over normal lung fibroblast cells. We found that both 

A549 and HCC827 tumor cells expressed significantly higher levels of TfR than did normal 

MRC-9 cells (Fig. 1B; inset). As expected, the cell uptake response varied among cancer cell 

lines and normal cells at 1 h, 4 h, and 24 h treatment, with siGLO-TfNP uptake 

corresponding to their TfR expression levels [Fig. 1B]. In A549 cells, the uptake of siGLO-

TfNP gradually increased as measured by fluorescence intensity (a.u.) from 40758.6 (1 h) to 

109446.6 (2 h), and later to 268930.6 (24 h; p<0.01), compared with untreated control. 

Though HCC827 cells also showed a similar trend in cell uptake of siGLO-TfNP, the 

fluorescence intensity values at all time points were significantly less than A549 cells. 

Importantly, MRC-9 cells showed negligible cell uptake of siGLO-TfNP at all time points 

and was significantly less than the cancer cell lines studied (p<0.05).

Efficiency of TfNP versus NP in siHuR delivery in Tf-overexpressing lung cancer cells

Since the transfection efficiency of siGLO-TfNP (targeted) over untreated control was 

confirmed by cell uptake experiments, we replaced siGLO with siRNA against HuR to test it 

in A549 cells. The HuR gene silencing effect induced by HuR-NP (non-targeted) and HuR-

TfNP in A549 cells was compared by analyzing the HuR and associated protein expressions 

and by cell growth inhibition. As shown in Fig. 1C, growth inhibition induced by HuR-TfNP 

was 24.5% compared with 18.1% for HuR-NP for a 24 h treatment period (p <0.01), 

demonstrating the superior efficacy of HuR-TfNP over HuR-NP.

Western blot analysis showed a difference in HuR expression between HuR-NP-treated 

(HuR/Actin = 0.33) and HuR-TfNP-treated (HuR/Actin = 0.19; p <0.01) groups [Fig. 1D]. 

This finding suggests that the TfNP facilitated enhanced and more efficient knockdown of 

HuR compared with NP. The data also showed the effect of HuR knockdown in HuR-

regulated proteins, such as BCl2, Cyclin D1, and P27. HuR stabilizes BCl2 mRNA, and 

thereby the BCl2 family of apoptotic regulatory proteins, by binding to its 3’ untranslated 

region [42]. Knockdown of HuR deregulates BCl2, reducing its expression (Fig. 1D). 

Previous studies have shown that downregulation of HuR resulted in reduced expression of 

cyclins, which are key cell cycle proteins [12, 15, 43, 44]. The reduction of HuR-regulated 

cyclin D1 as a consequence of HuR knockdown has been established by our studies [Fig. 

1D]. siRNA-mediated knockdown is reported to induce endogenous levels of p27 protein, 

which is a cyclin-dependent kinase inhibitor [45,46]. Consistent with these reports, we 

observed that p27 was upregulated when HuR was knocked down using either HuR-NP or 

HuR-TfNP, while the latter significantly increased p27 expression [Fig. 1D]. Based on the 

above results, we used TfNP as the targeted nanodelivery system for siHuR in later 

experiments.
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The possibility that the observed knockdown of HuR in HuR-NP- or HuR-TfNP-treatment 

was non-specific was eliminated by testing a control scrambled siRNA and a siRNA used for 

initial HuR screening (HuRsi21). As shown in Supplementary Figure S4, treatment of A549 

cells with NP containing control siRNA (C-NP) or siRNA used for HuR screen (HuRsi21-

NP) did not reduce HuR protein expression compared to untreated control cells. In contrast, 

treatment with HuRsi4 siRNA contained in NP greatly reduced HuR expression in A549 

cells. These results show that HuRsi4 siRNA-mediated inhibitory effect on HuR is specific 

and that inclusion of any siRNA did not produce a similar inhibitory activity on HuR. Based 

on these results we chose HuRsi4siRNA hereafter referred to as “HuRsiRNA” and 

encapsulated in TfNP (HuR-TfNP) for conducting the in vitro and in vivo studies and the 

results of which are described herein.

