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Abstract
Recent studies have shown that a number of microRNAs (miRNA or miR) may regulate human
breast cancer resistance protein (BCRP/ABCG2), an important efflux transporter responsible for
cellular drug disposition, whereas their effects on ABCG2 protein expression are not compared. In
this study, we first identified a new proximal miRNA response element (MRE) for hsa-miR-519c
within ABCG2 3′-untranslated region (3′UTR) through computational analyses. This miR-519c
MRE site was confirmed using dual luciferase reporter assay and site-directed mutagenesis.
Immunoblot analyses indicated that ABCG2 protein expression was significantly down-regulated
in MCF-7/MX100 cells after transfection with hsa-miR-328- or -519c expression plasmids, and
was markedly up-regulated in MCF-7 cells after transfection with miR-328 or -519c antagomir.
However, ABCG2 protein expression was unchanged in MCF-7/MX100 cells after transfection
with hsa-miR-520h expression plasmids, which was associated with undetectable miR-520h
expression. Furthermore, ABCG2 mRNA degradation was accelerated dramatically in cells
transfected with miR-519c expression plasmid, suggesting the involvement of mRNA degradation
mechanism. Intervention of miR-328 or -519c signaling led to significant change in intracellular
mitoxantrone accumulation, as determined by flow cytometry analyses. In addition, we separated
RB143 human retinoblastoma cells into stem-like (ABCG2+) and non-stem-like (ABCG2−)
populations through immunomagnetic selection, and found that miR-328, -519c and -520h levels
were 9-, 15- and 3-fold lower in the ABCG2+ cells, respectively. Our data suggest that miR-519c
and -328 have greater impact on ABCG2 expression than miR-520h in MCF-7 human breast
cancer cells, and the presence of proximal miR-519c MRE explains the action of miR-519c on
shortened ABCG2 3′UTR.
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1. Introduction
MicroRNAs (miRNA or miR) are a large group of short, noncoding RNAs that act on their
mRNA targets by complementary Watson-Crick base pairings, and control
posttranscriptional regulation of target genes through translation inhibition or mRNA
cleavage [1,2]. More than 1000 miRNAs have been identified within human genome, which
may regulate thousands of protein-coding genes involved in essentially all critical biological
processes [3]. There is also accumulating evidence supporting the hypothesis that miRNAs
are involved in the regulation of drug metabolism and disposition [4–8]. Some miRNAs
directly target the 3′-untranslated region (3′UTR) of genes encoding drug-metabolizing
enzymes and/or drug transporters [9–19]. Other miRNAs act on the 3′UTR of transcriptional
regulators (e.g., xenobiotic receptors) of drug-metabolizing enzymes and drug transporters
[10,20–22]. As a result, these miRNAs may determine the final protein expression levels of
enzymes or transporters, modulate the capacity of drug metabolism and disposition, and
affect the response of cells to xenobiotic drugs.

Breast cancer resistance protein (BCRP/ABCG2) is an ATP-binding cassette membrane
transporter that is expressed ubiquitously in human tissues. ABCG2 plays an important role
in cellular disposition of a variety of xenobiotic drugs (e.g., mitoxantrone, doxorubicin and
topotecan) and metabolites (e.g., estrone-3-sulfate and estradiol-17-β-D-glucuronide)
[23,24]. Variations of ABCG2 gene expression and protein function may result in significant
change in pharmacokinetics and drug response. Overexpression of ABCG2 may confer
multidrug resistance in cancer cells, which could be caused by gene amplification [25–27]
and malfunction of regulatory factors [11]. In addition, ABCG2 is revealed as a critical
element of tumorigenic stem cells [28–30], and has been used as one selective biomarker for
cancer stem cells.

