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Abstract

miR-155 plays key promoting roles in several cancers and emerges as an important anti-cancer 

therapeutic target. However, the discovery of small molecules that target RNAs is challenging. 

Peptidomimetics have been shown to be a rich source for discovering novel ligands to regulate 

cellular proteins. However, the potential of using peptidomimetics for RNA targeting is relatively 

unexplored. To this end, we designed and synthesized members of a novel 320,000 compound 

macrocyclic peptidomimetic library. An affinity-based screening protocol led to the identification 

of a pre-miR-155 binder that inhibits oncogenic miR-155 maturation in vitro and in cell, and 

that induces cancer cell apoptosis. The results of this investigation demonstrate that macrocyclic 

peptidomimetics could serve as a new scaffold for RNA targeting.
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INTRODUCTION

Peptidomimetics contain unnatural polyamide backbones and can be equipped with diverse 

side chains. Compared to natural peptides, these molecules possess a high degree of 

chemical diversity, protease resistance and bioavailability.1 Consequently, peptidomimetics 

represent a class of compounds that serves as a rich source for discovering novel ligands 

for biological molecules. Head to tail backbone cyclization of peptidomimetics can be 

utilized to further improve exopeptidase resistance and enhance structural rigidity. Thus, the 

development and applications of cyclic peptidomimetics have become emerging areas of 

interest.2–5 Several reports have shown that cyclic peptidomimetics can provide biologically 

active ligands for protein binding or blocking protein-protein interactions,2–4 however, 

using cyclic peptidomimetics for RNA targeting,6 especially microRNA (miRNA), is 

underexplored.

miRNAs are short noncoding RNAs that play key regulatory roles in gene expression 

and cellular processes.7 They are generated through a series of maturation steps in 

cells, in which the primary transcript of a miRNA gene (pri-miRNA) is processed by 

the ribonuclease Drosha to produce the shorter hairpin precursor miRNA, pre-miRNA. 

A pre-miRNA is further processed by the ribonuclease Dicer to eventually yield the 

mature miRNA.8 Aberrant expression of miRNAs is linked to various human diseases 

including cancers.9 For example, oncogenic miR-155 is overexpressed in several cancers, its 

downregulation has been shown to induce cancer cell apoptosis and to block tumor growth 

in mice.10 Thus, miR-155 is a promising anti-cancer therapeutic target.

Both small molecules and antisense oligonucleotides have been used to regulate miRNA 

functions. In general, antisense molecules are limited by the difficulty in cellular delivery, 

the off-target inhibition, and poor pharmacokinetics and biodistribution.11 Alternatively, 

small molecules have been discovered or developed through screening or rational designs 

that achieve the inhibition of the biogenesis of miRNAs.12–25 Many of the currently 

developed miRNA inhibitors, or RNA ligands in general, are comprised of polycationic 

scaffolds (e.g. aminoglycosides),14, 16–18 which can suffer from non-specific targeting and 

poor cell permeability.26–29 Although several alternative small molecule structures have 

been reported to target RNAs,15, 20, 30 the development of cell permeable small molecules 

that target miRNA precursors with biological activity, specificity and good cell permeability 

remains a challenging task.

A few peptides19, 22, 25 and linear peptoids,24 many contain multiple cationic side chains, 

have recently been found to bind and inhibit processing of pre-miRNAs. Inspired by these 

findings, we envision that cyclic peptidomimetics may serve as a type of scaffold for 

targeting pre-miRNA. The structural diversity, enhanced stability and cell permeability of 

cyclic peptidomimetics can potentially address the limitation faced by current approaches. 

To explore the potential of using cyclic peptidomimetics to target and inhibit miRNAs, we 

focused on the identification of biologically active pre-miR-155 ligands from a novel cyclic 

peptidomimetics library.
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EXPERIMENTAL SECTION

In vitro Transcription of pre-miR-155.

The sequence of pre-miR-155 was obtained from miRBase (http://www.mirbase.org/).31 The 

DNA template used for making pre-miR-155 RNA was generated by PCR primer extension. 

Briefly, forward primer and reverse primer (Table S1), 0.8 μM of each were subjected 

to primer extension using Taq polymerase (Ambion) per the manufacture’s protocol. The 

extended dsDNA was purified with NucleoSpin gel and PCR cleanup kit (Macherey-Nagel). 

