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ABSTRACT
Pancreatic ductal adenocarcinoma (PDAC) is the most aggressive and lethal cancer. The role of autophagy
in the pathobiology of PDAC is intricate, with opposing functions manifested in different cellular contexts.
MIR506 functions as a tumor suppressor in many cancer types through the regulation of multiple
pathways. In this study, we hypothesized that MIR506 exerted a tumor suppression function in PDAC by
inducing autophagy-related cell death. Our results provided evidence that downregulation of MIR506
expression was associated with disease progression in human PDAC. MIR506 triggered autophagic flux in
PDAC cells, which led to autophagy-related cell death through direct targeting of the STAT3 (signal
transducer and activator of transcription 3)-BCL2-BECN1 axis. Silencing and inhibiting STAT3 recapitulated
the effects of MIR506, whereas forced expression of STAT3 abrogated the effects of MIR506. We propose
that the apoptosis-inhibitory protein BCL2, which also inhibits induction of autophagy by blocking BECN1,
was inhibited by MIR506 through targeting STAT3, thus augmenting BECN1 and promoting autophagy-
related cell death. Silencing BECN1 and overexpression of BCL2 abrogated the effects of MIR506. These
findings expand the known mechanisms of MIR506-mediated tumor suppression to activation of
autophagy-related cell death and suggest a strategy for using MIR506 as an anti-STAT3 approach to PDAC
treatment.
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Introduction

Pancreatic ductal adenocarcinoma (PDAC) is considered the
most lethal and aggressive of all neoplasms, with a dismal 5-y
survival rate hovering around 6% and a median survival dura-
tion of less than 6 mo.1,2 Less than 15% of patients with PDAC
are suitable for surgical resection because most have locally
advanced or distant metastatic disease at the time of diagno-
sis.3,4 Even the most advanced chemotherapeutics and targeted
therapies have brought only modest survival benefits.5 Thus,
effective prognostic markers and novel treatment strategies and
agents are urgently needed to improve the therapeutic outcome
of PDAC.

Macroautophagy (referred to as autophagy) is an evolution-
arily conserved cellular process that plays an important role in
maintaining cellular homeostasis and overcoming metabolic
stress and nutrient deprivation.6,7 Autophagy is observed in a
wide range of cancer cells and its function varies significantly
depending on cancer subtype and distinct cellular context.
Under appropriate conditions, autophagy has cytoprotective
roles and leads to therapeutic resistance by removing or miti-
gating harmful stimuli. Conversely, excessive or prolonged
autophagy functions as a tumor-suppressive mechanism by

inducing autophagy-related cell death (type II programmed cell
death or PCD) independent of, or in parallel with, apoptosis
and necrosis in certain cellular conditions.8-11 Autophagy-
related cell death can be induced by inhibition of anti-autopha-
gic proteins in some apoptosis-resistant cancers, including
PDAC.12-14 The role of autophagy in the pathobiology of
PDAC is intricate, with opposing functions, but the mecha-
nisms have not been well documented.15

STAT3 (signal transducer and activator of transcription 3) is
a potent transcription factor that regulates the expression of
more than 1,000 genes involved in multiple aspects of cellular
processes.16 The prominent roles of STAT3 in regulating auto-
phagy are supported by growing evidence.17-22 STAT3 func-
tions as the main transcription regulator of several autophagy-
related genes, such as BCL2, BECN1, PIK3C3, PIK3R1, BNIP3,
and HIF1A. Because these genes function in a context-depen-
dent manner, the crosstalk between autophagy and STAT3 sig-
naling may decide the survival or death of a cell.23-25

MIR506, a component of an X chromosome-linked miRNA
cluster, has been reported to function as an important tumor
suppressor in many human cancers. Previous studies have
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identified MIR506 as a key gatekeeper for the network regulat-
ing epithelial-to-mesenchymal transition by regulating SNAI2,
VIM, and CDH2, and its expression is associated with good
prognosis in ovarian and gastric cancers.26,27 MIR506 sup-
presses proliferation and induces senescence by directly target-
ing the CDK4-CDK6-FOXM1 axis.28 The antiproliferative
function of MIR506 has also been established in esophageal,
gastric, colorectal, and cervical cancers as well as glioblastoma
and hepatocellular carcinoma.29 MIR506 is involved in the
responses of ovarian cancers and pancreatic cancer to chemo-
therapy through regulation of RAD51 and SPHK1.30,31 The role
of MIR506 in autophagic regulation, however, has not been
reported.

Recent reports have shown that expression of MIR506 is
downregulated in PDAC tissues.31,32 Furthermore, STAT3 was
recently identified as a direct target of MIR506.33 We hypothe-
sized that MIR506 exerted a tumor suppression function in
PDAC by inducing autophagy-related cell death through tar-
geting the STAT3 pathway. In the current study, we investi-
gated the expression of MIR506 in different PDAC tissues and
its relationship with the prognosis of the patients. Further
experiments with patient-derived xenograft (PDX) cell systems
revealed that MIR506 functions as a tumor suppressor by
inducing autophagy-related cell death through STAT3 signal-
ing pathways. Our findings have unveiled a previously unrecog-
nized mechanism underlying the anticancer effects of MIR506
against human PDAC.

