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Deregulation of micro-RNAs (miRNAs) is emerging as a
major aspect of cancer etiology because their capacity to direct
the translation and stability of targeted transcripts can dramat-
ically influence cellular physiology. To explore the potential of
exogenously applied miRNAs to suppress oncogenic proteins,
the ERBB oncogene family was chosen with a bioinformatics
search identifying targeting seed sequences for miR-125a and
miR-125bwithin the 3�-untranslated regions of bothERBB2 and
ERBB3. Using the human breast cancer cell line SKBR3 as a
model for ERBB2 and ERBB3 dependence, infection of these
cells with retroviral constructs expressing either miR-125a or
miR-125b resulted in suppression of ERBB2 and ERBB3 at both
the transcript and protein level. Luciferase constructs contain-
ing the 3� 3�-untranslated regions of ERBB2 and ERBB3 demon-
strated �35% less activity inmiR-125a- andmiR-125b-express-
ing cells relative to controls. Additionally, phosphorylation of
ERK1/2 andAKTwas suppressed in SKBR3 cells overexpressing
either miR-125a or miR-125b. Consistent with suppression of
both ERBB2 and ERBB3 signaling, miR-125a- or miR-125b-
overexpressing SKBR3 cells were impaired in their anchorage-
dependent growth and exhibited reduced migration and inva-
sion capacities. Parallel studies performed on MCF10A cells
demonstrated thatmiR-125a ormiR-125b overexpression pro-
duced only marginal influences on the growth and migration of
these non-transformed humanmammary epithelial cells. These
results illustrate the feasibility of usingmiRNAs as a therapeutic
strategy to suppress oncogene expression and function.

Micro-RNAs (miRNAs)2 comprise a large class of regulatory
noncoding RNAs capable of exerting pronounced influences
upon the translation and stability of mRNAs (1–4). Efforts to
understand their biogenesis and target specificity have become

active areas of research as their role in such processes as devel-
opment, differentiation, and apoptosis comes into focus (1–4).
Additional impetus to understanding their biology has emerged
from growing evidence implicating miRNA deregulation in
cancer etiology (5–8).
More than 400 human miRNAs have been identified to date

with up to �1000 miRNAs postulated to exist on the basis of
bioinformatics analyses, leading to the speculation that a
majority of human mRNAs are subject to miRNA regulation
(9–10). miRNAs are initially excised from a primary RNA tran-
script in the nucleus by the nuclear RNase III endonucleases
Drosha working in cooperation with DGCR8 (4, 11). Export to
the cytoplasm is facilitated by exportin-5, where the �70-nt
pre-miRNA is further processed by the RNase III endonuclease
Dicer into a mature �22-nt double-stranded miRNA (1–4).
Subsequent incorporation of one strand into RISC (RNA-in-
duced silencing complex) establishes the miRNA as competent
to targetmRNAs for translational arrest and, in some instances,
transcript decay (1–3). Although targeting of a mRNA by a
miRNA remains a poorly defined process, it appears to be
largely mediated by complementarity between nucleotides 2 to
5 (numbered from the miRNA 5� end), occasionally referred to
as the “seed sequences,” with a target element in the transcript
3�-UTR (1–3, 9, 12).

Involvement of miRNAs in the oncogenic process has been
supported by the observation that the 13q14 deletion charac-
terizing more than half of all chronic lymphocytic leukemias
results in loss of miR-15a and miR-16-1 genes (5). Additional
studies using microarray profiling have demonstrated aberrant
expression of miRNAs in human cancers, with deregulation of
specific miRNAs distinguishing different cancer types (7, 8).
One breast cancer study concluded that two up-regulatedmiR-
NAs (miR-21,miR-155) might act as oncogenes, whereas three
other down-regulated miRNAs (miR-10b,miR-125b, andmiR-
145) might act as breast cancer suppressor genes (8). Of inter-
est, these same breast cancer suppressing miRNA candidates,
miR-10b, miR-125b (along with its homolog, miR-125a), and
miR-145, were also identified in a recent study as being signifi-
cantly down-regulated in ERBB2-amplified and -overexpress-
ing breast cancers clinically matched against ERBB2-negative
human breast cancers (13).
Given this involvement of miRNAs with cancer develop-

ment, the manipulation of cellular miRNA levels has emerged
as a potential strategy for therapeutic intervention (14–16).
Efforts to predictably alter intracellular transcript profiles by
increasing specificmiRNA levels either through transfection or
viral delivery methods have demonstrated the potential of this
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strategy to modulate cellular physiology (12, 14). Conversely,
attempts to reduce miRNA levels using biologically stable
antisense moieties such as 2�O-methyl oligonucleotides or
“antagomirs” have also proven capable of altering intracellular
transcript profiles (15, 16).
A bioinformatics comparison of the 3�-UTRs of ERBB2 and