The hybrid DNA template with T7 promoter was used for in vitro transcription using T7 

polymerase following manufacturer’s instructions (New England Biolabs). 32 The reaction 

mixture was then treated with DNase and extracted with phenol/chloroform/isoamyl alcohol 

(25:24:1) (pH 6.7). The RNA was finally precipitated by ethanol and resuspended in water 

for storage at −20 °C. Right before use, the RNA was allowed to refold as follows: RNA was 

heated to 94 °C for 2 min and then cooled to 4 °C at a rate of 1 °C/s.

Preparation of Fluorophore Labeled pre-miR-155.

5’-GMPS primed pre-miR-155 was first prepared by in vitro transcription as described 

above except that 5’-GMPS (Biolog) :GTP:ATP:CTP:UTP (8:1:1:1:1 mM) was used.33 The 

RNA was purified by phenol/chloroform extraction and ethanol precipitation. ATTO 488­

Iodoacetamide (ATTO-TEC) was then conjugated onto RNA via the 5’ thiol group following 

a reported method.34

Library Synthesis and Screening.

The library was prepared using split and pool method as reported previously (Figure S1 

& S2).3 A detailed protocol was included in Supporting Information. Library beads were 

incubated with 1% BSA and 1000-fold excess of tRNAs (based on 20 nM of ATTO 

488 labeled pre-miR-155) in Tris buffer for 1 h and then washed. ATTO 488 labeled 

pre-miR-155 (20 nM) was then incubated with the beads in the presence of 1000-fold excess 

of tRNAs for another 4 h. After thorough wash, beads were observed under the fluorescence 

microscope and the ones emitting green fluorescence were picked up as the putative positive 

hits. Three beads with strong green fluorescence were picked out and the structures of two of 

them were decoded unambiguously by MALDI MS/MS as reported previously.3

Fluorescence Polarization Assay.

The affinity of 1-Fl and 2-Fl (see Supporting Information for synthesis details) to pre­

miR-155 was determined as follows. Fluorescent compound (10 nM) was incubated with 

various concentrations of in vitro transcribed pre-miR-155 in cacodylate buffer (10 mM, 

pH 7.4, 0.01% Triton X-100) at room temperature for 30 min. The polarization values 

were obtained with a microplate reader (SpectraMax i3X, Molecular Devices) equipped with 

a fluorescence polarization detection cartridge. The polarization units (mP) were plotted 

against pre-miR-155 concentrations and fit in the following equation to determine Kd:

P = P0 + ΔP
[RNA]total  + [F]total  + Kd − [RNA]total  + [F]total  + Kd

2 − 4[RNA]total [F]total 
2 F total
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where P0 is the polarization of free fluorescent small molecule, P is the measured 

polarization at each pre-miR-155 concentration [RNA]total, ΔP is the total change of 

polarization upon saturation, [F]total is the total concentration of fluorescent compound.35 

The experiment was performed in triplicate.

Electrophoretic Mobility Shift Assay.
32P-labeled pre-miR-155 was prepared by in vitro transcription as described above except 

that [α-P32] Uridine 5’-triphosphate (UTP) (Perkinelmer) was used to take the place of 

regular UTP. A 10 μL of binding mixture was made by incubating 32P-labeled pre-miR-155 

(1 μL, ~20 ng) with various concentrations of tested compound in buffer (HEPES 24 mM, 

NaCl 200 mM, EDTA 0.04 mM, MgCl2 2.5 mM, pH 7.5) at 37 °C for 20 min. Gel 

loading buffer (10X, Sucrose 40%, Xylene Cyanol 0.17%, Bromophenol Blue 0.17%) was 

then added. The bound RNA was resolved from the free RNA using 12% non-denaturing 

polyacrylamide gel at 4 °C and visualized by phosphor imaging analyzed by Quantity One 

software (Bio-rad).

Dicer-mediated pre-miR-155 Cleavage Assay.

Dicer enzyme was expressed as reported before.36 A 10 μL of the reaction mixture was 

made by incubating 32P-labeled pre-miR-155 (1 μL, ~20 ng) with Dicer enzyme (3 μL) and 

various concentrations of tested compound in buffer (HEPES 24 mM, NaCl 200 mM, EDTA 

0.04 mM, MgCl2 2.5 mM, ATP 1 mM, pH 7.5) at 37 °C for 2.5 h. The reaction was stopped 

by boiling with equal volume of Gel Loading Buffer II (ThermoFisher Scientific) for 5 min. 

