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MicroRNAs play important roles in gene regulation,
and their expression is frequently dysregulated in
cancer cells. In a previous study, we reported that
miR-193b represses cell proliferation and regulates
cyclin D1 in melanoma cells, suggesting that miR-
193b could act as a tumor suppressor. Herein, we
demonstrate that miR-193b also down-regulates my-
eloid cell leukemia sequence 1 (Mcl-1) in melanoma
cells. MicroRNA microarray profiling revealed that miR-
193b is expressed at a significantly lower level in ma-
lignant melanoma than in benign nevi. Consistent
with this, Mcl-1 is detected at a higher level in malig-
nant melanoma than in benign nevi. In a survey of
melanoma samples, the level of Mcl-1 is inversely
correlated with the level of miR-193b. Overexpression
of miR-193b in melanoma cells represses Mcl-1 ex-
pression. Previous studies showed that Mcl-1 knock-
down cells are hypersensitive to ABT-737, a small-
molecule inhibitor of Bcl-2, Bcl-XL, and Bcl-w.
Similarly, overexpression of miR-193b restores ABT-
737 sensitivity to ABT-737–resistant cells. Further-
more, the effect of miR-193b on the expression of
Mcl-1 seems to be mediated by direct interaction be-
tween miR-193b and seed and seedless pairing se-
quences in the 3= untranslated region of Mcl-1 mRNA.
Thus, this study provides evidence that miR-193b di-
rectly regulates Mcl-1 and that down-regulation of
miR-193b in vivo could be an early event in melanoma
progression. (Am J Pathol 2011, 179:2162–2168; DOI:
10.1016/j.ajpath.2011.07.010)

MicroRNAs (miRNAs) are �22-nucleotide noncoding
RNAs that play important regulatory roles in animals and
plants.1 miRNAs repress protein-coding genes posttran-
scriptionally by pairing to and destabilizing target mRNAs
or decreasing the efficiency of target mRNA translation.2
Most miRNAs bind to conserved sequences in the 3=
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untranslated region (3= UTR) of target genes that form
Watson-Crick base pairs with the miRNA “seed” (2 to 7
nucleotides at the 5= end of the miRNA)3 or other highly
complementary sequences outside the miRNA seed re-
gion.4 Typically, miRNAs regulate the expression of hun-
dreds of genes,5,6 and, to date, 1424 miRNA coding
genes have been mapped in the human genome (http://
www.mirbase.org/cgi-bin/mirna_summary.pl?org�hsa, last
accessed September 1, 2011). It is estimated that up to
60% of human genes are regulated by miRNAs.7

Dysregulation of miRNAs is involved in human dis-
eases, including cancer, and distinct miRNA expression
profiles (signatures) have been identified in human tu-
mors and tumor cell lines.8 Depending on tissue, cellular
context, and specific target gene, miRNAs can act as
oncogenes or as tumor suppressors.8,9 Recent studies
suggest that miRNA dysregulation may play a role in the
progression of melanoma.10 For example, miR-137 tar-
gets microphthalmia-associated transcription factor,
which is the master regulator of melanocyte develop-
ment, survival, and function.11 The miR-221/222 onco-
genes promote proliferation and dedifferentiation of mel-
anoma cells by repressing c-Kit and p27Kip.12 miR-182
enhances melanoma metastasis by targeting FOXO3 and
microphthalmia-associated transcription factor.13 On the
other hand, tumor suppressors, such as let-7b and miR-
193b, which are often down-regulated in melanoma,
target cyclin D and other important cell-cycle regula-
tors.14,15 Three miRNAs, miR-34b, miR-34c, and miR-
199a*, repress MET expression and weaken MET-medi-
ated cell motility and invasion.16

Recent studies support the idea that miR-193b is a
tumor suppressor. For example, overexpression of miR-
193b represses estrogen receptor-� and urokinase-type
plasminogen activator in breast cancer cell lines, subse-
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quently inhibiting cell proliferation and invasion.17,18 Our
group first demonstrated that overexpression of miR-
193b represses cell proliferation and arrests cells in G1
by targeting cyclin D in melanoma cells.15 More recently,
Xu et al19 demonstrated that miR-193b targets cyclin D in
hepatocellular carcinoma cells and regulates prolifera-
tion, migration, and invasion.