Recent studies have shown that a number of miRNAs may regulate the expression of
ABCG2 through their actions on ABCG2 3′UTR. Using a luciferase reporter assay, Liao et
al. [31] found that hsa-miR-520h could act on the 3′UTR (30–52 nt from stop codon) of
ABCG2 mRNA, and Wang et al. [18] showed that ABCG2 protein expression was indeed
down-regulated by miR-520h in pancreatic cancer cells. Meanwhile, To et al. [14,15]
reported a distal miRNA response element (MRE; 1526–1548 nt) for hsa-miR-519c that was
close to the poly(A) tail of ABCG2 3′UTR (Fig. 1A), and showed that a miR-519c inhibitor
or mimic was able to alter ABCG2 protein expression in A549 human lung adenocarcinoma
epithelial cells. Interestingly, the 3′UTR including that of ABCG2 was revealed to be
commonly shortened in cancer cells, especially in embryonic stem cells, proliferating cells
and drug-resistant cancer cells [14,32–34]. The absence of this distal miR-519c MRE site in
shortened ABCG2 3′UTR might limit the role of miR-519c in ABCG2 regulation. In
addition, we found that ABCG2 3′UTR (599–626 nt) could be readily targeted by hsa-
miR-328 when considering target-site accessibility or binding energy, and modulation of
miR-328 signaling had significant effects on ABCG2 mRNA and protein expression in
drug-sensitive MCF-7 and drug-resistant MCF-7/MX100 human breast cancer cells [11].
Nevertheless, it remains unknown which miRNA is more important in posttranscriptional
regulation of ABCG2. Therefore, this study aimed to compare the contribution of miR-328,
-519c and -520h to the regulation of ABCG2, and delineate the potential action of miR-519c
on the shortened 3′UTR of ABCG2 lacking the distal miR-519c MRE site (Fig. 1A).
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2. Materials and Methods
2.1. Materials

Mitoxantrone was bought from Sigma-Aldrich (St. Louis, MO). Fumitremorgin C (FTC)
was purchased from Alexis (San Diego, CA). Dulbecco’s modified Eagle’s medium
(DMEM), RPMI 1640 medium, trypsin, phosphate-buffered saline (PBS) and antibiotics
were bought from Mediatech (Manassas, VA). Fetal bovine serum and calf serum were
bought from Invitrogen (Carlsbad, AL). Selective miRNA and control antagomirs were
purchased from Dharmacon (Lafayette, CO).

2.2. Identification of MRE Sites
Putative MRE sites within the 3′UTR of human ABCG2 (NM_004827) were identified by
TargetScan [35], PITA [36], MicroCosm Targets [37] and RNA22 [38].

2.3. Cell Culture
Human embryonic kidney HEK293 cells were cultured in DMEM supplemented with 4.5 g/
L glucose, 10 mM HEPES, and 10% fetal bovine serum at 37°C. Human breast cancer
MCF-7 cells and mitoxantrone-selected MCF-7/MX100 cells were cultured in RPMI 1640
medium supplemented with 10% fetal bovine serum, 100 units/mL penicillin G sulfate and
100 units/ml streptomycin sulfate. Human retinoblastoma cell line RB143 (a gift from Dr.
Bruce Ksander) was maintained in DMEM, with 20% calf serum.

2.4. Enrichment of ABCG2+ Cells
The EasySep Human FITC Positive Selection Kit (Stem Cell Technologies, Vancouver,
Canada) was used according to instructions, with 2.5 μg/mL of ABCG2-FITC antibody
(Stem Cell Technologies). After separation, the ABCG2+ and ABCG2− cells were snap-
frozen in liquid nitrogen for nucleic acid extraction.

2.5. Construction of MicroRNA Expression and 3′UTR-Luicferase Reporter Plasmids
Creation of miR-328 expression plasmid (pS-miR-328) and control plasmid (pS-Neg)
consisting of a scrambled sequence was described previously [11]. Likewise, miR-519c and
-520h precursors were cloned into pSilencer 4.1-CMV-neo vector (Ambion, Austin, TX)
using gene-specific primers bearing BamHI and HindIII restriction sites. The resulting
plasmids were named pS-miR-519c and pS-miR-520h, respectively. Cloning of a short (0–
1296 nt from stop codon) ABCG2 3′UTR-luciferase reporter plasmid was described
previously [11]. This 3′UTR fragment does not contain the distal MRE site (1526–1548 nt,
close to poly A tail) for miR-519c reported by To et al. [15] but the proximal MRE site (30–
52 nt, close to stop codon) for miR-519c identified in this study (Fig. 1A). The QuikChange
II site-directed mutagenesis kit (Stratagene, La Jolla, CA) was employed to create an
ABCG2 3′UTR mutant that consisted of three nucleotide transitions (A43C, C45A, C49G)
at the proximal miR-519c/520h MRE site (Fig. 1A). Primers were shown in Table 1. All
clones were confirmed by direct DNA sequencing analyses.

