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The tumor suppressor p53 is activated in response to cellular stress
to prevent malignant transformation by activation of the DNA
repairmachinery to preserve the cell, or by induction of apoptosis to
eliminate the cell should the damage prove irrevocable. The gene
encoding p53 frequently undergoes inactivating mutations in many
human cancers, but WT p53 is often expressed at high levels in
melanoma, which, as judged from the malignant nature of the
disease, fails to act as an effective tumor suppressor. Here we show
that p53 directly up-regulates microRNA-149* (miR-149*) that in
turn targets glycogen synthase kinase-3α, resulting in increased ex-
pression of Mcl-1 and resistance to apoptosis in melanoma cells.
Although deficiency in miR-149* undermined survival of melanoma
cells and inhibited melanoma growth in a mouse xenograft model,
elevated expression of miR-149* was found in fresh human meta-
static melanoma isolates, which was associated with decreased gly-
cogen synthase kinase-3α and increasedMcl-1. These results reveal a
p53-dependent, miR-149*–mediated pathway that contributes to
survival of melanoma cells, provides a rational explanation for the
ineffectiveness of p53 to suppress melanoma, and identifies the
expression of miR-149* as a mechanism involved in the increased
expression of Mcl-1 in melanoma cells.

cell survival | endoplasmic reticulum stress

Melanoma cells have largely adapted to endoplasmic re-
ticulum (ER) stress (1, 2). This not only renders melanoma

cells resistant to ER stress-induced apoptosis, but also plays a role
in resistance ofmelanoma cells to various therapeutic agents (3, 4).
A major adaptive mechanism of melanoma cells to ER stress
appears to be up-regulation of the antiapoptotic Bcl-2 family pro-
tein Mcl-1, which plays an essential role in antagonizing the
proapoptotic BH3-only proteins PUMA and Noxa that are also
up-regulated by the ER stress response, otherwise referred to as
the unfolded protein response (UPR) (5). The latter refers to a
range of signaling pathways in response to accumulation and ag-
gregation of unfolded and/or misfolded proteins in the ER lumen
of cells under ER stress. Importantly, the Mcl-1 expression in-
creases with melanoma progression in vivo (6), and is correlated
with the expression ofGRP78, an indicator of activation of theUPR
(7), and the expression of LDH5, an indicator of hypoglycemia that
is one of the causes of ER stress (8). However, the mechanism by
which Mcl-1 is up-regulated by the UPR remains elusive.
The tumor suppressor p53 is activated in response to cellular

stress to prevent malignant transformation by activation of the
DNA repair machinery to preserve the cell, or by induction of
apoptosis to eliminate the cell should the damage prove irrevo-
cable (9, 10). The gene encoding p53 frequently undergoes inac-
tivating mutations in many human cancers (11), but mutational
inactivation of p53 is uncommon, andWTp53 is often expressed at
high levels in melanoma (12), which, as judged from the malignant
nature of the disease, fails to act as an effective tumor suppressor.
This, along with inappropriate activation of survival signaling
pathways such as the RAF/MEK/REK and PI3K/Akt pathways, is
important for melanoma progression and resistance to treatment
(2, 5, 13–15). Although some p53 downstream targets have been

shown to be dysregulated, the mechanisms by which the tumor
suppressing function of p53 is counteracted in melanoma remain
to be elucidated.
microRNAs (miRNAs) are endogenous small (19–24 nt long)

