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Abstract

MicroRNAs (miRNAs) are a class of gene regulators originating from non-coding endogenous

RNAs. Altered expression, both up - and down-regulation, of miRNAs plays important roles in

many human diseases. Correcting miRNA dysregulation by either inhibiting or restoring miRNA

function may provide therapeutic benefit. However, efficient, nontoxic miRNA delivery systems

are in need. Cell penetrating peptides (CPPs) have been widely exploited for protein, DNA, and

RNA delivery. Few have examined CPP transfection efficiency with single stranded anti-miRNA.

The R8 peptide condensed both siRNA and anti-miRNA. Greater than 50% of cells had anti-

miRNA/R8 complexes associated and in these cells 68% of anti-miRNA escapes the endosome/

lysosome. Single -stranded antisense miR-21 inhibitor (anti-miR-21) administered using the R8

peptide elicited efficient downstream gene upregulation. Glioblastoma cell migration was

inhibited by 25% compared to the negative control group. To our knowledge, this is the first

demonstration of miRNA modulation with anti-miR-21/R8, complexes which has laid the

groundwork for further exploring octaarginine as intracellular anti-miRNAs carrier.
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1. Introduction

Glioblastoma multiforme (GBM) is a fatal brain tumor with an annual incidence of

approximately 5 in 100,000 people, equivalent to 17,000 new diagnoses per year [32]. The
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deadly threat posed by GBM resides in the explosive growth characteristics, extremely

invasive behavior, difficulty in treatment due to the blood-brain barrier, and intrinsic

resistance to current therapies [52]. The current standard treatment for glioblastoma is

surgery and radiotherapy combined with temozolomide. This approach doubles the 2-year

survival rate to 27%, but overall prognosis remains poor [32]. New therapies that provide

highly specific treatment based on disease pathology characteristics are urgently needed.

One possible new therapeutic option for GBM is microRNA (miRNA) therapy. MiRNAs are

short noncoding RNAs that post-transcriptionally regulate gene expression of multiple target

genes through seed pairing with 3′ untranslated region (UTR) of mRNA. By binding to the

3′ UTR as part of the miRISC complex, miRNAs block mRNA translation and lead to

mRNA degradation [4, 5, 18]. MiRNAs play a causative role in the development of cancer

[47]. Depending upon the specific miRNA, a gain or a loss of miRNA can occur in the

tumor compared to normal tissue [9, 16]. MicroRNA works by forming miRNA induced

silencing complex (miRISC) and simultaneously modulating several downstream gene

expression [49]. The dysregulation may result in both the up- and down-regulation of a

network of proteins due to the mechanism of miRNA activity [3, 37, 49].

Recently, the delivery of miRNA mimics to supplement lost miRNAs and anti-miRNAs to

block elevated miRNAs has attracted enormous attention as new cancer therapies [3, 37,

49]. Anti-miRNAs are single stranded nucleic acid sequence that hybridize with mature

miRNAs in the cytoplasm and prevent the miRNAs from recognizing their mRNA targets

while not causing degradation of the RNA [27]. Some view miRNAs as the new “beacon of

hope” for cancer patients [6]. A recent analysis on clinical patient samples showed that

miR-21 is consistently overexpressed in glioblastoma tumor cells, but not in adjacent normal

brain parenchyma, and the miR-21 levels correlated significantly with the grade of glioma

[23].

MiR-21 targets key matrix metalloproteinases (MMPs) regulators, promoting glioma

invasiveness [19]. MiRNA-21 has also been shown to function as an oncogenic miRNA in

glioblastoma through modulating a network of key tumor-suppressive pathways in

glioblastoma cells [10, 29, 33]. Therefore, a new therapy targeting miR-21 could potentially

slow glioma progression and kill the tumor cells. Due to the poor cellular uptake

characteristics of polyanionic oligonucleotides, a formulation that can mediate sufficient

cellular uptake is needed to achieve efficient miR-21 knockdown. In addition, minimizing

toxicity associated with most cationic carriers for gene delivery, such as PEI and

dendrimers, is paramount to achieve a clinical delivery system for miRNA [12].