2.6. Luciferase Assay
HEK-293 cells were co-transfected with wild-type or mutant ABCG2 3′UTR-luciferase
reporter plasmid, and pS-Neg or miRNA expression plasmid using Lipofectamine 2000
(Invitrogen). Luciferase activities were determined with Dual Luciferase Reporter Assay
System (Promega, Madison, WI) at 48 hours after transfection, according to the
manufacturer’s protocol. Transfection was conducted in triplicate, and repeated once with
separate culture. Renilla luciferase activities were normalized to corresponding firefly
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luciferase activities, and then compared among different treatments or groups. Additional
transfections were used for the evaluation of miRNA expression.

2.7. Quantitative Real-Time Reverse Transcription PCR (qPCR) Analysis
Total RNAs were prepared with Trizol (Invitrogen). Stem-loop reverse transcription (RT) of
mature miRNAs and qPCR analyses were conducted as reported [10,11,39], using gene-
specific primers shown in Table 1. U54 and U74 small nucleolar RNAs were used as
internal control for miRNA quantification. To determine ABC transporter (MDR1/ABCB1,
MRP1/ABCC1 and BCRP/ABCG2), stem cell biomarker aldehyde dehydrogenase 1A1
(ALDH1A1), glycoprotein CD133, and 18S mRNA levels, total RNAs were reverse
transcribed to cDNA using the Superscript II Reverse Transcription-PCR kit (Invitrogen).
qPCR analyses of ABC transporters were performed using gene-specific primers (Table 1),
and normalized to 18S. In particular, SYBR Green qPCR reactions were conducted on a
MyIQ real-time PCR system (Bio-Rad, Hercules, CA). All PCR reactions were conducted in
duplicate, and triplicate-cultured cells were tested. All experiments were repeated with
separate cultures. The cycle number (CT) at which the amplicon concentration crossed a
defined threshold was determined for each miRNA, and CT linear range was established
through serial dilutions of control sample. miRNA was defined as undetectable when
corresponding CT value was greater than the upper limit or subject to >50% variation. The
relative level of each analyte over internal standard was calculated using the formula 2−ΔCT,
where ΔCT was the difference in CT values between analyte and internal standard.

2.8. Immunoblot Analysis
MCF-7/MX100 cells were transfected with miRNA expression or control pS-Neg plasmid,
and MCF-7 cells were transfected with selective miRNA antagomir or control
oligonucleotide. Cells were harvested at 48 hours after transfection. RNA was isolated for
qPCR analysis of miRNA expression, as described above. Cell lysates were prepared with
RIPA lysis buffer (Rockland Immunologicals, Gilbertsville, PA) supplemented with a
complete protease inhibitor cocktail (Roche Diagnostics, Mannheim, Germany). Protein
concentrations were determined using BCA Protein Assay Kit (Pierce, Rockford, IL).
Whole-cell proteins (50 μg) were separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE), and electrophoretically transferred onto nitrocellulose
membranes (GE Healthcare, Piscataway, NJ). Membranes were then incubated with
selective antibody against ABCG2 (Kamiya Biomedical, Thousand Oaks, CA) or GAPDH
(Santa Cruz Biotechnology, Santa Cruz, CA), and subsequently with a peroxidase goat anti-
mouse IgG (Jackson ImmunoResearch, West Grove, PA). After visualization with an
enhanced chemiluminescence detection system (Pierce Biotechnology, Rockford, IL),
images were acquired and densitometric analyses were carried out using Kodak Image
Station (New Haven, CT).

2.9. RNA Degradation Analysis
Forty eight hours after MCF-7/MX100 cells were transfected with pS-Neg, pS-miR-328 or
pS-miR-519c plasmids, actinomycin D (Sigma-Aldrich) was added to a final concentration
of 5 μg/mL to block de novo RNA synthesis. Cells were harvested at 0, 2, 4, and 8 hours
following the treatment with actinomycin D. ABCG2 mRNA levels were determined by
qPCR, and normalized to GAPDH mRNA levels. All treatments were conducted in
triplicate.