ERBB3 revealed a consensus target element for bothmiR-125a
andmiR-125b; thus, the present studywas undertaken to assess
ERBB2 and ERBB3 suppression after retroviral delivery and
overexpression of these miRNAs in an ERBB2-amplified and
-overexpressing human breast cancer cell line, SKBR3. Overex-
pression ofmiR-125a ormiR-125b reduced ERBB2 and ERBB3
at both the transcript and protein level in these cells, leading to
reduced ERK1/2 and AKT signaling. Functionally, miR-125a-
ormiR-125b-overexpressing SKBR3 cells displayed diminished
plating and anchorage-dependent growth in addition to mark-
edly reduced cell migration and invasion capacities. Parallel
studies performed on MCF10A cells demonstrated that miR-
125a or miR-125b overexpression produced only marginal
influences on the anchorage-dependent growth and migration
of these non-transformed and ERBB2-independent human
mammary epithelial cells.

EXPERIMENTAL PROCEDURES

Cell Lines, Reagents, and Supplies—The ERBB2-dependent
human breast cancer cell line, SKBR3, and the non-trans-
formed and ERBB2-independent human mammary epithelial
cell line,MCF10A,were obtained from theAmericanTypeCul-
ture Collection (Manassas, VA). SKBR3 cells were maintained
in McCoy’s media supplemented with 10% fetal bovine serum
and 1% penicillin/streptomycin. MCF10A cells were main-
tained in Dulbecco’s modified Eagle’s medium/F-12 medium
supplemented with 5% fetal bovine serum, 20 ng/ml recombi-
nant EGF (Invitrogen), 0.5 �g/ml hydrocortisone (Sigma), 100
ng/ml cholera toxin (Sigma), and 10 �g/ml insulin (Sigma).
Antibodies used in this study included the ERBB2 mouse
monoclonal antibody Ab-3 from EMD Biosciences (La Jolla,
CA), ERBB3mouse monoclonal antibody Ab-6 from NeoMar-
kers (Fremont, CA), rabbit polyclonal antibodies to total
ERK1/2, phospho-Ser-ERK1/2, total AKT and phospho-Ser-
AKT from Cell Signaling Technology Inc. (Beverly, MA), and
mouse monoclonal antibody to �-actin from Abcam (Cam-
bridge, MA). Invasion and migration assays were preformed
using 24-well formatted BioCoat Matrigel Invasion Chambers
and 24-well formatted 8-�m PET track-etched porous mem-
branes, respectively, commercially obtained from BD Bio-
sciences (Bedford, MA).
Micro-RNA Data Base and Retroviral Expression of miRNAs—

Nucleotides 2–7 from the 5� end of miRNA of the 321 human
miRNA listed in the Sanger miRBase 7.0 release were
searched for complementarity to the 3�-UTRs of ERBB2
(Ensemble gene ENSG00000141736) and ERBB3 (Ensemble
gene ENSG00000065361). Full-length human miRNAs miR-
125a and miR-125b together with �200 bp of flanking
sequence were amplified from human genomic DNA and
cloned into the pTOPO-D entry vector (Invitrogen). Cloned
fragments were verified by sequencing, and recombinase was
cloned into the pMSCVpuro expression vector (Clontech).

Primers used for the genomic amplification ofmiR-125a and
miR-125b were: miR-125a, 5�-caccggcttctgtgtctctttcacag-3�
(forward) and 5�-gacgggacggcactggccagag-3� (reverse); miR-
125b, 5�-cacctgtatgtgcgtgattgtatatg-3� (forward) and 5�-cct-
caggcatcaataacatgca-3� (reverse).
Infectious and replication-incompetent retroviral particles

were produced as previously described (17). SKBR3 and
MCF10Acellswere infectedwith retroviral particles expressing
miR-125a, miR-125b or only the puromycin resistance gene
(puro control). After retroviral infection and primary puromy-
cin selection at 0.5 �g/ml, cell pools of SKBR3-125a, SKBR3-
125b, and SKBR3-puro together with MCF10A-125a,
MCF10A-125b, and MCF10A-puro were maintained for mul-
tiple culture passages under lower puromycin concentration
(0.25 �g/ml).
3�-UTR-luciferase Reporter Constructs and SKBR3 Transient