Cell penetrating peptides are small peptides (6 to 30 amino acid residues) that have

membrane translocation activity. They constitute an important category of transfection

reagent due to their low toxicity and low immunogenicity [46]. Arginine-rich peptides are

one of the most investigated categories of CPPs, and include TAT, protamine and

oligoarginine [28, 38, 45]. In particular, the guanidinium groups on arginine are efficient at

mediating cellular entry while maintaining low cytotoxicity [22]. Although oligoarginine-

complexes of several types have been investigated as carriers for gene therapy and siRNA

delivery [14], we are interested in understanding the entry oligoarginine-RNA complexes to
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rationally design protease-activated sytems, similar to our design of small-molecule delivery

systems [14]. By understanding the cellular entry, interactions, and activity for the peptide-

RNA complexes we, and others, can better design systems in the future.

Aiming to lower the miR-21 level in glioblastoma, we set out to use octaarginine (R8) to

form complexes with single stranded anti-miR-21. Single stranded anti-miRNAs hybridize

with mature miRNAs in the cytoplasm and prevent the miRNAs from recognizing their

mRNA targets [27]. Double stranded siRNA has been delivered using TAT and R9 [43];

however, little is known concerning the differences between double stranded siRNA and

single stranded anti-miRNA influence interaction with CPPs, the understanding of which

will facilitate the use of CPPs as a RNA delivery vehicle. To this end, we sought to

investigate the R8-mediated delivery efficiency of single stranded anti-miRNA and double

stranded siRNA. Further, we sought to examine anti-miR-21/R8 complex efficiency of gene

silencing and inhibiting glioblastoma cell migration. Given the high fatality rate of

glioblastoma multiforme, an anti-miR-21/R8 formulation with low toxicity could be easily

administered by intracranial infusion to brain tumor patients or in the tumor void as a post-

operative treatment after resection surgery suggesting that miRNA/R8 complexes hold

potential alone, as a cell-entry molecule for nanoparticles, [17] or as part of a locally

activated drug delivery system [8, 34, 39, 40, 44, 50].

2. Materials and methods

2.1. Materials

Acetyl-RRRRRRRR-amide (R8) was synthesized by UIC research supply center. MirVana™

miRNA-21 inhibitor (miRBase Accession# MIMAT0000076, mature miRNA sequence

UAGCUUAUCAGACUGAUGUUGA), miRNA inhibitor negative control #1, and

Silencer® siRNA negative control #1 were purchased from Ambion (Austin, TX). Cy3-

labeled anti-miRNA, Cy3-labeled siRNA and LysoTracker yellow HCK-123 were obtained

from Invitrogen. Human glioblastoma U251 cell line was received from Dr. Lena Al-Harthi

(Rush University). The cell line was maintained in Dulbecco’s modified Eagle’s medium

(DMEM; Gibco) supplemented with 10% fetal bovine serum (FBS), 1% nonessential amino

acids, 1 mM sodium pyruvate, 100 U/mL penicillin, and 100 U/mL streptomycin. Cells were

incubated at 37 °C in humidified air and 5% CO2.

2.2. Preparation and characterization of complexes

The anti-miRNA/R8 or siRNA/R8 was prepared by combining equal volumes of RNA (100

pmol) and peptide at predetermined positive to negative (+/−) charge ratios in RNase free

phosphate buffered saline (PBS) to make complexes, vortexed for 15 sec, and then incubated

at room temperature for 20 min before use. The resulting solutions were analyzed by

electrophoresis using a 20% non-denaturing acrylamide gel for 1 h at 100 V in 1× TBE

buffer (89 mM Tris-borate, 2 mM EDTA). Following ethidium bromide (0.5 μg/mL)

staining, the gel was visualized using a gel documentation system (GelDoc 2000, Bio-Rad,

Hercules, CA). The size distribution and zeta potential of the complexes were measured

using a Nicomp 380 Zeta Potential/Particle Sizer in RNAse free water (Particle Sizing

Systems, Santa Barbara, CA).
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2.3. Fluorescence quenching