2.10. Flow Cytometry Analysis
Intracellular drug accumulation was examined with a FACSCalibur flow cytometer (BD
Biosciences, Franklin Lakes, NJ), as reported [40–42]. Briefly, MCF-7/MX100 cells were
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harvested at 48 hours after transfection, and 1×106 cells were incubated for 60 min at 37°C
in 800 nM of mitoxantrone in phenol red-free RPMI 1640 medium. Cells incubated in the
absence of drug were used as negative controls, and cells incubated with drug and 10 μM
FTC were utilized as positive controls. Cells were then washed twice with ice-cold PBS
buffer, resuspended, and subjected to flow cytometry analyses with a 635 nm red diode laser
and a 670 nm band pass filter. Fluorescence of 10,000 events was collected, and data were
processed by CellQuest software (BD Biosciences). D values between stained and unstained
cells were calculated by Kolmogorov-Smirnov statistic (CellQuest) [43,44], and used to
assess the difference in drug disposition among cells with different miRNA treatments. All
treatments were performed in triplicate, and experiment was repeated at least once.

2.11. Statistical Analysis
All values were expressed as mean ± standard deviation (SD) or standard error of mean
(SEM). Depending on the number of groups and variances, values were compared with
unpaired Student’s t-test, one-way ANOVA analysis followed by Dunnett’s test, or two-way
ANOVA (GraphPad Prism 5, San Diego, CA). Difference was considered statistically
significant when probability was less than 0.05 (P < 0.05).

3. Results
3.1. A new, conserved proximal MRE site (30 to 52 nt from stop codon) is identified for
miR-519c through computational analysis

Bioinformatic analyses have shown that ABCG2 3′UTR may be targeted by a number of
miRNAs [11,15,31], including the distal MRE site (1526–1548 nt; Fig 1A) for miR-519c.
Herein we show that the putative miR-520 MRE site from 30 to 52 nt within ABCG2 3′UTR
[31] may be targeted by miR-519c as well (Fig 1A). Complementary base pairings of
miR-519c-3p to this site was supported by computational analyses with PITA (folding
energy ΔG, −19.8 Kcal/mol; difference between miRNA-mRNA binding energy and free
energy to open the target mRNA site, ΔΔG, −15.6 Kcal/mol) and RNA22 (ΔG, −26.8 Kcal/
mol) algorithms, but not identified by TargetScan and MicroCosm Targets algorithms.
Interestingly, the miR-328 MRE site (618–626 nt) [11] was identified by PITA, TargetScan
and RNA22 (ΔG, −43.0 Kcal/mol) algorithms but not by MicroCosm Targets, whereas the
distal miR-519c MRE site [15] was only predicted by TargetScan. Identification of this new
proximal MRE site for miR-519c may help explain the apparent effects of miR-519c on
ABCG2 protein expression in cancer cells shown in this study and previous studies [14,15].
Nevertheless, one cannot exclude the possibility that an miRNA may influence protein
expression of a gene through its actions on the gene’s regulatory factors [4,11].

3.2. The proximal miR-519c MRE site is confirmed by site-directed gene mutagenesis and
luciferase reporter assay

To test if this proximal MRE site can be targeted by miR-519c, a shortened ABCG2 3′UTR
(0–1296 nt) construct [11] lacking the distal miR-519c MRE was utilized in luciferase
reporter assay. The shortened wild-type ABCG2 3′UTR-luciferase activity was decreased
about 50% in HEK293 cells after transfection with miR-519c expression plasmid, compared
with cells transfected with pS-Neg plasmid. By comparison, luciferase activities were
decreased around 40% and 50% in cells transfected with miR-328 and -520h expression
plasmids, respectively. To further validate the proximal miR-519c MRE site, ABCG2
3′UTR segment (43–50 nt) complementary to the seed sequences of miR-519c and -520h
was changed through site-directed mutagenesis. Following the disruption of mRNA-miRNA
base pairings (Fig 1C), the mutant ABCG2 3′UTR-luciferase activities remained unchanged
in cells after transfection with miR-519c and -520h expression plasmids (Fig 1D). Taken
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together (Fig 1B and 1D), the segment from 43 to 50 nt is essential for the action of
miR-519c, as well as miR-520h, on shortened ABCG2 3′UTR transcripts.

