
Abstract. Background/Aim: We previously identified a panel of
five miRNAs (including miR-139) associated with biochemical
recurrence and metastasis in prostate cancer patients. Materials
and Methods: We examined miR-139 transfected PC3, DU145
and LNCaP cells by morphology as well as by cell-based assays,
confocal microscopy and immunoblotting. Results: We found that
treatment of prostate cancer cells with miR-139 resulted in
phenotypic changes characteristic of autophagic cells. MiR-139
increased the autophagy-related conversion of the microtubule-
associated protein light chain 3 (LC3-I to LC3-II) that was
specifically inhibited by the miR-139 antagomir. The up-
regulation of LC3 II was further confirmed by confocal
microscopy. miR-139 regulated activation of both mTOR and
Beclin1 the two important autophagy-related molecules. We
found that upon miR-139 treatment, the cargo adaptor protein
p62 which is degraded during autophagy, accumulates.
Conclusion: These results suggest that miR-139 is inducing
autophagic flux blockade leading to apoptosis in prostate cancer
cells through the mTOR and Beclin-1 proteins.

Prostate cancer (PCa) is the second most common cancer in the
world among men and the fifth most common cause of cancer-

related death among men worldwide. It is a heterogeneous
disease, where the majority of cases present as indolent, while
some experience a highly aggressive form which metastasizes,
often leading to mortality (1). The 5-year survival rate for most
men with local or regional prostate cancer is almost 100%.
However, for men diagnosed with metastatic prostate cancer,
the 5-year survival rate is 29% (2). A grading system known as
Gleason score (GS) is used as a guide together with several
other factors to determine the aggressiveness of the cancer and
the potential type of treatments that may be implemented.
Tumors with lower GS indicate cells that are similar to normal
cells and are less likely to be aggressive. In contrast, tumors
with higher GS scores are indicative of tumors with poorly
differentiated cells, which tend to be more aggressive (3). The
prostate-specific antigen testing (PSA) is another method used
to screen for PCa. However, this method has become
controversial due to high rates of overdiagnosis and
overtreatment (4). PSA-based screening is also associated with
significant underdiagnosis of clinically significant disease.
Therefore, there is a significant need for biomarkers to
distinguish between PCa patients who will have an indolent
versus aggressive form of cancer. MicroRNAs(miRs) are highly
conserved small noncoding RNAs that control gene expression
and regulate biological processes by targeting messenger RNAs
(mRNAs) through inhibition or degradation (5). Altered
expression of miRNAs has been reported in PCa (6). 

Through whole miRNome sequencing, we identified a
panel of five miRNAs from 33, miRs-301a, 652, 454, 223, and
139, that were associated with PCa recurrence and metastasis
following prostatectomy (7). Three of these miRNAs were
overexpressed, while two were underexpressed in prostate
tumors. We previously determined the mechanism of action of
miRNAs that were up-regulated in our panel, miR-301a, miR-
454, and miR-652 (8, 9). We recently investigated the
mechanism of action of one of the down-regulated miRNAs,
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miR-139-5p (10). We found that miR-139 inhibits PCa cell
growth by down-regulating two different targets, AXL and
IGF1R. AXL down-regulation was associated with inhibition
of the PI3K/AKT pathway and the PLCγ1/PKCα pathway,
leading to cell-cycle arrest. In this study, we further
investigated the molecular mechanism of miR-139-mediated
suppression of PCa cell growth through regulation of
autophagy. Autophagy is a highly conserved, homeostatic
process by which intracellular constituents are delivered to
lysosomes for degradation (11). However, under specific
conditions, autophagy can directly or indirectly induce cell
death. Our study showed that miR-139 treatment of PCa cells
induces autophagic flux blockade and simultaneous induction
of apoptosis. 

Materials and Methods

Cell lines. Prostate cancer cell-lines were purchased from American
Type Culture Collection (ATCC). PC3 prostate cancer cells were
maintained in Dulbecco’s Modified Eagle Medium/Nutrient Mixture
F-12 (DMEM/F-12) (Wisent) and DU145 prostate cancer cells were
maintained in Dulbecco’s modified Eagle’s medium (DMEM)
(Wisent), all supplemented with 10% FBS at 37˚C in a 5% CO2
atmosphere.

Transient transfection. PC3, Du145 or LNCaP cells were seeded in
six-well plates for 24 hrs. Immediately before transfection, regular
media was replaced with media containing 5% FBS. Transfections
were performed using Lipofectamine RNAiMAX (Thermo Fisher
Scientific, Manassas, VA, USA) according to the manufacturer’s
recommendations. Transfections were performed with 25 pmol/well
of either miR-139-5p mimic (MSY0000250; Qiagen) or negative
control mimic (AllStars Negative Control siRNA; Qiagen, Hilden
Germany). For blocking experiments, 50 pmol/well of anti-hsa-miR-
139-5p miScript miRNA inhibitor (Qiagen) were added per well.
Chloroquine was added to cells by incubating with 50 μM final
concentration overnight. 