noncoding RNAs that regulate gene expression in a sequence
specific manner. This is primarily accomplished through binding to
3′UTR of target mRNAs, either targeting the transcripts for
degradation or blocking their translation (16). Like conventional
protein-coding mRNA, miRNAs are transcribed by RNA poly-
merase II, spliced, and polyadenylated to produce pri-miRNAs,
which contain a stem-loop structure that is recognized and excised
by the RNA interference machinery to generate hairpin “pre-
cursor” miRNAs (premiRNA) that are approximately 70 nt long.
PremiRNAs are cleaved by the RNase III Dicer into a approxi-
mately 22-nt miRNA duplex: one strand (miRNA*) of the duplex
is often degraded shortly, whereas the other strand serves as a
mature miRNA. Nevertheless, there is increasing evidence show-
ing that not all miRNA*s are short-lived. Some of them have been
shown to play important roles in regulating gene expression as
efficiently as its complementary mature miRNAs (17).
Although a number of miRNAs have been shown to be im-

portant components of the p53 tumor suppressor network in var-
ious cell types (18–23), the potential interaction between miRNAs
and p53 in melanoma cells, in which the expression of p53 may
result in distinct biological consequences, have not be established.
We report here that p53 mediates a prosurvival pathway by up-
regulation of miRNA-149* (miR-149*) that in turn targets gly-
cogen synthase kinase-3α (GSK3α), leading to stabilization ofMcl-
1 in melanoma cells under ER stress. We demonstrate that
deficiency in miR-149* enhances sensitivity of melanoma cells to
apoptosis and retards melanoma growth in a xenograft mouse
model. Moreover, we show that the vast majority of metastatic
melanomas express elevated levels of miR-149* that is associated
with decreased GSK3α and increased Mcl-1. Thus, the p53–miR-
149*–GSK3α–Mcl-1 pathway may be an important apparatus in
melanoma biology.

Results and Discussion
miR-149* Is Up-Regulated in Melanoma Cells in Response to ER Stress.
Because Mcl-1 is a major adaptive mechanism of melanoma cells
to ER stress and the expression of Mcl-1 is frequently regulated by
posttranscriptional mechanisms (24–26), we sought to determine if
miRNAs are involved by use of expression profiling in theWT p53
melanoma cell lineMel-RMunder pharmacological ER stress that
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is known to cause up-regulation of Mcl-1 (5). Among the changes
in miRNAs triggered by tunicamycin (TM), which induces ER
stress by inhibition of glycosylation, an increase in miR-149* was
the most pronounced and sustained (Fig. 1 A and B and Table S1),
which was subsequently confirmed by using quantitative PCR
analysis (Fig. 1C).
Of note, treatment of Mel-RM cells with TM also resulted in an

increase inmiR-149, albeit to a lesser extent (Fig. S1 andTable S1).
This concurrent induction ofmiR-149* andmiR-149 byERstress is
intriguing, as one strand of the miRNA duplex, in particular,
miRNA*, resulting from cleavage of premiRNAs by Dicer, is
commonly degraded (27). Although how the complementary pair
of miR149/149* are both preserved in melanoma cells remains
unknown, the unusual occurrence of miR-149*, particularly its in-
crease in response to ER stress, implicates that it may have a func-
tional role in adaptation of melanoma cells to stress conditions.
We then focused on examination of the effect of ER stress on

the expression of miR-149* in melanoma cells. Up-regulation of
miR-149* by TM was observed in another six WT p53 melanoma
cell lines, but not in the p53-null melanoma cell line ME4405 (Fig.
1D) (28), suggesting this is a common response of melanoma cells
harboring WT p53 to ER stress. The effect of ER stress on miR-
149* appeared specific for melanoma cells, as it was not significant
in melanocytes and cancer cell lines of nonmelanocyte origin such
as colon cancer (HCT116), osteosarcoma (U2OS), and p53-de-
ficient lung cancer (H1299) after treatment with TM (Fig. 1D and
E). Collectively, these results indicate that the expression of miR-
149* can be induced by ER stress in melanoma cells.

p53 Transcriptionally Regulates miR-149* in Melanoma Cells Under ER
Stress. miR-149 and miR-149* are highly conserved among dif-
ferent mammalian species (Fig. 1F), further suggesting that they
may have biological functions preserved during evolution. By in
silico analysis, it was found that the pri-miR-149 is embedded
within the first intron of the human glypican 1 (GPC1) gene
(miRBase; http://www.mirbase.org/). Examination of the flanking
genomic DNA region identified a putative p53 binding site located
1,592 to 1,572 bp upstream of the GPC1 translational start site