Transfection Assays—EST clones containing the 3�-UTR
sequences from ERBB2 and ERBB3 cDNA were commercially
obtained (Invitrogen) and used as templates for PCR amplifica-
tion of the full-length or deleted (nt 1–44 and 1–26 for deleted
ERBB2 andERBB3UTRconstructs, respectively) 3�-UTRprod-
ucts. PCR products were cloned into the XbaI site of the
luciferase reporter pGL3 (Promega, Madison, WI) to
yield pERBB2wtUTR, pERBB2�UTR, pERBB3wtUTR, and
pERBB3�UTR containing the wild type and deleted 3�-UTRs
from ERBB2 and ERBB3, respectively. The 3�-UTR inserts from
all constructs were sequence-verified. Transient transfection
assayswere performed in 12-well plates seededwith�1.5� 105
SKBR3-125a, SKBR3-125b, or SKBR3-puro cells per well using
Lipofectamine 2000 (Invitrogen) according to the manufactur-
er’s recommendations. For each transfection experiment, equal
volumes of a given DNA-lipid complex formulation were dis-
tributed in duplicate to each of the SKBR3-125a, SKBR3-125b,
and SKBR3-puro cultures with at least three separate transfec-
tion experiments performed for each 3�-UTR construct. The
�-galactosidase expression vector pCH110 (Amersham Bio-
sciences) was co-transfected with each experiment for normal-
ization of transfection efficiency. Because both the pCH110 and
pGL3 co-transfected constructs use the SV40 promoter, poten-
tial promoter differences resulting frommiR-125a ormiR-125b
overexpression were presumed nullified.
Northern and Western Blotting—Total RNA extracted using

Trizol (Invitrogen) from retrovirally infected SKBR3 and
MCF10Acells was analyzed byNorthern blotting.Methods and
probes described previously (18) were used to detect ERBB2
(4.6 kilobases) and ERBB3 (4.9 kilobases) transcripts relative
to control glyceraldehyde-3-phosphate dehydrogenase tran-
scripts. Levels of enforced and endogenous expression ofmiR-
125a and miR-125b were detected using 15% Tris borate-
EDTA urea polyacrylamide gels (Invitrogen), with RNA
transferred onto Hybond Plus membranes (Amersham Bio-
sciences) as previously described (18) and probed with anti-
sense miR-125a or miR-125b DNA oligonucleotides that were
32P end-labeled. Loading for small RNA species was controlled
by probing with a 32P end-labeled antisense snU6 DNA oligo-
nucleotide (5�-ttgcgtgtcatccttgcgcagg-3�). Total protein ex-
tracted from retrovirally infected SKBR3 sublines was ana-
lyzed by Western blotting using methods and antibodies

ERBB2 and ERBB3 Suppression by miR-125a/b Micro-RNA

1480 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 282 • NUMBER 2 • JANUARY 12, 2007

 at H
arvard Libraries on N

ovem
ber 6, 2007 

w
w

w
.jbc.org

D
ow

nloaded from
 

http://www.jbc.org


described previously (19) to detect endogenous ERBB2 and
ERBB3 receptor levels relative to �-actin and phospho-Ser-
ERK1/2 and phospho-Ser-AKT relative to total ERK1/2 (42/44
kDa) and AKT.
Cell Proliferation, Migration, and Invasion Assays—All cell

proliferations assays were replicated in three independent
experiments using the retrovirally infected cell pools (SKBR3-
125a, SKBR3-125b, SKBR3-puro, MCF10A-125a, MCF10A-
125b, and MCF10A-puro). In each experiment, cells were
trypsinized, counted, and plated into duplicate wells of 6-well
plates at 2 � 105 cells per well. Total cell counts were obtained
and averaged on days 2, 4, and 6 after plating. All cell migration
and invasion assays were similarly replicated three times using
independently infected cell pools. Cells were trypsinized, pel-
leted, and resuspended in media without serum or growth fac-
tors. After counting, 1 � 104 SKBR3 cells in 0.5 ml of medium
were added to either 8-�m porous chamber inserts or 8-�m
porous BioCoatMatrigel chamber inserts (BDBiosciences) and
placed in wells filled with 0.75 ml of medium supplemented
with 10% fetal calf serumas chemoattractant for bothmigration
and invasion assays.MCF10A cells are capable ofmigration but
not Matrigel invasion; after counting, 3 � 104MCF10A cells in
0.5 ml of medium were added to 8-�m porous chamber inserts
placed in wells filled with 0.75 ml of medium supplemented
with 5% fetal calf serum and growth factors (see above) as che-
moattractant. After 20 h of incubation, cells remaining on the
insert top layers were removed with cotton swab scrubbings as
recommended by the manufacture. Cells on the membrane
lower surfaces were fixed in 100% methanol for 2 min followed
by staining (2 min) in a 1% toluidine blue solution prepared in
phosphate-buffered saline. Insertswerewashed several times in
distilled water before air drying; membranes were photo-
graphed using an Olympus I � 70 microscope at 70�, and cell
counts were determined after totaling five random fields (each
field capturing�6% of totalmembrane area) and expressed as a
percentage of the control cell number.