Results

MIR506 downregulation is associated with disease
progression in human PDAC

Quantification of MIR506 expression in 92 matched pairs of
human PDAC and adjacent normal tissues by quantitative
reverse-transcriptase polymerase chain reaction (qRT-PCR)
showed that the relative MIR506 expression levels were signifi-
cantly lower in PDAC tissues than in the adjacent normal tis-
sues (P < 0.01; Fig. 1A). Clinicopathological analyses showed
that lower MIR506 expression in the tumors was significantly
correlated with T status and TNM stage (TNM Classification of
Malignant Tumors) (Table S1). The relativeMIR506 expression
levels were significantly lower in the advanced tumor than early
stage tumor (lower in the III-IV group and T3-T4 group than
in the I-II group and T1-T2 group) (P < 0.05 and P < 0.01,
respectively; Fig. 1B and C). Kaplan-Meier survival analysis
indicated that patients whose tumor expressed a lower level of
MIR506 had a significantly lower overall survival rate (Fig. 1D).

MIR506 induces cell death in human PDAC cells

The effect of MIR506 on proliferation of PDAC cells was
evaluated by immunofluorescent staining for MKI67/Ki-67
in PDX lines MDA-PATC53, MDA-PATC124, and MDA-
PATC148. MIR506 dramatically decreased the MKI67-posi-
tive rate in PDAC cells (Fig. S1A). Consistent with this

Figure 1. MIR506 downregulation correlates with disease progression in human PDAC. (A) Comparison of MIR506 expression in 92 matched pairs of PDAC tissues and cor-
responding nontumor tissues via qRT-PCR. RNU6 was used as an internal control. (B) Comparison of MIR506 expression in stage T1-T2 and stage T3-T4 PDAC tissues. (C)
Comparison of MIR506 expression in stage I-II and stage III-IV PDAC tissues. �P < 0.05; ��P < 0.01. (D) Kaplan-Meier curves compared the overall survival rates of PDAC
patients whose tumor expressed a low or high level of MIR506. The median value was used as the cut-off point for definition of low and high MIR506 expression groups.
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finding was the observation that MIR506 significantly
impaired the colony-formation capacity of PDAC cells
(Fig. S1B). Assessment of the cell cycle distribution of these
cells by propidium iodide (PI) staining and bromodeoxyuri-
dine (BrdU) assay demonstrated that all MIR506-transfected
cells had a higher fraction in G1 phase and a corresponding
lower fraction in S phase than cells transfected with control
miRNA (MIRctrl) (Fig. S2). Luciferase reporter assay
showed that MIR506 suppressed proliferation and induced
G1 arrest by directly targeting CDK4-CDK6 (Fig. S3) in
PDAC cells, which was similar to what we reported in ovar-
ian cancer cells.

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT) assay was performed to evaluate the
impact of MIR506 on PDAC cell viability. Surprisingly,
cell viability significantly decreased in a time-dependent
manner in MIR506-transfected PDAC cells (Fig. 2A),
which contrasted with previous findings that MIR506
resulted only in blockage of cell viability relative to that of
control miRNA-treated cells.

We performed a trypan blue exclusion assay to confirm
whether the MIR506-mediated decrease of PDAC cell via-
bility was associated with cell death. The results show that
MIR506 induced cell death in a time-dependent manner
(Fig. 2B). These results reveal that MIR506 not only inhib-
ited the proliferation of PDAC cells but also induced their
death.

Cell death caused byMIR506 is dependent on autophagy

To determine the mode of cell death caused byMIR506, we first
investigated whether the cytotoxicity was related to apoptosis.
PDAC cells treated with MIR506 or the apoptosis inducer 5-
fluorouracil (5-FU) were exposed to the selective inhibitor of
apoptosis N-benzyloxycarbonyl-VaL-Ala-Asp-fluoromethyl
ketone (z-VAD-FMK). Cell death was analyzed by ANXA5-PI
staining followed by flow cytometry. Z-VAD-FMK dramati-
cally decreased the ANXA5-positive cell population induced by
5-FU but showed no effect on that induced by MIR506
(Fig. 3A). The results of the trypan blue exclusion assay also
showed that z-VAD-FMK significantly suppressed the apopto-
tic cell death caused by 5-FU but failed to protect the cells from
death caused byMIR506 (Fig. 3D). To confirm these results, we
performed Apo-BrdU assays (to detect apoptotic cells) and
immunoblotting. As shown in Figure 3G, MIR506 failed to
induce a significant increase in the Apo-BrdU-positive cell pop-
ulation. Consistent with this finding was the absence of cleaved
CASP3 (caspase 3) and cleaved CASP9 in lysates of MIR506-
transfected cells (Fig. 3H). These data show that MIR506,
unlike 5-FU, induced predominantly non-apoptotic cell death.