Immunofluorescence. PC3-treated cells were grown on coverslips in
24 well plates for 3 days, then fixed in 100% cold methanol for 5
min, permeabilized with 0.2% Triton X-100 prepared in PBS for 15
min at room temp, blocked and immunostained with rabbit anti-
LC3B antibody in 1% BSA PBST (PBS+0.1% Tween 20), followed
by Cy3-conjugated donkey-anti-rabbit IgG. Nuclei were revealed by
DAPI staining. Fluorescent images were observed and collected
under a Nikon A1 inverted confocal microscope. Images were
quantitated using Image J software version 1.51.

Western blotting. Cell extracts were prepared by lysis in RIPA buffer
in the presence of proteinase and phosphatase inhibitors. The cell
lysates were collected by centrifugation at 20,000 g for 15 min at
4˚C and protein content in the supernatant was measured using the
Bradford protein assay (BioRad, Irvine, CA, USA). Approximately
5-10 μg of protein were separated on either 8 or 15% SDS-
polyacrylamide gels and electroblotted on to nitrocellulose
membranes. Membranes were blocked with 5% nonfat dry
milk:TBS-T [20 mmol/l Tris-HCl (pH 8.0), 137 mmol/l NaCl and
0.1% Tween 20] or 5% BSA for one h at RT, and incubated with the

primary antibodies overnight at 4˚C. After washing with TBS-T,
blots were probed with HRP-conjugated secondary antibodies for 1
h at RT. The blots were then washed and treated with ECL reagent
(1M Tris pH 8.5, 198 μM para-coumaric acid, 1.25 mM luminol,
0.009% H2O2) and the protein bands were visualized using Kodak
XOMAT- AR film for autoradiography. The following monoclonal
and polyclonal antibodies were used: anti-LC3B, anti-cleaved
PARP-1, anti-phospho-mTOR(Ser2448), anti-mTOR (Cell
Signaling); anti-p62/SQSTM1(D-3), anti-beclin 1(E-8), anti-pp38(E-
1), anti-p38α(9F12) (Santa Cruz Biotech); anti-beclin-1 (phospho-
Ser93/96)(Signalway Antibody); anti-β-tubulin (Sigma-Aldrich),
and HRP conjugated goat anti-mouse and goat anti-rabbit
(Promega). Image J version 1.51 was used for densitometry of
Immunoblots. 

Cell death determination. Cells were counted by dilution in trypan
blue. Percentage of dead cells were calculated by counting the
number of blue-labeled cells, and expressing them as a percentage
of total cells (both live and dead). 

Ion AmpliSeq transcriptome sequencing. The transcriptome
sequencing of miR-139 over-expressing and empty vector transfected
PC3 and Du145 cell lines were performed on the Ion S5XL Next
Generation Sequencing system with the Ion AmpliSeq Transcriptome
Human Gene Expression Kit (ThermoFisher Scientifics). The cDNA
was synthesized from 10ng of total RNA by SuperScript VILO cDNA
Synthesis Kit (Thermofisher Scientific). The cDNA libraries were
constructed by Ion Ampliseq Library Kit Plus and the sequencing
template preparation was done by using Ion Chef with Ion 540 Chef
Kits. Sequencing was performed for 500 flows on an Ion S5XL
Sequencer with Ion 540 chip. The differential gene expression
analysis between samples and pathway enrichment analysis of
differentially expressed genes was performed by Transcriptome
Analysis Console (TAC) Software 4.0.2 (ThermoFisher Scientific).

Statistical analysis. All statistical analysis was conducted using
Excel (version 2007). Student’s t-test was used to obtain p-values
for comparison of two groups. All graphs show mean±SD of
triplicate experiments. 

Results
Mir-139 induces morphology changes in PC3 and Du145 cells.
Previously, we showed that PC3 and Du145 cells treated with
miR-139 displayed growth inhibition compared to their
negative mimic treated counterparts (10). We examined the
morphology of these treated cells in an attempt to understand
further the growth inhibitory mechanism of miR-139. Transient
transfection of PC3 cells with miR-139 for 5 days revealed
dramatically different morphologies. Cells appear to have lost
the rounded epithelial form, becoming larger, with cytoplasmic
ballooning, displaying abnormal shapes which range from
elongated to having spiky projections. In addition, the miR-139
PC3 transfected cells accumulated numerous rounded vacuoles
within them, which are typically seen in cells undergoing
autophagy (12). PC3 cells transiently transfected with negative
control mimic appeared to grow in their typical adherent
spherical epithelial morphology (Figure 1). Du145 cells treated
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with miR-139 also undergo morphology changes, with
abnormal shapes which include elongation and spiky
projections. However, no vacuoles were observed compared to
PC3-miR-139 treated cells. 