The fluorescence quenching assay was conducted as previously reported [51]. Briefly, 60

pmol of Cy3-labeled anti-miRNA or Cy3-labeled siRNA was complexed with R8 at

different charge ratios. Cy3-labeled anti-miRNA or Cy3-labeled siRNA without R8 was

used to normalize (100% uncondensed) the loss of fluorescence intensity due to

condensation. Pure R8 solution of the highest concentration in experimental groups was used

as negative control. The samples were incubated for 20 to 30 mins after mixing before being

transferred to a Corning black 96 well plate and measured on BioTek Synergy 2 Multi-Mode

Microplate Reader (Winooski, VT).

2.4. Cell association and uptake

To measure cell association and uptake, 2×105 cells were seeded in 12-well plate and

incubated overnight. Complexes prepared at different charge ratios with the final anti-

miRNA or siRNA concentration maintained constant at 100 nM were added to OPTI MEM

medium to make the total media volume 1 mL prior to an addition incubation of 4 hours.

Cells were then washed with cold PBS twice followed by trypsinization and centrifugation

at 1500 rpm for 5 mins. The pellets were then washed twice with cold PBS and

centrifugation before resuspending in 200 μL of 1% formaldehyde and analyzing on MoFlo

Legacy cell sorter (Beckman Coulter, Brea, CA) at excitation 543 nm and emission 570 nm.

To further confirm cell internalization, U251 cells were seeded in Lab-Tek™ 8-chambered

coverglass (Nunc; Thermo Fisher Scientific, Skokie, IL) at 3×104 cells per chamber in 200

μL growth media 24 hours before an experiment. The medium was exchanged with OPTI

MEM and complexes were applied to the chamber. Four hours later, cells were rinsed twice

with PBS. The nuclei and endosomes were stained with Hoechst 33258 for 5 min and 50 nM

LysoTracker yellow for 15 min before CLSM imaging. CLSM images were acquired using a

Zeiss LSM 510 META (Carl Zeiss, Germany) with a water immersion 63× objective (C-

Apochromat, Carl Zeiss). Excitation wavelengths were 405 nm (Diode 405), 488 nm (argon

laser) and 543 nm (HeNe laser) for Hoechst 33258, LysoTracker, and Cy3, respectively. In

order to obtain the 3D information of the endosome escape efficiency, 20 slices for 20 cells

were obtained with CLSM Z-stack and 20 cells were counted as previously reported [1, 15].

The colocalization ratio between Cy3-labeled anti-miRNA or Cy3-labeled siRNA and

endosome was measured with Mender’s coefficient, M, using ImageJ, which calculates the

percentage of red pixels (Cy3) colocalizing with green pixels (lysoTracker) with an

automatic threshold [7]. The endosome escape efficiency, εee, was calculated, Equation 1.

Equation 1

2.5. Transfection

U251 cells were seeded in a 24-well plate at a density of 1.4×105 cells/cm2 and cultivated

with 1 mL of DMEM growth medium for 24 h until 60–70% confluent. The cells in each

well were replaced with 250 μL OPTI MEM medium containing 27.5 μL of anti-miR-21/R8
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complexes solution (charge ratio = 50/1) with a final anti-miR-21 concentration is 55 nM.

Four hours after transfection, media was replaced with fresh DMEM growth media.

2.6. Quantitative real-time PCR analysis

Total RNA was extracted using the TRIzol® reagent (Invitrogen) 24-hour post anti-

miR-21/R8 transfection. To maintain a constant RNA purity, PureLink™ RNA Mini Kit