(Fig. 2A). This p53 binding region (p53-BR) is transcriptionally
responsive to ER stress, as treatment with TM increased the
transcriptional activity of the luciferase reporters containing the
p53-BR, but had no effect on those lacking the region (Fig. 2B and
E).WhenWT p53 was cotransfected, the transcriptional activity of
the p53-BR was enhanced, but it was limited when a p53 mutant
lacking the transactivation domain (p53ΔTA) was introduced (Fig.
2 B and C). In addition, knockdown of p53 by shRNA markedly
inhibited activation of the p53-BR–containing luciferase reporters,
confirming that the response of the p53-BR to ER stress is me-
diated by p53 (Fig. 2 D and E). This was supported by binding of
p53 to this region, which was enhanced by the addition of TM (Fig.
2F). Therefore, the putative p53-BR is responsive to the cellular
levels of p53 under ER stress. Consistently, treatment with TMup-
regulated the endogenous GPC1 mRNA levels (Fig. S2), sug-
gesting that the GPC1 gene may be a unique p53 transcriptional
target in melanoma cells.
Similar to induction of miR-149* by ER stress (Fig. 1 C–E and

Fig. S1), the p53 levels were increased by TM inMel-RM cells, but
not in melanocytes, HCT116, U2OS, andH1299 cells (Fig. 2G and
Fig. S3), suggesting an association between the endogenous ex-
pression of p53 and miR-149* in melanoma cells under ER stress.
This was further demonstrated in Mel-RM cells with p53 knock-
down by shRNA.Deficiency in p53 not only attenuated the binding
of p53 to the p53-BR in ChIP assays (lanes 5 and 6 vs. 11 and 12,
Fig. 2F), but also reduced the expression of miR-149* in response
to TM (Fig. 2H). Moreover, knockdown of p53 similarly inhibited
TM-induced up-regulation of the GPC1 mRNA in Mel-RM cells
(Fig. S2). Together, these data demonstrate that binding of p53 to
the p53-BR at the GPC1 gene transcriptionally up-regulates miR-
149* in melanoma cells under ER stress.
Intriguingly, p53-mediated up-regulation of miR-149* ap-

peared highly specific to melanoma cells under ER stress, as
induction of p53 by the genotoxic drug doxorubicin or the
pharmacological p53 activator nutlin3 did not cause any significant
change in the expression of miR-149* (Fig. S4). This suggests that
p53 is necessary but not sufficient to activate the p53-BR at the
GPC1 gene promoter. It is conceivable that some ER stress-
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Fig. 1. miR-149* is up-regulated by ER stress in melanoma
cells. (A) Mel-RM cells were treated with TM at 3 μM for
indicated periods. The filtered miRNA array data were
subjected to unsupervised hierarchical clustering analysis.
The metric was set as the Euclidean distance. (B) Induction
of ER stress by TM (3 μM for indicated periods) in Mel-RM
cells and melanocytes as shown by up-regulation of GRP78
measured by Western blot analysis. (C) Quantitative RT-
PCR (qRT-PCR) analysis of total RNA shows that TM (3 μM
for indicated periods) up-regulates miR-149* in Mel-RM
cells but not in melanocytes. (D and E) qRT-PCR analysis
shows that TM (3 μM, 12 h) up-regulates miR-149* in
a panel of WT p53 melanoma cell lines (D), but not in
the p53-null melanoma cell line ME4405, colon cancer
(HCT116), osteosarcoma (U2OS), and lung cancer (H1299)
cells (E). (F) miR-149 and miR-149* sequences from six
species of mammals were compared by using ClustalW
serve (www.ch.embnet.org/software/ClustalW.html). Iden-
tical amino acid residues are shaded in dark gray. Values
are presented as mean ± SD (n = 3 in C–E).
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responsive transcription cofactors may be required for p53 to up-
regulate miR-149* expression in melanoma cells. Similarly no-
ticeable was that induction of transcriptional targets of p53 is also
selective in melanoma cells under ER stress, in that, except for
Noxa, other canonical p53 targets including p21, MDM2, Bax, and
Bad were not increased by TM along with GPC1 and miR-149*
(Fig. S2). This further indicates that the transactivation activity of
p53 in melanoma cells under ER stress is regulated by additional
mechanisms that are yet to be identified.