Up-regulation of autophagic markers by miR-139.
Morphology changes reminiscent of autophagy in PC3 cells
treated with miR-139 prompted us to examine whether
markers of autophagy are expressed upon miR-139
treatment. Autophagy is a multistep process in which the
formation of the autophagosome requires the sequential
modification of the microtubule-associated protein 1 light
chain 3 beta (LC3B). LC3B is first cleaved to produce
LC3B-I. Upon induction of autophagy, a fraction of LC3B-I
is transferred to phosphatidylethanolamine (PE) to produce
LC3B-II (13). LC3B-II associated with the autophagosome
and therefore the amount of LC3B-II and the formation of

LC3B puncta, representing autophagic vesicles, are the
cornerstone of the autophagosome (14). These puncta can be
visualized by confocal microscopy.

In order to determine whether miR-139 was inducing
autophagy in PC3 cells, we examined LC3B punctuate
formation in PC3 cells treated for 3 days with either negative
or miR-139 mimic by confocal microscopy. As a positive
control for autophagy induction, chloroquine (CQ) (50 μM)
treatment was also included. Results revealed that miR-139
mimic increased LC3B puncta to similar levels as CQ
treatment, while a diffuse, cytoplasmic red fluorescence was
observed in control cells (Figure 2A). Quantification of
puncta confirmed that miR-139 significantly up-regulated
LC3B expression in PC3 cells as compared to negative
mimic (Figure 2B). 

LC3B-I to LC3B-II conversion is an important indicator
of autophagy activity (13). To confirm that LC3B-II was up-
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Figure 1. PC3 and Du145 cells were transiently transfected with either miR-139 or negative (neg) mimic for 2 days followed by reseeding and
retransfecting for 3 more days. Cells were then visualized by light microscopy at 10x and 40x magnification for morphology changes. Images are
representative of at least 3 independent experiments. 



regulated by miR-139, we examined the expression of
LC3B-II by western blotting (WB). PC3 cells were
transiently transfected with miR-139 mimics or negative
mimics for 1-3 days. At each timepoint, lysates were

examined by WB for LC3B-II expression. LC3B-II protein
expression was significantly increased by miR-139 treatment
(Figure 3A). Quantification of the WB by densitometry
revealed that the miR-139 significantly increased LC3B-II
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Figure 2. (A) PC3 cells were plated on coverslips overnight, and then transiently transfected with either 25 pmol/well of either miR-139 mimic or
negative control mimic (neg) for 3 days with Lipofectamine RNAimax, or chloroquine (CQ) (50 μM) overnight. Untreated cells were included as
control for CQ. Coverslips were fixed, permeabilized and then stained with anti-LC3B antibody, followed by Cy3-conjugated donkey-anti-rabbit
IgG. Nuclei were visualized by counterstaining with DAPI. After mounting coverslips on slides, fluorescent images were visualized using confocal
microscopy (B). Quantification of LC3B puncta were performed using Image J software. (ut) refers to untreated cells; p-values were determined by
the unpaired t-test (*p<0.05; **p<0.01; ***p<0.001). 
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Figure 3. (A) PC3 cells were transiently transfected with either 25 pmol
of miR-139 mimic or negative control (neg) mimic for 1, 2 and 3 days. On
each day, western blots (WB) were performed on cell lysates with specific
antibodies. WB is representative of at least 3 separate experiments. (B)
WB were quantified using by densitometry. Protein levels of LC3B-II were
compared to β tubulin loading control. Blue bars represent transfection
with neg mimic; red bars represent transfection with miR-139. Data are
presented as a mean+SD of the mean of three independent experiments
and p-values determined by the unpaired t-test (*p<0.05; **p<0.01;
***p<0.001). (C) PC3 cells were transiently transfected for 3 days with
either 25 pmol of miR-139, neg mimic or 25 pmol of miR-139 combined
with 50 pmol of miR-139 antagomir (anti-139 mimic). (D) WB from (C)
was quantified by densitometry. P values were determined as per (B). (E)
PC3 or Du145 cells were transiently transfected for 4 days with either
miR-139 mimic, neg mimic or overnight with CQ (50 μM). WB were
performed using anti-LC3B antibody, and stripped and reprobed with β
tubulin for loading control. 