We previously identified distinct miRNA expression
profiles in metastatic melanoma and demonstrated that
miR-193b was down-regulated in metastatic melanoma
relative to benign nevi.15 Having identified miR-193b as a
potentially important miRNA in melanoma, the primary
goal of this study was to explore its potential role in the
regulation of a critical target gene, myeloid cell leukemia
sequence 1 (Mcl-1), in melanoma. The results demon-
strate that overexpression of miR-193b represses Mcl-1
expression and sensitizes melanoma cells to ABT-737–
induced apoptosis. Luciferase reporter assay suggests
that miR-193b directly regulates Mcl-1 by binding to seed
and seedless pairing sequences in the Mcl-1 3= UTR.

Materials and Methods

Clinical Specimens

In addition to the eight benign nevi and eight metastatic
melanoma samples described in a previous study,15 15
primary melanoma samples were retrieved from the De-
partment of Pathology and Molecular Medicine, Kingston
General Hospital. All the samples were formalin-fixed,
paraffin-embedded and reviewed by a dermatopatholo-
gist (V.A.T). The validity of using formalin-fixed, paraffin-
embedded samples for Agilent microarray analysis (Agi-
lent Technologies Inc., Santa Clara, CA) was confirmed
by previous studies.20,21 The Faculty of Health Sciences
Ethics Board at Queen’s University approved the study.

miRNA Microarray

Total RNA was isolated from formalin-fixed, paraffin-em-
bedded samples using the RecoverAll total RNA isolation
kit (Ambion, Austin, TX) according to the manufacturer’s
instructions. The procedure for miRNA microarray has
been described in detail elsewhere.15 Raw microarray
data from the present study were submitted to the Na-
tional Center for Biotechnology Information Gene Expres-
sion Omnibus website (http://www.ncbi.nlm.nih.gov/geo;
accession number GSE24996).

Immunohistochemical Analysis

Immunohistochemical (IHC) analysis was performed on
TMA slides with Mcl-1–specific antibody (1:800; Cell Sig-
naling, Beverly, MA) according to a standard protocol.
Mcl-1 staining was scored independently by one der-
matopathologist (V.A.T.) and one other observer
(M.A.-D.) using the following intensity scale: 0 � nega-
tive, 1 � weak, 2 � moderate, and 3 � strong. In cases
of discordant scoring, both observers reviewed the slide,

and a consensus score was determined.
Cell Culture, Reagents, and Expression Vectors

Melanoma cell lines Malme-3M, MeWo, SK-MEL-2, and
SK-MEL-28 were grown in RPMI 1640 medium (HyClone,
Logan, UT) supplemented with 10% fetal bovine serum
(HyClone) at 37°C and 5% CO2. miRNA precusors (miR-
193b or negative control) were obtained from Ambion.
For miRNA overexpression, cells were seeded in 100-mm
dishes at 6 � 105 cells per plate the day before trans-
fection. Melanoma cells were transfected with 5 nmol/L
miRNA precursors using Lipofectamine 2000 (Invitrogen,
Carlsbad, CA).

ABT-737 was supplied by Abbott Laboratories (Abbott
Park, IL). Cells were transfected with 5 nmol/L miRNA
precursors (either miR-193b or negative control) as de-
scribed previously herein and were grown for 56 hours.
ABT-737 was added to cell cultures at a final concentra-
tion of 10 �mol/L; cells were harvested after incubation
for 16 hours. The level of apoptosis in ABT-737–treated
cells was estimated by quantifying cleaved poly (ADP-
ribose) polymerase (PARP) using Western blot analysis.

A sequence-validated Mcl-1 expression plasmid
(SC315538) was purchased from OriGene Technologies
(Rockville, MD). Malme-3M cells were seeded in 6-well
plates at 3 � 105 cells per well the day before transfec-
tion. Expression vectors of 1-�g Mcl-1 were cotrans-
fected with 5 nmol/L miRNA precursors using Lipo-
fectamine 2000. ABT-737 was added to cell cultures as
described previously herein.

Northern Blot Analysis

Total RNA from transfected cell lines was isolated using
the miRNeasy mini kit (Qiagen, Valencia, CA). The miR-
193b expression level was examined using an miRNA
Northern blot assay kit (Signosis, Sunnyvale, CA) accord-
ing to the manufacturer’s protocol. U6 small nuclear RNA
was used as an internal control.