The target specificity of HuR-TfNP was confined to Tf-expressing cancer cells

After achieving specific targeting and efficiency in HuR gene knockdown, we compared the 

efficiency of HuR-TfNP in A549 and HCC827 lung cancer cells with varied levels of TfR 

expression and MRC-9 lung fibroblasts with negligible TfR expression. The downregulation 

of HuR and corresponding cell growth patterns were analyzed for 24 h and 48 h after HuR-

TfNP or C-TfNP (control siRNA [-TfNP]) treatments and compared with untreated 

controls[Fig. 2A–B]. At both 24 h and 48 h, HuR-TfNP significantly suppressed the 

expression of HuR mRNA [Supplementary Fig. S5], and protein [Fig. 2A; Supplementary 

Figs. S6 and S7] accompanied by cell growth inhibition [Fig. 2B; p <0.01] in A549 and 

HCC827 cells compared with C-TfNP. In HCC827 cells, an unexpected increase in HuR-

mRNA expression in C-TfNP-treated cells was observed at 48 h after treatment compared to 

untreated control cells. The unexpected increase in HuR-mRNA at the present time is not 

clear and needs further investigation. Nevertheless, the outcome of neither the study nor the 

conclusions drawn is impacted. Interestingly, HuR-TfNP treatment resulted in negligible cell 

growth inhibition and minimal reduction in HuR and HuR-regulated target proteins in 

MRC-9 cells [Fig. 2A–B; Supplementary Fig. S8]. This is probably due to low TfR 

expression and inefficient HuR-TfNP uptake by MRC-9 cells.

Western blot analysis revealed the impact of HuR knockdown in HuR-associated markers, 

such as BCl2, Cyclin D1 and E, and p27 [Fig. 2A, Supplementary Fig. S6–S8]. Reduced 

expression of BCl2 and Cyclin D1 and E were observed in A549 cells at 24 h and 48 h, 

consistent with HuR knockdown, whereas p27 levels were upregulated. The after-effect of 

HuR knockdown in HuR-associated markers was also consistent in HCC827 cells, although 

some observed variations in Cyclin D1 and BCl2 expression at 24 h may be due to cell type 

effects [Fig. 2A]. As with the poor HuR knockdown in MRC-9 cells, HuR-regulated proteins 

were less affected at both time points.

Fig. 2B shows the percentage difference in cell growth inhibition over untreated A549, 

HCC827, and MRC-9 cells upon treatment with HuR-TfNP or C-TfNP. At 24 h, 

significantly greater growth inhibition was observed in HuR-TfNP-treated A549 cells (22.2 

± 2.3%) than in C-TfNP-treated cells (−2.1 ±. 2.15%; p<0.05). At 48 h, this difference was 

greater (HuR-TfNP, 32.3 ± 3.5%; C-TfNP, 2.4 ± 1.2%; p<0.05), indicating increased cell 

growth inhibition over time. A similar trend was observed in HCC827 cells, in which the 
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cell growth in the HuR-TfNP-treated group (20.7 ± 3.7%) was significantly inhibited in 

comparison with the C-TfNP-treated group (6.7 ± 0.01%; p<0.05) at 24 h. At 48 h, this 

difference was greater in HCC827 cells (HuR-TfNP, 26.3 ± 1.1%; C-TfNP, −1.7 ± 1.5%). 

Conversely, no significant difference was observed between C-TfNP- and HuR-TfNP-treated 

MRC-9 cells at either 24 h or 48 h, indicating less efficient targeted HuR-TfNP-based cell 

growth inhibition. Hence, Tf-modified NPs carrying siHuR showed selectivity towards TfR-

overexpressing lung cancer cells, leading to effective gene knockdown and cell growth 

inhibition.

HuR-TfNP induces G1 cell cycle arrest and apoptosis in lung cancer cells

The progression of the cell cycle in A549, HCC827, and MRC-9 cells after treatment with 

either HuR-TfNP or C-TfNP for 24 h and 48 h was evaluated. Compared with cells 

transfected with C-TfNP, a large increase in the G1 population was observed in HuR-TfNP-

treated A549 and HCC827 cells at 24 h and 48 h, indicating a pronounced cell cycle arrest at 

the G1 phase [Fig. 2C; p <0.05]. Interestingly, no significant cell growth arrest at the G1 

phase was observed in MRC-9 cells upon HuR-TfNP treatment compared to C-TfNP 

treatment [Fig. 2C]. Hence, the possible underlying mechanism of HuR-TfNP- induced cell 

growth inhibition in lung cancer cells occurs via G1 cell cycle arrest.

One question that arises is whether siRNA-targeted HuR knockdown induces only growth 

arrest or subsequently proceeds to apoptotic cell death. To answer this question we examined 

for caspase-9 and PARP by western blotting, and for Annexin V positive cells by flow 

cytometry respectively. A marked increase in cleaved caspase-9 and PARP was observed in 

HuR-TfNP-treated A549 cells compared to C-TfNP-treated and unteated control cells 

[Supplementary Fig. S9a]. Similarly, Annexin V assay showed a significant increase in 

apopotic cells in HuR-TfNP-treated cells compared to C-TfNP-treated and unteated control 

cells [Supplementary Fig. S9b; p<0.001]. Our results show that HuR-TfNP treatment 

produces growth arrest that culminates in apoptotic cell death.

HuR-TfNP inhibits cancer cell migration and invasion

Since we observed that the effectiveness of HuR-TfNP was more prominent in A549 cells, 

we then evaluated the ability of HuR-TfNP to control migration and invasion in this cell line. 