miR-149* Down-Regulates Cellular Levels of GSK3α.We searched the
MicroCosm and miRBase databases for the potential targets of
miR-149*. Among the candidates identified, the 3′UTR of GSK3α
contains a putative region (nucleotides 132–152) that matched
perfectly to the miR-149* “seed” region (Fig. 3A). Because
GSK3α is known to target Mcl-1 for phosphorylation and sub-
sequent proteasomal degradation (29), we examined if GSK3α is
indeed down-regulated by miR-149*, which may be involved in up-
regulation of Mcl-1 in melanoma cells under ER stress (5). To this
end, we introduced luciferase reporter plasmids of the 3′UTR of
GSK3α into Mel-RM cells (Fig. 3 B and C). The reporter activity
was markedly suppressed by the presence of the 3′UTRof GSK3α,
which was reversed when the 3′UTR was mutated (Fig. 3C), sug-
gesting that the 3′UTR of GSK3α was inhibited by endogenous
miR-149*. In support, introduction of anti–miR-149* into Mel-
RM cell increased (Fig. S5)—whereas the addition of miR-149*
mimics further reduced—the reporter activity (Fig. 3C). There-
fore, miR-149* targets the 3′UTR of GSK3α in melanoma cells.
Consistently, introduction of miR-149* mimics into Mel-RM cells
down-regulated the GSK3α protein levels (Fig. 3D). Moreover,
the expression of GSK3α in Mel-RM cells after exposure to TM
decreased progressively, whereas this reduction was blocked by
pretreatment with anti-miR-149* (Fig. 3E). Collectively, these
results substantiate that GSK3α is a bona fide target of miR-149*
that is modulated in melanoma cells subjected to ER stress.

Among other predicted targets, E2F1 has been shown to be
down-regulated by miR-149*, which played a role in induction of
apoptosis in neuroblastoma and HeLa cells (30). However, al-
though induction of ER stress by TM in melanoma cell also
resulted in a decrease in E2F1 along with up-regulation of miR-
149* (Fig. 1E and Fig. S6), suggesting that miR-149* may similarly
target E2F1 inmelanoma cells under ER stress, this did not appear
to be sufficient to trigger apoptosis. Furthermore, over-expression
of E2F1 did not alter the levels of Mcl-1, nor did it impinge on
induction of apoptosis, as shown by the lack of effects on PARP
cleavage (Fig. S6). This is in contrast to over-expression of GSK3α
that decreasedMcl-1 and renderedmelanoma cells sensitive to ER
stress-induced apoptosis (Fig. S6). Therefore, the antiapoptotic
effect of miR-149* in melanoma cells under ER stress is unlikely
mediated by E2F1, even though it is targeted by miR-149* re-
sulting from ER stress.