expression at all 3 time points (Figure 3B). To confirm that
increased LC3B-II expression was due to miR-139 treatment,
PC3 cells were treated for 3 days with either miR-139 alone,
neg mimic alone, or miR-139 and antagomir to miR-139.
WB reveals that the increased expression of LC3B-II by
miR-139 was abrogated when antagomir to 139 was added
(Figure 3C and D). In contrast to miR-139 treatment of PC3
cells, treatment of Du145 cells with miR-139 for 4 days was
unable to induce expression of LC3B-II (Figure 3E). To
confirm that the inability to up-regulate LC3B-II expression
in Du145 was not limited to miR-139 treatment, both PC3
and Du145 were treated overnight with CQ. CQ inhibits
autophagy flux by raising the PH within the lumen of
lysosomes and/or autolysosomes and therefore compromises
autophagic degradation, leading to the accumulation of
LC3B-II (16). While LC3B-II was also increased by CQ
treatment in PC3 cells, no LC3B-II was observed in Du145
cells, whether treated with miR-139 or CQ (Figure 3E). This
observation was not unexpected as Du145 cells lack one or
two exons in ATG5, which interferes with the formation of
LC3B-II, and thus impairs autophagy in that cell-line (15). 

Beclin 1 was one of the first mammalian autophagy
proteins identified, regulating both autophagosomal synthesis
and autophagosome maturation (16-19). Beclin 1 is activated
through post-translational modifications such as
phosphorylation, ubiquitination and cleavage, allowing it to
fine-tune PI3K-III activity and autophagy (20). To further
verify that miR-139 was inducing autophagy, we examined
beclin 1 phosphorylation upon miR-139 expression. miR-139
treatment induced beclin 1 phosphorylation (Figures 4A and
B). This increase was shown to be dependent on miR-139
expression, as treatment with both miR-139 mimic and miR-
139 antagomir abrogated phospho-beclin 1 expression
induced by miR-139 alone (Figures 4C and D). Treatment of
Du145 cells for 3 days with miR-139 did not increase
expression of phospho-beclin 1 compared to negative mimic
(Figure 4E). Thus, the lack of functional ATG5 in Du145
cells may be also affecting beclin 1 activation. 

miR-139 down-regulates the PI3K/Akt/mTOR pathway to
suppress autophagy. The PI3K/Akt pathway is known to inhibit
autophagy through the activation of mammalian target of
rapamycin (mTOR) (21, 22). We have previously shown that
miR-139 treatment of PC3 cells inhibits Akt activation (10). To
further examine the mechanism of autophagy induction by miR-
139 in prostate cancer cells, the activation of mTOR was
analyzed. As shown in Figure 5A, miR-139 mimics were able
to down-regulate the expression of p-mTOR in PC3 cells
compared to control mimics at the protein level. Furthermore,
not only was activation of mTOR affected, but total protein
expression of mTOR was also down-regulated by miR-139
treatment (Figure 5A and B). Collectively, these data indicate
that miR-139-mediated Akt/mTOR pathway inhibition enhances

the autophagy of PC3 cells. We previously demonstrated that
miR-139 treatment of Du145 resulted in Akt activation (10). We
examined mTOR activation in Du145 after miR-139 treatment
for 4 days. MiR-139 treatment also inhibited p-mTOR and
mTOR protein expression in Du145 cells (Figure 5C and D).
Since both p-mTOR and mTOR protein levels are both
inhibited by miR-139, the relative ratio of p-mTOR to mTOR
remains unchanged, suggesting that miR-139 effects are
targeting the absolute levels of mTOR rather than its activation.
In support of this, whole transcriptome analysis of miR-139-
treated PC3 and Du145 prostate cancer cells demonstrated
significant down-regulation of mTOR mRNA expression
(Figure 5E). Thus, down-regulation of mTOR both at the
protein and mRNA level likely contributed to the increased
autophagy observed by miR-139 treatment.

MiR-139 induces autophagic flux blockade in prostate
cancer cells. p62/SQSTM1, the first identified autophagy
adaptor, recognizes ubiquitinated cargoes and recruits them
to the autophagosomal membrane via its LC3-interacting
region (23, 24). The level of p62 has been used for
monitoring autophagy flux, since it accumulates in cells
when autophagy is blocked (25). Transfection of PC3 cells
with miR-139 for shorter time periods such as 2 days
resulted in reduced p62 protein expression compared to neg
mimic (Figure 6A). However, retransfection of 2 day-treated
PC3 cells with miR-139 for 3 more days resulted in
significantly up-regulated p62 compared to transfection with
neg mimic (Figure 6A and B). Transcriptome analysis of
PC3 or Du145 cells transfected with miR-139 for 4 days
confirmed these results, with RNA expression of p62 gene,
SQSTM1, increased approximately 2-fold in both cell lines
(Figure 6C). These results suggest that prolonged miR-139
treatment of PC3 cells resulted in a block in autophagic flux. 

