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a b s t r a c t

In human epithelial cancers, the microRNA (miRNA) mir-30d is amplified with high frequency and serves
as a critical oncomir by regulating metastasis, apoptosis, proliferation, and differentiation. Autophagy, a
degradation pathway for long-lived protein and organelles, regulates the survival and death of many cell
types. Increasing evidence suggests that autophagy plays an important function in epithelial tumor ini-
tiation and progression. Using a combined bioinformatics approach, gene set enrichment analysis, and
miRNA target prediction, we found that mir-30d might regulate multiple genes in the autophagy path-
way including BECN1, BNIP3L, ATG12, ATG5, and ATG2. Our further functional experiments demon-
strated that the expression of these core proteins in the autophagy pathway was directly suppressed
by mir-30d in cancer cells. Finally, we showed that mir-30d regulated the autophagy process by inhibit-
ing autophagosome formation and LC3B-I conversion to LC3B-II. Taken together, our results provide evi-
dence that the oncomir mir-30d impairs the autophagy process by targeting multiple genes in the
autophagy pathway. This result will contribute to understanding the molecular mechanism of mir-30d
in tumorigenesis and developing novel cancer therapy strategy.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Autophagy is an evolutionarily conserved process for delivering
cellular materials and organelles to lysosome for degradation, and
releasing them to the cytoplasm for recycle use [1,2]. This process
is initiated by enclosing materials destined for degradation within
double-membraned vacuoles, called autophagosome, and followed
by fusion with lysosomes for promoting degradation of the luminal
content. Autophagy is present in cells at a low basal level and can
be induced when cells are undergoing environmental stress. This
process helps to maintain cellular homeostasis and prevents
organism from damaging and diseases. The function of autophagy
in cancer development is believed to be cell context-dependent. It
has been reported that in vivo disrupting the expression of autoph-
agy genes, e.g. BECN1 and ATG5, leaded to tumor initiation [3–6],
suggesting autophagy pathway has tumor suppression function.
ll rights reserved.

III, 421 Curie Blvd, Philadel-

Zhang).
Meanwhile autophagy can promote tumor cell survival, especially
in oncogenic RAS-driven cancers [7–9].

mir-30d is one of the members in the mir-30 microRNA (miR-
NA) family. The mir-30 family regulates a wide range of physiolog-
ical processes in normal tissues and cancers, including
development [10–14], metastasis [15–17], apoptosis [18–21],
senescence [22], proliferation [23–25] and differentiation [26,27].
Recently it has been reported that mir-30d was amplified in more
than 30% of multiple types of human epithelial tumors [28,29]. It
suggests that mir-30d is a novel oncogene involved in tumor devel-
opment and homeostasis, serving as a potential biomarker or drug
target in human cancers.

2. Materials and methods

2.1. Cell culture

Cancer cells were cultured in RPMI1640 (Cellgro) supplemented
with 10% fetal bovine serum (FBS; Invitrogen). For autophagy
induction, cells were either treated with 200 nM rapamycin
(Sigma) supplemented in complete medium or serum starved
with Hank’s buffer (Stemcell Technologies), both at 37 �C for 4 h.
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Lysosomal protease inhibitors E64d (1 mg/ml; Sigma) and
Pepstatin A (1 mg/ml; Sigma) were added when necessary.

2.2. Plasmids

The GFP-LC3 and the psicheck2 reporter vectors were pur-
chased from Addgene and Promega, respectively. The target se-
quences of the mir-30d in the 30 UTR of its target genes were
listed in Supplementary data Table S1.

2.3. Quantitative real-time PCR (qPCR)

Total RNA was extracted using TRIzol reagent (Invitrogen) and
reverse-transcribed using a high capacity RNA-cDNA kit (Applied
Biosystems). cDNA was quantified on an ABI Prism 7900 sequence
detection system (Applied Biosystems). PCR was performed using
Power SYBR Green PCR master mix (Applied Biosystems).

2.4. Western blotting (WB)

Cells were lysed in mammalian protein extraction reagent
(Pierce) with protease inhibitor cocktail (Sigma). 15 lg of total pro-
tein was separated by 10% SDS–PAGE under denaturing conditions
and transferred to PVDF membranes (Millipore). Membranes were
blocked in 5% non-fat milk (Bio-Rad) and then incubated with the
following primary antibodies: anti-ATG5, anti-ATG12, anti-BECN1,
anti-BNIP3L, and anti-LC3B Supplementary data Table S2. After
incubation with a secondary antibody conjugated with HRP (Amer-
sham Biosciences) together with an HRP-conjugated primary anti-
body for b-actin (Sigma), immunoreactive proteins were visualized
using the LumiGLO chemiluminescent substrate (Cell Signaling).

