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Melanoma differentiation-associated gene-7/interleukin-24 (mda-7/IL-
24) is a multifunctional cytokine displaying broad-spectrum anticancer
activity in vitro or in vivo in preclinical animal cancer models and in a
phase 1/2 clinical trial in patients with advanced cancers. mda-7/IL-24
targets specific miRNAs, including miR-221 and miR-320, for down-
regulation in a cancer-selective manner. We demonstrate that mda-
7/IL-24, administered through a replication incompetent type 5 adeno-
virus (Ad.mda-7) or with His-MDA-7/IL-24 protein, down-regulates
DICER, a critical regulator in miRNA processing. This effect is specific
for mature miR-221, as it does not affect Pri-miR-221 expression, and
the DICER protein, as no changes occur in other miRNA processing
cofactors, including DROSHA, PASHA, or Argonaute. DICER is un-
changed by Ad.mda-7/IL-24 in normal immortal prostate cells, whereas
Ad.mda-7 down-regulates DICER in multiple cancer cells including glio-
blastoma multiforme and prostate, breast, lung, and liver carcinoma
cells. MDA-7/IL-24 protein down-regulates DICER expression through
canonical IL-20/IL-22 receptors. Gain- and loss-of-function studies con-
firm that overexpression of DICER rescues deregulation of miRNAs by
mda-7/IL-24, partially rescuing cancer cells frommda-7/IL-24-mediated
cell death. Stable overexpression of DICER in cancer cells impedes Ad.
mda-7 or His-MDA-7/IL-24 inhibition of cell growth, colony formation,
PARP cleavage, and apoptosis. In addition, stable overexpression of
DICER renders cancer cells more resistant to Ad.mda-7 inhibition of
primary and secondary tumor growth. MDA-7/IL-24-mediated regula-
tion of DICER is reactive oxygen species-dependent and mediated by
melanogenesis-associated transcription factor. Our research uncovers
a distinct role of mda-7/IL-24 in the regulation of miRNA biogenesis
through alteration of the MITF-DICER pathway.

mda-7/IL-24 | miRNA | ROS | DICER | MITF

RNAi-mediated gene regulation is an evolutionarily conserved
pathway that regulates gene expression in a sequence-specific

manner. MicroRNAs are noncoding 18–22-nucleotide-long RNAs,
which either degrade RNA or translationally block protein synthesis
(1). These small RNAs play a decisive role in evolution and disease
development, including cancer (2). Biogenesis of miRNAs
(microRNAs or miRs) is regulated by multiple steps including
DROSHA-regulating nuclear generation of primary miRNA
(pri-), Exportin 5 transferring pri-miRNA to the cytoplasm, and
pri-miRNA maturation in the cytoplasm by DICER (3). Con-
ventional miRNA biogenesis consists of nuclear primary miRNA
generation to synthesis of cytoplasmic mature miRNA (3). Various
RNA-induced silencing complex models have been proposed, and
these are either DICER-dependent or DICER-independent (4).
The DICER-independent miRNA, miR-451, uses Ago2 for
maturation (4). The identification of different oncogenic and tumor
suppressor miRNAs can be used as biomarkers that correlate
with disease stage and type (5).
DICER is a RNase III endonuclease molecule localized in the

cytoplasm, which provides key functions in miRNA processing
(3). Expression of DICER in different cancer types varies (6).
Expression is up-regulated in prostate cancers (7) and precursor
lesions of lung adenocarcinomas (8), but reduced in ovarian (9)

and advanced lung carcinomas (8). In addition, both high and
low expression of DICER correlate with poor prognosis in dis-
tinct populations of patients with cancer (10).
Melanoma differentiation-associated gene-7/interleukin-24