RESULTS

Conserved miR-125 Targeting Element Identified within the
3�-UTRs of ERBB2 and ERBB3 and Retroviral Overexpression of
miR-125 Species in Human Mammary Epithelial Cells—To
explore the strategy of externally deliveredmiRNAs to promote
the down-regulation of proteins with known oncogenic prop-
erties, the ERBB family, consisting of ERBB1/EGFR (epidermal
growth factor receptor), ERBB2, ERBB3, and ERBB4 family
members, was chosen for miRNA targeting. A bioinformatics
search ofERBB family 3�-UTRs for complementarity tomiRNA
seed sequences (nt 2–7 from the 5� end), as listed in the Sanger
miRBase data base (Version 7.0 release), focused attention on
miR-125a and miR-125b. The most proximal 3�-UTR regions
of both ERBB2 and ERBB3 were found to exhibit perfect
complementarity with the 5� nucleotides, nt 1–8, ofmiR-125a
and miR-125b. Interest in the miR-125 family was also sup-
ported by its evolutionary link to lin-4, the first identified
miRNA species functionally known to regulate Caenorhabditis
elegans cellular proliferation (21, 22) as well as recent identifi-
cation of this miRNA family as candidate breast cancer sup-
pressors (8). As shown in Fig. 1A, the maximum free energy

predicted hybridization configurations between the putative
3�-UTRmiR-125 target elements in ERBB2 and ERBB3 and the
seed sequences in miR-125a or miR-125b all exhibit similar
stabilities at�G� �14 kcal/mol, determined bymFold analysis
and consistent with authentic miRNA targeting (20).
The use of viral constructs offers the possibility of rapidly

producing high intracellular levels of mature miRNA via the
endogenousmiRNAprocessing pathway. To this end,�300-bp
fragments containing genomic miR-125a and miR-125b
sequences were obtained by PCR amplification from human
DNA and cloned into pMSCV, a retrovirus producing high
transcript levels driven by its long terminal repeat. A human
breast cancer cell line, SKBR3, dependent upon endogenous
ERBB2 amplification and receptor overexpression for its
growth and survival, and the non-transformed and ERBB2-in-
dependent human mammary epithelial cell line, MCF10A,
were retrovirally infected and selected for viral integration by
puromycin selection. As shown in theNorthern blots of Fig. 1B,
enforced expression of mature miR-125a and miR-125b was
achieved in both cell lines at �7–10-fold increases above their
endogenous miRNA levels.
SKBR3 Overexpression of miR-125a or miR-125b Suppresses

ERBB2 and ERBB3 Transcript and Protein Expression and
Inhibits Signaling by ERK1/2 and AKT Pathways—After retro-
viral infection and �10 days of puromycin selection, total RNA
and protein extracts were prepared from pooled SKBR3 cells
showing either miR-125a or miR-125b overexpression and
fromcontrol cells similarly infected butwith the pMSCVempty
vector and puromycin selected. As shown in theNorthern blots
of Fig. 2A, ERBB2 transcript levels in the SKBR3-125a and
SKBR3-125b cells were 52 and 80%, respectively, of SKBR3-
puro control levels after loading normalization by glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) mRNA levels.
Likewise, ERBB3 mRNA levels in SKBR3-125a and SKBR3-
125b cells were 67 and 90%, respectively, that of SKBR3-puro
control levels after normalization. As shown in the Western
blots of Fig. 2B, ERBB2 protein levels were reduced to 40 and
65% that of control (SKBR3-puro) levels in SKBR3-125a and
SKBR3-125b cells, respectively, whereas ERBB3 protein levels
were reduced to 60 and 80% that of control levels, respectively,
after loading normalization by �-actin levels.

The downstream signaling response of ERBB2 and ERBB3
receptor activation and heterodimerization includes serine
phosphorylation of ERK1/2 and AKT pathway intermediates.
Thus, the basal activation status of these two signal transduc-
tion pathways were assessed by Western blotting protein
extracts isolated from SKBR3-125a and SKBR3-125b cells rel-
ative to those from control SKBR3-puro cells. As shown in the
Western blots of Fig. 2B, phospho-ERK1/2 (pERK1/2) and
phospho-AKT (pAKT) levels relative to total ERK1/2 and total
AKT levels were significantly reduced in the miR-125a- and
miR-125b-overexpressing SKBR3 cells, with the former show-
ing greater suppression than the latter, consistent with the
more pronounced ERBB2 and ERBB3 protein suppression
observed in the SKBR3-125a cells compared with the SKBR3-
125b cells.
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Analysis of ERBB2 and ERBB3 3�-UTRs for miR-125
Responsiveness—To examine the 3�-UTRs from ERRB2 and
ERRB3 for responsiveness to miR-125a or miR-125b overex-
pression, the full-length 3�-UTR sequences from ERBB2 and
ERBB3 cDNAs were cloned into the luciferase expressing
pGL3-promoter vector using a unique XbaI site just down-
stream of the luciferase stop codon to create pERBB2wtUTR
and pERBB3wtUTR expression constructs, respectively, for
transient transfection into SKBR3-125a, SKBR3-125b, and
SKBR3-puro cells. As shown in Fig. 3A, luciferase activities
expressed off the pERBB2wtUTR or pERBB3wtUTR constructs
were suppressed by 60–72% in the miR-125a- and miR-125b-
expressing SKBR3 cells relative to luciferase activity expressed
in the SKBR3-puro control cells. To confirm the involvement of