The autophagosomal protein LC3B-II is ultimately
degraded inside the autolysosome upon autophagy flux (23).
However, LC3B-II up-regulation was sustained by miR-139
in PC3 cells, suggesting that either autophagy initiation is
stimulated or autophagic flux is blocked and vesicles
accumulate. In order to discriminate between these two
scenarios, the utilization of CQ which blocks autophagic flux
was performed. Treatment of PC3 cells with either miR-139
mimic or CQ resulted in accumulation of LC3B-II to similar
levels as compared to neg mimic (Figures 6D and E).
However, cotreatment of PC3 cells with miR-139 and CQ did
not further increase levels of LC3B-II over CQ alone. Thus,
the LC3B-II results combined with the p62 accumulation
suggest that indeed, miR-139 treatment of PC3 cells results in
incomplete autophagy, with a block in autophagic flux.

miR-139 induces cell death. In our previous study, we
showed that miR-139 inhibited cell proliferation in both PC3
and Du145 cells, with cells arrested in G2/M phase of cell
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cycle (10). We further analyzed the mechanism of growth
inhibition by miR-139. PC3 and Du145 cells were transiently
transfected with either miR-139 or neg mimic for 2 days,
then reseeded and retransfected for 3 more days. miR-139
treatment for 5 days resulted in a significant reduction in
cells in both PC3 and Du145, with PC3 cells reduced by
almost 70% and Du145 cells reduced by over 80% compared

to neg mimic treatment (Figure 7A). These results suggested
that miR-139 treated cells had reduced proliferation and/or
increased cell death. To examine this more clearly, we
determined the percentage of dead cells. At day 5, PC3 cells
contained an average of 45% dead cells while Du145 cells
were dramatically affected, with an average of almost 75%
dead cells (Figure 7B). Cell death can occur by a wide
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Figure 4. (A) PC3 cells were transiently transfected with either 25 pmol miR-139 mimic or negative control (neg) mimic for 1, 2 and 3 days. Western
blots (WB) were performed on cell lysates with p-beclin-1 antibody, stripped and reprobed with total beclin 1 antibody, stripped and reprobed with
β tubulin antibody. (B) WB from (A) was quantified using densitometry. Protein levels of p-beclin 1 were compared to β tubulin loading control.
Data are presented as a mean+SD of the mean of three independent experiments and p-values determined by the unpaired t-test (*p<0.05; **p<0.01;
***p<0.001). (C) PC3 cells were transiently transfected for 3 days with either 25 pmol miR-139, neg mimic or a combination of 25 pmol miR-139
and 50 pmol miR-139 antagomir. WBs were performed as in (A). WBs represent at least 3 separate experiments. (D) Quantitation of WB from (C)
was performed using densitometry as described in (B). p-Values were determined as in (B). (E) PC3 or Du145 cells were transiently transfected
for 3 days with either miR-139 mimic or neg control mimic. WB were performed with p-beclin-1 antibody, followed by stripping and reprobing with
total beclin 1 antibody. Black arrow shows the location of the p-beclin 1 band on the WB. 



variety of mechanisms. Cleavage of PARP-1 by caspases is
considered a hallmark of apoptosis (26, 27). Thus, we
examined the lysates for cleaved PARP-1. Transfection of
miR-139 in both PC3 and Du145 up-regulated cleaved
PARP-1 (Figures 7C and D). These results suggest that miR-
139-treatment of PCa cells lead to cell death mediated in part
by apoptosis. Taking into account our previous data showing
decreased proliferation upon miR-139 treatment, miR-139
likely is both reducing proliferation and increasing cell death
in PCa cells. 

miR-139 affects cell autophagy and apoptosis through the
p38 and Erk1/2 pathway. Previous studies have indicated
that p38 and Erk1/2, two important MAPK family members,
are important upstream signaling proteins involved in
regulating mTOR activity and necessary for the induction of
autophagy (28, 29). However, both Erk1/2 and p38 can also
up-regulate apoptotic pathways, depending on the stimuli
(30). Western blotting results showed that miR-139 treatment
of PC3 cells for 3 days activated Erk1/2 by increasing its
phosphorylation (Figure 8A and B). This activation could be
inhibited by addition of mir-139 antagomir. Similarly, miR-
139 treatment of PC3 cells for 3 days also resulted in
phosphorylated or activated p38 MAPK (Figure 8A and D).
The protein levels were quantified as p-p38/p38 and p-
Erk/Erk expression ratios (Figures 8B and D). Thus,
activation of both Erk1/2 and p38 may be partially
responsible for the increased cell death associated with miR-
139 treatment. 