The non-cleaved pre-miR-155 and the processed miR-155 were resolved by 18% denaturing 

polyacrylamide gel. The gel was analyzed by phosphor imaging.

Cell Culture and Fluorescence Microscope Imaging.

HEK293T and MCF-7 cells were cultured in DMEM medium (Gibco) without antibiotics, 

supplemented with 10% FBS and 2 mM GlutaMAX (Life Technologies) at 37 °C in 

a humidified atmosphere containing 5% CO2. To assess the cell permeability of the 

compounds, HEK293T or MCF-7 cells were plated into 24-well plates and grown overnight 

to 50% confluency. The cells were then treated with fluorescent compound (5 μM) or 

DMSO (0.2% v/v) for 7 h. After removing the medium, the cells were washed with PBS and 

imaged by fluorescence microscope (Axio Observer, Zeiss) under the GFP channel.

miR-155 Inhibition in Cell.

HEK293T cells were plated in 24-well plates and grown overnight to 60% confluency. 

The cells were transfected with a plasmid DNA (200 ng/well) coding miR-155 (Addgene 

plasmid # 78126)37 using Lipo3000 transfection reagent (Invitrogen) per the manufacture’s 

protocol and treated with tested compound. The cells were harvested for RNA extraction 

after 24 h incubation. MCF-7 cell was used for studying the activity of compound in 

inhibiting endogenous miR-155 in cell. The cells were plated in 24-well plates and grown 

overnight to 60% confluency. The cells were then treated with tested compound (30 μM), 

DMSO (0.2% v/v) or anti-miR-155 (30 nM, Integrated DNA Technologies). The medium 

was replaced with fresh one containing the corresponding small molecule every 24 h. The 
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cells were harvested after 4-day incubation for the following RT-qPCR, Western blotting, 

and flow cytometry analysis.

RNA Extraction and RT-qPCR.

Total RNA was extracted using miRNeasy Mini Kit (Qiagen) per the manufacturer’s 

protocol. miRNA reverse transcription reactions were completed using a Taqman MicroRNA 

RT Kit (Applied Biosystems). 10 ng of total RNA was used for U6, miR-25, miR-29a, 

miR-29b and miR-221, 300 ng was used for miR-155, miR-214 and miR-519d. The 

qPCR was performed on 7900HT Fast Real-Time PCR System (Applied Biosystems) using 

Taqman Universal PCR Master Mix (Applied Biosystems) and Taqman miRNA assays 

(Applied Biosystems) per the manufacturer’s protocol. 0.5 μL of the RT product was used 

for a 10 μL qPCR reaction. The reverse transcription reaction for mRNA (FOXO3A and 

GAPDH) and miR-155 precursors was completed with 300 ng of total RNA using High 

Capacity cDNA Reverse Transcription Kit (Applied Biosystems) per the manufacturer’s 

protocol. 0.5 μL of the reaction mixture was used for qPCR assay (10 μL) with PowerUp 

SYBR Green Master Mix (Applied Biosystems) per the manufacturer’s protocol (See Table 

S1 for primer sequences). The triplicate threshold cycles (Ct) obtained for each treatment 

were used to determine the level of miRNA (normalized to U6 small nuclear RNA) and 

mRNA (normalized to GAPDH) using the 2−ΔΔCt method.38 The results presented were 

based on three independent assays.

Western Blotting.

Total protein was extracted using RIPA lysis buffer (EMD Millipore) and quantified 

using Protein Assay (Bio-Rad). 20 μg of total protein was resolved on a 4-15% SDS­

polyacrylamide gel, and then transferred to a PVDF membrane. The membrane was briefly 

washed with 1× Tris-buffered saline (TBS), and then blocked in 5% milk dissolved in 1× 

TBST (1× TBS containing 0.1% Tween-20) for 1 h at room temperature. The membrane was 

then incubated with 1:1000 FOXO3A primary antibody (Cell Signaling Technology, FoxO3a 

(D19A7) Rabbit mAb) or GAPDH primary antibody (Cell Signaling Technology, GAPDH 

(D16H11) XP® Rabbit mAb) in 1 × TBST containing 3% (w/v) BSA overnight at 4 °C. 