(MDA-7/IL-24), a cancer-selective antitumor cytokine, is a mem-
ber of the IL-10 gene superfamily (11). The gene and protein
exhibit in vitro and in vivo antitumor activity (12). Elevated
MDA-7/IL-24 expression suppresses tumor growth and promotes
apoptosis and toxic autophagy in a broad array of cancer cells
including osteosarcoma, melanoma, glioblastoma, neuroblastoma,
and colorectal, liver, lung, breast, pancreatic, and prostate cancer
(12). In a phase 1/2 clinical trial, delivery of MDA-7/IL-24 by
replication-incompetent adenovirus showed clinical efficacy in
patients with advanced cancers (12–16). MDA-7/IL-24 not only
directly diminishes tumor growth but also blocks angiogenesis and
activates the immune system (17), functioning as an anticancer
double-edged sword. An additional attribute, and perhaps a key
distinctive property, of MDA-7/IL-24 that contributes to its pro-
found anticancer properties involves its ability to be secreted and
induce its own synthesis through canonical IL-20/IL-22 receptors,
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thereby promoting both localized and distant tumor cell killing
(i.e., “bystander anticancer activity”) (18–20).
We showed previously that MDA-7/IL-24 regulates expression of

several miRNAs, including miR-221 (21). However, the mechanism
of miRNA regulation by MDA-7/IL-24 was not resolved in this
study. We now elucidate the primary underlying mechanism of
regulation of miRNAs by MDA-7/IL-24. MDA-7/IL-24 down-
regulates DICER in a reactive oxygen species (ROS)-dependent
manner. This results in deregulation of miRNAs that are con-
trolled by MDA-7/IL-24. Overexpression of DICER partially res-
cues MDA-7/IL-24-mediated cell death in cancer cells. Moreover,
MDA-7/IL-24-mediated DICER deregulation occurs through reg-
ulation of melanogenesis-associated transcription factor (MITF).
Our studies confirm a functional link between mda-7/IL-24 and
specific miR regulation and show that this pathway is enabled by a
complex loop consisting of MITF and DICER. These discoveries
provide targets for potentially enhancing anticancer activity of the
therapeutic cytokine MDA-7/IL-24.

Results
MDA-7/IL-24 Regulates Mature miR-221 and Not Pri-miR-221. We
demonstrated previously that mda-7/IL-24 down-regulated the
oncogenic microRNA, miR-221, in a broad spectrum of cancer
cell lines (21). Overexpression of miR-221 partially rescued cells
from mda-7/IL-24-mediated cell death. To study the mechanism
underlying this regulation, we first determined the level of primary
miRNA (i.e., pri-miR-221 or premiR-221) in mda-7/IL-24-treated
cells (Fig. 1). Cells were infected with Ad.null or Ad.mda-7 [2,000
viral particles (vp)/cell] for 72 h, and the levels of primary and
mature miR-221 were determined by real-time PCR. As shown in
Fig. 1, infection with Ad.mda-7 induced a significant down-regulation
of mature miR-221 in a diverse array of cancer cell lines, sup-
porting previous observations (21). However, no significant
change was evident in pri-miR-221 levels in these different cancer
cells (Fig. 1). In contrast, no alterations in pri-miR-221 or mature
miR-221 were evident in RWPE-1 cells (Fig. 1A), which are pri-
mary immortal normal prostate epithelial cells. These results
suggest that mda-7/IL-24-mediated miRNA regulation in cancer
cells is posttranscriptional, which affects mature miRNA and not
primary miRNA. In addition, our findings demonstrate a lack of
effect on miRNA in normal prostate epithelial cells, confirming a
cancer-selective effect of mda-7/IL-24 on miR-221 expression.

MDA-7/IL-24 Down-Regulates the miRNA-Processing Enzyme DICER.
To scrutinize the mechanism of MDA-7/IL-24 regulation of
miR-221, we examined the expression of the proteins involved in
miRNA processing. miRNA processing is complex: mature