Up-Regulation of Mcl-1 in Melanoma Cells Under ER Stress Is
Associated with Increased Expression of miR-149*. Upon exposure
of Mel-RM cells to TM, the GSK3α protein levels decreased in
parallel with the increase in Mcl-1 (Fig. 3F), suggesting that up-
regulation of Mcl-1 in the cells under ER stress may be associated
with the decreased expression of GSK3α. In support of this, in-
troduction of miR-149* mimics inhibited the phosphorylation of
Mcl-1 and enhanced the stability of the Mcl-1 protein (lane 2, Fig.
3G), recapitulating the effect of knockdown of GSK3α (lane 3,
Fig. 3G). Knockdown of GSK3α in combination with miR-149*
mimics did not further increase the levels of Mcl-1 (Fig. 3H),
suggesting that down-regulation of GSK3α is required for miR-
149*-mediated up-regulation of Mcl-1. The role of miR-149* in
regulation of the expression of Mcl-1 was further confirmed by
inhibition of endogenous miR-149*. The half-life of the endoge-
nous Mcl-1 was prolonged upon exposure to TM, which was at-
tenuated when miR-149* was inhibited (Fig. 3I). Therefore,
stabilization of the Mcl-1 protein as a corollary of miR-149*-
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mediated down-regulation of GSK3α contributes to up-regulation
of Mcl-1 in melanoma cells under ER stress. Consistently, in-
hibition of miR-149* promoted activation of caspase 3/7 and en-
hanced cell death in Mel-RM cells after exposure to TM (Fig. 3 J
and K and Fig. S7), indicating that the increased levels of miR-
149* in melanoma cells upon ER stress blocks apoptotic signaling.
The effect of inhibition of miR-149* on TM-induced apoptosis
was recapitulated by knockdown of p53, whereas introduction of
miR-149*mimics inhibited PARP cleavage induced by TM in cells
with p53 knocked down (Fig. S7).
Because miR-149 was also up-regulated, albeit to a lesser ex-

tent, by ER stress inmelanoma cells, we examined if miR-149 has a
similar role in protection of melanoma cells from ER stress-in-
duced apoptosis. Introduction of neither anti–miR-149 nor miR-
149 mimics altered sensitivity to ER stress-induced apoptosis in
melanoma cells with or without p53 knockdown, indicating that
miR-149 does not impinge on survival of melanoma cells under
ER stress (Fig. S7). Taken together, results from these studies
identify a p53-dependent, miR-149*-mediated prosurvival signal-
ing pathway that contributes to the increased expression of Mcl-1
and resistance to apoptosis in melanoma cells upon ER stress.
To further confirm the prosurvival role of p53 inmelanoma cells

under ER stress, we exposed Mel-RM and ME4405 (p53-null)
cells to TM at an increased concentration (10 μM). Although TM
did not induce PARP cleavage in Mel-RM cells even at this high
dose, cleavage of PARPwas evident inME4405 cells andMel-RM

cells with p53 knockdown as well (Fig. S8), suggesting that mela-
noma cells lacking p53 are more sensitive to ER stress-induced
apoptosis. Introduction of p53 into ME4405 cells inhibited cleav-
age of PARP, indicative of inhibition of apoptosis. This was as-
sociated with up-regulation of Mcl-1 (Fig. S8). These data
substantiate the role of p53-dependent up-regulation of Mcl-1 in
protection of melanoma cells from ER stress-induced apoptosis.
GSK3α is known to regulate other targets besides Mcl-1. For

example, it has been reported to inhibit β-catenin expression in
Xenopus embryos and human bronchial smooth muscle cells (31–
33). However, ER stress did not notably trigger changes in the
expression of β-catenin, even when GSK3α is overexpressed (Fig.
S9), indicating that GSK3α does not regulate β-catenin in mela-
noma cells. In support of this, regulation of the activity of the
pTOP-flash luciferase construct, an established indicator of Wnt/
β-catenin activity (34), in melanoma cells under ER stress ap-
peared to be independent of GSK3α, in that over-expression of
GSK3α did not reverse the slight increase in the pTOP-flash ac-
tivity in melanoma cells triggered by TM (Fig. S9). Therefore,
protection of melanoma cells from ER stress-induced apoptosis by
down-regulation of GSK3α is primarily mediated by Mcl-1 rather
than β-catenin.