(Invitrogen) was used in combination with DNAse (Invitrogen) according to manufacturer’s

instructions. High Capacity cDNA Reverse Transcription Kit (Applied Biosystems) was

used to reverse transcribe the purified RNA to cDNA. The PCR reactions were performed

on an Applied Biosystems StepOnePlus™ PCR machine. The PCR mixture was composed

of 5 μL SYBR® Green PCR Master Mix (Applied Biosystems), 2 μL sequence specific

primers (0.5 mM, final concentration) and 3 μL cDNA. The conditions for PCR reaction

were previously reported [25]. Briefly, 95°C for 10 min followed by 40 cycles of 15 s of

denaturation at 95°C and 60 s of annealing and elongation at 60°C. Primer sequences used in

the PCR were as follows: Programmed cell death 4 (PDCD4): 5′-

CAGTTGGTGGGCCAGTTTATTG-3′ (sense), 5′-AGAAGCACGGTAGCCTTATCCA-3′

(antisense); Serpin peptidase inhibitor, clade B (ovalbumin), member 5 (SERPINB5): 5′-

ACAGTGGACTAATCCCAGCACCAT-3′ (sense), 5′-

ATTTGATAGGGCCACTCCCTTGGT-3′ (anti-sense); Glyceraldehyde 3-phosphate

dehydrogenase (GAPDH): 5′-TTC GAC AGT CAG CCG CAT CTT CTT-3′ (sense), 5′-

GCC CAA TAC GAC CAA ATC CGT TGA-3′ (anti-sense). The relative gene expression

level of the gene of interest was determined using delta-delta-Ct method normalized to the

endogenous reference gene, GAPDH.

2.7. In vitro cell migration assay

The influence of anti-miR-21/R8 transfection on cell migration potential was measured

using a wound healing assay [26]. Cells were seeded and transfected as previously

described. Twenty-four hour post transfection, a wounding area was made along the cell

monolayer using a 200 μL pipette tip. Cells were carefully washed with pre-warmed PBS

without dislodging the cell monolayer followed by further incubation in DMEM growth

medium for another 48 hours until images were taken. Cell migration was measured,

Equation 2, as the recovery ratio, P, of wound area at 48-hour post scratching, a48, relative

to the initial wound area, a0, for the treatment, a0,t and a48,t, relative to the untreated group,

a0,c and a48,c.

Equation 2

2.8. Statistical analysis

Data were presented as the mean plus or minus (±) standard error of the mean (S.E.M.).

Three independent replicates of each experiment were performed. Statistics was determined

using Student’s t-test or ANOVA using GraphPad Prism v.4.0 (GraphPad Software, San
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Diego, CA). Post hoc analysis was performed using Turkey’s test when p-value was less

than 0.05. Statistical significance was expressed as P<0.05 (single symbol), P<0.01 (double

symbol), and P<0.001 (triple symbol).

3. Results

3.1. Physicochemical characterization of complexes

To compare the condensing capacity of R8 for single stranded anti-miRNA and double

stranded siRNA, a gel shift assay was conducted by mixing 100 pmol of anti-miRNA or

siRNA with R8 at different positive to negative charge ratios (+/−). The R8 peptide

successfully formed complexes with both anti-miRNA and siRNA. The mobility of siRNA

was retarded at lower charge ratio (Figure 1A) suggesting that double stranded siRNA was

more readily interacting with the peptide.

To investigate whether there is difference between the binding behavior of double stranded

siRNA and that of single stranded anti-miRNA with R8, we used dye quenching assay. The

fluorescence intensity of fluorophore-labeled oligonucleotides is quenched by the close

spatial proximity in complexes where many oligonucleotides are compacted. The trend of

fluorescence quenching is the same between anti-miRNA/R8 and siRNA/R8. However, at

higher charge ratios, from 4:1 to 10:1, the extent of fluorescence quenching is greater with

double stranded siRNA than with single stranded anti-miRNA, suggesting there may be

tighter binding between siRNA and the R8 peptide (Figure 1B). The particle size of

siRNA/R8 was larger than anti-miRNA/R8 (Figure 1C) at all charge ratios tested.