Fig. 3A shows the microscopic images from the transwell migration assay; the number of 

cells migrated per field is represented by bar diagram. The migration rate of A549 cells in 

HuR-TfNP was significantly reduced compared with C-TfNP and untreated control groups 

at 24 h and 48 h [p <0.001]. HuR-TfNP treatment also resulted in poor invasion of A549 

cells, as evident from the microscopy images, compared with C-TfNP and untreated controls 

[Fig. 3B; p <0.001]. Significantly fewer cells invaded in the HuR-TfNP group, as shown in 

the bar diagram, at both 24 h and 48 h [p <0.001].

In vivo biodistribution and quantification of siRNA carrying TfNP

Having demonstrated the in vitro efficacy of HuR-TfNP, our next step was to study the 

distribution behavior of TfNP in vivo. The biodistribution of TfNP was monitored in 

subcutaneous A549 and HCC827 tumor models with ICG-TfNP. Fig. 4A shows the IVIS® 

spectrum live images from tumor-bearing mice that were intravenously (i.v.) injected with 
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ICG-TfNP and monitored for 24 h after injection. Ten minutes after ICG-TfNP injection, the 

NIR signal was observed throughout the body in mice with both the tumor models. Over 

time, the fluorescence intensity was confined to the tumor site and the intensity of the signal 

was diminished throughout the body. Interestingly, the fluorescent signal persisted in the 

tumors even 24 h after injection. I.V. injection of free ICG did not show preferential tumor 

accumulation at any time points [Supplementary Fig. S10]. Fluorescent signals obtained 

over 5 h in tumor-bearing mice suggest the rapid clearance of free ICG. However, 

intravenous injection of ICG-TfNP into healthy non-tumor-bearing mice showed a 

prolonged signal for up to 24 h, and the accumulation was mostly confined to the abdominal 

region, where reticulo-endothelial organs are located. This finding indicates that TfNP could 

delay the process of ICG clearance in the circulation and, if no target tissues with high TfR 

expression such as TfR expressing cancer cells are present, ICG-TfNP undergoes normal 

bio-clearance from the body.

Further, we investigated the distribution of fluorescently-labeled siRNA upon in vivo 
administration in mice bearing HCC827 tumors [Fig. 4A (c)]. I.V. injection of Dy647HuR-

TfNP into HCC827 subcutaneous tumor-bearing animals demonstrated accumulation and 

localization of the particles in the tumor site over time with maximum accumulation as 

evidenced by highest fluorescence signal occurring at 24 h after injection.

Next we determined the percent intake of siRNA by the tumor after i.v. administration of 

HuR-TfNP in mice bearing subcutaneous A549 and HCC827 tumors by TaqMan assay using 

digital droplet PCR (ddPCR). HuR siRNA was detected in tumor tissues harvested from the 

HuR-TfNP-treated animals, while tumor tissues from C-TfNP-treated animals produced 

negligible signals for control siRNA, confirming the specificity of siHuR detection. Notably, 

individual tumor samples accumulated 1.98% and 0.23% of administrated doses of siHuR 

respectively in A549, and 1.02% and 0.90% respectively in HCC827 [Fig. 4B; p <0.0001]. 

Although siRNA levels detected among the HuR-TfNP-treated samples varied, nevertheless 

the levels were significantly higher compared to C-TfNP. Hence, it is evident that HuR-

TfNP was capable of successfully delivering its siRNA payload to the target tissue in vivo.

Our next step was to understand the fate of TfNP in a mouse model of metastatic lung 

tumors. ICG-TfNP was administered i.v. into mice bearing A549-luc tumors, and we 

monitored the accumulation at tumor metastatic site. Fig. 4C shows the overlaid image of 

luciferase-expressing mouse lung metastases and ICG (red fluorescence), suggesting the 

accumulation of ICG-TfNP in A549 lung-metastases over time. These results show that our 

TfNP targets both subcutaneous and metastatic lung tumors when administered 

intravenously and thus HuR-TfNP could be a therapeutic for lung cancer treatment.

Efficacy of HuR-TfNP in mouse lung tumor xenografts

Although i.v. administration of HuR-TfNP resulted in its accumulation at the tumor site, we 

wanted to examine the efficacy of our formulation in subcutaneous lung tumor models upon 

direct intratumoral administration. Fig. 5 A & B show the tumor growth patterns in animals 

bearing subcutaneous A549 and HCC827 tumors for a period of 25 days from the day of 

first treatment with either C-TfNP or HuR-TfNP. Mice receiving C-TfNP treatments showed 

uncontrolled tumor growth compared with the significantly reduced tumor volumes observed 
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in HuR-TfNP-treated mice bearing A549 tumors [Fig. 5A]. The HuR-TfNP treated tumors, 

which were harvested after measurement on the 25th day, showed a clear reduction (56% 

inhibition) in tumor volumes (153.7 mm3; p<0.05) over C-TfNP-treated tumors (351.6 

mm3). Western blotting and immunohistochemistry studies showed reduction in the HuR 

expression that correlated with reduced tumor volume in HuR-TfNP-treated tumors 

compared to C-TfNP treated tumors [Fig. 5A].