3.3. Modulation of miR-519c or miR-328 signaling significantly alters ABCG2 protein
expression in human breast cancer cells, whereas miR-520h has no or minor impact

To directly compare the effects of individual miRNAs on ABCG2 protein expression, we
employed both gain- and loss-of-function approaches. After successful creation of miRNA
expression plasmids, drug-resistance MCF-7/MX100 cells over-expressing ABCG2 were
transfected with control and individual miRNA expression plasmids. Compared with the
control, transfection with miR-519c or miR-328 expression plasmids led to 30–35%
reduction of ABCG2 protein expression in MCF-7/MX100 cells, whereas miR-520h had no
significant impact on ABCG2 protein (Fig. 2A) or mRNA expression (data not shown).
Furthermore, selective miRNA antagomirs were utilized to inhibit the function of
corresponding miRNAs in drug-sensitive MCF-7 cells with minimal ABCG2 expression.
Immunoblot analyses showed that ABCG2 protein levels were sharply elevated in MCF-7
cells transfected with miR-328 or miR-519c antagomir, compared with cells transfected with
control oligonucleotide (Fig. 2B). The transfection with miR-520h antagomir resulted in a
minor increase in ABCG2 protein expression, and the level was not as dramatic as those
altered by miR-328 or miR-519c antagomir. The data indicate that miR-520h has limited
impact on ABCG2 protein expression in human breast cancer cells, while miR-519c and
miR-328 have much greater contribution to the regulation of ABCG2.

3.4. The absence of impact of miR-520h on ABCG2 expression in MCF-7/MX100 cells is
associated with an undetectable miR-520h expression

To test the hypothesis that the impact of miRNA on target gene expression may be related to
the abundance of miRNA within cells, we employed stem-loop RT-qPCR method to
compare miRNA expression levels in MCF-7/MX100 cells transfected with control and
miRNA expression plasmids. Based on the linear range of quantification (Table 2), miR-328
expression level was revealed to be about 20-fold in MCF-7/MX100 cells after transfection
with miR-328 expression plasmid (normalized either to U74 or U54). Interestingly, both
miR-519c (CT >34) and miR-520h (CT > 32) in cells transfected with control plasmids were
under detection limits (Table 2). However, miR-519c level was sharply increased (CT = 23.6
± 0.4) in cells following the transfection with miR-519c expression plasmid, whereas
miR-520h level remained as undetectable (CT > 32) in cells after transfection with
miR-520h expression plasmid. The results suggest that miR-519c and miR-328 precursors
are readily processed in human breast cancer cells, and the deficient production of miR-520h
(Table 2) may explain the lack of ABCG2 regulation by miR-520h (Fig 2A) in MCF-7/
MX100 cells.

3.5. miR-519c-controlled regulation of ABCG2 likely involves mRNA degradation
mechanism

RNA degradation experiments were conducted to assess if miR-328 and miR-519c affect
ABCG2 mRNA stability. Actinomycin D was used to block nascent transcription in MCF-7/
MX100 cells transfected with control, miR-328 or miR-519c expression plasmids. The data
(Fig. 3) showed that miR-519c accelerated the decay (apparent half-life, ~ 2.0 h) of ABCG2
mRNA, compared with the control and miR-328 (half-life, > 8.0 h). The results suggest that
mRNA degradation could be an important mechanism underlying miR-519c-mediated
posttranscriptional regulation of ABCG2. The higher rate of mRNA decay caused by
miR-519c than miR-328 is presumably due to the existence of multiple MRE sites, proximal
(this study) and distal [15], for miR-519c.
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3.6. Intervention of miR-519c or miR-328 signaling affects ABCG2-mediated intracellular
drug accumulation

We thus employed flow cytometry analyses to define the impact of miRNAs on ABCG2-
mediated cellular drug disposition. Mitoxantrone, a selective substrate of ABCG2, was used
as a model drug. Cells in the absence of mitoxantrone showed minimal fluorescence
intensity, and fluorescence histogram was shifted to the right when cells were incubated
with mitoxantrone (Fig. 4A). Difference between histograms of stained and unstained cells
represents the level of drug accumulated within cells, which may be manifested by D value
calculated with Kolmogorov-Smirnov statistics [43,44] (Fig. 4B). As controls, co-incubation
of mitoxantrone with the selective inhibitor of ABCG2, FTC, produced the maximal
fluorescence intensity, indicating an extensive drug accumulation within MCF-7/MX100
cells when ABCG2 activity was blocked. Compared with the control, MCF-7/MX100 cells
transfected with miR-519c or miR-328 expression plasmids had significantly higher D
values (Fig. 4B). The results suggest that overexpression of miR-519c or miR-328 could
increase intracellular accumulation of mitoxantrone, which is probably due to the decrease
of ABCG2 protein expression (Fig. 2A). In contrast, no significant difference in
mitoxantrone fluorescence was observed between cells transfected with control and
miR-520h expression plasmids, which is consistent with the finding of an unchanged
ABCG2 protein expression (Fig. 2A).