Cell association of complexes—Cell association of siRNA/CPP complexes has been

reported to depend on the complex conformation [43]. We compared the cell association

efficiency of the two types of complexes using flow cytometry. SiRNA/R8 associated with

cells to a greater extent than anti-miRNA/R8 at all of the charge ratios tested (Figure 2). It is

worth to noting that there is no significant difference between the ζ potential of anti-

miRNA/R8 and siRNA/R8, which were near neutral (Figure 1D). It should be noted that the

dissociation methods used may detach or degrade surface-bound complexes from the surface

of the cells before flow cytometry. The values presented, may underestimate the surface-

bound RNA; however, as the internalized RNA will not be degraded or removed and the

flow cytometry would overestimate the internalized RNA. The reproducibility of the data

suggests that the method is consistent and able to detect a majority of cells with associated

RNA. To confirm this observation and better understand the localization of the RNA, we

next examined the internalization of the RNAs using confocal microscopy.

Cellular uptake and endosome escape—To illustrate the cellular uptake of the

complexes and not just surface association, we observed the presence of Cy3-labeled anti-

miRNA/R8 and Cy3-labeled siRNA/R8 with confocal microscopy (Figure 3). The

complexes showed punctate signal in the cytoplasm of the majority of cells. The punctate

nature suggested endocytosis-mediated cellular uptake. Endocytosis and macropinocytosis

have been reported as the main mechanisms for the cellular uptake of arginine-rich CPPs

[30, 31]. Given the difference in cell association between anti-miRNA/R8 and siRNA/R8
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complexes, we speculated that there might also be differences in their interactions with the

endosome, specifically escape and separation from the peptide.

We compared their endosome escape efficiency by obtaining the colocalization efficiency of

Cy3-labeled anti-miRNA or Cy3-labeled siRNA with LysoTracker yellow stained

endosomes. By determining the colocalization coefficient in every Z-stack slice, the

endosome escape in the cytoplasm measured, while avoiding the bias of utilizing single

slice. SiRNA/R8 more efficiently escaped the endosomes compared to anti-miRNA/R8,

consistent with the cell association. However, we did not control for constant cell entry in

this experiment, i.e. the greater separation may be due to the greater amount of siRNA

within the endosomes. This should be examined in more detail to better understand the

influence of the properties of the complexes and their separation.

Anti-miRNA-21/R8 gene silencing—MiRNA acts as gene regulators by binding to the

3′ untranslated region of targeted mRNA. One miRNA regulates a network of genes because

the targeting region is in the untranslated region of the mRNA, is present on many mRNA,

and does not require perfect base pairing. Tumor suppressor genes, PDCD4 and SERPINB5,

have been reported as being miR-21 suppressed genes [21, 33]. They are transcriptionally

regulated by miR-21, specifically, when miR-21 is present, the mRNA of PDCD4 and

SERPINB5 degraded. Indirect detection of miRNA activity was chosen due to limited

degradation of miRNAs when anti-miRNAs are used [37]. The anti-miRNAs bind the

miRNAs, which are stabilized, but unable to bind the mRNA target [41].

Based on our results with cell association and internalization, we observed the best miR-21

knockdown effect when preparing the complexes at charge ratio of 50 to 1 (+/−). As such,

formula complexes at this charge ratio were examined. Both PDCD4 and SERPINB5

mRNA levels were significantly increased after anti-miR-21/R8 transfection comparing with

the control groups, indicating successful anti-miR-21 intracellular delivery mediated by R8

(Figure 4). The relationship between PDCD4 and SERPINB5 mRNA level and miR-21 were

validated by measuring their mRNA levels after anti-miR-21/Lipofectamine transfection

(Figure S1).

The delivery of oligonucleotides in many circumstances is associated with cytotoxicity.

While examining the relative (per cell) mRNA expression, we also evaluated cytotoxicity at

the concentration tested (Figure S3). None of the complexes showed significant toxicity at

the concentrations examined. We, therefore, inferred that the change in mRNA levels were

due to the inhibition of miRNA activity and not a result of cell death by some other

mechanism. This was further confirmed by the use of the anti-miRNA control, which did not

show a change in mRNA level.