Likewise, the reductions in HCC827 tumor volumes were also highly pronounced upon 

HuR-TfNP treatment. The average tumor volumes at the termination of the study were 548.0 

mm3 for C-TfNP-treated tumors versus 195.1 mm3 (64% inhibition; p <0.05) for HuR-

TfNP-treated tumors [Fig. 5B]. Tumor growth was clearly inhibited upon intratumoral 

treatment, indicating the efficacy of HuR-TfNP. Moreover, the HuR protein expression 

pattern in the isolated A549 [Fig. 5A] and HCC827 [Fig. 5B] tumor tissues from mice 

treated with HuR-TfNP showed a marked reduction after two treatments compared with 

mice treated with C-TfNP. This finding suggests that the antitumor activity was caused by 

HuR knockdown in vivo.

Since it can be argued that intratumoral treatments are not clinically relevant for lung cancer 

treatment, we next assessed the delivery efficiency and the therapeutic effect of targeted 

HuR-TfNP upon i.v. administration in mice bearing A549-luc SQ tumors. As shown in Fig. 

5C, tumor growth was significantly inhibited upon HuR-TfNP treatment (p < 0.05). The 

difference in tumor volumes in the C-TfNP- and HuR-TfNP-treatment groups was observed 

as early as the 7th day of measurement (73% inhibition). The tumors in the C-TfNP-treated 

group grew uncontrollably, while a significant slower growth pattern was observed in the 

HuR-TfNP-treated group. On day 35, the tumor volume in the C-TfNP-treated group 

reached 600 mm3, and all of the mice in that group were euthanized and the tumors were 

isolated and displayed as shown in Fig. 5D. The tumor volume in the HuR-TfNP-treated 

group was significantly less and exhibited 75% growth inhibition compared to C-TfNP 

treatment on day 35. Also shown are representative mice from each treatment group from 

which the tumors are harvested. Interestingly, we observed that the tumor progression in the 

HuR-TfNP-treated group was significantly delayed and the tumor volume equivalent to C-

TfNP-treated group was not reached till day 91 which time the study was terminated [Fig. 

5D]. The tumor volume in HuR-TfNP-treated group on day 91 was only 315.4 mm3.

In parallel to measuring tumor volume by calipers, the efficacy of HuR-TfNP treatment was 

also assessed by bioluminescence imaging at select time points (day 1, 15 and 33) in the 

subcutaneous A549-luc tumor-bearing mice and compared to C-TfNP treatment 

[Supplementary Fig. S11]. The average radiance emitted from tumors in each group were 

averaged and plotted against the days of measurement. A significant reduction in the average 

radiance was observed in HuR-TfNP-treated mice on days 15 (2.6 × 104 p/sec/cm2/sr) and 

33 (1.14 × 104 p/sec/cm2/sr) compared to the radiance in C-TfNP-treated mice on day 15 

(1.89 × 105 p/sec/cm2/sr) and day 33 (3.72 × 105 p/sec/cm2/sr) [Supplementary Fig. S11; p< 

0.05]. Bioluminescent imaging was discontinued after day 33 as the control animals were 

euthanized on day 35 [Fig. 5C].
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To further investigate molecular changes indicative of HuR-TfNP-mediated anti-tumor 

efficacy, tumors harvested at the end of the study were subjected to molecular analysis. 

Western blotting and RT-PCR analysis of the tumor samples revealed a reduction in the 

protein and mRNA expression of HuR and HuR-regulated BCL2 whereas P27 showed an 

upregulation in its expression in HuR-TfNP-treated tumors compared to C-TfNP-treated 

tumors [Fig. 5D; Supplementary Fig. S12; p <0.05]. Furthermore, HuR-TfNP-treated tumors 

showed increased activation of caspase-9 and PARP compared to C-TfNP-treated tumors 

[Supplementary Fig. S12].