Biological Significance of p53-Dependent, miR-149*–Mediated Pathway
in Melanoma. To determine the functional significance of the p53–
miR-149*–GSK3α–Mcl-1 pathway on melanoma biology in vivo,

0
0.2
0.4
0.6
0.8

1
1.2

R
el

at
iv

e 
R

en
ila

Lu
ci

fe
ra

se
 A

ct
iv

ity scramble
miR149*

1 2 3 4 5 6
pSI-vector pSI-GSK3

3’UTR
pSI-GSK3
3’UTR-mut

C

E F

G

I J

D

H

BA

sc
ra

m
bl

e
m

iR
-1

49
*

si
-G

S
K

3

Phos-Mcl-1
(ser159/thr163)
Mcl-1
GAPDH

1   2   3
35kD-

45kD-

45kD-
sc

ra
m

bl
e

m
iR

-1
49

*

1   2

45kD

35kD GAPDH

GSK3

CCCCACCUCCAGUCCCUCCCUCACCA

CCCCACCUCCAGUGGGUCCCUCACCA

GSK3a -3’UTR

GSK3a-3’UTR-mut

miR149* CGUGUCGGGGGCAGGGAGGGA 5’3’

5’ 3’

5’ 3’

LucpSI-vector

pSI-GSK3a-3’UTR

pSI-GSK3a-3’UTR-mut

GSK3 -3’UTRLuc

Luc GSK3 -3’UTR-mut

GAPDH
Mcl-1
GSK3

TM   0   3  6  12 24 36 (h)

1   2   3   4   5   6

45kD

35kD

45kD

CHX   0   1  2   4   6   8 0   1  2   4   6   8
DMSO (24h) TM (24h)

GAPDH
Mcl-1

0  1   2   4  6   8   (h)

anti-miR-149*
+TM (24h)

GRP7866kD
45kD

35kD
1 2 3 4 5 6 7 8 9 10 11 12 13 14 1516 17 18

Mcl-1

GAPDH

GSK3

si-ctrl
si-

GSK3
scramble     +        +

miR-149* mimics        +        +

1   2   3   4

45kD
45kD

35kD

scramble
TM     0  3  6 12 24 36    

GSK3
GAPDH

anti-miR-149*

45kD
35kD

0  3  6 12 24 36 (h)   