2.5. Luciferase reporter assay

Cells were plated on a 24-well plate 24 h before transfection at
50% confluence. 30 nM miRNA mimics (Ambion) were transfected
using Lipofectamine RNAiMAX (Invitrogen). 24 h post-transfection,
0.125 lg of reporter vector was transfected using FuGENE6 trans-
fection reagent (Roche). 48 h after reporter vector transfection,
cells were harvested, and reporter assays were performed using a
dual luciferase reporter assay system (Promega).

2.6. Bioinformatic analysis

miRNA and mRNA expression microarray data were retrieved
from a public accessible database, Cell Miner. http://dis-
cover.nci.nih.gov/cellminer/. Gene set enrichment analysis (GSEA)
algorithm was used to identify the pathways that were signifi-
cantly enriched between mir-30d low and high tumor cells.
http://www.broadinstitute.org/gsea/index.jsp. The autophagy gene
set was listed in Supplementary data Table S3. TargetScan algo-
rithm was used to predict mir-30d targets. http://
www.targetscan.org.

3. Results

3.1. The autophagy pathway was bioinformatically predicted to be
regulated by mir-30d

We have reported that mir-30d is frequently amplified in hu-
man cancers, suggesting that mir-30d is a potential oncomir. To
further characterize the function of mir-30d in human cancers,
we performed the gene set enrichment analysis (GSEA) in sixty hu-
man cancer cell lines (NCI60). Both miRNA and mRNA profiling
microarray data of NCI60 cell lines were retrieved from the Cell
Miner (http://discover.nci.nih.gov/cellminer/). GSEA is a computa-
tional method that determines whether an a priori defined set of
genes shows statistically significant, concordant differences be-
tween two biological states. Based on the expression level of
mir-30d, NCI60 cell lines were divided into mir-30d high and
mir-30d low groups. A ranked gene list was generated by compar-
ing the mRNA microarray data of mir-30d low group with mir-30d
high group (mir-30d low vs. high). Then enrichment of different
pathway gene sets in this ranked gene list were evaluated using
GSEA. The GSEA analysis indicated that the autophagy pathway
was significantly enriched based on mir-30d expression in two
affymetrix gene expression microarray datasets analyzed in the
present study (U133A and U133 plus 2.0) (Fig. 1A). The inverse cor-
relation between the expression levels of mir-30d and multiple
genes in the autophagy pathway indicated that mir-30d may neg-
atively regulate this pathway. Then, we asked whether mir-30d di-
rectly targeted these genes in the autophagy pathway. To test this
hypothesis, we also identified mir-30d potential targets in silico
using TagetScan, an algorithm for miRNA target prediction. Five
core proteins in the autophagy pathway were predicted to be
mir-30d targets, i.e. containing miRNA binding sites in the 30 UTRs
of their mRNA sequences, including BECN1, BNIP3L, ATG12, ATG5,
and ATG2 (Fig. 1B). The functions of these genes in the autophagy
process have been well characterized. For example, BECN1 local-
izes to the trans-Golgi network and participates in autophagosome
formation [30]. BNIP3L indirectly activates phagophore formation
by recruiting autophagy proteins or by releasing BECN1 from Bcl-
xL [31]. ATG12 is covalently bound to ATG5 and their ubiquitina-
tion is required to form autophagosome [32,33]. Thus we hypoth-
esized mir-30d may inhibit the autophagy process by targeting
these autophagy-related genes and suppressing their expression.

3.2. mir-30d represses the expression levels of multiple core proteins in
the autophagy pathway in cancer cells

miRNA post-transcriptionally regulates gene expression
through either degradation of mRNA transcripts or inhibition of
protein translation. To experimentally validate mir-30d represses
genes in the autophagy pathway, we enforced expression of mir-
30d by transfecting chemically synthesized mir-30d mimics to
cancer cells, followed by detection of the mRNA levels of the target
genes by qRT-PCR. As shown in (Fig. 2A), in ovarian cancer cell lines
A2780, OVCAR10, and 2008, as well as in breast cancer cell lines
T47D and MCF7, the mRNA levels of ATG2B, ATG5, ATG12, BECN1,
and BNIP3L was remarkably suppressed by mir-30d mimic com-
pared to mimic control. The same results were found when we per-
formed western blots to detect the protein levels of these mir-30d
potential targets in the above cancer cell lines that were transfec-
ted with mir-30d mimic or control mimic. ATG5, ATG12, BECN1,
and BNIP3L were downregulated by mir-30d at protein level
(Fig. 2B). These results demonstrated that mir-30d inhibited the
expression of these genes at both mRNA and protein levels.