A similar study conducted with mice bearing subcutaneous HCC827 tumors demonstrated 

the efficiency of i.v. administered HuR-TfNP in targeted antitumor activity, mediated by 

siHuR gene knockdown. The i.v. administration of HuR-TfNP resulted in sluggish tumor 

growth compared with the active growth observed in C-TfNP-treated tumors [Fig. 5E]. The 

tumor volumes were 522.5 mm3 for the HuR-TfNP-treated group and 958.9 mm3 for the C-

TfNP-treated group (45% inhibition; p <0.05) on the 37th day of measurement. Due to 

enhanced tumor burden in the control groups, we discontinued the study per the IACUC 

recommended guidelines. Compared with A549 tumors, the tumor inhibition in HCC827 

tumors was slow, possibly because of the aggressive nature of HCC827 growth and 

relatively low Tf receptor levels. Nevertheless, the HCC827 tumor growth was significantly 

inhibited with HuR-TfNP treatment, compared with the large tumors observed in the C-

TfNP-treated group [Fig. 5F]. The western blot image shows the HuR knockdown obtained 

in representative HuR-TfNP-treated tumors compared with C-TfNP treated tumors [Fig. 5F]

Immunohistochemical analysis of HuR revealed that the HuR expression was reduced in the 

subcutaneous A549 and HCC827 tumors from animals that received HuR-TfNP treatment 

[Supplementary Fig. S13 & S14]. These results are consistent with western blotting and RT-

PCR results from the same tumor samples [Fig. 5A and B]. To determine the mechanism 

involved in the efficacy of HuR-TfNP treatment, the harvested tumors were analyzed for 

Ki67 and CD31 expression. Ki67 immunohistochemistry can be used to assess the 

proliferative index of the tumor [47]. In the present study, Ki67-positive cells were 

significantly higher in C-TfNP–treated tumors (A549 and HCC827) than in the HuR-TfNP-

treated tumors [Supplementary Figs. S13 & S14]. These observations suggest that HuR 

expression is closely associated with cellular proliferation. It confirms our earlier data that 

inhibition of HuR expression abrogates the tumor proliferation rate. A rapidly growing 

tumor often expresses CD31, a microvessel density (MVD) marker, which is detectable by 

immunohistochemistry [29, 48]. We detected significant decrease in CD31 positive 

microvessels in tissue sections from HuR-TfNP-treated tumors compared with C-TfNP-

treated tumors in both A549 and HCC827 mice models [Supplementary Figs. S13 & S14]. 

Since tumor vasculature is characterized by increased number of tumor vessels, the CD31 

immunohistochemistry data suggests less active vasculature in HuR-TfNP-treated groups, 

specifying the neovascularization inhibitory activity of HuR-TfNP in A549 and HCC827 

tumors. Finally, a significant increase in apoptotic cell death as determined by TUNEL 

staining was also observed in HuR-TfNP-treated A549 tumors that were collected at the end 

of the study [Supplementary Fig. S13; p<0.05]. Although, we did not perform TUNEL 

staining in HCC827 tumor tissues we speculate that increased apoptotic cell death also 

occurs in HuR-TfNP-treated tumors resulting in delayed tumor growth.
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Systemic delivery of HuR-TfNP inhibits experimental lung metastasis in vivo

In order to investigate the antitumor activity of HuR-TfNP on lung metastasis, we monitored 

the tumor growth in mice bearing A549-luc lung metastasis following HuR-TfNP treatment. 

As shown in Fig. 6A, the decay of bioluminescence signals from HuR-TfNP-treated A549-

luc lung metastases were distinctly visible, especially at the 4th and 6th weeks, indicating a 

significantly reduced tumor burden compared with C-TfNP-treated groups (93% inhibition 

at week 6; p < 0.05). The average radiance of the HuR-TfNP-treated groups was reduced or 

unchanged, compared with the enhanced radiance observed in the C-TfNP-treated groups. 

Analysis of 6th week images showed an average radiance of 41007.7 (p/sec/cm2/sr) for C-

TfNP, which is a 13-fold increase over HuR-TfNP-treated tumor signals of 3025 

(p/sec/cm2/sr; p <0.0001). As expected, there was less HuR protein expression in the excised 

lung tissue from the HuR-TfNP-treated group than in lung tissue from the C-TfNP-treated 

group [Fig. 6B]. As shown in Fig. 6B, the metastatic nodules in HuR-TfNP-treated lungs 

(9.57; 88% inhibition) were significantly reduced, whereas tumor nodules occupied a major 

portion of the C-TfNP treated lungs (77.7; p <0.0001). IHC analysis of the lung lobes 

revealed a significant, up to threefold reduction in the HuR protein levels in HuR-TfNP-

treated groups compared with C-TfNP-treated groups. [Fig. 6C; p <0.0001].

Correspondingly, there was a two-fold reduction in MVD (indicated by CD31 expression) in 

sections of lung lobes from HuR-TfNP-treated animals (p <0.0001). Similarly, Ki-67-

positive cells were reduced three-fold in HuR-TfNP-treated groups, indicating significantly 

less proliferation compared with the C-TfNP-treated group (p <0.0001). There were 

significantly fewer nodules in HuR-TfNP-treated tumors than in C-TfNP-treated tumors, as 

observed in the H&E stained sections [Fig. 6C]. Thus, systemic delivery of HuRsiRNA 

using TfNP effectively suppressed HuR expression, and significantly reduced MVD and cell 

proliferation resulting in inhibition of experimental metastasis.