Western Blot Analysis

Aliquots of cell lysates were separated on 10% SDS-
polyacrylamide gels, transferred to polyvinylidene difluo-
ride membrane (Millipore, Bedford, MA), and analyzed
using a standard Western blot protocol. Blots were
probed with Mcl-1–specific and cleaved PARP–specific
antibodies (Cell Signaling); gamma tubulin was from
Sigma-Aldrich (Oakville, ON, Canada). Densitometry was
performed using Quantity One software (Bio-Rad, Missis-
sauga, ON, Canada).

Vector Construction and Luciferase Assay

PCR was performed using KOD hot start DNA polymer-
ase (Novagen, Madison, WI). DNA fragments were PCR
amplified from human genomic DNA and were cloned
into the multiple cloning site (XhoI and NotI) distal to the
Renilla luciferase coding region of the psiCHECK-2 vector
(Promega, Madison, WI). The primer sequences used to
construct the four vectors containing the wild-type Mcl-1

3= UTR fragments were as follows: i) psiCHECK-2-Mcl-
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1_3=UTR, XhoI-Mcl-1-FW 5=-ACGCCTCGAGGCAGTTG-
GACTCCAAGCTGTAAC-3=, NotI-Mcl-1-RV 5=-ATAAG-
AATGCGGCCGCGGTCCTAACCCTTCCTGGCACAGC-3=;
ii) psiCHECK-2-Mcl-1_UTR1, XhoI-UTR1-FW 5=-ACGCCTC-
GAGGCAGTTGGACTCCAAGCTGTAAC-3=, NotI-Mcl-1-
UTR1-RV 5=-ATAAGAATGCGGCCGCAGTAAGAATCATG-
GAAACCAAGCC-3=; iii) psiCHECK-2-Mcl-1_Mcl-1 UTR2,
XhoI-UTR2-FW 5=-ACGCCTCGAGGGCTTGGTTTCCAT-
GATTCTTACT-3=, NotI-Mcl-1-UTR2-RV 5=-ATAAGAAT-
GCGGCCGCGGAAACTTTAGAGAAAGCCTC-3=; and iv)
psiCHECK-2-Mcl-1_Mcl-1 UTR3, XhoI-UTR3-FW 5=-ACGC-
CTCGAGGAGGCTTTCTCTAAAGTTTCC-3=, NotI-Mcl-1-
UTR2-RV 5=-ATAAGAATGCGGCCGCGGTCCTAACCCT-
TCCTGGCACAGC-3=.

Overlapping PCR was used to introduce mutations at
the seed matching site of psiCHECK-2-Mcl-1_3=UTR and
psiCHECK-2-Mcl-1_UTR1,22 generating psiCHECK-2-
Mcl-1_3=UTR M, psiCHECK-2-Mcl-1_UTR1 M1, and psi-
CHECK-2-Mcl-1_UTR1 M2. To generate deletions, two
additional primers were used: Mcl-1-�miR-193b-FW
5=-CCTTGTTGAGAACAGGAAAGTGCCAGGCAAGTCA-
TAGAATTG-3=, Mcl-1-�miR-193b-RV 5=-ACTTTCCT-
GTTCTCAACAAGG-3=. To generate double point muta-
tions, two additional primers were used: Mcl-1-M2-FW
5=-GAGAACAGGAAAGTGGACAGAAGCCCAGGCAAGT-
CATAG-3=, Mcl-1-M2-RV 5=-CTATGACTTGCCTGGC-
TTCTGTCCACTTTCCTGTTCTC-3= (mismatched nucleo-
tides are shown in italics).

Malme-3M cells were seeded at 75,000 cells per well
in a 12-well plate the day before transfection. The cells
were cotransfected with 5 nmol/L miRNA precursor (ei-
ther miR-193b or negative control) and 100 ng of psi-
CHECK-2 using Lipofectamine 2000 (Invitrogen). Renilla
luciferase activity was measured 24 hours after transfec-
tion using the Dual-Glo luciferase assay system (Pro-
mega). Data were normalized to firefly luciferase activity.

miRNA Real-Time PCR

Total RNA from transfected cell lines was isolated using
the miRNeasy mini kit (Qiagen) according to the manu-
facturer’s protocol. miR-193b level was determined using
a TaqMan miRNA assay (Applied Biosystems, Foster
City, CA) according to the manufacturer’s protocol.