miRNAs develop through a series of posttranscriptional steps, in-
cluding production of premiRNA by Drosha/DGCR8, export into
the cytoplasm by exportin-5, and digestion by DICER, an RNase
III endonuclease. There are also reported miRNAs, which follow
DICER-independent pathways (i.e., miR-451) (4). Moreover,
there are groups of miRNAs called mirtrons, which use the splicing
machinery and bypass Drosha-mediated cleavage. We checked the
expression of regulatory molecules of the miRNA biogenesis
pathway in a series of cancer cells of diverse origin including
prostate (DU-145), breast (MDA-MB-231), and lung (A549) car-
cinomas and normal prostate epithelial cells (RWPE-1) after Ad.
null or Ad.mda-7 infection (Fig. 2 and SI Appendix, Fig. S1). Cell
lysates were collected 72 h after treatment, and Western blotting
was done with the indicated antibodies. DICER expression de-
creased with mda-7/IL-24 overexpression, whereas DROSHA and
DGCR8 (PASHA) expression remained unaffected in Ad.mda-7-
infected cells (Fig. 2 and SI Appendix, Fig. S1). Ago2 also remained
unaltered after overexpression of mda-7/IL-24. Interestingly,
DICER expression remained unchanged in RWPE-1 cells sup-
porting cancer-specific activity of mda-7/IL-24 (Fig. 2A). MDA-7/
IL-24 overexpression after Ad.mda-7 infection was confirmed by
Western blotting. To validate further the activity of mda-7/IL-24,
we checked the expression of two established downstream targets
of mda-7/IL-24; that is, BiP/GRP78 (22) and Beclin-1 (21, 23). As
anticipated, expression of GRP78 and Beclin-1 were increased
after mda-7/IL-24 treatment (Fig. 2 and SI Appendix, Fig. S1). The
level of decrease in DICER expression by mda-7/IL-24 varied in
different cancer cell lines, whereas no change in DICER (or
GRP78 or Beclin-1) was observed in RWPE-1 cells after infection
with Ad.mda-7 (Fig. 2A and SI Appendix, Fig. S1).
To explore further the mechanistic details of DICER regulation

by MDA-7/IL-24, we determined the level of DICER transcripts
after mda-7/IL-24-treatment. Real-time PCR confirmed a consis-
tent down-regulation of DICER mRNA after overexpression of
mda-7/IL-24 in multiple cancer cell lines (SI Appendix, Fig. S2). In
addition, mda-7/IL-24 significantly down-regulated DICER protein
level in a dose- and time-dependent manner in both DU-145 and
MDA-MB-231 cells (SI Appendix, Fig. S3).
MDA-7/IL-24 is a secreted protein that requires a complete set

of dimeric cell surface receptors (IL-20R1/IL-20R2, IL-20R1/IL-
22R1, or IL-20R2/IL-22R1) for internalization and signaling (24).
We purified recombinant His tagged MDA-7/IL-24 protein, using a
previously described protocol (24–26), and treated A549 cells
(which lack the dimeric set of IL-20/IL-22 receptors) and DU-145
cells (with a complete set of IL-20/IL-22 receptors) with His-MDA-
7/IL-24 and determined the DICER transcript levels. As shown in
SI Appendix, Fig. S4A, expression of DICER significantly decreased
in DU-145 cells, whereas the level remained unchanged in A549
cells. This validates previous data using viral-based delivery of
MDA-7/IL-24 and confirms that MDA-7/IL-24 down-regulates
DICER in DU-145 cells, which have a complete set of receptors
for this cytokine, but not in A549 cells, which only express IL-20R1.
However, when IL-22R1 or IL-20R2 receptors were introduced
into A549 cells and these reconstituted A549 cells were treated with
His-MDA-7/IL-24, DICER levels decreased to a comparable level,
as seen in DU-145 cells (SI Appendix, Fig. S4A).

DICER Overexpression Rescues miRs Down-Regulated by MDA-7/IL-24.
Because DICER expression decreased withmda-7/IL-24 treatment,
we examined the expression of miRNAs that were deregulated by
mda-7/IL-24 after overexpression of DICER.Whereasmda-7/IL-24
down-regulated miR-221 and miR-320 in control (nontransfected)
cells, there was a significant rescue in the levels of miR-221 and
miR-320 in DICER-overexpressing cells (Fig. 3). In contrast, miR-
451, a DICER-independent miRNA (4), showed no significant
change after overexpression of mda-7/IL-24 or DICER (Fig. 3).
These results were observed both in DU-145 (Fig. 3A) and MDA-
MB-231 cells (Fig. 3B). Overall, these studies support DICER-
dependent regulation of miRNA by mda-7/IL-24.