The membrane was washed with 1 × TBST and incubated with 1:10000 anti-rabbit IgG 

horseradish-peroxidase conjugate in 1 × TBST for 1 h at room temperature. After washing 

with 1× TBST, protein expression was quantified using Clarity Western ECL Substrate 

(Bio-Rad).

Flow Cytometry Assay.

MCF-7 cells were treated with different compounds as described above for 4 days. After 

washing with PBS twice, the cells were collected by trypsinizing and centrifugation. The 

cells were then stained with a mixture of fluorescein-annexin V and propidium iodide 

(PI) using an apoptosis kit (Invitrogen, eBioscience Annexin V-FITC Apop Kit) per 

the manufacture’s protocol. Flow cytometry was performed using a BD Accuri C6 Plus 

flow cytometer (BD Biosciences). The quantification data provided were based on three 

independent assays.
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Cell Viability Assay.

The effect of compound on MCF-7 cell viability were tested by MTT assay using 96-well 

plates. After 4 day treatment as described above, the medium was removed and 10 μL of 

MTT stock solution (12 mM) was added to wells along with 100 μL of phenol free DMEM. 

The cells were incubated at 37 °C for 4 h. The MTT containing medium was replaced 

with 50 μL of DMSO. The solution was mixed thoroughly by pipetting and incubated at 37 

°C for 10 min. The absorbance at 540 nm was recorded with a plate reader (SpectraMax 

i3X, Molecular Devices). The relative viability of the cells was calculated based on 6 

parallel tests by comparing to the DMSO control. The result presented was based on three 

independent assays.

Statistical Analysis.

Data are presented as the mean ± SEM of three independent experiments. Student’s t-test for 

significance was carried out using Microsoft Excel 2010 software. *p < 0.05, **p < 0.005 

verses control sample were considered significant.

RESULTS AND DISCUSSION

Library Design, Synthesis and Screening.

Oligomers of γ-substituted-N-acylated-N-aminoethylamino acids (γ-AA) have been used 

earlier to construct one-bead–one-compound (OBOC) combinatorial libraries comprised of 

linear, γ-AA derived, peptides (γ-AApeptides). Members of these libraries were found 

to be remarkably stable and to have great functional diversity.39 We recently reported a 

new strategy for preparing cyclic γ-AApeptide libraries that employs a thioether-bridge 

approach.3 In the current effort, we utilized this strategy to prepare an unbiased library of 

novel macrocyclic γ-AApeptides (Figure 1a, S1 & S2), which contains four γ-AA building 

blocks and bears much enhanced functional diversity. We believed that these macrocyclic 

γ-AApeptides would provide appropriate small-molecule/pre-miRNA binding interface for 

recognition and compete with the Dicer/pre-miRNA interaction. Furthermore, a diverse set 

of hydrophobic, cationic and negatively charged side chains were incorporated into the 

γ-AApeptides to ensure that the library is unbiased and has a theoretical library diversity of 

320,000.

With the γ-AApeptide library in hand, we conducted affinity based screening against pre­

miR-155 (Figure 1b). For this purpose, the on-bead library was incubated with ATTO 

488 labeled pre-miR-155 (Figure S3) under highly stringent screening condition (i.e. with 

1,000-fold excess of tRNAs), and then subjected to stringent washing conditions. Under 

fluorescence microscope, the brightest beads, resulted from strong binding to pre-miR-155, 

were manually picked up (Figure S4). The compounds on the bead were then cleaved off 

and analyzed by MALDI MS/MS. The structures of two hits (Compound 1 and 2, Figure 1c) 

were unambiguously decoded. Finally, the compounds were resynthesized in large scale for 

use in the studies described below.
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Binding Affinity of the Hits to pre-miR-155.

Binding of the hits to pre-miR-155 was first validated using the fluorescence polarization 

(FP) assay, which is commonly used for probing molecular interaction. Typically, when a 

fluorescent compound forms a complex with a macromolecule, it displays an increased FP 

value owing to reduction in the rate of fluorophore tumbling. Fluorescein-tagged derivatives 

of 1 (1-F1) and 2 (2-F1) were prepared for use in the FP assay (Figure S5). The results 

show that the fluorescence polarization of both 1-F1 and 2-F1 increases with increasing 

concentrations of pre-miR-155 (Figure S5). The data arising from the saturation binding 

curves were used to determine that the binding affinity (Kd) of 1-F1 and 2-F1 toward 

pre-miR-155 are 515 (±186) and 213 (±96) nM respectively. In contrast, fluorescein alone 

does not have an effect on the FP of pre-miR-155.

miR-155 Inhibition in Cell.