Tumor Cell Migration Inhibition—The two selected miRNA-21 targeted genes, PDCD4

and SERPINB5, have also been reported to play inhibitory roles in cancer cell invasion and

migration [2, 13, 36]. To examine the influence of knockdown of miR-21 by anti-miR-21/R8

complexes on cell migration, we used a wound-healing assay. In monolayer cell culture, the

recovery of wound area was compared at 72-hour post transfection with no measureable

reduction in cell survival (Figure S4). The 72-hour time point was chosen based upon
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preliminary experiments to give sufficient time for anti-miR-21 exerts effects on target

mRNAs and subsequent proteins expression. Anti-miR-21/R8 complexes significantly

inhibited cell migration by 25% compared with the negative control treated group (Figure

5), indicating the amount of anti-miR-21 transfected is biological active. The inhibition of

cell migration by anti-miRNA-21 on U251 cells was also tested by Lipofectamine

transfection as positive control (Figure S2).

Discussion

Within the last decade, the involvement of miRNA in human cancer oncogenesis and

progression has become apparent [20]. Cancer is intimidating because of its

pharmacological complexity and constant development of resistance against therapy.

MiRNAs act in accordance with our current understanding of cancer as a “pathway disease”

that presumably can only be successfully treated when simultaneously intervening with

multiple oncogenic pathways [3].

Even though double stranded siRNA and single stranded anti-miRNA are both seen as RNAi

technology, their mechanisms are different. RNAi mediated by double stranded siRNA aims

to target one gene at a time by knocking down a specific mRNA. The nascent siRNA

associates with Dicer, TRBP, and Argonaute 2 (Ago2) to form the RNA-Induced Silencing

Complex (RISC) [11]. Once in RISC, one strand of the siRNA (the passenger strand) is

degraded or discarded while the other strand (the guide strand) remains to guide the

cleavage of the target mRNA by Ago2, a ribonuclease. Anti-miRNAs sterically block

miRNA function by hybridizing and repressing the activity of a mature miRNA whether it

exists in single-stranded form, double-stranded form with the natural passenger strand or

bound to an Argonaute protein in the miRNA induced silencing complex (miRISC) [27].

Due to this difference in mechanisms and differential effect on a given mRNA, it would be

quite difficult and less meaningful to directly compare the gene knockdown efficiency of

anti-miRNA/R8 with siRNA/R8. Thus, we examined the ability of the peptide to condense

anti-miRNA and how the complexes interact with cells, but the knockdown efficiency was

not directly compared. Arginine-rich CPPs have been used to deliver double stranded

siRNA, but the delivery of single stranded anti-miRNA via arginine-rich CPP in

noncovalent manner has never been described to our knowledge. Therefore, our successful

delivery of single stranded anti-miRNAs achieving migration repression and gene

knockdown is significant and shows therapeutic potential.

Single stranded anti-miRNA is a flexible oligonucleotide that could have many different

conformations while double stranded siRNA exists in A-form double helix, the most stable

form of RNA secondary structures [42]. Thermodynamically speaking, it will cost more

energy to stabilize a system composed of single stranded anti-miRNA than double stranded

siRNA. On the other hand, the rigid structure of double stranded siRNA functions as

skeleton and forces R8 to interact alongside the double helix conformation. Interestingly,

this discrepancy leads to different cell association and endosome escape efficiency. It has

been reported that the polyplexes formed by circular plasmid DNA/CPPs and siRNA/CPPs

differ significantly in terms of physicochemical properties, cellular uptake and endosome
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escape due to their molecular weight and structure differences [35]. The dramatic difference

between anti-miRNA/R8 and siRNA/R8 reported here advanced our understanding about the

interaction between CPPs and oligonucleotides. Special consideration should be given to the

application of single stranded anti-miRNAs transfection with CPPs.

In addition, oligoarginines can be tailored for the establishment of a wide variety of

miRNAs therapeutics delivery system since they can be easily encapsulated into or

conjugated with other polymeric carrier. Our group has previously reported a matrix

metalloproteinases-2 responsive hydrogel drug delivery system aiming for glioblastoma, a

great option to combine with the result reported here [40, 48]. Although we have not

proceed to in vivo animal experiment yet, Kim et al has shown that HER-2-specific

siRNA/R15 complexes resulted in a marked reduction of SKOV-3 xenograft tumor growth in

nude mice in vivo [24]. Further study is warranted to investigate the miRNA-21 silencing

efficiency mediated by anti-miR-21/R8 complexes in vivo.