Discussion

Though the potential of RNAi based gene therapy has been realized over the last decade, the 

absence of a reliable targeted delivery system limits their efficient use in cancer therapy. 

Recently, the RNA binding protein HuR overexpressed in NSCLC has been recognized as a 

potential molecular target for RNAi therapy [11, 12, 14–16]. Since many of the NSCLC 

tumors are characterized by the overexpression of TfR [4, 5], our goal was to explore the 

efficacy of a rationally designed liposomal nanocarrier system targeting TfR and specifically 

deliver HuR siRNA into the tumor cells. Our Tf-NP nanoformulation also helped in 

understanding the function, fate, biological action and therapeutic effect of HuR siRNA 

specifically delivered in tumor site.

In the present study the post insertion technique was employed for modifying HuR-NP with 

Tf ligand [26]. We employed sulfhydryl reactive crosslinking chemistry to synthesize Tf-

PEG-DSPE for nanoparticle modification purposes. The target specific cell uptake studies 

revealed that it is the level of receptor expression which influences the cellular uptake of 

receptor targeted-nanoparticles [49], and thereby the delivery of its siRNA payload [50]. 

Increased siRNA delivery by HuR-TfNP in TfR overexpressing cancer cells resulted in the 

efficient knockdown of HuR and altered the expression levels of its associated proteins [12, 
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15, 42–46]. Also suppression of HuR using siRNA induced cell cycle arrest in the G1 phase 

[46]. Multistep processes, such as cell adhesion, migration, and invasion, are involved in 

cancer metastasis [51], and HuR is known to regulate metastasis-related mRNAs [7, 52]. In 

the present study, the in vitro anti-cancer efficacy of HuR-TfNP-was demonstrated by 

growth inhibition, induction of G1 cell-cycle arrest leading to apoptosis, and reduced 

migration and invasion ability of lung cancer cells. That the observed antitumor activity was 

specific to HuR silencing was demonstrated by comparing HuR-specific siRNA (HuRsi4) 

and comparing with control siRNA and a siRNA (HuRsi21) that was initially used for 

screening HuR inhibitory effects [Supplementary Fig. S4]. Further, it is known that the 

therapeutic HuR siRNA if not specifically targeted may cause deleterious effects in normal 

cells too. However, HuR-TfNP caused no significant effect on normal lung tumor 

fibroblasts, demonstrating safe and selective activity against lung cancer cells.

In vivo biodistribution study demonstrated preferential accumulation of Dy647HuR-TfNP in 

tumor milieu and this result correlated with ICG-TfNP distribution in tumors. Since neurons 

and brain capillary endothelial cells in human and mice are known to express TfR in 

significant levels, one may expect a high accumulation of TfNP in mice brain tissue [53, 54]. 

However, the accumulation of ICG-TfNP in the brain was minimal and not prolonged as 

evident in the bio-distribution images obtained [Figure 4, & Supplementary Fig. S10]. The 

fluorescence from ICG-TfNP faded away from mice head and neck area in less than 30 min 

after injection, suggesting that the specific accumulation of TfNP in brain area is non-

significant. One possibility for negligible TfNP accumulation in the brain is that the TfR 

expression level in the mice brain is relatively low compared to TfR expression in the tumor 

resulting in ICG-TfNP fluorescence level in mice brain falling below the detection level of 

the instrument [Fig. 4 (a) & (b)]. This observation in our study was consistent with a 

previous report indicating the TfR-targeted nanoparticle accumulation in brain was the 

lowest among major organs studied, in comparison to the tumor tissues [55]. Another 

possibility is that the size of the HuR-TfNP (> 200 nm) are large thereby limiting the 

particles from crossing the blood-brain barrier (BBB) and enter the brain tissue. Since TfR 

targeting is one of the successful strategies employed to deliver nanoparticle drug carriers 

across blood brain barrier [56–58], the brain accumulation potential of TfNP if any, will be 

investigated in future studies.