Figure 1. Expression of miR-193b and Mcl-1 in melanoma tissue samples. A
indicates the mean value for each group. B: Mcl-1 staining was scored in me

SEM. C: Pearson correlation analysis was performed to determine the relationship
inverse correlation (r � �0.7 and P � 0.001). *P � 0.0001 was calculated using the
miRNA expression was assayed in triplicate, and data
were normalized to endogenous RNU6B. The relative
level was calculated using the ��CT method.

Statistical Analysis

Data were analyzed using student’s t-test and Pearson
correlation in SPSS 17.0 (SPSS Inc., Chicago, IL). P �
0.05 was considered statistically significant.

Results

miR-193b Expression Is Down-Regulated in
Primary Melanoma and Is Inversely Correlated
with Expression of Mcl-1 in Melanoma Tissue

miR-193b expression is significantly reduced in primary
(159.85 � 50.36, mean � SEM) and metastatic (160.58 �
36.09) melanomas relative to its expression in benign
nevi (583.09 � 50.71) (Figure 1A). miR-193b is ex-
pressed at a similar level between primary and metastatic
melanoma, suggesting that down-regulation of miR-193b
is an early event during melanoma progression.

Mcl-1, which is highly expressed in malignant
melanoma,23,24 is a predicted target of miR-193b
(TargetScanHuman release 5.1, http://www.targetscan.org,
last accessed September 1, 2011). Overexpression of
miR-193b also correlated with a lower level of Mcl-1
mRNA in previous gene array studies.15 Thus, we spec-
ulated that dysregulation of miR-193b might play a role in
malignant melanoma by altering the level of Mcl-1.
Herein, we examined Mcl-1 expression in a subgroup of
melanocytic tissues used for previous and current mi-
croarray studies, including eight benign nevi, six primary
melanomas, and six metastatic melanomas. The results
show that the mean � SEM Mcl-1 staining score was sig-
nificantly higher in metastatic (3.08 � 0.27) and primary
(2.67 � 0.21) melanomas than in benign nevi (0.94 �
0.15; Figure 1B). Furthermore, expression of miR-193b
correlated inversely with expression of Mcl-1 in these 20
melanocytic samples with a Pearson correlation coeffi-
cient r � �0.7 and P � 0.001 (Figure 1C), despite a
relatively small sample size.

93b expression was measured by Agilent miRNA microarray. The black line
melanomas, primary melanomas, and benign nevi. Data shown are mean �
: miR-1
tastatic
between miR-193b expression and Mcl-1 expression. The results show an
independent samples t-test.

http://www.targetscan.org
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miR-193b Represses Mcl-1 and Sensitizes
Melanoma Cells to ABT-737

As mentioned earlier, a previous study showed that overex-
pression of miR-193b in Malme-3M cells correlated with a
reduced Mcl-1 mRNA level.15 To confirm this result, we
extended the study to four melanoma cell lines: Malme-3M,
MeWo, SK-MEL-2, and SK-MEL-28 were transfected with
miR-193b or negative control miRNA. Ectopic expression of
miR-193b in melanoma cells was confirmed by Northern
blot analysis (see Supplemental Figure S1 at http://ajp.
amjpathol.org). Figure 2A shows that overexpression of miR-
193b reduced the level of Mcl-1 30% to 60% in all four
melanoma cell lines tested. Consistent with the low level of
Mcl-1, cleaved PARP increased 4.55-fold in SK-MEL-2 cells
and 1.26-fold in SK-MEL-28 cells. However, cleaved PARP
did not increase in Malme-3M or MeWo cells expressing a
high level of miR-193b (see Supplemental Figure S1 at
http://ajp.amjpathol.org) and a low level of Mcl-1.