To determine the role of necrosis in PDAC cell death, we
pretreated cells with a selective inhibitor of necrosis, 2-(1H-
Indol-3-yl)-3-pentylamino-maleimide (IM-54), to antagonize
the cell death induced by MIR506 or the known necrosis
inducer tert-butyl hydroperoxide (t-BHP). IM-54 significantly

Figure 2. MIR506 induces cell death in human PDAC cells. (A) MDA-PATC53, MDA-PATC124, and MDA-PATC148 cells were transfected with MIRctrl or MIR506 for 5 d. Cell
viability was measured by the MTT assay every day. (B) After transfection with MIRctrl or MIR506, cells were trypsinized and collected in PBS, and cell death was quantified
by trypan blue exclusion assay every day. Data represent mean § SD of at least of 3 independent experiments. ��P < 0.01.
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reduced the ANXA5-negative, PI-positive cell population
(Fig. 3B) and abrogated t-BHP-induced cell death (Fig. 3E), but
it did not protect the cells from death and did not decrease the
ANXA5-negative, PI-positive cell population induced by
MIR506. These results show that necrosis was not the mode of
MIR506-induced cell death.

To determine whether MIR506-induced cell death was
associated with autophagy, we examined the effect of the
autophagy inhibitors 3-methyladenine (3-MA) and chloro-
quine (CQ) in PDAC cells. Genetic inhibition of autophagy
was also used to demonstrate the requirement of autophagy
in the MIR506-induced cell death (Fig. S4). Pretreatment
with 3-MA or CQ, or knockdown of the essential autophagy
genes ATG5 or ATG7 by shRNA significantly prevented
MIR506-induced cell death and caused a dramatic decrease

in the ANXA5-negative, PI-positive cell population in
MIR506-treated cells (Fig. 3C and F). These results suggest
that autophagy is the major mechanism of MIR506-induced
cell death in PDAC cells.

Lysosomal membrane permeabilization (LMP) could be
induced by a broad array of stimuli and leads to lysosomal cell
death, which can present with apoptotic or necrotic features
according to the extent of lysosomal hydrolase leakage. Because
lysosomal cell death is often confused with autophagic cell
death due to the accumulation of autophagosomes, we per-
formed immunofluorescence by staining with LMP-specific
markers LGALS1 and LGALS3 to rule out this possibility.34

The LMP inducer L-leucyl-L-leucine methyl ester (LLOMe)
was used as a positive control. The results showed that MIR506
could not induce LMP (Fig. 3I).

Figure 3. Cell death caused by MIR506 is dependent on autophagy. (A) MDA-PATC53 cells were transfected with MIRctrl or MIR506 or pretreated with apoptosis-inducer
5-FU in the absence (DMSO) or presence of the selective apoptosis inhibitor z-VAD-FMK (z-VAD; 20 mM) for 96 h; (B) MDA-PATC53 cells were transfected with MIRctrl or
MIR506 or pretreated with the necrosis promoter t-BHP in the absence (DMSO) or presence of necrosis inhibitor IM-54 (10 mM) for 96 h; (C) MDA-PATC53 cells were pre-
treated with the autophagy inhibitor 3-MA (5 mM) or CQ (50 mM) or transfected with shRNAs to knock down ATG5 or ATG7 first, and then transfected with MIRctrl or
MIR506 for 96 h. Cells were trypsinized and analyzed by flow cytometry after being stained with FITC-labeled ANXA5-PI. (D-F) After pretreatment as described in (A-C),
cell death was also quantified by trypan blue exclusion assay. (G) MDA-PATC53 cells were transfected with MIRctrl or MIR506 or pretreated with 5-FU in the absence
(DMSO) or presence of z-VAD-FMK (20 mM) for 96 h. Cells were labeled with Apo-BrdU and analyzed by flow cytometry. (H) After pretreatment as described in (G),
whole-cell extracts of MDA-PATC53 cells were subjected to immunoblotting with anti-CASP3 and -CASP9 antibodies. (I) MDA-PATC53 cells were pretreated with or with-
out the LMP inducer LLOMe (2 mM) or transfected with MIRctrl or MIR506 for 96 h. Cells were fixed for immunofluorescent staining with anti-LGALS1 or -LGALS3 antibody
and visualized with a fluorescence microscope. Data represent mean § SD of at least of 3 independent experiments. NS, not significant; �P < 0.05. Scale bar: 10 mm.
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MIR506 induces autophagic flux in PDAC cells

To confirm that MIR506 can induce autophagy in PDAC cells,
we performed an immunofluorescence analysis for LC3, a
marker of autophagosome formation. The formation of LC3-
labeled vacuoles was markedly increased in the cytoplasm after
transfection with MIR506 and could be prevented with 3-MA
(Fig. 4A and B). We evaluated the formation of autolysosomes
by flow cytometry after staining with acridine orange (AO). As
shown in Fig. S5, MIR506 significantly induced the formation
of autolysosomes in PDAC cells, and the AO-positive cell pop-
ulation was reduced by the autophagy inhibitor 3-MA.