Discussion

Previously, we described that miR-139 inhibited prostate
cancer cell growth through down-regulation of targets, AXL
and IGF1R, resulting in cell cycle arrest (10). In this study,
we extended the growth inhibitory mechanisms and
discovered that miR-139 treatment of prostate cancer cells
induced morphology changes. Alterations in morphology of
PC3 cells treated with miR-139 strongly resembled those
seen in cells undergoing autophagy. Autophagy was then
confirmed by visualization of increased LC3B puncta with
miR-139 treatment of PC3 cells, along with up-regulation of
autophagy-associated proteins, LC3B-II, phospho-beclin 1,
and p62 by immunoblotting. 

The PI3K/Akt pathway is known to inhibit autophagy
through the activation of mTOR, which is the gatekeeper for
autophagy initiation (21, 22). We have previously shown that
activation of Akt is inhibited by miR-139 treatment of PCa
cells (10). Herein, we take this further and show that
expression of the downstream protein, mTOR, is also
inhibited by miR-139. Αt the protein and mRNA level. We
previously identified both AXL and IGF1R as targets of
miR-139 in prostate cancer cells (10). Both AXL and IGF1R

activate the PI3K/Akt axis, and as such, the inhibition of
both such targets by miR-139 would likely result in the
inhibition of the downstream mTOR protein as well. Perhaps
sustained inhibition of the PI3K/Akt/mTOR axis ultimately
down-regulates mTOR at the protein level. In support of this,
the inhibition of both p-mTOR and mTOR protein
expression by miR-139 is more evident at day 3 than day 1
(Figure 5A and B). 

Autophagy is a cellular degradation and recycling process
which is induced in response to environmental signals such
as nutrient deprivation, hormones and microbial pathogens
(31). While autophagy is usually a cytoprotective condition,
an imbalance in cellular metabolism may cause excessive
autophagic activation, inducing cell death (32). We
previously showed that miR-139 treatment of prostate cancer
cells inhibits cell growth. Here we show in addition to
inducing autophagy, prolonged miR-139 treatment, whereby
cells are treated for 2 days with miR-139, and then reseeded
and retransfected for a further 3 days, results in significant
cell death after 5 days (Figure 7A and B). This death was
associated with up-regulated cleaved PARP, which is
typically associated with apoptosis. Interestingly, PARP-1
activation interfaces with signaling pathways known to
promote autophagy (33). It may be that miR-139 induced
cell death in PC3 cells through excessive autophagy.

LC3B puncta and LC3B-II expression were increased
upon miR-139 treatment of PC3 cells. Augmented LC3B-II
expression is indicative of either increased autophagy
initiation or a block in autophagosome turnover. To further
discriminate between these 2 potential mechanisms, PC3
cells were treated with miR-139 and CQ. CQ inhibits
autophagy flux by raising the pH within the lumen of
lysosomes and/or autolysosomes and therefore compromises
autophagic degradation, leading to a further accumulation of
LC3B-II (34). Any LC3B-II accumulation beyond that
observed with CQ alone is then attributed to enhanced
autophagy initiation. Treatment with miR-139 together with
CQ did not increase the levels of LC3B-II expression over
levels observed with CQ alone, suggesting that autophagic
flux was blocked. Activation of autophagy results in
decreased expression of SQSTM1/p62, because of its
accumulation in autophagosomes and subsequent
degradation by lysosomes (23). We observed increased
expression of SQSTM1/p62 upon miR-139 treatment of PC3
cells, particularly at the later time point at both the RNA and
protein level (Figure 6A-C). This data further supported the
idea that in addition to stimulating autophagosome
formation, miR-139 also blocks autophagic flux at the late
stage. Enhanced incomplete autophagy, as a result of
treatment with an autophagy inducer and inhibitor, leads to
cell degeneration followed by cell death (35). Since miR-139
treatment may be seen as both an autophagic inducer and
inhibitor, cell death may have resulted by a similar method
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in our study. Du145 cells were incapable of up-regulating
LC3B-II in response to either miR-139 or CQ, which has
been shown to be due to a deficiency in full-length ATG5
protein, resulting in impaired autophagy (15). The lack of
wild-type ATG5 was associated with SQSTM1/p62
accumulation in Du145 cells. Treatment with the histone
deacetylase (HDAC) inhibitor, valproic acid (VPA), which
induced autophagy in PC3 and LNCaP cells, did not
significantly change the level of p62 in Du145 cells, which
suggested that autophagy-dependent p62 degradation was
impaired in this cell line (15). In our study, we also observed

a very high level of p62 expression in Du145 cells in the
presence of negative mimic, and this expression was further
increased with miR-139 treatment or CQ (Figure 3E). These
results suggest that miR-139 treatment of Du145 cells further
exacerbating the autophagic block that already exists in these
cells. Perhaps this is why treatment of Du145 cells for 5 days
with miR-139 induced significant cell death (75%), which
was even more pronounced compared to miR-139 treatment
of PC3 cells (Figure 7B). 