Previous studies established that cells that express a
high level of Mcl-1 are resistant to ABT-737–induced apop-
tosis25 and that small-interfering RNA–mediated knock-
down of Mcl-1 restores the sensitivity of ABT-737–resistant
melanoma cells to ABT-737.24 Therefore, we speculated
that miR-193b, which down-regulates Mcl-1, would also
sensitize ABT-737–resistant melanoma cells, such as
Malme-3M, to ABT-737. Consistent with this idea, exposure
of Malme-3M cells to ABT-737 caused a small increase in
cleaved PARP (Figure 2B), but in miR-193b–transfected
Malme-3M cells, Mcl-1 expression was reduced and PARP
cleavage was increased, indicating that sensitivity to ABT-
737–induced apoptosis was restored (Figure 2B). Although,
ABT-737 induced a significant amount of PARP cleavage
and apoptosis in MeWo and SK-MEL-28 cells, overexpres-
sion of miR-193b enhanced the effect of ABT-737 in these
cell lines (Figure 2C). Exposure to ABT-737 increased the
level of Mcl-1 in all three cell lines (Figure 2, B and C).

Furthermore, the addition of ABT-737 alone had no effects
on miR-193b expression (see Supplemental Figure S2 at
http://ajp.amjpathol.org).

To address the question of whether miR-193b func-
tions through Mcl-1, a rescue experiment was undertaken
using an Mcl-1–expressing plasmid. Ectopic expression
of Mcl-1 reduced the extent of apoptosis in Malme-3M
cells treated with both miR-193b and ABT-737, as PARP
cleavage was notably decreased compared with control
(Figure 2D). As a control, overexpression of Mcl-1 did not
reduce apoptosis in cells treated with ABT-737 alone
(Figure 2D). This is predicted because ABT-737 functions
through inhibition of Bcl-2 and Bcl-xl.

miR-193b Interacts with Seeded and Seedless
Sequences in the Mcl-1 3= UTR

TargetScan analysis identified an evolutionarily con-
served seed binding site for miR-193b in the 3= UTR of
Mcl-1 mRNA (Figure 3A). To test whether this predicted
seed binding site is functional and to determine whether
miR-193b directly regulates Mcl-1, wild-type and a seed
binding site mutant form of the full-length Mcl-1 3= UTR
were cloned downstream of the Renilla luciferase gene in
psiCHECK-2. As expected, miR-193b repressed �60%
of the activity of the reporter construct containing the full-
length wild-type Mcl-1 3= UTR. However, the mutant Mcl-1
3= UTR, carrying a deletion in the seed region binding site,
still mediated a somewhat attenuated repressive effect of
miR-193b, resulting in an �30% reduction in luciferase re-
porter gene activity. This result suggests that miR-193b has
multiple binding sites in the Mcl-1 3= UTR, one of which
seems to be a seedless target.

To validate the existence of a putative seedless miR-
193b binding site in the Mcl-1 3= UTR, the 3= UTR se-
quence was reanalyzed using another target-predicting
algorithm, RNA22, which allows seed mismatches and

Figure 2. miR-193b down-regulates Mcl-1 and
sensitizes melanoma cells to ABT-737. A: West-
ern blot analysis of Mcl-1 and cleaved PARP
expression in Malme-3M, MeWo, SK-MEL-2, and
SK-MEL-28 cells transfected with miR-193b or
negative control. Cells were transfected with 5
nmol/L miRNA precursor (miR-193b or negative
control) and were harvested 72 hours after trans-
fection. B: Western blot analysis of cleaved
PARP and Mcl-1 in Malme-3M cells transfected
with miR-193b or negative control, as indicated,
incubated for 56 hours, and treated with 10
mmol/L ABT-737, as indicated. Cells were har-
vested 72 hours after transfection. C: Western
blot analysis of MeWo and SK-MEL-28 cells, as
indicated. The procedure was performed as de-
scribed in B. D: One microgram of Mcl-1 plas-
mid (pMcl-1) was cotransfected with 5 nmol/L
miRNA precursors, as indicated, and treated with
10 nmol/L ABT-737 as described in B. Gamma
tubulin was used as the loading control. Repre-
sentative data from one of three independent
experiments are shown.
does not rely on cross-species conservation.4 RNA22