miR-125a and miR-125b in this
reporter gene suppression, 3�-UTR
deletion constructs (�UTR) were
made that eliminated the conserved
CUCAGGGA-targeting elements
from the ERBB2 and ERBB3 UTR
reporters; bases 1–44 were deleted
to create pERBB2�UTR, whereas
bases 1–26 were deleted to create
pERBB3�UTR. In experiments
where the full-length and deleted
UTR constructs for ERBB2 and
ERBB3 were each transiently trans-
fected into SKBR3-125a and
SKBR3-125b cells, luciferase activ-
ity from pERBB2�UTR was �1.4-
fold greater than that from
pERBB2wtUTR, whereas the lucif-
erase activity from pERBB3�UTR
was �1.7-fold greater than activity
from pERBB3wtUTR, as shown in
Fig. 3B. Also seen in Fig. 3B is the
much lower but still slightly
increased (1.1-fold) luciferase activ-
ity resulting from the UTR deletion
constructs (relative to their respec-
tive wild type UTR constructs) in
the SKBR3-puro control cells, possi-
bly reflecting the endogenous levels
ofmiR-125a andmiR-125b in these
cells (as shown in Fig. 1B).
Overexpression of miR-125a or

miR-125b Impairs Anchorage-de-
pendent Growth of SKBR3—The
anchorage-dependent growth con-
sequences of enforced miR-125a
or miR-125b overexpression were
compared in the ERBB2-dependent
SKBR3 and ERBB2-independent
MCF10A cell lines. All experiments
were performed on pooled puromy-
cin-selected cells within 2–3 weeks
after their retroviral infection and
initial selection and while under

puromycin selection pressure. As shown in Fig. 4A, within 2
days of plating an equal number of viable SKBR3-125a, SKBR3-
125b, and SKBR3-puro cells, only 50 and 75% of themiR-125a-
andmiR-125b-overexpressing cells, respectively, remained via-
bly attached and growing relative to the SKBR3-puro control
cells. After this initial 2-day interval, growth rates estimated by
linear extrapolation out to day 6 indicated an apparent 60%
slower growth rate by the SKBR3-125a and SKBR3-125b cells
relative to the SKBR3-puro cells. In contrast to the impaired
anchorage-dependent growth associated with miR-125a or
miR-125b overexpression in the SKBR3 cells, Fig. 4B shows that
the similarly produced and miRNA-overexpressing MCF10A-
125a and MCF10A-125b cells exhibited little if any impaired
plating and growth within the first 2 days relative to control

FIGURE 1. Minimum free energy states of hybridization between miR-125a or miR-125b with conserved
ERBB2 and ERBB3 3�-UTR target elements and retroviral overexpression of miR-125a and miR-125b in
SKBR3 and MCF10A breast epithelial cells. A, predicted hybridization of miR-125a and miR-125b with the
conserved ERBB2 and ERBB3 target element CUCAGGGA (underlined), as determined by the mFold Server.
Non-bonding bases protrude above and below the duplexed UTR and miRNA bases, respectively, with map-
ping of the target element into the ERBB2 and ERBB3 3�-UTRs as indicated. B, Northern analyses of total RNA
prepared from SKBR3 and MCF10A cells after infection and puromycin selection using retroviral constructs
expressing either miR-125a (SKBR3-125a, MCF10A-125a), miR-125b (SKBR3-125b, MCF10A-125b), or empty vec-
tor controls (SKBR3-puro, MCF10A-puro). Northern blots in the left two panels were probed for miR-125a,
whereas Northern blots in the right two panels were probed for miR-125b. Mature and pre-miRNA species are
noted, and equal RNA loading was confirmed by probing for the small RNA species, U6 RNA.
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MCF10A-puro cells. Extrapolating
their growth rates out to day 6 indi-
cated an apparent 25% slower
growth rate by the MCF10A-125a
and MCF10A-125b cells relative to
the control MCF10A-puro cells,
suggesting amild negative influence
by these miRNAs on cellular prolif-
erationmechanisms independent of
ERBB2 status and possibly related to
the reported tumor suppressing
function ofmiR-125a andmiR-125b
(8).
Overexpression of miR-125a or