Autophagic flux was also monitored with the Premo Auto-
phagy Tandem Sensor RFP-GFP-LC3. RFP fluorescence was
detectable in both autophagosomes and autolysosomes, but
GFP fluorescence was quenched in autolysosomes by the

low-pH environment. MIR506 significantly increased the for-
mation of autophagosomes and autolysosomes, indicating that
it enhanced autophagic flux (Fig. 4C and D). Conversion of
non-lipidated soluble LC3 (LC3-I) to phosphatidylethanol-
amine-conjugated LC3 (LC3-II) serves as a sensitive indicator
of autophagy, and immunoblotting analysis revealed a dramatic
increase in the ratios of LC3-II to LC3-I and LC3-II to actin in
response toMIR506 transfection. Our findings on the clearance
of SQSTM1, another distinct feature of autophagy, were consis-
tent with these results. To determine whether the observed
high levels of autophagic markers were due to increased auto-
phagic flux, we treated cells with the vacuolar-type HC-ATPase
inhibitor bafilomycin A1 (Baf-A), which prevents fusion
between autophagosomes and lysosomes, thus inhibiting LC3
degradation.35 Treatment with Baf-A caused significant
increases of LC3-II accumulation in MIR506-transfected cells

Figure 4. MIR506 induces autophagic flux in PDAC cells. (A) MDA-PATC53 cells were transfected with MIRctrl or MIR506 in the absence or presence of the autophagy
inhibitor 3-MA (5 mM) for 72 h. Cells were fixed for immunofluorescent staining with anti-LC3 antibody and visualized with a fluorescence microscope. (B) The LC3 puncta
in each cell were counted. n D 100 cells/sample, ��P<0.01. (C) MDA-PATC53 cells were transfected with MIRctrl or MIR506 for 48 h and infected with Autophagy Tandem
Sensor RFP-GFP-LC3 in the absence or presence of 3-MA (5 mM) for 24 h. Then, cells were visualized with a fluorescence microscope. (D) The autophagosomes (yellow
dots) and autolysosomes (red-only dots) in each cell were counted. n D 100 cells/sample. (E) MDA-PATC53 cells were transfected with MIRctrl or MIR506 in the absence
or presence of the vacuolar-type HC-ATPase inhibitor Baf-A (10 nM). Whole-cell extracts were subjected to immunoblotting with anti-LC3 and -SQSTM1 antibodies. Scale
bar: 10 mm.
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indicating that MIR506 can enhance autophagic flux (Figs. 4E
and S6). Taken together, these results support the idea that
MIR506 induced autophagic flux in PDAC cells.

MIR506 directly targets STAT3 and induces autophagy-
related cell death in a STAT3-dependent manner

The miRNA target analysis algorithm TargetScan 6.0 predicted
that the 30-untranslated region (UTR) of STAT3 mRNA con-
tains a potential binding site of MIR506 and this site is highly
conserved among different species (Fig. 5A). We chose STAT3
as a validation target because it is involved in multiple aspects
of the autophagic process and was shown to be a direct target
of MIR506 in glioma cells in a recent report by Peng et al.33 To
examine the regulation of STAT3 by MIR506 we performed a
luciferase reporter assay in MDA-PATC53 cells. Using a dual-
luciferase reporter system, we showed thatMIR506 significantly
inhibited the luciferase reporter activity of the wild-type but not
the mutant STAT3 30-UTR, indicating that STAT3 is a direct
target ofMIR506 in PDAC cells (Fig. 5B).

Immunoblotting and qRT-PCR analyses showed that
MIR506 significantly reduced the expression of STAT3 at both
protein and mRNA levels in all 5 PDAC cell lines tested
(Fig. 5C-E). Marked conversion of LC3-I to LC3-II was
detected only in cell lines with a high baseline level of STAT3,
including MDA-PATC53, MDA-PATC124, and MDA-
PATC148 (Fig. 5C). We also performed flow cytometry with
AO staining to confirm the induction of autophagy. The results
revealed that the AO-positive cell population increased signifi-
cantly in response toMIR506 only in cell lines with a high base-
line STAT3 level (Fig. S7). Consistent with these results,
autophagy-related cell death was observed in cells with a high
STAT3 level but not in those with a low STAT3 level (Fig. 5F).
These results indicate that MIR506 triggered autophagy-related
cell death and that this effect was dependent on STAT3.

MIR506 induces autophagy-related cell death through the
STAT3 signaling pathway

The STAT3 signaling pathway, a prominent stress-responsive
pathway, is involved in multiple aspects of the autophagic

Figure 5. MIR506 directly targets STAT3 and induces autophagy-related cell death in a STAT3-dependent manner. (A) A MIR506 binding site was predicted in the 30-UTR of
STAT3 by TargetScan. (B) A luciferase reporter assay showed that MIR506 directly targeted the STAT3 30-UTR. MDA-PATC53 cells were cotransfected with wild-type or
mutant STAT3 30-UTR-luciferase reporter and MIRctrl or MIR506mimic for 72 h before analysis. The firefly and renilla luciferase activities were measured using a Dual Lucif-
erase Reporter Assay System. (C-D) MDA-PATC53, MDA-PATC124, MDA-PATC148, MDA-PATC50, and MDA-PATC69 cells were transfected with MIRctrl or MIR506. Whole-
cell extracts were subjected to immunoblotting with anti-STAT3, anti-p-STAT3, and anti-LC3 antibodies. (E) The expression level of STAT3 was detected by qRT-PCR and
normalized to the endogenous control GAPDH. (F) Cell death was quantified by trypan blue exclusion assay. Data represent the mean § SD of at least 3 independent
experiments. NS, not significant; ��P < 0.01.
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process and modulates autophagy via both transcription-
dependent and transcription-independent pathways. Immuno-
blotting analysis for STAT3-regulated autophagy-related genes
revealed a dramatic increase in BECN1 and decrease in BCL2
after MIR506 transfection in PDAC cells (Fig. 6A). Because
BECN1 is essential for autophagy upregulation in response to
stress and BCL2 is a central inhibitor of this process by directly
binding BECN1 via its BH3 domain, we hypothesized that
MIR506 induces autophagy-related cell death through the
STAT3-BCL2-BECN1 signaling pathway.