http://ajp.amjpathol.org
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identified four putative miR-193b recognition elements
(MREs) between coordinates 1983 and 2670 of the Mcl-1
3= UTR (Figure 3B). To test the function of these putative
MREs, reporter constructs were generated carrying the
following three segments of the Mcl-1 3= UTR: UTR1 (start
to �600 bp, containing the seed binding site), UTR2
(�600 to �1800 bp, between the seed binding site and
the MREs), and UTR3 (�1800 to �2700 bp, containing
the putative MREs). Each segment was cloned into the
luciferase reporter vector, and its susceptibility to miR-
193b–mediated repression was tested. As expected,
overexpression of miR-193b resulted in �60% repression of
the construct containing UTR1 (Figure 3B). In contrast, no
statistically significant repression was observed in con-
structs containing UTR2 or UTR3 (Figure 3B). Because miR-
193b repressed �35% of the reporter activity of constructs
carrying UTR1 with a seed binding site mutation or deletion,
we conclude that the UTR1 region may contain both
seeded and seedless binding sites for miR-193b (Figure
3C). However, none of the available target site prediction
algorithms are capable of identifying target binding sites
that lack stringent or highly compensatory seed pairing.
Therefore, additional experiments are needed to confirm
the existence and the exact location of the seedless binding
site(s) in the Mcl-1 3= UTR.

Discussion

This study examined the expression of miR-193b in 15
primary melanoma tissue samples using Agilent miRNA

Figure 3. miR-193b
in the 3= UTR of Mcl
Relative luciferase a
seed pairing region)
reporter constructs
RNA22 in the 3= UTR
M2 (top). UTR1 M1
binding region. Ren
luciferase assay sys
mean � SEM of thre
**P � 0.001 were ca
microarray. The data show that miR-193b is expressed at
a significantly lower level in primary melanoma than in
benign nevi, suggesting that down-regulation of miR-
193b could occur early in melanoma progression (Figure
1). This is consistent with the observation that miRNA
genes, including miR-193b, exhibit frequent (85.9%)
copy number variations in primary cultured melanoma
cell lines.26 Five of 45 melanoma samples (11%) were
reported to have copy number reduction at the miR-193b
locus. Epigenetic factors could also lead to dysregulated
miRNA expression.27 For example, a recent study sug-
gested that miR-193b is epigenetically silenced in pros-
tate cancer cells.28

Several technical issues arise in studies of this nature.
One is the choice of control for the comparison of expres-
sion levels. Nevus tissue was used as a benign compar-
ator in these studies for several reasons. First, cultured
melanocytes growing in artificial conditions proliferate at
rates that far exceed in vivo rates. Second, obtaining
single melanocytes for study from tissue sections would
be practically impossible using current technology, al-
though we would aspire to doing this when feasible.
Third, evidence suggests that melanoma arises from a
precursor lesion, such as a nevus. In particular, the high
frequency of BRAF mutations in benign nevi suggests
that these may represent precursor lesions that need to
undergo additional mutations before becoming malig-
nant. Overall, it was believed that benign nevi repre-
sented the best currently feasible control for this study.

In this study, as with our previous work,15 we profiled
miRNA expression in formalin-fixed melanoma samples.

targets the 3= UTR of Mcl-1. A: miR-193b and its predicted seed binding site
. The underlined 8-nucleotide sequence indicates the miR-193b seed region.
shown for reporter constructs containing 3= UTR or 3= UTR M (with deleted
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Unlike mRNAs, miRNAs are well preserved in formalin-
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fixed, paraffin-embedded tissues, and formalin fixation
does not seem to significantly alter the expression of
miRNAs.20,21,29 The ability to use archival samples is
particularly critical in studies of primary melanoma, where
the samples are typically small and often come from
community clinics, where tissue is typically formalin fixed.
In addition, the small lesion size means that the entire
primary lesion is usually required for accurate diagnosis,
leaving no additional tissue for freezing. Therefore, the
use of frozen material, although optimal, is likely not pos-
sible in the present clinical setting.

Mcl-1, an antiapoptotic protein belonging to the Bcl-2
family, plays a important role in regulating apopto-
sis.30–32 We observed that Mcl-1 was up-regulated in
malignant melanoma, which agreed with previous stud-
ies.23,24 Furthermore, this study showed that expression
of miR-193b correlates inversely with expression of Mcl-1
in melanoma tissue samples (Figure 1) and that overex-
pression of miR-193b represses Mcl-1 levels in multiple
melanoma cell lines.