Fig. 1. mda-7/IL-24 down-regulates mature miR-221, but not pri-miR-221.
Real-time quantitative PCR of cancer cells [DU-145 (A), MDA-MB-231 (B),
A549 (C), and GBM6 (D)] infected with Ad.mda-7 (2,000 vp/cell for 72 h)
indicates significantly less miR-221. miR-221 expression does not change in
RWPE-1 cells (A) after infection with Ad.mda-7. No significant change in
primary-miR-221 occurs after Ad.mda-7 infection.
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MDA-7/IL-24-Mediated DICER Regulation Is ROS-Dependent. ROS are
key contributors to mda-7/IL-24-mediated cell death uniquely in
cancer cells (27). Prior studies have shown thatmda-7/IL-24-mediated
miR-221 regulation is ROS-dependent (21). Infection with Ad.
mda-7 down-regulated DICER expression in multiple cancer
cells, irrespective of their origin, whereas pretreatment of cells
with N-acetyl cysteine (NAC), a ROS scavenger, rescued DICER
expression (Fig. 4 and SI Appendix, Fig. S4B). Moreover, these
changes in DICER levels were not observed in RWPE-1 cells
after Ad.mda-7 infection. ROS levels were quantified with
DCFD reagent, which showed that ROS levels increased after
mda-7/IL-24 expression in cancer cells, and NAC treatment
decreased ROS levels (Fig. 4C).

DICER Overexpression Rescues MDA-7/IL-24-Mediated Cell Death.
Because DICER is a downstream target of mda-7/IL-24, we
determined whether DICER overexpression could mitigate mda-
7/IL-24-mediated effects on cell proliferation and death. Cells
were transfected with a vector control or DICER and infected
with either Ad.null or Ad.mda-7. DICER-transfected cells were
resistant to mda-7/IL-24-mediated inhibitory effects on cell
proliferation, as monitored by MTT (3-4,5-dimethyl thiazol-2-yl-
2, 5-diphenyl tetrazolium bromide) assays (Fig. 5). These anti-
proliferative effects were also evident in long-term colony-
forming assays (Fig. 5). A strong inhibition in colony formation
was seen in mda-7/IL-24-infected cells, which was partially but
significantly rescued in DICER-overexpressing cells.
We also studied apoptosis by monitoring cleaved PARP levels in

control and DICER-transfected cells. There was significantly less
cleaved PARP in DICER-overexpressing cells compared with
vector-transfected cells after mda-7/IL-24 expression (Fig. 5 C and
D and SI Appendix, Fig. S5). Annexin-V assays also confirmed
similar results, with DICER-overexpressing cells being significantly
more resistant tomda-7/IL-24-mediated cell death (Fig. 5 E and F).
To evaluate the role of mda-7/IL-24 and DICER in vivo, DU-

145 cells stably overexpressing vector or DICER were injected
s.c. to establish tumor xenografts in male athymic nude mice.
After a palpable tumor developed in ∼2 wk, the tumors were

injected with eight intratumoral injections during a 3-wk period
with 1 × 108 viral particles of Ad.null or Ad.mda-7. In control
vector-transfected cells, significant growth inhibition was evident,
but in DICER-overexpressing cells, the effect of Ad.mda-7 was
diminished in both the injected left tumor and the uninjected right
tumor, as previously observed in vitro (Fig. 6 A and B and SI
Appendix, Fig. S6). The expression of MDA-7/IL-24 and DICER
were confirmed by immunohistochemistry (Fig. 6C and SI Ap-
pendix, Fig. S7). Taken together, these experiments demonstrate
the significance of DICER in mda-7/IL-24-mediated cancer cell
death both in vitro and in vivo.

MDA-7/IL-24-Mediated DICER Regulation Is Mediated by the
Transcription Factor MITF. DICER plays a central regulatory role
in miRNA processing and biogenesis pathways. However, little is
known regarding the regulation of DICER. Conversion of pre- to
mature-miRNA is dependent on the level of DICER expression.
Accordingly, understanding the underpinnings of transcriptional
regulation of DICER is relevant. Previous studies have shown that
SOX4 (28) and MITF (29) can transcriptionally activate DICER.
Infection with Ad.mda-7 dramatically inhibited MITF expression
in all three cancer types (Fig. 7 A and B and SI Appendix, Fig.
S8A). Also, the transcript levels of MITF decreased with mda-7/
IL-24 expression (SI Appendix, Fig. S8B). In contrast, no signifi-
cant changes in MITF occurred in RWPE-1 cells infected with Ad.
mda-7. Also, treatment with NAC, the ROS scavenger, rescued
MITF expression in Ad.mda-7 infected cells, suggesting a role of
ROS in the regulation of MITF (SI Appendix, Fig. S9).
Because secreted MDA-7/IL-24 protein induces cancer toxic-