Conclusion

For the first time, the difference between single stranded anti-miRNA/R8 and double

stranded siRNA/R8 was understood by comparing their physicochemical property, cell

association and endosome escape efficiency. Single stranded anti-miRNAs pose greater

challenge for intracellular delivery via CPPs. In addition, effective in vitro miRNA-21

interference was achieved via anti-miR-21/R8 complexes, resulting in significant inhibition

on U251 cell migration, which warrants further exploration of oligoarginine as intracellular

anti-miRNA carrier.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

• R8-associated anti-miRNA enters cells less efficiently than R8-associated

siRNA.

• R8-associated anti-miR elicited efficient downstream gene upregulation.

• Glioma cell migration was inhibited compared to the negative control group.

• This is the first demonstration of miRNA modulation with anti-miR-21/R8

complexes.
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Figure 1. Physicochemical characterization of complexes
(A) Mobility of siRNA (upper panel) and anti-miRNA (lower panel) was retarded in the

presence of R8 peptide above a threshold charge (+/−) ratio. (B) Fluorescence was also

quenched above a threshold charge (+/−) ratio, indicating double stranded siRNA (■) and

single stranded anti-miRNA (◆) were condensed by the R8 peptide (mean ± S.E.M., n=3).

Similarly, R8 complexes (C) diameters and (D) ζ potential were measured by dynamic light

scattering (mean ± S.E.M., n=3) for siRNA/R8 complexes (■)and anti-miRNA/R8

complexes (◆) further indicating complex formation at the given charge (+/−) ratios (mean

± S.E.M., n=3).
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Figure 2. Cell association of RNA/R8 complexes
Relative association of anti-miRNA/R8 (blue bars) and siRNA/R8 (red bars) with U251

glioblastoma cells after 4-hour interaction in vitro measured by flow cytometry (mean ±

S.E.M., n=3).
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Figure 3. Evaluation of endosomal escape efficiencies of anti-miRNA/R8 and siRNA/R8
(A) Representative confocal micrographs (scale bar 10 μm) of siRNA/R8 (left) and anti-

miRNA/R8(right) complex-endosome colocalization showing RNA (red), endosome (green),

nuclei (blue), and the composite of the three pseudocolor images where the RNA

concentration was 55 nM and mixed with R8 at a charge ratio of 50. (B) Quantitative

comparison of endosome escape efficiency, εee, between anti-miRNA/R8 and siRNA/R8.

Endosome escape efficiency was calculated for 20 random, individual cells (p < 0.001).
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Figure 4. Indirect measurement of anti-miRNA activity by detecting the mRNA of downstream
miR-21 targets
(A) PDCD4 and (B) SERPINB5 mRNA levels relative to GAPDH mRNA in cells treated

with the R8 peptide, control (ctrl) anti-miRNA/R8 complexes, and anti-miRNA-21/R8

complexes where the RNA concentration was 55 nM and mixed with R8 at a charge ratio of

50 (mean±S.E.M.; n=3). Statistical significance compared to the anti- miRNA-21/R8 group

(†), ctrl anti-miRNA/R8 group (‡), and R8 treatment group (§) is presented as one (0.01 < p

< 0.05), two (0.001 < p < 0.01), or three (p < 0.001) symbols.
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Figure 5. Inhibition of U251 cell migration after anti-miR-21/R8 transfection
(A) Micrographs of U251 cells immediately after (0 hr) and 48 hours after wounding. (B)

Wound recovery (P) measured 72 hours post transfection following treatment with R8

peptide, ctrl anti-miRNA/R8 complexes, or anti-miRNA-21/R8 complexes where the RNA

concentration was 55 nM and mixed with R8 at a charge ratio of 50 (mean±S.E.M.; n=3)

The wound recovery (P) of the three groups were normalized to the cell control group

underwent wounding assay but no treatment. Statistical significance compared to the anti-

miRNA-21/R8 group (†) and ctrl anti-miRNA/R8 group (‡) treatment group is presented

(0.001 < p < 0.01).
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