ABT-737, a small-molecule inhibitor of the antiapop-
totic proteins Bcl-2, Bcl-XL, and Bcl-w, has had limited
success as a single agent in tumors with low Mcl-1 ex-
pression.33 However, overexpression of Mcl-1 confers
resistance to ABT-737,25,34 and knockdown of Mcl-1 re-
stores ABT-737 sensitivity to ABT-737–resistant cells.24,25

We, therefore, predicted and confirmed that overexpres-
sion of miR-193b could sensitize ABT-737–resistant mel-
anoma cells to ABT-737 by repressing Mcl-1 (Figure 2).
Furthermore, overexpression of Mcl-1 notably attenuated
miR-193b–induced apoptosis in ABT-737–treated
Malme-3M cells (Figure 2D). In addition, ABT-737 stimu-
lates expression of Mcl-1 in Malme-3M, MeWo, and SK-
MEL-28 cells (Figure 2C), as observed also in hepatoma
cells.35 Although ABT-737 could potentially stabilize
Mcl-1 protein, the exact mechanism by which ABT-737
interacts directly or indirectly with Mcl-1 is not yet known.

The data presented herein suggest that miR-193b re-
presses Mcl-1 by binding to both seed and seedless
matching sites in the Mcl-1 3= UTR (Figure 3). Although most
miRNA targets have sites that are perfectly complementary
to the seed region, experiments have shown that miRNAs
may directly interact with seedless (imperfect homology
to the seed) binding sequences on mRNA 3= UTRs.36 Lal
et al37 showed that miR-24 regulates a series of genes via
base pairing to highly complementary but seedless se-
quences. Although RNA22 identified four putative MREs
for miR-193b in the Mcl-1 3= UTR, luciferase reporter
gene assays could not confirm that these MREs mediate
miR-193b–dependent posttranscriptional repression. In
contrast, deletion and point mutagenesis analysis sug-
gested that the seedless binding site(s) for miR-193b
maps to the first 600 nucleotides of the Mcl-1 3= UTR.
Thus, the present study indicates that the available algo-
rithms are inadequate for accurately predicting functional
seedless miRNA targets that lack highly complementary
seed pairing.38 Note that an earlier study showed that
miR-193b targets Mcl-1 in malignant hepatocyte cells via
the matched seed sequence that was essential for post-
transcriptional repression.39 Three scenarios could ex-

plain this discrepancy. First, the present study analyzes
the interaction between miR-193b and the full length
Mcl-1 3= UTR, whereas Braconi et al39 examined a short
fragment of the Mcl-1 3= UTR that included the seed
pairing site. Thus, the seedless miR-193b binding site in
the Mcl-1 3= UTR could have been missing from the
fragment studied by the Braconi group. Second, the Bra-
coni study was performed in hepatocytes, whereas the
present study was performed in melanoma cells. Thus,
the discrepancy could be explained by cell type–specific
miRNA-mRNA interactions in melanoma cells and hepa-
tocytes. Third, the analysis applied in Braconi’s study
would mask the effect that we observed because they did
not compare the effects of miR-193 with negative control
on the same construct, ie, containing either the wild-type
or the mutant Mcl-1 3= UTR.

Recent publications on the role of miR-193b have con-
sistently suggested that it plays an important role, al-
though the data have been somewhat contradictory.
Whereas Caramuta and colleagues40 reported that high
expression levels of miR-193b were associated with
shorter survival after diagnosis, a more recent study
showed that miR-193b was overexpressed in metastatic
melanoma tissues from patients with longer survival
times.41 Further studies with large patient cohorts, using
primary melanoma tissues, are needed to clarify the as-
sociation between miR-193b level and melanoma patient
survival.

In summary, this study demonstrates that miR-193b is
down-regulated in primary melanoma and suggests that
Mcl-1 is directly regulated by miR-193b in melanoma
cells. Reduced miR-193b expression could contribute
directly to elevated expression of Mcl-1 in melanoma
cells. The mechanism by which miR-193b is repressed in
melanoma cells is not yet known. The present and previ-
ous data suggest that miR-193b represses cyclin D and
Mcl-1, which, in turn, inhibits growth of melanoma cells
and sensitizes them to ABT-737–induced apoptosis.
Therefore, miR-193b has potential application as a ther-
apeutic agent for melanoma.
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