3.7. miR-519c, miR-328 and miR-520h are differentially expressed in stem-like ABCG2+ and
non-stem-like ABCG- human retinoblastoma cells

To further evaluate the role of miRNAs in ABCG2 regulation, we investigated the
expression of miR-328, -519c and -520h in stem-like cancer cells that are characterized by
ABCG2 overexpression. RB143 human retinoblastoma cells were separated into ABCG2+
(stem-like) and ABCG2− (non-stem-like) populations through immunomagnetic positive
selection. RT-qPCR assays were used to determine the expression of miRNAs, ABC
(ABCB1, ABCC1 and ABCG2) transporters, as well as the stem cell markers CD133 and
ALDH1A1 [45]. ABCG2 mRNA expression was approximately 51-fold higher in ABCG2+
cells, a strong indication of cell enrichment by the immunomagnetic selection. As an
additional validation of the stem cell phenotype, the stem cell markers ALDH1A1 and
CD133 were approximately 10- and 8-fold higher in the ABCG2+ cells, respectively. The
ABCC1 transporter was undetectable in both cell populations, whereas ABCB1 expression
showed no difference between ABCG2− and ABCG2+ cells. Very interestingly, miR-328,
-519c and -520h levels were approximately 9-, 15- and 3-fold lower in ABCG2+ cells,
respectively. The degree of difference in miRNA expression between ABCG2+ enriched
human retinoblastoma cells and ABCG2− counterparts agrees with the greater contribution
from miR-519c and -328 to the regulation of ABCG2 observed in human breast cancer cells
(Fig 2 and Fig 4).

4. Discussion
There is emerging evidence supporting the role for noncoding miRNAs in epigenetic
regulation of drug-metabolizing enzymes and membrane transporters [4–8], which are
molecular determinants of drug absorption, distribution, metabolism and excretion
processes. The full length 3′UTR of ABCG2 transcript consists of 1968 bases that may be
targeted by regulatory miRNAs [11,15,18]. However, in contrast to the existence of both
long (~2000 nt) and short (100–400 nt) ABCG2 3′UTR transcripts in drug-sensitive cells,
only the short forms were found in drug-resistant cells [14]. Because the short forms are
lacking of the putative distal miR-519c MRE (1526–1548 nt) [15], it was suggested that
miR-519c might not be able to affect ABCG2 expression in drug-resistant cells [14]. Our
current study, however, showed that ABCG2 protein expression was significantly reduced in

Li et al. Page 7

Biochem Pharmacol. Author manuscript; available in PMC 2012 March 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



drug-resistant MCF-7/MX100 cells with a gained miR-519c function (Fig. 2A), in addition
to a dramatic elevation of ABCG2 expression in drug-sensitive MCF-7 cells with a reduced
miR-519c function (Fig. 2B). Indeed, miR-519c expression level was sharply increased in
cells transfected with miR-519c expression plasmid (Table 2), indicating the existence of
miR-519c processing machinery in drug-resistant MCF-7/MX100 cells. Furthermore, the
suppression of ABCG2 protein expression was associated with a faster degradation of
ABCG2 transcripts (Fig. 3), suggesting the involvement of an mRNA decay mechanism in
miR-519c-controlled regulation. In addition, our computational analyses and biochemical
experiments demonstrated that the proximal MRE site (30–52 nt) assigned to miR-520h was
also accessible by miR-519c. The presence of proximal miR-519c MRE site (Fig 1A) may
provide a good explanation for the obvious suppression of ABCG2 (Fig 2A) in drug-
resistant cells when miR-519c expression/function is restored (Table 2). Rather, the
overexpression of ABCG2 in drug-resistant cancer cells could be, at least partially,
attributable to the defect of miR-519c expression (Table 2), in addition to the shortening of
3′UTR [14] and gene amplification [25–27].