1 2 3 4 5 6 7 8 9 10 11 12

K

2000
3000
4000
5000
6000
7000

sc
ra

m
bl

e

an
ti-

m
iR

-1
49

*

si
-G

SK
3a

C
as

pa
se

3/
7 

A
ct

iv
ity

DMSO
TM

0
20
40
60
80

100
120

an
ti-

m
iR

-1
49

*

DMSO
TM

%
 C

el
l v

ia
bi

lit
y 

sc
ra

m
bl

e

Fig. 3. miR-149* targets GSK3α and up-regulates Mcl-
1 in melanoma cells. (A) Schematic illustration of base
paring between miR-149* and the 3′UTR of GSK3α.
Substitution of three consecutive cytosine bases with
guanine (CCC to GGG) for the mutant reporter con-
struct is also shown. (B) Schematic illustration of pSI-
CHECK2–based luciferase reporter constructs used for
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GSK3α (C) Mel-RM cells were cotransfected with the
indicated reporter constructs and Renilla luciferase
plasmids. Twenty-four hours later, reporter activity was
measured by using luciferase assays. (D) Mel-RM cells
were transfected with scramble or miR-149* mimics.
Thirty-six hours later, whole cell lysates were subjected
to Western blot analysis. (E) Mel-RM cells were trans-
fected with scramble and anti–miR-149* oligonucleo-
tide. Two hours later, cells were treated with TM (3 μM)
for the indicated periods. Whole-cell lysates were then
subjected to Western blot analysis. (F) Whole-cell
lysates from Mel-RM cells treated with TM (3 μM) for
the indicated periods were subjected to Western blot
analysis. (G) Mel-RM cells transfected with indicated
oligonucleotides. Twenty-four hours later, cells were
treated with MG132 (25 μM) for another 6 h. Whole-
cell lysates were then subjected to Western blot anal-
ysis. Phosphorylation of Mcl-1 was probed by a Ser159/
Thr163 phosphorylation-specific antibody. (H) Mel-RM
cells were transfected with the indicated oligonucleo-
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or without transfection with anti–miR-149* oligonu-
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(10 μM) for 36 h. Cell death was analyzed mainly by
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tumor growth of Mel-RM cells with or without miR-149* stably
inhibited by anti–miR-149* was examined after s.c. transplantation
into nu/nu mice. Deficiency in miR-149* resulted in marked re-
tardation of tumor initiation and growth in vivo (Fig. 4A and Fig.
S10). Examination of tumors from postmortem animals indicated
that they maintained their respective phenotypes, lowGSK3α/high
Mcl-1 for controls and high GSK3α/low Mcl-1 for those deficient
in miR-149* (Fig. 4B). The latter also displayed comparatively
high levels of caspase 3/7 activity (Fig. 4C), mirroring the reduced
ability of the cells to survive stress conditions.
To further validate the biological importance of the the p53–

miR-149*–GSK3α–Mcl-1 signaling pathway in melanoma in vitro,
we analyzed the expression of miR-149* in a panel of 60 WT p53
fresh metastatic melanoma isolates, and found that 59 of 60
samples expressed constitutively higher levels of miR-149* relative
to pooled melanocytes of three different lines (HEMa-LP, HEMa-
DP, and HEMn-LP; Fig. 4D). Examination of representative fresh
melanoma isolates sampled by relatively low (n= 4), intermediate
(n = 4), and high (n = 3) levels of miR-149* showed that mela-
nomas with low miR-149* expression displayed relatively low
levels of p53, high levels of GSK3α, and low levels of Mcl-1,
whereas intermediate and high miR-149* expression associated
with progressively more p53 and Mcl-1 and less GSK3α (Fig. 4E).
In situ analysis of melanoma tissue sections (n = 18) similarly
demonstrated that melanomas displaying relatively high levels of
miR-149* had low levels of GSK3α and high levels of Mcl-1, and
conversely, those with relatively low levels of miR-149* had high
levels of GSK3α and low levels of Mcl-1 (Fig. 4F and Fig. S11).
Therefore, the expression of the key elements of the p53–miR-
149*–GSK3α–Mcl-1 pathway in human melanoma in vivo is in
accordance with the regulatory model identified in vitro (Fig. 4G).
Notably, a similar association in the expression of p53, miR-149*,
GSK3α, and Mcl-1 was not observed in HCT116, U2OS, and
H1299 cells even when ER stress was induced (Fig. 1E and Fig.

S3), suggesting that this prosurvival signaling pathway is not
common in other cancer types.
p53 has previously been shown to transcriptionally regulate a

number of miRNAs such as miR-34a, miR-34b, miR-34c, and
miR-107, and can also modulate miRNA biogenesis inde-
pendently of transcription (18–23). These have been proposed to
contribute to its tumor suppressing function in some cancers (35–
37). Despite the presence of high levels of WT p53 in some mel-
anomas (38), the disease is highly malignant and largely resistant
to available therapeutic agents (3). Here we show that, instead of
being a functionally active tumor suppressor, p53 mediates a pro-
survival pathway through up-regulation of miR-149* in melanoma
cells under ER stress. The latter is a constitutive pressure en-
countered by melanoma cells in vivo and a state to which mela-
noma cells have adapted for survival (1) This has been previously
shown by increased expression of GRP78, a commonly used in-
dicator of activation of the UPR, with melanoma progression and
resistance of melanoma cells to ER stress-induced apoptosis (7).
Additionally, to verify that p53—but not its variants or homo-
logues—transactivates miR149*, p63, p73, and two p53 tran-
scriptional variants—p53-Δ40 and p53-Δ133 (the latter serves to
counteract the proapoptotic function of p53) (39)—were included
for testing their transactivation abilities. As shown in Fig. S12, only
WT p53 was shown to significantly enhance miR149* promoter
activity, suggesting that p53 is the bona fide regulator of miR149*
expression. Up-regulation of Mcl-1 is known to be induced by ER
stress and is one of the major prosurvival mechanisms of mela-
noma cells (5, 40). Thus, an unexpected function of p53 in pro-
moting Mcl-1 expression via miR-149* and GSK3α provides an
advantage for melanoma cell survival and conceivably resistance
to treatment.
Despite our clear evidence showing a prosurvival role of miR-