ity through a paracrine/autocrine loop through induction of en-
dogenous MDA-7/IL-24 protein expression and secretion (18),
we generated mda-7/IL-24 knockout clones (KO), using the
CRISPR-Cas9 method in DU-145 cells to evaluate the effect of
mda-7/IL-24 on MITF regulation. Both vector and Cas9 mda-7
KO cells were treated with recombinant His-MDA-7/IL-24
protein, and as reported earlier, MDA-7/IL-24 protein turned on
its own transcript expression through an autocrine regulatory
pathway (18) in control vector cells. In contrast, His-MDA-7
failed to turn on mda-7/IL-24 in Cas9 mda-7 KO cells (SI Ap-
pendix, Fig. S10). Also, in the vector group, there was a down-
regulation in MITF transcript level aftermda-7/IL-24 expression,

Fig. 2. mda-7/IL-24 down-regulates DICER protein. Effect of mda-7/IL-24 on
DICER, DROSHA, DGCR8 (PASHA), Ago2, Beclin-1, and GRP78 protein levels de-
termined by Western blotting. RWPE-1 and DU-145 (A), MDA-MB-231 and A549
(B) cells were infected with Ad.null or Ad.mda-7 (2,000 vp/cell) for 72 h. Cells
were lysed, and Western blotting was done. EF1α was used as a loading control.

Fig. 3. DICER overexpression rescues miRs regulated bymda-7/IL-24. DU-145
(A) and MDA-MB-231 (B) cells were transfected with DICER overexpressing
plasmid and infected with Ad.mda-7. miR-221, miR-320, and miR-451 levels
were monitored by real-time quantitative PCR. Treatment with Ad.mda-7 sig-
nificantly down-regulated miR-221 and miR-320, which were rescued in DICER-
transfected cells. The level of miR-451, which is a DICER-independent miRNA,
does not change with either Ad.mda-7 infection or DICER overexpression.
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which was abrogated in the mda-7-cas9 KO cells. These data
confirm mda-7/IL-24 regulation of MITF expression.
Next, we monitored the expression of DICER in MITF-

overexpressing cells and determined whether overexpressing
MITF could diminish the suppressive effect of mda-7/IL-24 on
DICER. Cells were transfected with vector or MITF plasmids and
infected with Ad.null or Ad.mda-7. In MITF transfected cells,
DICER expression was significantly enhanced (Fig. 7 C–F and SI
Appendix, Fig. S11). As anticipated, DICER levels decreased in mda-
7/IL-24-treated cells; however, in MITF-overexpressing cells, DICER
expression was rescued after treatment with mda-7/IL-24 (Fig. 7 C–F
and SI Appendix, Fig. S11). These results confirm MITF-dependent
mda-7/IL-24-mediated DICER regulation. Taken together, these re-
sults delineate the significance of MITF-DICER and miRNAs in the
cancer-specific cytotoxicity of mda-7/IL-24, establishing a pathway of
mda-7/IL-24-mediated gene regulation in cancer cells.
To validate that the effect of mda-7/IL-24 on the transcriptional

regulation of DICER involves MITF, we performed a luciferase
reporter gene assay using a DICER promoter construct and MITF.
Cells infected with Ad.mda-7 had significantly lower luciferase ac-
tivity than the Ad.null infected controls (SI Appendix, Fig. S12).
Also, as reported earlier, MITF induced DICER promoter activity
(29), which decreased after mda-7/IL-24-treatment. These data
confirm that MITF mediates DICER regulation by mda-7/IL-24.