miR-125b Impairs Migration and
Invasiveness of SKBR3—Because
previous studies have linked ERBB2
receptor activation and ERBB3 het-
erodimerization with cellularmotil-
ity and invasiveness (23, 24), a Boy-
den chamber assay format was used
to measure the effects of mir-125a
and mir-125b overexpression on
cellular migration and invasion. As
shown by the graph and images in
Fig. 5A, SKBR3-125a and SKBR3-
125b cells exhibited a greater than
50% reduction in their motility rela-
tive to control SKBR3-puro cells. In
contrast and as shown in Fig. 5B,
MCF10A-125a and MCF10A-125b
cells exhibited less than a 10%

reduction in their motility relative to control MCF10A-puro
cells. Invasiveness, requiring both cell motility and proteolytic
properties enabling advancement through a solid and protein-
aceous extracellular matrix like Matrigel, is thought to more
directly assess cellmetastatic potential. Although immortalized
and capable of motility comparable with SKBR3 cells, the non-
transformed MCF10A cells are incapable of significant inva-
siveness through an extracellular matrix. Although the inva-
siveness of SKBR3 cells may be lower than that of other much
more aggressive breast cancer cell lines (e.g. MDA-231), it is
easily measurable as are the effects of mir-125a or mir-125b
overexpression on SKBR3 invasiveness. As shown in Fig. 5C,
SKBR3-125a and SKBR3-125b cells displayed pronounced
impairments in their invasive potentials, with the former show-
ing 75% reduction and the latter showing 67% reduction in their
proportions of invading/migrating cells relative to SKBR3-puro
controls.

DISCUSSION

As presented here, retroviral overexpression ofmiR-125a or
miR-125b in the ERBB2-dependent human breast cancer cell
line, SKBR3, produced suppression of its anchorage-dependent
growth potential and even greater inhibition of its motility and
invasive capabilities. Similar retroviral overexpression of
these miRNAs in non-transformed and ERBB2-independent
MCF10A cells produced marginal effects on its anchorage-de-

FIGURE 2. Northern and Western analyses of SBKR3 cells overexpressing miR-125a or miR-125b. A, North-
ern blots using total RNA isolated 2 weeks after retroviral infection and puromycin selection from control
(SKBR3-puro) or miRNA-overexpressing cell pools (SKBR3-125a, SKBR3-125b) probed for ERBB2 or ERBB3 tran-
scripts. ERBB2 and ERBB3 mRNA band intensities normalized by glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) mRNA are shown below the lanes as percent of the respective control value (100%). B, Western blots
of total protein extracted from the same SKBR3 cell pools as above were probed for ERBB2 or ERBB3 receptor
content relative to �-actin protein and phospho (p)-Ser-ERK1/2 or phospho-Ser-AKT relative to total ERK1/2
and AKT protein content. ERBB2 and ERBB3 band intensities normalized by �-actin are shown below the lanes as
percent of the respective control value (100%).

FIGURE 3. Influence of miR-125a and miR-125b overexpression on ERBB2-
and ERBB3 3�-UTR-regulated reporters in SKBR3 cells. A, SKBR3 cells over-
expressing miR-125a (SKBR3-125a) or miR-125b (SKBR3-125b) and control
SKBR3 cells (SKBR3-puro) were transiently transfected with luciferase report-
ers containing either the wild type ERBB2 3�-UTR (pERBB2wtUTR) or wild type
ERBB3 3�-UTR (pERBB3wtUTR). Luciferase activities of pERBB2wtUTR and
pERBB3wtUTR in SKBR3-125a and SKBR3-125b cells were normalized by their
respective activities in control cells (SKBR3-puro) and plotted as percent activ-
ity relative to control cells. Open bars display ERBB2 3�-UTR activity, whereas
solid bars display ERBB3 3�-UTR activity. B, SKBR3-125a, SKBR3-125b, and
SKBR3-puro cells were transiently transfected with luciferase reporters con-
taining either wild type ERBB2 or ERBB3 3�-UTR sequences as in panel A or UTR
reporters deleted of their respective 3�-UTR miR-125 target elements
(pERBB2�UTR, pERBB3�UTR), as described under “Experimental Procedures.”
Open bars display relative ERBB2 3�-UTR luciferase activity (pERBB2�UTR/
pERBB2wtUTR), whereas solid bars display relative ERBB3 3�-UTR luciferase
activity (pERBB3�UTR/pERBB3wtUTR).
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pendent growth and no significant impact on the motility of
these non-invasive human breast epithelial cells. Such pheno-
typic alterations seen in the aneuploid and ERBB2-amplified
SKBR3 breast cancer model and not observed in the diploid
MCF10A breast epithelial model are consistent with inhibition
of the overexpressed ERBB2 and ERBB3 transcript and protein
levels in SKBR3, caused by enforced expression of either miR-
125a or miR-125b, two closely related miRNAs that appear
capable of targeting the cognate miR-125 target element,
CUCAGGGA, found conserved within the proximal 3�-UTR
sequences of human ERBB2 and ERBB3. The observed reduc-
tion in ERBB2 and ERBB3 protein levels may be reasonably
attributed to miRNA effects on ERBB2 and ERBB3 transcript
stability and translation, as a previous report indicates that
miR-125a andmir-125b can bifunctionally mediate both tran-
script decay and translational inhibition (22). Although the
molecular mechanisms explaining MCF10A cell immortaliza-
tion remain unclear, thesemotile and proliferating cells express
little or no ERBB2 or ERBB3 and do not respond to any ERBB-
targeted therapeutics. The possibility that miR-125a and miR-
125b target other growth regulating mechanisms independent
of ERBB2 and ERBB3 may be surmised by the slight growth
inhibitory response (25% reduction) observed in MCF10A-
125a and MCF10A-125b cells relative to control MCF10A-
puro cells and also the purported tumor suppressing function of
miR-125a andmiR-125b in human breast cancers independent
of ERBB2 status (8).
Although only a single ERBB homologue exists in inverte-