It is noteworthy that one gene is potentially targeted by a number of miRNAs. Recent
studies did show the possible involvement of multiple miRNAs, namely miR-520h, -519c
and -328, in posttranscriptional regulation of ABCG2 membrane transporter [11,15,18,31].
In particular, miR-328 modulates intrinsic ABCG2 expression in MCF-7 breast
adenocarcinoma cell lines [11], miR-519c regulates endogenous ABCG2 expression in the
A549 adenocarcinomic human alveolar basal epithelial cell line [15], and miR-520h changes
natural ABCG2 expression in PANC-1 human pancreatic carcinoma cell line [18]. Our
current study provided a side-by-side comparison of miR-328, -519c and -520h in regulation
of ABCG2 expression in MCF-7 human breast cancer cell lines. Our results (Fig. 2), from
both gain- and loss-of-function studies, clearly demonstrated that miR-519c and miR-328
had much greater impact on ABCG2 protein expression than miR-520h in human breast
cancer cells. The lack of ABCG2 regulation by miR-520h may be attributed to the deficient
processing of miR-520h precursors in MCF-7/MX100 cells (Table 2). As described above
and in our previous study [11], the overall effects of an miRNA on ABCG2 expression may
be related to the existence and availability of MRE sites, target site accessibility, miRNA
abundance and regulatory mechanisms. Due to the difference in one or two factors, e.g.,
miRNA or mRNA expression profiles, the findings obtained from one type of cell might not
be predictable for others.

As shown in other studies [11–13,16,19], miRNA-directed change of transporter expression,
e.g., ABCB1/MDR1, ABCC1/MRP1 and ABCG2/BCRP, may result in an altered cellular
drug disposition and chemosensitivity. Our current study indicated that down-regulation of
ABCG2 protein expression (Fig. 2) by miR-519c and -328 led to a modest increase of
intracellular accumulation of mitoxantrone (Fig. 4), which could be determined by the
degree of change in ABCG2 transporter, selectivity of test drug, and other experimental
conditions (e.g., dose, time point and transfection efficiency). These findings suggest that
miRNAs could be important factors in regulation of drug disposition, and support the notion
that modulation of miRNA expression or function may influence cellular defense against
xenobiotic drugs.

Besides the important role in pharmacokinetics, ABCG2 is a suggested marker of stem cells
that are capable of self-renewal and differentiation. With the development of the “cancer
stem cell” hypothesis [46], high expression of ABCG2 is reported to confer the “side
population” cells that efflux Hoechst dye 33342 [28–30], as well as a subpopulation of
melanoma cells expressing a high percentage of stem cell marker CD133 [47]. Results from
our current study agree with our recent findings that ABCG2 may serve as stem cell marker
in human retinoblastoma cells [45]. High expression of other stem cell markers, CD133 and
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ALDH1A1, was also found in ABCG2+ cells (Fig 5). The most significant finding is the low
expression of miR-519c, -328 and -520h in ABCG2+ enriched cells, which is consistent
with the reduced expression of ABCG2-regulatory miR-328 found in ABCG2-
overexpressing MCF-7/MX100 cells [11] but different from overexpression of miR-520h in
CD3+/CD38− human hematopoietic stem cells isolated through fluorescence-activated cell
sorting [31]. Our finding of differential expression of ABCG2-regulatory miRNAs in stem-
like ABCG2+ cells and their ABCG2− counterparts suggests that further investigation of
miRNA signaling in stem cells may provide new insights into ABCG2-mediated
chemoresistance and metastasis.