Autophagy has contradictory roles in cancer. Autophagy
was initially considered a tumor-suppression mechanism,
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Figure 5. (A) PC3 cells were transiently transfected with either miR-139 mimic or negative control (neg) mimic for 1, 2 and 3 days. Western blots
(WB) were performed by incubating with p-MTOR antibody, stripped and reprobed with total MTOR antibody, and stripped and re-probed with β
tubulin antibody. (B) WB from (A) was quantified using densitometry. Protein levels of pMTOR were compared to mTOR to assess for activation of
mTOR. Protein levels of p-MTOR and MTOR were also separately compared to β tubulin for loading controls. Data are presented as a mean+SD
of the mean of at least three independent experiments and p-values determined by the unpaired t-test (*p<0.05; **p<0.01; ***p<0.001). (C) Du145
cells were transiently transfected for 3 days as in (A). (D) WB from (C) was quantified as in (B). (E) PC3 and Du145 cells were transiently
transfected for 4 days with miR-139 mimic or negative control mimic. RNA was extracted, reverse transcribed and subjected to whole RNA
transcriptome sequencing. Reads per million of mTOR expression are shown in graph with actual values displayed above each bar.



owing to the fact that the essential autophagy gene, BECN1
(beclin 1) was monoallelically lost in 40% to 75% of human
prostate, breast and ovarian cancers (36-38). However,
autophagy has been identified as a survival mechanism
across many tumour types (39-42). Furthermore, autophagy
can be used by cancer cells as a survival strategy during
therapeutic interventions (43). Autophagy in cancer cells has
been shown to increase apoptotic and caspase-independent
cell death (44-46). However, autophagy tends to sustain cell
viability in cancer cells with defects in apoptosis (44, 47-49).

Clearly, autophagy has a context-dependent role in cancer
development and treatment resistance. 

In prostate cancer, autophagy is often impaired due to
either activation of the PI3K/Akt/mTOR pathway, or through
allelic loss of the essential autophagy gene beclin 1 (32). In
our study, the induction of autophagy by miR-139 clearly was
tumor suppressive in PCa cells, mechanistically proceeding
in part through inhibition of the PI3K/Akt/mTOR pathway.
However, one could argue that miR-139 does not induce
complete autophagy, and that blocking autophagy flux is the
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Figure 6. (A) PC3 cells were transiently transfected with either miR-139 mimic or negative control (neg) mimic for 2 and 5 days. Western blots
(WB) were performed on cell lysates from each time point with anti-p62 antibodies, followed by stripping and re-probing with β tubulin antibodies
for loading controls. WB is representative of at least 3 separate experiments. (B) WBs of p62 from PC3 cells treated for 5 days with miR-139 were
quantified from at least 3 separate experiments, using β-tubulin as loading control. (C) PC3 and Du145 cells were transiently transfected for 4
days with either miR-139 or negative control mimic. RNA was extracted, reverse transcribed and subjected to whole RNA transcriptome sequencing.
Reads per million of SQSTM1 expression are depicted on graph. (D) PC3 cells were seeded overnight, then transfected with either miR-139 mimic,
neg mimic, CQ (50 μM), or a combination of CQ and miR-139 mimic or CQ and neg mimic for 3 days. WB were developed with anti-LC3 antibodies,
and β tubulin for loading controls. A black arrow points to the LC3B-II band. (E) WB from (D) was quantified using densitometry. Protein levels
of LC3B-II were compared to β tubulin loading control.



actual tumor suppressive mechanism. Alternatively, it could
be the combination of enhanced, sustained autophagy
together with autophagic flux blockade, as was observed in
one study (50). Inhibition of autophagic flux in another study
lead to the accumulation of dysfunctional mitochondria and
increased ROS formation, resulting in apoptosis (51). 

Another novel cytotoxic mechanism involving autophagic
flux blockade was observed with the dopamine agonist,
cabergoline (CAB) in rat pituitary tumor cells (52). CAB
triggered autophagy at first through inhibiting mTOR pathways,
but then dramatically increased lysosomal acidity, impairing
lysosomal degradation within autolysosomes resulted in
disrupted autophagic flux. Following autophagic flux blockade,
CAB converted autophagy into a cell death mechanism. 

In the rat pituitary tumor cells, CAB-induced cell death
involved both apoptotic and autophagic pathways, which can
coexist as a consequence of intracytoplasmic release of
lysosomal enzymes (52). Thus, persistence of autophagy
blockade disrupts the balance between autophagosome
production and degradation capability, ultimately leading to
autophagic cell death. In our study, miR-139 treatment of
prostate cancer cells may have induced autophagic cell death
in a similar fashion.