Systemic delivery of HuR-TfNP showed that it can effectively inhibit the growth of solid 

tumors of lung origin. The tumor inhibition in subcutaneous models was specific to HuR 

siRNA treatment, as we accurately detected the presence of HuR siRNA in tumor tissues 

treated with HuR-TfNP in comparison to C-TfNP treatments by digital droplet PCR 

technique. The effect of HuR-TfNP treatment in subcutaneous lung tumors via systemic 

route administration was significant, since tumor volume inhibition was correlated with HuR 

knockdown. The proliferative nature and active vasculature formation were significantly less 

in HuR-TfNP treated tumors as analyzed by IHC staining. The mechanism by which HuR-

TfNP reduces tumor vasculature is not known and is beyond of the scope of the present 

study. One possibility is the direct inhibitory activity of HuR-TfNP on vascular endothelial 

growth factor (VEGF) as a consequence of HuR knockdown. VEGF is a molecular target of 

HuR [7] However, additional mechanisms for suppressing tumor vasculature may exist that 

needs to be explored.
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Metastatic spread of cancer cells from the primary tumors to the distant organs is a major 

reason for high mortality among lung cancer patients [59]. To this end the anti-metastatic 

effect of HuR-TfNP was assessed in a lung metastatic tumor model in mice. Imaging studies 

revealed preferential accumulation of TfNP in lung metastatic tumor site. Further, HuR-

TfNP treatment resulted in efficacious targeted sequence-specific knockdown of HuR and in 

triggering molecular events that successfully inhibited lung cancer metastasis that represents 

the clinical relevance of this study. While in the present study we have not investigated the 

contribution of HuR-TfNP on the chemokine CXCR4 receptor, studies from our laboratory 

and others have previously shown inhibition of HuR suppresses CXCR4 [12, 60]. Thus, it is 

possible that the observed inhibition of experimental metastasis could partly be due to 

CXCR4 inhibition. Should HuR-TfNP treatment contribute to suppression of CXCR4 in 
vivo and concur with our previous in vitro reports, then combining HuR-TfNP with CXCR4 

inhibitors would become a viable therapy for lung cancer [12]. Similarly, conducting 

combinatorial therapy studies in the future that incorporate chemotherapy or radiation 

therapy with HuR-TfNP will be of clinical relevance for tackling metastatic disease. 

Nevertheless, our results convincingly demonstrate that systemic delivery of HuR-TfNP 

effectively suppresses lung metastasis.

It is important to realize that our studies were conducted in tumor models using 

immunodeficient mice. It will be of interest to test the efficacy of HuR-TfNP in a tumor 

model setting that utilizes immunocompetent host to determine the effects of HuR inhibition 

on host-immune system since HuR has previously been reported to play a role in 

inflammation [61, 62]. Further, recent reports on the role of PDL1-PD1 in suppressing host 

immune T-cells begs the question if HuR-TfNP treatment will impact the PDL1-PD1 

signaling and alter the host immune system to enhance the anti-tumor immune activity. 

These questions while of interest are beyond of the scope of the present study but warrant 

investigation in the future [63, 64]. In conclusion, we have demonstrated HuR-TfNP 

treatment effectively inhibits lung cancer growth both in vitro and in vivo.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Tumor-targeted HuR silencing suppresses lung tumor cell growth
A. Schematic illustration of HuR-siRNA-loaded, Tf-modified liposome (HuR-TfNP) 

preparation. B. Assessment of transfection efficiency of fluorescently-labeled siRNA 

(siGLO-) TfNP in lung cancer cell lines (A549, HCC827) and normal lung fibroblasts 

(MRC-9) showed a time-dependent increase in uptake of the NPs by tumor cells compared 

to normal cells. Inset shows TfR expression is higher in tumor compared to normal cells. C. 
Cell growth inhibition induced by HuR-TfNP (targeted delivery) compared with HuR-NP 

(non- targeted delivery) 24 h after treatment of A549 cells. D. Western blot evaluation of 

HuR and HuR-regulated proteins 24 h after HuR-TfNP or HuR-NP treatment in A549 cells. 

The quantification of protein bands (Test protein/Actin ratio) is shown as a bar graph at the 

bottom. * p<0.05, ** p<0.001.
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Figure 2. HuR knockdown reduces HuR-target proteins in tumor cells but not normal cells
A. HuR and HuR-regulated protein expressions in A549, HCC827, and MRC-9 cells treated 

with C-TfNP or HuR-TFNP at 24 h and 48 h after treatment. Among A549 and HCC 827 

groups, HuR-TfNP treatment resulted in better knockdown of HuR protein expression in 

A549, whereas in MRC-9 when compared to both A549 and HCC827 cancer cells HuR-

TfNP induced negligible HuR protein inhibition. HuR knockdown also altered the 

expression of downstream proteins like BCl2, cyclin D1, P27, and cyclin E in tumor cells 

but not in normal cells. B. Successful knockdown of HuR resulted in significant growth 

inhibition in lung cancer cells but not in normal cells, at both 24 h and 48 h after treatment. 