To confirm that autophagy-related cell death triggered by
MIR506 was mediated by repression of STAT3 in PDAC cells,
gain-of-function and loss-of-function studies were carried out.
First, we treated PDAC cells with a selective STAT3 inhibitor,
Stattic, which inhibits activation, dimerization, and nuclear
translocation of STAT3 by interacting with the SH2 domain to
imitate the suppressive effect of MIR506. Following the decline
of phosphorylated STAT3 (p-STAT3; Y705) expression,

BECN1 increased and BCL2 decreased in both dose-dependent
and time-dependent manners in total proteins isolated from
the treated cells. The LC3 conversion and AO staining showed
dramatic enhancement of autophagic flux (Fig. 6B, C, and S8).
The trypan blue exclusion assay also revealed a gradual increase
of cell death (Fig. 6D and E). Silencing of STAT3 by small-
interfering RNA (siRNA) knockdown (si-STAT3–1 and si-
STAT3–2), similar to MIR506, significantly increased autopha-
gic flux and cell death (Fig. 6F, G and S9).

To determine whether ectopic expression of STAT3 could
rescue the effects of MIR506, we established MDA-PATC53
cells that stably overexpressed wild-type or Y705-mutant
STAT3 and subsequently transfected them with MIR506. Over-
expression of wild-type STAT3 partially abrogated theMIR506-
induced downregulation of both total STAT3 and p-STAT3,
while overexpression of mutated STAT3 rescued only the
downregulation of total STAT3. The forced expression of wild-
type STAT3 significantly counteracted the autophagic flux and

Figure 6. MIR506 induces autophagy-related cell death through the STAT3 signaling pathway. (A) MDA-PATC53, MDA-PATC124, and MDA-PATC148 cells were transfected
with MIRctrl or MIR506 for 72 h. Whole-cell extracts were subjected to immunoblotting with anti-STAT3, anti-p-STAT3, anti-BECN1, -BCL2, and -LC3 antibodies. (B-C) MDA-
PATC53, MDA-PATC124, and MDA-PATC148 cells were treated with the indicated concentrations of the STAT3 inhibitor Stattic for the indicated times. (D-E) Cell death was
quantified by trypan blue exclusion assay. (F) MDA-PATC53, MDA-PATC124, and MDA-PATC148 cells were transfected with control siRNA (siR-ctrl) or 1 of 2 siRNAs against
STAT3 (siR-STAT3–1 or siR-STAT3–2). Whole-cell extracts were subjected to immunoblotting with anti-STAT3, anti-p-STAT3, anti-BECN1, -BCL2, and -LC3 antibodies. (G)
Cell death was quantified by trypan blue exclusion assay. (H-I) MDA-PATC53 cells overexpressing wild-type or Y705-mutated STAT3 were transfected with MIRctrl or
MIR506 and analyzed by immunoblotting and trypan blue exclusion assay as described above. (J-K) MDA-PATC53 cells were transfected with control shRNA (shR-ctrl) or 1
of 2 shRNAs against BECN1 (siR-BECN1–1 or siR-BECN1–2) and analyzed by immunoblotting and trypan blue exclusion assay as described above. (L-M) MDA-PATC53 cells
overexpressing BCL2 were transfected with MIRctrl or MIR506 and analyzed by immunoblotting and trypan blue exclusion assay as described above. Data represent the
mean § SD of at least of 3 independent experiments. NS, not significant; �P < 0.05; ��P < 0.01.
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cell death triggered by MIR506, suggesting that STAT3 medi-
ated the autophagy-related cell death-inducing function of
MIR506 in PDAC (Fig. 6H, I and S10).

To further confirm the major role of BECN1 and BCL2 in
autophagy-related cell death induced by MIR506, we first
silenced BECN1 by siRNA (si-BECN1–1 and si-BECN1–2) in
MDA-PATC53. Western blot showed that knockdown of
BECN1 abrogated the conversion of LC3 caused by MIR506
(Fig. 6J). Knockdown of BECN1 also reduced the AO-positive
cell ratio and cell death caused by MIR506 (Fig. 6K and S11).
Next, we overexpressed BCL2 by transfecting MDA-PATC53
cells with a BCL2 expression plasmid. Overexpression of BCL2
inhibited the conversion of LC3, reduced the AO-positive cell
ratio (Fig. 6L and S12) and rescued the cell death caused by
MIR506 (Fig. 6L).

Together, these results suggest that MIR506-mediated
regulation of the STAT3-BCL2-BECN1 signaling pathway is
one of the major mechanisms underlying induction of auto-
phagy-related cell death. The proposed mechanism is sum-
marized in Figure 7.