brates such a C. elegans and Drosophila, there are four ERBB
paralogs expressed in higher organisms encoding distinct
transmembrane receptors capable of homo- or heterodimer-
ization, activated by numerous epithelial cell growth factor
ligands and coordinately transducing a complex network of
intracellular signaling pathways used for epithelial cell develop-
ment, proliferation, and survival (25). Dysregulation of three of
these four receptor-encoding paralogs (ERBB1/EGFR, ERBB2,
ERBB3) singly or in combination can induce malignant trans-
formation. About 25% of all human breast cancers are associ-
ated with amplification and overexpression of ERBB2, and the
aggressive tumorigenic properties of such ERBB2-positive

FIGURE 5. Inhibitory effects of miR-125a or miR-125b overexpression
on migration and invasion of SKBR3 cells. A, migration of SKBR3-125a
and SKBR3-125b cells across 8-�m porous membranes relative to control
SKBR3-puro cells. Error bars represent the S.D. of mean values (expressed
as percent of control) from three independent experiments. Photomicro-
graphs on the right represent 70� images (�6% of total membrane area)
of toluidine blue-stained membranes used to obtain cell migration counts
for each of the SKBR3 cell pools. B, migration of MCF10A-125a and
MCF10A-125b cells across 8-�m porous membranes relative to control
MCF10A-puro cells. Error bars represent the S.D. of mean values (expressed
as percent of control) from three independent experiments. Photomicro-
graphs on the right represent 70� images of toluidine blue-stained mem-
branes used to obtain cell migration counts for each of the MCF10A cell
pools. C, percentage of SKBR3-puro, SKBR3-125a, and SKBR3-125b cells
invading through BioCoat Matrigel inserts and across 8-�m porous mem-
branes relative to the number of cells from each cell pool migrating across
the porous membranes without Matrigel inserts. Error bars represent the
S.D. of mean values (expressed as percent of control) from three inde-
pendent experiments.

FIGURE 4. Comparative effects of miR-125a or miR-125b overexpression
on the anchorage-dependent growth of SKBR3 and MCF10A cell lines.
Retrovirally infected SKBR3-125a, SKBR3-125b and SKBR3-puro control cells
(panel A) as well as MCF10A-125a, MCF10A-125b, and MCF10A-puro control
cells (panel B) were seeded into replicate wells of 6-well culture plates on day
0 (2 � 105 cells/well). Adherent cells were counted on days 2, 4, and 6, and
mean values are plotted as shown; error bars represent the S.D. of mean val-
ues from three independent experiments.
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breast cancers are dependent on both homodimerization of
ERBB2 receptors as well as their heterodimerization with ei-
ther ERBB1/EGFR or ERBB3 receptors. In particular, overex-
pressed ERBB2-ERBB3 heterodimers are thought to be most
critical for the aggressive growth and metastatic potential of
ERBB2-positive human breast cancers, since it is the trans-
phosphorylated ERBB3 partner of ERBB2 that can recruit up to
six individual p85 subunits and constitutively activate intracel-
lular phosphatidylinositol 3-kinase, induce serine phosphoryl-
ation of AKT, and thereby drive cell survival, proliferation,
motility, and invasionmechanisms characteristic of this aggres-
sive form of human breast cancer (23, 24, 26). Consequently, as
seen here, the coordinated suppression of both ERBB2 and
ERBB3 expression in an ERBB2-positive breast cancer cell line
would be expected to most significantly inhibit phospho-AKT
levels and impair not only its proliferative potential but also its
motility and invasive capabilities.
Recognizing the mechanistic importance of ERBB2 het-