High cell permeability is a prerequisite for the activities of miRNA inhibitors in cells. To 

evaluate the cellular uptake efficiency of the hits, HEK293T and MCF-7 cells were treated 

with 1-F1 and 2-F1. The results of fluorescent microscopy showed that after incubation for 

7 h very strong fluorescence emanates from both cell lines (Figure S6), indicating that the 

hits are readily cell permeable. The inhibitory effects on miR-155 maturation in cells were 

assessed next.

To evaluate the activity of 1 and 2 in inhibiting miR-155 maturation, HEK293T cells 

were transiently transfected with a plasmid encoding pre-miR-155. Mature miR-155 levels 

were then determined when cells were treated with different compound (30 μM) by using 

RT-qPCR. Compound 3 (Figure 1c), a randomly chosen compound from the library that 

bears more amines (more cationic) than 1 and 2 and did not show binding in the screening, 

was used as a negative control. As shown in Figure 2a, 3 does not reduce miR-155 level. 

In contrast, 1 decreases the expression level of miR-155 by 70%, indicating a strong 

inhibitory effect. Surprisingly, 2 does not cause significant change in miR-155 level, though 

it shows strong binding to pre-miR-155. It is possible that 2 occupies a site not critical to 

pre-miR-155 processing, which is not an uncommon phenomenon.14, 40

As 1 shows promising activity in cells, the following studies focus on 1. We examined if 1 
inhibits endogenous miR-155 production in cells. Because miR-155 is upregulated in many 

cancer cells, the breast cancer cell line MCF-7 was used in this study. We found that treating 

MCF-7 cells with 1 (30 μM) for 96 h lead to a 38% decrease in miR-155 level (Figure 2b), 

a reduction level comparable to previous reports.14, 17 Meanwhile, miR-155 precursors were 

found to accumulate in cells (Figure 2b), indicating that the reduction in miR-155 formation 

is caused by blocking pre-miR-155 cleavage. To further confirm this inhibition mechanism, 

we performed additional in vitro assays.

pre-miR-155 Interaction in vitro.

Electrophoretic mobility shift assay was carried out as an alternative method to confirm the 

binding of 1, without any modification, to pre-miR-155. The electrophoretic mobility of 
32P-labeled pre-miR-155, prepared by using in vitro transcription, in the presence of various 

concentrations of 1 was determined by using a non-denaturing polyacrylamide gel and 
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phosphor imaging. The observation of a clear reduction in the mobility rate of pre-miR-155 

on the gel with increasing concentrations of 1 (Figure S7) showed that a complex between 1 
and pre-miR-155 was formed.

Next we assessed whether binding of 1 to pre-miR-155 disrupts the interaction between pre­

miR-155 and Dicer leading to the inhibition of miR-155 maturation. Applying an in vitro 
pre-miR-155 processing assay, 32P-labeled pre-miR-155 was incubated with recombinant 

human Dicer in the absence or presence of 1. The Dicer processing reaction was then 

monitored by using denaturing polyacrylamide gel electrophoresis along with phosphor 

imaging. In the absence of 1, Dicer efficiently cleaves pre-miR-155 to form mature 

miR-155 (Figure 3). However, in the presence of increasing concentrations of 1, Dicer­

mediated miR-155 processing is disrupted, as reflected in a 63% reduction in the level of 

mature miR-155 formation caused by 30 μM of 1. An apparent half maximal inhibitory 

concentration (IC50) of 22 μM was obtained. The combined results demonstrate that 1 
inhibits miR-155 maturation by binding to pre-miR-155 and blocking Dicer processing.

Selectivity of 1 to miR-155.

To assess the selectivity of 1 toward pre-miR-155, we examined if changes in the expression 

levels of several other random chosen miRNAs in MCF-7 occur when treating cells with 

1 for 96 h. As shown in Figure 4, 1 displays little or no inhibitory effects on other tested 

miRNAs except miR-155, indicating certain selectivity can be achieved among miRNAs, 

although further analysis is required to comprehensively investigate the selectivity of 1 
against different RNA species in cells and to understand the detailed recognition mechanism 

contributing to the selectivity.