3.3. Multiple core proteins in the autophagy pathway are direct targets
of mir-30d in cancer cells

miRNAs are known to regulate gene expression in a sequence-
specific manner via binding to the recognition sites in the 30UTR
of the targeted mRNAs. Functional mature miRNA strand is selec-
tively incorporated into RNA-induced silencing complex (RISC)
and guides the complex specifically to its mRNA targets through
base-pairing interactions. To test whether mir-30d regulation to
autophagy pathway genes depends on its binding sites on 30UTR
sequences of the target genes, we constructed reporter plasmids
with wild type or mutant mir-30d binding sites from 30 UTR of tar-
get genes (ATG2B, ATG5, ATG12 and BNIP3L) inserted to the 30
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Fig. 1. The autophagy pathway was bioinformatically predicted to be regulated by mir-30d. (A) Two mRNA expression profiling datasets of NCI60 were retrieved from Cell
Miner database (left panel: U133A) and (right panel: U133 plus 2.0). Using GSEA algorithm, the molecular pathways that were significantly enriched based on mir-30d
expression were predicted. The autophagy pathway was identified. Enrichment score (ES) and p-value are shown as indicated. (B) Using TargetScan algorithm, multiple genes
in the autophagy pathway was predicted to be regulated by mir-30d (indicated as pink).

Fig. 2. mir-30d represses the expression levels of multiple core proteins in the autophagy pathway in cancer cells. The mir-30d or control mimic was transfected to A2780,
OVCAR10, 2008, T47D and MCF7 cells cultured in nutrient rich medium. The mRNA levels and protein levels of the mir-30d predicted targets were detected by qRT-PCR (A)
and Western blots (B). qPCR results are expressed as mean ± S.D. and with significance at p < 0.05.
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downstream sequence of the luciferase gene. Reporter assay was
performed by co-transfecting 2008 and MCF7 cells with wild type
or mutant reporter plasmids and mir-30d expressing vector or con-
trol vector. We found that mir-30d potently decreased the lucifer-
ase activity of wild type reporter plasmids representing all five
target genes (ATG2B, ATG5, ATG12, BECN1, and BNIP3L) examined
in this study, whereas it had no effect on the mutant forms (Fig. 3).
We concluded that mir-30d suppresses autophagy pathway gene
expression in a sequence-specific manner and the suppression de-
pends on mir-30d binding sites within 30 UTR sequences of the tar-
get genes.

3.4. mir-30d functionally impairs the autophagy process in cancer cells

Our above results indicated that mir-30d negatively regulates
the expression of multiple core proteins in the autophagy pathway.
We next asked whether mir-30d functionally inhibits the autoph-
agy process. To address this question, a GFP-LC3 fusion protein
expression reporter was first examined. Upon autophagy induc-
tion, one form of the microtubule-associated protein light chain 3
(LC3), named LC3-I, turns into another form LC3-I. LC3-II is accu-
mulated and resides in the autophagosomal membranes, serving
as a marker for autophagosome formation. By quantifying the
GFP-LC3 puncta in each cell under fluorescence microscopy, the
effectiveness of autophagy induction can be determined (Fig. 4A,
left panel). MCF7 and 2008 cells were transfected with a GFP-LC3
fusion protein expression vector and treated with rapamycin or
serum starvation, both of which are strong inducer of autophagy.
Enforced expression of mir-30d in both MCF7 and 2008 cells signif-
icantly reduced the GFP-LC3 puncta (mir-30d mimic transfected
cells compared to the control transfection) after treatment with
either rapamycin or serum starvation (Fig. 4A, middle and right pa-
nel). This indicated that mir-30d may block LC3-II production and
autophagosome formation. To confirm this phenomenon, we also
performed western blots for LC3B protein to detect the conversion
of LC3B-I to LC3B-II (Fig. 4B). In cells overexpressing mir-30d, pro-
tein levels of LC3B-II were lower than in empty vector-transfected
cells (lanes 1 vs. 2, 5 vs. 6, 9 vs. 10), under either autophagy



Fig. 3. Multiple core proteins in the autophagy pathway are direct targets of mir-30d in cancer cells. 2008 and MCF7 cell lines cultured in nutrient rich medium were co-
transfected with mir-30d mimic and reporter plasmids with wild type or mutant 30 UTR binding sites of mir-30d from its predicted target genes. Reporter assay was
performed and luciferase activity of mir-30d mimic transfected cells was normalized to control mimic transfected cells. Results are shown as mean ± S.D.