erodimer formation in human breast tumorigenesis, pharma-
ceutical companies are now developing second-generation
kinase inhibitors that simultaneously target multiple members
of the ERBB receptor family (Ref. 27; e.g. lapatinib/Tykerb�, an
inhibitor of ERBB2 and ERBB1/EGFR kinases (GlaxoSmithK-
line) and canertinib/CI-1033, an inhibitor of ERBB2, ERBB1/
EGFR, and ERBB4 kinases, Pfizer). Although there now exist
promising clinical candidates capable of targeting the kinase
functions of both ERBB1/EGFR and ERBB2, there are as yet no
specific inhibitors of the docking or signal-initiating functions
of ERBB3. It was, therefore, of considerable interest when a
computational search among ERBB family members identified
a conserved 8-nt miR-125 binding element, CUCAGGGA,
encoded within the proximal 3�-UTRs of both ERBB2 and
ERBB3. Free energy determinations for the predicted hybrid-
ization configurations between the putative 3�-UTR miR-125
target elements in ERBB2 and ERBB3 and the seed sequences in
miR-125a or miR-125b are consistent with authentic miRNA
targeting (20). Aside from identifying a conservedmiR-125 tar-
geting element in both ERBB2 and ERBB3, BLAST analysis also
identified homologousU-rich regions in the 3�-UTRs of ERBB2
and ERBB3. Such U-rich 3�-UTR regions have been reported in
other genes to be essential for the mediation of miRNA-in-
duced transcript destabilization (28). Luciferase constructs
containing the 3�-UTRs of ERBB2 and ERBB3 demonstrated
significantly less activity in miR-125a- and miR-125b-overex-
pressing SKBR3 cells relative to controls. To confirm that the
3�-UTR elements containing the candidatemiR-125a andmiR-
125b targeting elements actually mediated this reporter gene
repression, deletion constructs missing these miR-125 target-
ing elements were generated and similarly transfected into
SKBR3-125a, SKBR3-125b, and control SKBR3-puro cells.
These deletion experiments demonstrated reversal of the
reporter gene repression caused by the intact (wild type)ERBB2
and ERBB3 UTRs but only in the context ofmiR-125a ormiR-
125b overexpression. Thus, whereas not explicitly identifying
the 8-nt miR-125 binding element as responsible for this
repressive influence, these deletion constructs localized miR-
125 responsiveness to very small regions within the proximal

3�-UTRs of ERBB2 and ERBB3 containing the conserved
CUCAGGGA targeting elements.
Targeting oncogenic ERBB2 and ERBB3 overexpression in a

model breast cancer cell line like SKBR3 by enforced expression
ofmiR-125a andmiR-125bdemonstrates the potential utility of
rapid and efficient miRNA gene delivery by retroviruses to
interrogate cancer cell phenotypes. However, as a therapeutic
tool, delivery of miRNAs by viral or other means must be bal-
anced against their potential to impair normal cellular func-
tions by competing for easily saturated miRNA processing
steps. Two such limiting steps appear to involve nuclear export
by exportin-5 and the cytoplasmic Dicer partner and RISC
component, TRBP. Sequestration of TRBP by transfected RNA
has been shown to attenuate overall Dicer-RISC activity (29).
Likewise, in vivo delivery and sustained intrahepatic viral
expression of short hairpin RNAs has produced dose-depend-
ent liver injury in mice, associated with down-regulation of liv-
er-derived miRNAs that also compete for exportin-5 (30).
Commensurate with the successful down-regulation of

ERBB2 and ERBB3 proteins levels mediated by overexpression
ofmiR-125a andmiR-125b, influences on such critical features
of the malignant cell phenotype as proliferative growth, motil-
ity, and invasiveness were also observed. Investigational agents
have now been identified that alter critical cancer gene pro-
grams by rapidly modulating intracellular miRNA profiles (18).
Although delivery of a singlemiRNA can clearly produce a phe-
notypic disturbance, it has been suggested that miRNA regula-
tion of a given transcript is most efficient when multiple miR-
NAs work in concert (1–3). With such recent technological
advancements as the delivery ofmultiplemiRNAs from a single
polycistronic construct (31), future efforts directed toward
delivery of multiple and coordinately targeted miRNAs are
anticipated to not only enhance the utility of miRNAs as
research tools but also provide further rationale for the design
of new therapies that modulate miRNA expression.
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