In summary, the known miR-520h MRE site from 30 to 52 nt within ABCG2 3′UTR is also
accessible by miR-519c-3p. The existence of this proximal and previously-identified distal
MRE sites for miR-519c may confer the efficient regulation of ABCG2 by miR-519c, which
involves an mRNA degradation mechanism. Our findings also suggest that miR-519c and
miR-328 are relatively more important in control of ABCG2 expression in MCF-7 human
breast cancer cells, and intervention of miRNA signaling may alter intracellular drug
accumulation. In addition, the differential expression of miR-519c, -328 and -520h in
ABCG2+ enriched human retinoblastoma cells provides novel insights into understanding
miRNA signaling in stem cancer cells.
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Figure 1.
A new MRE site for miR-519c proximal to ABCG2 stop codon is identified by
bioinformatic analyses, and confirmed by luciferase reporter assay and site-directed
mutagenesis. (A) Putative MRE sites for miR-328, -519c and -520h within ABCG2 3′UTR
were identified by TargetScan, PITA, Microcosm Targets or RNA22 algorithm. (B) The
proximal MRE site at 30–52 nt after stop codon may be targeted by both miR-519c and
-520h, which is well conserved in Rhesus (Mml), Mouse (Mmu), Rat (Rno) and Human
(Hsa). (C) The luciferase reporter activities (mean ± SD of triplicate cultures) of the
shortened wild-type ABCG2 3′UTR (0–1296 nt) were significantly (*P < 0.01) reduced in
HEK293 cells after transfection with miR-519c expression plasmid, as well as miR-520h
and -328. (D) Base pairings between Mutant ABCG2 3′UTR and miR-519c or -520h are
disrupted. (E) Mutant ABCG2 3′UTR-luciferase reporter activity was not affected by
miR-519c or -520h.
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Figure 2.
miR-519c and -328 have greater effects on ABCG2 protein expression than miR-520h in
human breast cancer cells. (A) ABCG2 protein levels (mean ± SD of triplicate cultures)
were significantly (*P < 0.05) reduced in MCF-7/MX100 cells after transfection with
miR-519c- or -328 expression plasmids, whereas ABCG2 remained unchanged in cells
transfected with miR-520h plasmid. (B) ABCG2 protein levels were elevated (*P < 0.05) in
MCF-7 cells to a much higher degree by miR-328 or -519c antagomir than that by miR-520h
antagomir. Whole-cell proteins were separated by SDS-PAGE, and immunoblot analyses
were conducted with selective antibody against ABCG2 or GAPDH (loading control).
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Figure 3.
ABCG2 mRNA degradation is accelerated significantly (P < 0.001) in MCF-7/MX100 cells
after transfection with miR-519c expression plasmid. Actinomycin D was utilized to block
nascent RNA synthesis. Data represent mean ± SD (n = 3 in each group) of triplicate
cultures. ABCG2 mRNA levels were normalized to GAPDH.
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Figure 4.
Intervention of miR-519c or -328 signaling alters intracellular mitoxantrone accumulation.
(A) Representative fluorescence histograms showing control autofluorescence (solid), and
mitoxantrone content after 60 min of incubation in the absence (dotted) or presence (dashed)
of 10 μM FTC in MCF-7/MX100 cells transfected with control or individual miRNA
expression plasmids. (B) Drug accumulation was significantly (P < 0.05) different between
cells transfected with control and miR-519c expression plasmid, as well as control and
miR-328 expression plasmid, which was indicated by difference in D value (mean ± SD of
triplicate treatments) between stained and unstained cells calculated with Kolmogorov-
Smirnov test (CellQuest, BD Biosciences).
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Figure 5.
miR-328, -519c and -520h expression levels are significantly (P < 0.05) lower in stem-like
ABCG2+ human retinoblastoma RB143 cells. Note that the stem cell markers ALDH1A1
and CD133 are significantly (P < 0.05) higher in ABCG2+ cells. Data represent mean ±
SEM of a total of six measurements in two separate enrichments. ALDH1A1, CD133 and
ABC transporter levels were normalized to 18S levels, and miRNA levels were normalized
to U74 levels.
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Table 2

Mature miRNA expression in MCF-7/MX100 cells after transfection with control (pS-Neg) or miRNA
expression (pS-miR) plasmids, as determined by real-time qPCR analyses. Small RNA U54 and U74 were
used as reference genes. CT values represent mean ± SD of quadruplicate cultures.

CT linear range CT value

pS-Neg pS-miR

miR-328 22–30 27.8 ± 0.3 23.3 ± 1.4

U54 5–23 8.58 ± 0.38 8.61 ± 0.33

U74 22–34 27.7 ± 0.3 28.6 ± 0.5

miR-519c 22–33 >34 23.6 ± 0.4

U54 5–23 8.58 ± 0.38 8.34 ± 0.40

U74 22–34 27.7 ± 0.3 28.3 ± 0.8

miR-520h 26–32 >32 >32

U54 5–23 8.58 ± 0.38 8.60 ± 0.27

U74 22–34 27.7 ± 0.3 28.6 ± 0.3
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