Fig. 4. mir-30d functionally impairs the autophagy process in cancer cells. (A) GFP-LC3 puncta were observed by fluorescence microscopy (left panel) after 200 nM rapamycin
treatment for 4 h. MCF7 (middle panel) and 2008 cells (right panel) transfected with control or mir-30d mimic were subjected to rapamycin or serum starvation treatment.
Quantification result of the number of GFP-LC3 puncta in each transfected cell was shown as mean ± S.D. ⁄p < 0.05. (B) 2008 cells transfected with control vector or mir-30d
overexpression vector were treated with rapamycin or serum starvation, and with or without lysosomal protease inhibitors (E64d+Pep A). Western blot was performed to
detect the protein levels of LC3B-I and LC3B-II, and the quantification data were shown.
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induction or control treatment (representing basal level of autoph-
agy). When the above cells were further treated with lysosomal
protease inhibitors E64d and Pepstatin A to stabilize LC3B protein
level, a similar pattern was still observed, i.e. the protein level of
LC3B-II was lower in mir-30d overexpressing cells (lanes 3 vs. 4,
7 vs. 8, 11 vs. 12). Taken together, we demonstrated that over-
expressing mir-30d resulted in less efficient conversion of LC3B-I
to LC3B-II. The lower protein level of LC3B-II in mir-30d over-
expressing groups was not due to a more rapid lysosomal turnover
of LC3B-II, because the protein level was not rescued when block-
ing lysosome function by inhibitors. Thus the inefficient produc-
tion of LC3B-II (hence fewer autophagosome formation) caused
by mir-30d overexpression may explain the inhibitory effect of
mir-30d on autophagy process.
4. Discussion

Autophagy is a conserved physiological process helps to main-
tain homeostasis in organism, either on a long-term basis to pre-
vent tissue damage and diseases, or in acute response to
environmental stress. The function of autophagy in tumor develop-
ment is context-dependent. It plays the role of tumor suppression
by preventing tumor initiation. In vivo disrupting the expression of
autophagy genes, such as BECN1 and ATG5, leaded to liver cancer
onset [3–6]. Loss of BECN1 gene has also been reported in some hu-
man cancers [3,34], suggesting its tumor suppressive function.
Meanwhile, autophagy limits tumor development by participating
antioxidant defense and eliminating dysfunctional mitochondria
[35,36], which is critical for reducing ROS and oxidative stress.
However, autophagy also promotes cancer by enabling survival
of cancer cells under starvation condition [37–39]. Many cancer
cell lines were reported to display very high basal level of autoph-
agy, especially in cancers expressing oncogenic RAS [7–9]. These
cancer cells are usually autophagy addictive and depend on
autophagy to maintain survival under normal, as well as stress,
conditions. So identifying the mechanism and function of autoph-
agy process under different cell context will be necessary for devel-
oping therapeutic strategies targeting autophagy pathway in
human diseases.

The mir-30 microRNA family is widely expressed in multiple
tissues and cell types [40,41]. It has been reported that mir-30
was amplified in more than 30% of multiple types of human epithe-
lial tumors [28,29]. The expression pattern of mir-30 in normal and
cancerous cells implicated the fundamental role of this miRNA
family in sustaining normal physiological function as well as its
involvement in diseases. Consistent with this conclusion, mir-30
was recently found to participate in a wide range of physiological
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processes in normal tissues and cancers, including development
[10–14], metastasis [15–17], apoptosis [18–21], senescence [22],
proliferation [23–25] and differentiation [26,27]. More and more
evidence suggested that mir-30 was a novel oncomir. It is intrigu-
ing to identify the direct mRNA targets of this miRNA family, from
which the function of mir-30 can be further explained and ex-
plored. Elucidating the mechanism of how mir-30 is involved in
tumorigenesis should open a new field to targeted cancer therapy
against this miRNA family.

In present study, we identified mir-30d regulated autophagy
process by directly targeting multiple genes of the autophagy path-
way. Consistent with our finding, another mir-30 family member,
mir-30a, has been reported to regulate autophagy via repressing
BECN1 expression in tumor cells [42,43]. So besides the previously
known function of the mir-30 family in cancer cell metastasis, pro-
liferation, apoptosis, and senescence [15,16,18,19,22,28], we now
added a new piece of evidence that mir-30d also suppressed the
autophagy process, which is critical to cancer cell metabolism
and homeostasis. These findings place the mir-30 family to the
stage of drug development for human cancers as a therapeutic
target.

A great amount of studies suggested there is a subtle and con-
text-dependent relationship between autophagy and apoptotic cell
death. Autophagy can either promote apoptosis or sustain cell via-
bility in different situations [37,44–46]. Our previous results found
mir-30d played an important role in cancer cell apoptosis [28].
Now we demonstrated that mir-30d is also a critical regulator to
autophagy. So it will be of interest to investigate whether the
two pathways regulated by mir-30d have crosstalk, and whether
their interaction is mir-30d dependent. Thus by linking the
autophagy and apoptosis pathways together, and probably associ-
ating autophagy with senescence and migration as well, mir-30d
acts as a key player in the network concerting cancer onset, sur-
vival, progression and metastasis.
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