Discussion
miRNAs are abundant in different cell types and in diverse or-
ganisms including plants, animals, and viruses. They resemble
siRNAs and are part of the RNA interference pathway (30).
However, they differ in that miRNAs are produced from RNA
transcripts that fold on themselves, forming hairpins, whereas
siRNAs are generated from double-stranded RNAs. miRNAs tar-
get about 60% of genes in humans and other mammals (30). They
are evolutionarily conserved, implying their importance in many
biological functions. Many miRNA genes are located in both exons
and introns and are transcribed by RNA polymerase II (30). Our
study reveals a previously unrecognized mechanism of DICER
regulation by mda-7/IL-24 and the melanocytic transcription factor
MITF. This regulation leads to noteworthy changes in downstream
miRNAs. We also demonstrate that DICER plays a decisive role in
mda-7/IL-24-mediated cell death that is cancer selective.
Although DICER is ubiquitously expressed in many cell types,

its regulation of miRNA biogenesis in diverse and specific cellular

and biological contexts requires clarification. DICER expression
and its occurrence in cancer varies (31), with no clear correlation
between DICER expression and disease stage or occurrence (32).
DICER can function both as an oncogene and as a tumor sup-
pressor gene in specific cancer indications. Although DICER is up-
regulated in prostate cancer (33), it is down-regulated in breast
cancer (34). Also, contradicting studies suggest that DICER protein
levels do not always correlate with mature miRNA production (35).
Maturation of miRNA involves several steps and three central

molecules, DROSHA, DGCR8, and DICER, which play crucial
roles in maturation (36). DICER is recognized for its canonical
role in the generation and maturation of miRNAs (37). This was
traditionally thought to be a cytoplasmic process; however, recent
evidence suggests that functional DICER can also localize to the
nucleus (38). A DICER-independent pathway was described for
the precursor of miR-451. miR-451 bypasses DICER, is loaded
into Ago2 directly (39), and uses Ago2 for its maturation instead
of DICER (39). mda-7/IL-24 does not regulate miR-451, but
regulates other DICER-dependent miRs, emphasizing the specific
role of mda-7/IL-24 on DICER-mediated miR regulation.
mda-7/IL-24 is a tumor suppressor gene displaying selective tumor

inhibitory activity in a broad spectrum of cancer cells (12, 40). This IL-
10 gene family cytokine targets several anti-apoptotic proteins for
suppression, that is, Bcl-2, Bcl-xL (12), Mcl-1, and AIF (41), whereas
it activates the tumor suppressors SARI (24, 42), Beclin-1 (21, 23),
p27 (21), and PUMA (21). mda-7/IL-24 also regulates specific
microRNAs including miR-221 (21). This immunomodulatory anti-
cancer cytokine inhibits angiogenesis (43), and the secreted MDA-7/
IL-24 protein has potent “bystander activity,” targeting both local and
distant tumors (19, 44). We now uncover a pathway of mda-7/IL-24-
mediated miRNA regulation that involves ROS, MITF, and DICER.
MITF, a microphthalmia family oncogenic transcription factor,

transcriptionally activates many oncogenes and lysosomal genes
(45). The underlying mechanisms of regulation of MITF are not
well understood. It is an evolutionarily conserved transcription
factor with homologs in Caenorhabditis elegans and Drosophila

Fig. 4. ROS-dependent regulation of DICER by mda-7/IL-24. RWPE-1 and
DU-145 (A), MDA-MB-231, and A549 (B) cells were pretreated with 10 mM
NAC and infected with either Ad.null or Ad.mda-7 (2,000 vp/cell for 72 h).
Western blotting was done with DICER antibody. EF1α was used as a loading
control. (C) Bar graph representation of quantitative ROS levels.