Downstream Effects of miR-155 Inhibition by 1.

To study the downstream effect of miR-155 inhibition in cells caused by 1, we examined 

the changes in the expression of FOXO3A, a tumor suppressor gene and a direct target 

of miR-155 whose loss in activity increases the resistance of cancer cells to apoptosis, 

which results in cell-cycle progression.41–42 We expect to observe FOXO3A derepression 

after miR-155 inhibition occurs. In line with expectations, we observed, using RT-qPCR 

(Figure 5a) and immunoblotting (Figure 5b and c), that the inhibition of miR-155 by 

1 in MCF-7 cells leads to increases in the expression of FOXO3A mRNA and protein. 

To assess whether 1 induces cell apoptosis as a result of miR-155 inhibition, MCF-7 

cells were incubated with 1 for 96 h and then stained with propidium iodide (PI) and 

fluoresceinlabeled annexin V. Flow cytometry analysis showed that 1 promotes an increase 

in the population of cells undergoing both early apoptosis (Annexin+/PI−) and late apoptosis 

(Annexin+/PI+) (Figure S8). The cell apoptosis rate is increased by 12%, which is at a 

similar level as that induced by treatment with an anti-miR-155 oligonucleotide (Figure 5d). 

Characteristic morphological changes of apoptotic cells including cell shrinkage, rounding 

and membrane blebbing43 were also observed to take place using microscopy (Figure S9). 

These results demonstrate that 1 promotes the upregulation of a miR-155 target gene and 

induces apoptosis.
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Finally, because miR-155 inhibition reduces cancer cell proliferation,44 it was anticipated 

that 1 would cause a decrease in the growth of MCF-7 cells. To test this, cell viability assays 

were conducted using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT). 

The observation of a 70% reduction in the viability of MCF-7 cells after incubation with 1 
(30 μM) for 96 h (Figure S10) demonstrates that this macrocyclic peptidomimetic inhibits 

cancer cell growth as expected.

CONCLUSION

In summary, in the effort described above, we designed and synthesized a novel 

combinatorial macrocyclic γ-AApeptide library for miRNA targeting. A screen of this 

library against pre-miR-155 led to the identification of new pre-miR-155 binder 1. We 

found that 1 inhibits Dicer-mediated pre-miR-155 processing in vitro and in MCF-7 cells, 

and consequently, induces apoptosis and reduced growth of these cancer cells. Because 

of the modular nature along with the high diversity that can be introduced through side 

chain alteration, macrocyclic peptidomimetics should be amenable to systematic structural 

optimization to obtain more potent and specific binding ligands for pre-miRNAs. This work 

also demonstrated that macrocyclic peptidomimetics could serve as an alternative RNA 

targeting scaffold.
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Figure 1. 
(a) Structure and chemical diversity of the library. (b) A schematic illustration of the 

screening method. (c) Structures of cyclic peptidomimetics studied in this work.
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Figure 2. 
(a) Inhibition of miR-155 production by different compound (30 μM, 24 h treatment) in 

HEK293T cells overexpressing miR-155. (b) 1 inhibits endogenous miR-155 formation after 

96 h treatment of MCF-7 cells. The error bars represent the standard error of mean (N = 3, 

*p < 0.05).

Yan et al. Page 13

Mol Pharm. Author manuscript; available in PMC 2021 October 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
(a) Representative image from electrophoresis analysis of Dicer-mediated pre-miR-155 

cleavage in the presence of varying concentrations of 1. (b) Densitometric quantitative 

analysis of miR-155 for images in panel a arising from three independent assays. Error bars 

represent the standard error of mean (N = 3).
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Figure 4. 
The selectivity of 1 to miR-155 over other miRNAs in MCF-7 cells. The error bars represent 

the standard error of mean (N = 3).
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Figure 5. 
(a) RT-qPCR analysis of mRNA and (b) Western blotting analysis of protein levels of 

FOXO3A in MCF-7 cells either treated or not treated with 1. (c) Densitometric quantitative 

analysis of FOXO3A as shown in panel b from three independent assays. (d) Flow cytometry 

analysis of apoptosis of MCF-7 cell induced by 1 and anti-miR-155. Error bars represent the 

standard error of mean (N = 3, *p < 0.05).
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