Discussion

In this study, we showed that decreased expression of MIR506
accompanied disease progression in human PDAC. The normal
pancreatic tissue is a mixture of acinar, ductal and endocrine
tissue. The relative contributions of each component may vary
in different samples, which may explain the heterogeneity
observed in normal tissues. Future studies are needed to discern

the relative expression levels ofMIR506 in different cell compo-
nents in normal pancreas and understand its role in cellular dif-
ferentiation. The most important contribution of this study to
the understanding of MIR506 as a tumor suppressor is that we
showed for the first time that MIR506 triggered autophagic flux
and autophagy-related cell death in PDAC cells. We further
demonstrated that MIR506 regulated autophagy-related cell
death through direct targeting of STAT3. Silencing and inhibit-
ing STAT3 recapitulated the effects of MIR506, whereas forced
expression of wild-type STAT3, but not the kinase-inactive
mutant form, abrogated the effects of MIR506. The regulatory
effect of MIR506 on STAT3 led to inhibition of BCL2 and acti-
vation of BECN1. These findings demonstrate that autophagy-
related cell death is an unrecognized mechanism underlying
the anticancer effects ofMIR506 against human PDAC cells.

Autophagy is an evolutionarily conserved process that
recycles nonessential cytosolic materials for degradation by
lysosomes to maintain cellular homeostasis and overcome met-
abolic stress and nutrient deprivation.36-37 The roles of auto-
phagy in PDAC are divergent and the molecular mechanisms
have not been fully explained.38 In PDAC cells, autophagy usu-
ally functions as a cytoprotective strategy in response to hyp-
oxic and acidic microenvironments with starved and stressful
metabolic conditions.39-44 Fujii et al. first revealed that high
LC3 expression levels were significantly correlated with poor
outcome and shorter disease-free intervals in PDAC.45 Yang
et al. demonstrated that the growth of PDAC had a distinct
dependence on autophagy in vivo and in vitro.46 Although
autophagy often contributes to therapeutic resistance, excessive
or prolonged autophagy causes autophagy-related cell death as
a tumor-suppressive mechanism in response to some treat-
ments, leading to tumor regression.47 Gemcitabine, a standard
chemotherapeutic agent for the treatment of PDAC, induces
autophagy-related cell death by activating the expression of
VMP1, which could trigger autophagy by interacting with
BECN1.48 Capecitabine induces excessive autophagy that leads
to autophagy-related cell death by inhibiting SRC kinase, which
plays a role in regulating autophagy.49 Cannabinoids show a
synergistic effect with gemcitabine in inhibiting cell growth by
inducing reactive oxygen species-mediated autophagy-related
cell death that sensitizes chemoresistant cells to gemcitabine.50

Proton pump inhibitors show antiproliferative activities in can-
cer therapy by inhibiting the vacuolar ATPase, which plays a
crucial role in tumorigenesis. In PDAC, omeprazole modulated
chemoresistance and induced tumor cell death directly by
enhancing autophagic activity in combination with either gem-
citabine or 5-FU.51

BCL2 is a crucial regulator of PCD by preventing cells from
undergoing apoptosis. Overexpression of BCL2 contributes to
the development of resistance to chemotherapy, radiation, and
hormone therapy. Recent evidence indicates that BCL2 is also
involved in regulation of autophagy-related cell death (type II
PCD). BCL2 inhibits induction of autophagy by binding and
blocking BECN1, a central autophagy-promoting tumor sup-
pressor. Therapeutic targeting of BCL2 in cancer cells with
BCL2 overexpression-induced chemoresistance, either by small
molecule inhibitors or antisense methodology, is emerging as
an effective anticancer strategy. Along these lines, silencing of
BCL2 induces autophagy-related cell death in BCL2-

Figure 7. Schematic of the proposed mechanism of MIR506 induction of auto-
phagy-related cell death in PDAC cells through the STAT3 signaling pathway.
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overexpressing breast cancer cells. In human leukemic cells,
downregulation of BCL2 triggers autophagy-related cell
death.52 Sorafenib induces cell death in vitro and suppresses
tumor growth in vivo through an autophagy-dependent mecha-
nism mediated by BECN1 in hepatocellular carcinoma.53 Over-
expression of BCL2 is common in PDAC and results in an
extreme resistance to apoptotic PCD. In the present study,
MIR506 showed a prominent autophagy-related cell death-
inducing function mediated through the STAT3-BCL2-BECN1
pathway.

Taken together, our findings provide evidence that MIR506
triggered autophagy-related cell death in human PDAC cells
and that this function was mediated through downregulation
of STAT3, which in turn inhibited BCL2 and promoted BECN1
function. These results provided a mechanistic characterization
of MIR506-induced autophagy-related cell death and suggest
that further exploration of this approach, as a potentially effec-
tive therapeutic option against human PDAC, is warranted.

Materials and methods

Clinical specimens

Paired human PDAC and adjacent nontumor pancreatic tissues
were collected from archived surgical specimens from 92
patients with biopsy-proven PDAC who underwent operation
at Tianjin Medical University General Hospital between 2009
and 2013. Samples were immediately snap-frozen in liquid
nitrogen and stored in liquid nitrogen until RNA extraction.
Each patient’s clinical and biological information was registered
and follow-up data were recorded after informed consent was
obtained. This study was approved by the institutional research
ethics committee at Tianjin Medical University General Hospi-
tal. The patients’ demographic and clinical characteristics are
summarized in Table S1.