Fig. 5. DICER overexpression rescues cancer cells from mda-7/IL-24-mediated
cell death. DU-145 (A) and MDA-MB-231 (B) cells were transfected with
pCDNA3.1 (control) or DICER and then infected with Ad.null or Ad.mda-7. MTT
assays showed that treatment with mda-7/IL-24 resulted in an inhibition in
proliferation of DU-145 and MDA-MB-231 cells, which is less in DICER-
overexpressing cells. DICER overexpression also rescues inhibition in colony
formation in DU-145 (A) and MDA-MB-231 (B) cells treated with Ad.mda-7.
Data presented as mean ± SD. DU-145 (C) and MDA-MB-231 (D) cells were
transfected with pCDNA3.1 (control) or DICER and then infectedwith Ad.null or
Ad.mda-7 (2,000 vp/cell). After 72 h, cells were lysed and Western blotting was
done with PARP, DICER, and MDA-7/IL-24 antibody. Actin was used as a loading
control. DU-145 (E) and MDA-MB-231 (F) cells were transfected with pCDNA3.1
(control) or DICER and then treated with Ad.null or Ad.mda-7. After 72 h, cells
were stained with Annexin-V/PI and then analyzed by flow cytometry.
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(46). MITF is mainly expressed in melanocytes and retinal pigment
epithelial cells, but it is also expressed in other cell types (47). Genomic
amplification of MITF is observed in cancer, where it can function as
an oncogene (48). MITF promotes cellular growth and oncogenesis
through regulation of genes involved in survival, proliferation, motility,
oxidative stress, and DNA repair (45). Cancer cells depend on glucose
for efficient growth, and glucose metabolism controls MITF expres-
sion (49). Restriction of glucose to physiological levels induces ROS
production (49). Increased ROS levels lead to activation of ATF4,
which in turn suppresses MITF expression by competing with CREB,
an otherwise potent inducer of the MITF promoter (49). The ROS-
ERK signaling pathway plays an essential role in cancer, promoting
phosphorylation of Serine 73 on MITF and thereby accelerating its
proteasomal degradation (50). We show that mda-7/IL-24 can spe-
cifically down-regulate MITF transcriptionally and translationally,
which are mediated by ROS. Also, this regulation down-regulates the
target of MITF, that is, DICER, culminating in a decrease in miRNA
biogenesis (Fig. 7G). Wiesen and Tomasi have shown that ROS and
HDAC inhibitors regulate DICER protein levels (51). As a result, the
HDAC inhibitor, panobinostat, down-regulates DICER activity, which
provides therapeutic opportunities in cancer. In these contexts,
downregulating DICER can have direct therapeutic applications and
may be an additional mechanism by which MDA-7/IL-24 exerts such
potent anticancer activity in diverse cancers.
In conclusion, our study highlights a distinctive role ofmda-7/IL-24

in miRNA processing by regulating the ROS/MITF/DICER pathway.
Further detailed investigations are necessary to mechanistically define
precisely how DICER is regulated by mda-7/IL-24 and MITF. Ab-
errant expression of miRNAs in different pathological conditions,
including cancer, neurodegeneration, cardiovascular disease, and in-
fectious diseases, represent important areas of health research, and
consequently mda-7/IL-24-mediated DICER regulation may provide
a target for therapeutic intervention in multiple diseases.

Materials and Methods
Plasmids, Cell Lines, Stable Clones, Adenoviruses, and Purified MDA-7/IL-24
Protein. DICER, DICER promoter, and MITF plasmids were obtained from
Addgene. The MDA-7/IL-24 CAS9 construct and its vector control were from

Genecopoeia. Ad.mda-7, a replication incompetent Ad5 expressingmda-7/IL-
24, and Ad.null, a replication incompetent Ad5 without a gene insert, were
constructed and amplified as described (25–27). IM-PHFA cells were infected
with Ad.5-His-mda-7, using a standard protocol. Cell supernatant was mixed
with Ni-NTA slurry to bind MDA-7/IL-24 with Ni-NTA beads. Twenty-
four hours after incubation, the Ni-NTA beads were collected, washed,
and purified. MDA-7/IL-24 protein was eluted in imidazole buffer and vali-
dated by Western blotting. DU-145, MDA-MB-231, A549, and RWPE-1 cells
were obtained from the American Type Culture Collection. They were cul-
tured as per American Type Culture Collection instructions and regularly
tested for mycoplasma contaminations, using mycoplasma detection kit
(Sigma Aldrich). GBM6 cells were described (52) and provided by C. David
James (University of California, San Francisco). The IM-PHFA cell line was
established and maintained as described (19). DICER stable cell lines were
generated using a standard protocol (19).

Transfection and Western Blotting. Cells were transfected with Lipofectamine
2000 (Invitrogen), as suggested by themanufacturer. Plasmid concentrations vary
in the size and area of the plates, as per themanufacturer’s instructions.Western
blotting was done using standard protocols (21). Primary antibodies were DICER,
DROSHA, MITF, DGCR8, Argonaute, Beclin-1, Actin (Cell Signaling Technology),
MDA-7/IL-24 (Genhunter), BiP/GRP78 (Santacruz), and EF1α (Upstate bio-
technology). Secondary antibodies were from Cell Signaling Technology.