C. HuR-TfNP induces G1 phase arrest in A549 and HCC827 cells, but not in MRC-9 cells. 

* p<0.05, “NS” – not significant.
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Figure 3. HuR-TfNP inhibits tumor cell migration and invasion
Representative images of A, migration and B, invasion assay for A549 tumor cells are shown 

for C-TfNP and HuR-TfNP treatment groups. Cells that did not receive any treatment served 

as controls. Quantification of migration and invasion assays expressed by cell counting of 

respective assays is also presented. * p<0.05, ** p<0.001, “NS” – not significant.
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Figure 4. In vivo biodistribution studies
A. IVIS® Spectrum live images of (a) A549 and (b) HCC827 tumor bearing mice obtained 

at different time intervals after i.v. injection of Indocyanin green (ICG)-TfNP showed 

accumulation in the tumor by 24 h. (c) I.v. administration of fluorescent HuR siRNA loaded 

nanoparticle (DY-647HuR-TfNP) showed NP accumulation in the tumor by 24 h. White 

circle indicates the location of the tumor on the lower right flank. B. Graphical 

representation of siRNA accumulation in tumor tissues of A549 and HCC827 mice models 

as measured by Digital Droplet PCR at 24 h after treatment. Sample # 1 and # 2 represent 
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tumor tissue from two mice of each treatment group analyzed. C. Individual luminescent 

(A549 luc), fluorescent (Dy647HuR-TfNP), and overlaid images showing localization of 

DY647HuR siRNA in A549 lung tumors. * p<0.05, ** p<0.001.
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Figure 5. HuR-TfNP treatment suppresses lung tumor growth inhibition in vivo
A, A549 and, B. HCC827 subcutaneous tumor-bearing mice were treated intratumorally 

with C-TfNP or HuR-TfNP for 6 doses over two weeks of time period and tumor growth 

measured. Inset shows HuR expression in tumors after two treatments. Arrows denote 

treatments. In vivo tumor growth inhibition profile, representative tumors harvested from 

mice sacrificed on final day of experiment, immunohistochemistry, and Hematoxylin & 

eosin stained tumor tissue sections from sacrificed mice on final day of the experiment are 

shown. C. Mice bearing subcutaneous A549-luc tumors were treated i.v. with C-TfNP or 

HuR-TfNP for 6 doses over two weeks of time period and tumor growth measured by 

calipers and by bioluminescent imaging. A significant inhibition in tumor growth was 

observed in HuR-TfNP-treated mice compared to C-TfNP treatment. D. Representative 

gross tumor size harvested from C-TfNP- and HuR-TfNP-treated mice sacrificed on final 

day of experiment, and western blotting for HuR in two tumor samples (# 1 and # 2) 

representative of each treatment group analyzed after two treatments is shown. E. Mice 

bearing subcutaneous HCC287 tumors were treated i.v. with -TfNP or HuR-TfNP for 6 

doses over two weeks of time period. A significant inhibition in tumor growth was observed 

in HuR-TfNP-treated mice compared to C-TfNP treatment. F. Representative tumors 

harvested from C-TfNP and HuR-TfNP-treated mice sacrificed on final day of experiment, 

and western blotting for HuR in tumors harvested from treated are shown. Arrows denote 

treatments. * p<0.05, ** p<0.001.
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Figure 6. HuR-TfNP treatment suppresses experimental lung metastasis
Mice bearing A549-luc lung tumors were treated i.v. with C-TfNP or HuR-TfNP for a total 

of six treatments. Mice were imaged at regular intervals to monitor and measure tumor 

growth. A. Representative bioluminescence images showing inhibition of experimental lung 

metastasis in HuR-TfNP-treated mice compared to C-TfNP-treated mice. Bar graph 

represents the quantitation of bioluminescence intensity as Average Radiance [p/s/cm²/sr]. 

The gradual decrease in the bioluminescence signals in HuR-TfNP compared to C-TfNP 

groups suggests significant reduction in tumor growth over the period of treatment. B. 
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Western blot image shows reduced HuR expression in HuR-TfNP-treated A549 lung tumors 

(upper panel). Sample # 1 and # 2 are representative samples for each treatment group 

analyzed at end of the study. Lung tumor nodules of a representative animal from each 

treatment group are also shown (middle panel). Animals were euthanized after six weeks; 

lungs were inflated with bovine solution and the number of extrapulmonary tumor nodules 

counted (lower panel). A significant reduction in the number of lung nodules were observed 

in HuR-TfNP-treated animals compared to control. C. Images represent the IHC staining of 

lung sections for HuR, CD31, and Ki67. Hematoxylin and eosin (H&E) stain showing the 

tissue pathology with dashed circle marking tumors in the lung. Bar graph represents the 

quantitation of IHC stains using. * p<0.05, ** p<0.001.
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Table 1

Particle size and zeta potential of siRNA containing NPs

Components Diameter (Mean ± SD, nm) Zeta potential (Mean ± SD, mV)

NP 180.54 ± 9.6 33.98 ± 3.9

HuR-NP 202.59 ± 3.3 −0.57 ± 1.9

C-TfNP 295.74± 16.4 9.53 ± 2.5

HuR-TfNP 313.43 ± 6.5 10.28 ± 1.4
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