Patient-derived xenograft cell lines and cell culture

Human PDAC PDX cell lines MDA-PATC50, MDA-PATC53,
MDA-PATC69, MDA-PATC124, and MDA-PATC148 were
established as previously reported and cultured in Dulbecco
modified essential/F12 50:50 medium supplemented with 10%
fetal bovine serum in an incubator with 5% CO2 atmosphere at
37�C.54

RNA isolation and qRT-PCR

The total RNA, including miRNA, was extracted from cells and
tissues by using the mirVana Isolation Kit (Ambion, AM1560).
Reverse-transcription was performed by using TaqMan miRNA
Reverse Transcription kit (Applied Biosystems, 4366596) or
SuperScript II Reverse Transcriptase (Invitrogen, 18064014).
TaqMan MicroRNA Assay and TaqMan Gene Expression
Assays (Applied Biosciences, A25576 and 4331182, respec-
tively) were used to detect and quantify MIR506 and STAT3.
Relative expression was normalized to the endogenous control
GAPDH or RNU6 using the 2¡DDCt method. Experiments were
carried out in triplicate.

Reagents and antibodies

The following antibodies were used: anti-LGALS1 (Abcam,
ab25138) 1:1,000; anti-LGALS3 (Abcam, ab53082) 1:1,000;
anti-LC3 (Cell Signaling Technology, 3868) 1:500; anti-STAT3
(Cell Signaling Technology, 12640) 1:500; anti-phospho-
STAT3 (Tyr705; Cell Signaling Technology, 9145) 1:250; anti-
CASP3/caspase-3 (Santa Cruz Biotechnology, sc-7148) 1:500;
anti-CASP9/caspase-9 (Santa Cruz Biotechnology, sc-70505)
1:500; anti-BECN1/Beclin-1 (Santa Cruz Biotechnology, sc-
11427) 1:500; anti-BCL2/Bcl-2 (Santa Cruz Biotechnology, sc-
7382) 1:250; anti-SQSTM1 (Santa Cruz Biotechnology, sc-
28359) 1:500; and anti-ACTB/b-Actin (Santa Cruz Biotechnol-
ogy, sc-47778) 1:1,000. See Table S2 for a complete list of anti-
bodies used. Other chemicals used included IM-54 (Sigma,
SML0412), 5-FU (Sigma, 03738), z-VAD-FMK (Sigma, V116),
t-BHP (Sigma, 416665), 3-MA (Sigma, M9281), AO (Sigma,
A8097), Baf-A (Sigma, B1793), Stattic (Sigma, S7947), CQ
(Sigma, C6628), and LLOMe (Santa Cruz Biotechnology, sc-
285992).

Transfection

To generate the Y705-mutated STAT3 sequence, nucleotide
sequences coding amino acid residues Y705 of STAT3 were
mutated to F705 using the QuikChange Lightning site-directed
mutagenesis kit (Agilent Technologies, 210519). Introduction
of the mutation was verified by sequencing. Human wild-type
BCL2, and wild-type and mutated STAT3 cDNAs were cloned
into the pcDNA3.1 plasmid (Invitrogen, V79020) and verified
by sequencing. ShRNA plasmids for BECN1
(TRCN0000299789 and TRCN0000299790), ATG5
(TRCN0000151474 and TRCN0000330392), and ATG7
(TRCN0000007586 and TRCN0000007587) were purchased
from Sigma. Cells were transfected with 4 mg of plasmids by
FuGENE HD (Promega, E2311) for 48 h, followed by G418
selection for 3 wk.

The miRNA mimics of MIR506 and control miRNA
(MIRctrl) were purchased from Dharmacon (c-300846–05 and
CN-001000–01). SiRNAs for STAT3 (SASI_Hs01_00121206
and 00121207) were obtained from Sigma. Cells were seeded in
6-well plates at 2£ 105/well and allowed to attach overnight.
They were then transfected with MIR506 mimic, MIRctrl, or
siRNA for STAT3 by using Lipofectamine RNAiMAX (Invitro-
gen, 13778150). Total RNA and protein were collected 48 h
after transfection.

Luciferase reporter assay

The 30-UTR sequences of STAT3 containing the wild-type or
mutant predicted binding site of MIR506 were cloned into the
pGL3 vector (Promega, E1751). MDA-PATC53 cells trans-
fected with MIRctrl or MIR506 mimic were seeded and co-
transfected with pGL3 and pRL-TK vector (Promega, E1751
and E2241) using FuGENE HD. The firefly and renilla lucifer-
ase activities were measured using a Dual Luciferase Reporter
Assay System according to the manufacturer’s protocol (Prom-
ega, E1910).
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Cell viability assay

Cell viability was assessed by MTT assay. MIRctrl- or MIR506-
transfected cells were seeded into 96-well plates and incubated
for 24, 48, 72, 96, or 120 h at 37�C. MTT (Sigma, M2128) was
added to each well at a final concentration of 5 mg/L and incu-
bated for a further 4 h. After removal of the medium, 150 mL of
dimethyl sulfoxide (DMSO) was added to each well to dissolve
the crystal formazan dye. The absorbance at a wavelength of
540 nm (A540) was determined for each well using a micro-
plate reader.