Real-Time PCR. Total RNA and miRNA-enriched fractions were isolated from
cell lines using RNA and miRNA isolation kits from Qiagen. cDNA synthesis
was done using the cDNA synthesis kit from Applied Biosystems. Real-time
PCR was performed using the TaqMan master mix from Applied Bio-
systems. Data were analyzed using GraphPad Prism software.

Cell Proliferation Assays. MTT was used to study cellular proliferation. Stan-
dard protocol was used (18).

Colony Formation Assays. Clonal assays were performed as described (24).
Briefly, ∼500 cells were plated and treated as described in figure legends.
After 2 wk, colonies were stained and counted. Graphical representation

Fig. 6. In vivo xenograft study showing DICER-mediated cell death by mda-
7/IL-24. DU-145 cells, stably expressing a control pCDNA3.1 vector or DICER,
were s.c. implanted in both flanks of athymic male nude mice. Left-sided
tumors were injected with eight intratumoral injections of Ad.null or Ad.
mda-7 (1 × 108 vp). Once the control tumors reached maximum allowable
limits, animals were killed and tumors were isolated. (A) Graphical repre-
sentation of the tumor weight on both flanks. (B) Tumor volumes on both
flanks were measured, and results are presented in a graphical manner. (C)
Immunohistochemical analysis of MDA-7/IL-24 and DICER in tumor sections
(Left, injected/treated tumors; Right, uninjected/untreated tumors).

Fig. 7. mda-7/IL-24-mediated DICER regulation is controlled by the transcrip-
tion factor MITF. mda-7/IL-24 down-regulates MITF in different cancer cell lines
(A and B), but not in normal RWPE-1 cells (A). DU-145 (C) and MDA-MB-231
cells (D) were transfected with vector or MITF, and then treated with Ad.null or
Ad.mda-7. RNA was isolated 72 h postinfection, and real-time quantitative PCR
was done to check the level of DICER. DU-145 (E) and MDA-MB-231 cells (F)
were treated as described in C and D, total protein was isolated, and Western
blotting was done with DICER andMITF antibodies. Actin was used as a loading
control. (G) Schematic representation of regulation of the miRNA processing
enzyme DICER by mda-7/IL-24. MDA-7/IL-24 down-regulates the transcription
factor MITF in a ROS-dependent manner, which in turn down-regulates DICER.
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was done for different groups in triplicates, with SD of the mean. Statistical
analysis was done with P value < 0.05 considered significant.

Apoptosis Assays. Cells were treated as indicated in the figure legends. Annexin-
V/PI assay was used to study apoptosis as described in the manufacturer’s in-
structions (BD Biosciences). Flow cytometric analysis was done to quantify the
apoptotic cells using BD FACS canto II and BDFACS DIVA software.

ROS Measurements. Carboxy-2′,7′-dichloro dihydro fluorescein diacetate (Mo-
lecular Probes; Life Technologies) was used to measure the total amount of ROS
produced by cells after treatment, as described in the figure legends (Fig. 4C).

Reporter Gene Assays. For luciferase assays, cells were transfected with the
DICER promoter construct and MITF overexpressing plasmid using lipofectamine.
Cells were incubated for 72 h, and luciferase assays were performed with the
dual-luciferase assay kit from Promega.

Xenograft Tumor Studies. Prostate cancer cell lines, including DU-145 and
DICER overexpressing stable clones of DU-145, were implanted in both flanks
of 6–7-wk-old athymic nude mice. All animal experiments were performed as
per guidelines approved by the American Association for Accreditation of

Laboratory Animal Care and Institutional review board (IRB). After the tu-
mor reached palpable size, they were injected with the adenoviruses 108 vp
for eight doses. Once the control tumors reached a maximum allowable
limit, the animals were killed, tumors were isolated, and tumor weight was
measured. Also, tumor sizes were measured periodically, using calipers, and
graphical representation was done. After completion of the experiment,
tumors were fixed and the sections were evaluated immunohistochemically.

Statistical Analysis. Data are presented as mean ± SD of at least three ex-
periments, performed as a minimum in triplicate. Statistical analysis were
done using Student t test. P < 0.05 was considered to be significant. Analysis
and graphical representation were done using the GraphPad prism software.
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