149* in melanoma cells, miR-149* has been reported to induce
apoptosis by inhibiting Akt1 and E2F1 in other cell types (30). This
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suggests that, like p53, miR-149* has distinct biological functions
in melanoma. Although functional consequences of miR expres-
sion are commonly tissue- and cell type-specific (41), p53 regula-
tion of its target genes also occurs in a cell type- and stimulus-
dependent manner (42, 43). Although the mechanisms involved
remain to be defined, our results indicate that melanoma-specific
up-regulation of miR-149* by p53 in cells under ER stress is a re-
sult of selective activation of its transcription along with the host
gene (the GPC1 gene). Many mechanisms are known to regulate
promoter selectivity of p53 target genes, such as posttranslational
modifications of p53, interactions of p53 with cofactors, and SNPs
in putative p53 response elements (42–44). Further studies are
required to address whether any of these is involved in specific
regulation of miR-149* by p53 in melanoma cells.
Because most patients from whom fresh melanoma isolates

were obtained and analyzed in this study are still alive, we are
unable to conclude at present whether the levels of miR-149* is of
significance in predicting disease progression and prognosis of
patients. Nevertheless, the elevated expression ofmiR-149* at high
frequency inmelanomamakes it an attractive candidate for further
investigation, either as a biomarker of melanoma progression or
a therapeutic target. The failure of p53 in regulation of miRNAs
that are known to be responsive to p53 in other cell types may also
contribute to its ineffectiveness to suppress melanoma (Table S1).

Materials and Methods
ChIP. Mel-RM cells were cross-linked with 1% formaldehyde for 10 min. ChIP
assaywasperformedbyusinganti-p53andtheChIPassaykit (Upstate/Millipore)
according to the manufacturer’s instructions. Anti-mouse IgG (ChIP assay kit)

were used as controls. The bound DNA fragments were subjected to PCR
reactions using the following primer pair: 5′>GTGAGACCACACAGAGAGA-
GAGCG<3′ and 5′>GGACCCAATCCAAGTGTGCATTTC<3′. PCR products were
separated by gel electrophoresis on 2% agarose gel.

In Situ Hybridization. For in situ hybridization (ISH), biotin-labeled probes were
purchased from Exiqon for human miR-149* and a negative control scramble
miRNA probe. Slides were hybridized in 20 nM of probe diluted in 200 μL of
hybridization buffer at 21 °C below the manufacturer’s supplied melting
temperature. Hybridization was performed on a Hybridizer (S2450; Dako)
overnight. Signal amplification was carried out with 1:50 biotinyl tyramide.
Slides were then incubated in ExtrAvidin–alkaline phosphatase (Sigma), fol-
lowed by incubation in detection buffer and then in NBT/BCIP. Slides were
not counterstained.

Immunohistochemistry. Staining of GSK3α and Mcl-1 on tissue sections by im-
munohistochemistry (IHC) was carried out by using previously described
methods. GSK3α was detected with Liquid Permanent Red chromogen and
Mcl-1 with 3,3′diaminobenzidine (DAB). Sections were counterstained with
Harris hematoxylin.
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