Cell death assay

Cell death was first quantified by trypan blue exclusion assay.
Both floating and adherent cells were trypsinized, collected,
and resuspended in 1 mL of phosphate-buffered saline solution
(PBS; Gibco, 10010023). Cell death was determined as the per-
centage of stained cells (blue) over the total cells. Cell death
was also assessed by using the Apoptosis Detection Kit (BD
PharMingen, 556547). The treated cells were incubated with
fluorescein isothiocyanate (FITC)-conjugated anti-ANXA5
antibody and PI in binding buffer and analyzed by flow
cytometry.

Apo-BrdU apoptosis assays

Cell apoptosis was assessed with an Apo-BrdU kit (BD Phar-
Mingen, 556405). Cells were fixed and treated with terminal
deoxynucleotidyl transferase to catalyze an addition of Br-
dUTP to the 30-hydroxyl termini of fragmented DNA, which
were then stained with FITC-conjugated anti-BrdU antibody.
DNA break sites were identified and analyzed by flow cytome-
try to determine apoptotic fractions.

Western blotting

Cells were harvested and subjected to lysis in RIPA Buffer
(Thermo Fisher Scientific, 89901) with 1:100 Halt Phosphatase
Inhibitor Cocktail (Thermo Fisher Scientific, 78426). The
whole-cell lysate from each sample was separated by electro-
phoresis on a 10% polyacrylamide gel. The membrane was
blocked in 5% nonfat milk in Tris Buffered Saline (TBS; BIO-
RAD, 1706435, pH7.6) with 0.1% Tween-20 (Sigma, P2287)
and incubated with primary antibodies at 4�C overnight. The
secondary antibodies (Santa Cruz Biotechnology, sc-2077 or
sc-2375) were used at a concentration of 1:10,000. The proteins
were visualized using the SuperSignal West Pico chemilumines-
cent substrate or Femto Maximum Sensitivity Substrate
(Thermo Fisher Scientific, 34080 or 34095).

Immunofluorescence microscopy imaging

Cells were seeded into Lab-Tek II Chamber Slides (Thermo
Fisher Scientific, 154526) and cultured in complete medium.
After treatment, cells were fixed for 15 min with 4% parafor-
maldehyde, permeated and blocked in blocking solution (1£
PBS with 10% normal goat serum (Sigma, G9023) and 0.5%
NP40 (Abcam, ab142227) for 4 h, and incubated with anti-

human LC3 antibody (1:500 dilution), anti-human LGALS1
(1:1,000 dilution), or anti-human LGALS3 (1:1,000 dilution) at
4�C overnight and then with Alexa Fluor 488 goat anti-rabbit
IgG (Invitrogen, A-11034) at 1:1,000 dilution at ambient tem-
perature for 1 h. Nuclei were counterstained with 40,6-diami-
dino-2-phenylindole (DAPI; Thermo Fisher Scientific,
P36931). The fluorescence images were captured with a ZEISS
Axioplan 2 microscope.

Autophagic flux measurement

Autophagic flux was measured in cells transfected with Auto-
phagy Tandem Sensor RFP-GFP-LC3 (Life Technologies,
P36239). After 24 h, the fluorescence images were captured
using a ZEISS Axioplan 2 microscope and the autophagosomes
(yellow dots) and autolysosomes (only red dots) were counted.

Acridine orange staining

After treatment, the cells were incubated with 1 mg/mL AO
solution (Sigma, A8097) for 15 min in complete medium. The
cells were then collected and analyzed by flow cytometry. In
AO-stained cells, the acidic compartments (autolysosomes)
appeared red. The intensity of the red fluorescence indicated
the degree of autophagy.

Statistical analysis

Data are expressed as the mean § SD of at least 3 separate
experiments performed in triplicate. A Student t test was per-
formed to compare the differences between groups. P values <
0.05 were considered statistically significant. Statistically signifi-
cant differences are indicated in figures by asterisks (�P < 0.05,
��P < 0.01). SPSS 17.0 software (SPSS Inc., Chicago, IL) was
used for all statistical analyses.

Abbreviations

3-MA 3-methyladenine
5-FU 5-fluorouracil
AO acridine orange
ATG5 autophagy-related 5
ATG7 autophagy-related 7
Baf-A bafilomycin A1

BCL2 BCL2, apoptosis regulator
BECN1 Beclin 1
BrdU bromodeoxyuridine
CASP3 caspase 3
CASP9 caspase 9
CQ chloroquine
DAPI 40,6-diamidino-2-phenylindole
FITC fluorescein isothiocyanate
IM-54 2-(1H-Indol-3-yl)-3-pentylamino-maleimide
LLOMe L-leucyl-L-leucine methyl ester
LMP lysosomal membrane permeabilization
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-

zolium bromide
PBS phosphate-buffered saline
PCD programmed cell death
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PDAC pancreatic ductal adenocarcinoma
PDX patient-derived xenograft
PI propidium iodide
qRT-PCR quantitative reverse-transcriptase polymerase

chain reaction
shRNA short-hairpin RNA
siRNA small-interfering RNA
SQSTM1 sequestosome 1
STAT3 signal transducer and activator of transcription

3
t-BHP tert-butyl hydroperoxide
z-VAD-FMK N-benzyloxycarbonyl-VaL-Ala-Asp-fluoro-

methyl ketone
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