The anti-cancer drug sunitinib induced autophagic cell death
and apoptosis in PCa cell lines (52). Autophagy was promoted
by sunitinib through activation of Erk1/2 and inhibition of
mTOR, similar to what we observed with miR-139 treatment.
Constitutive activation of Erk1/2 has been shown to induce a
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Figure 7. (A) PC3 or Du145 cells were transiently transfected with either miR-139 mimic or neg mimic for 2 days, reseeded and retransfected for
3 more days. Cells were harvested and counted at day 5. (B) Percentage of dead cells from (A) were calculated by counting the number of blue
cells labeled by trypan blue, as a percentage of total cells (alive and dead) tabulated. (C) PC3 and Du145 cells were transiently transfected with
miR-139 mimic or neg mimic for 1-2 days. Western blots (WB) were performed with cleaved PARP and β tubulin. (D) WB from (C) was quantified
using densitometry. Protein levels of cleaved PARP were compared to β tubulin loading control. Data are presented as the mean+SD of the mean
of three independent experiments, and p-values determined by the unpaired 2 tailed t-test (*p<0.05; **p<0.01; ***p<0.001). 



form of cell death that correlated with extensive cell rounding
and the formation of cytoplasmic macrovacuoles, which pushed
the nucleus and cytoplasm to the side of the dying cell (53).
This morphology was thought to represent autophagic

programmed cell death, but also of paraptosis, a form of
caspase-independent cell death associated with cytoplasmic
vacuolization (54). We showed that miR-139 treatment of PC3
cells activated both Erk1/2 and p38 MAPK. P38 MAPK is
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Figure 8. (A) PC3 cells were transiently transfected for 3 days with either miR-139 mimic, neg mimic or miR-139 mimic combined with miR-139
antagomir, as described in Figure 4C. Western blots (WB) were performed by staining with anti-phospho-ERK1/2 antibodies, followed by stripping
and reprobing membranes with total ERK1/2 antibodies. (B) WB from (A) was quantified using densitometry. Protein levels of phospho-ERK1/2
were compared with total ERK1/2 levels. Blue bars represent transfection with neg mimic; red bars represent transfection with miR-139; green bars
represent transfection with both miR-139 mimic and miR-139 antagomir. (C) PC3 cells were transiently transfected for 3 days with either miR-139
mimic or neg mimic. WB were performed by staining with with phospho-p38 antibodies, stripped and reprobed with total p38 antibodies. (D) WB
from (C) was quantified using densitometry. Expression levels of phospho-p38 were compared to total p38.  Data are presented as the mean + SD
of the mean of at least three independent experiments, and p values determined by the unpaired 2 tailed t-test (*p<0.05; **p<0.01; ***p<0.001).



strongly activated by environmental and genotoxic stresses (55).
Many chemotherapeutic agents require p38 activation for
induction of apoptosis (56). P38 MAPK can also mediate
autophagy in response to chemotherapeutic agents (30). Thus,
p38 is capable of regulating both apoptosis and autophagy (57). 

A correlation between autophagy and miR-139 was shown
in one study in cancer cells. Sodium butyrate (NaB), an
HDAC inhibitor, promoted AMPK/mTOR pathway-activated
autophagy through up-regulation of miR-139-5p/Bmi-1 axis
and mitochondria-mediated apoptosis in human bladder
cancer cells (58). In this study, autophagy promoted
apoptosis and contributed to cell death by NaB treatment.
Our study is the first to show a correlation between miR-139
treatment and autophagy in PCa cell growth inhibition. 

Conclusion

In this study, we expanded our previous observations that
miR-139 treatment of PCa cells inhibits their growth. We
showed that growth inhibition by miR-139 was associated
with induction of autophagy in PC3 cells, through up-
regulation of beclin 1 phosphorylation and LC3-II
expression. miR-139 treatment resulted in inhibition of
mTOR expression in both PC3 and Du145 cells. Inhibition
of the PI3K/Akt/mTOR pathway likely contributed to the
induction of autophagy in PC3 cells. However, autophagy
induction by miR-139 was not complete, as p62 expression
remained elevated. Furthermore, prolonged miR-139
treatment induced massive cell death in both PC3 and
Du145 cells. Our data suggests that miR-139 has the dual
ability to simultaneously induce autophagy but block
autophagic flux. Prolonged treatment by miR-139 led to
persistent impairment of completion of autophagy, and
inhibition of cell proliferation leading to massive cell death.
Our previous study showed that high miR-139 expression
was associated with lower incidence of recurrence and
metastases (10). Taken together, perhaps the mechanism of
miR-139-mediated growth inhibition leading to cell death
described in this study may be occurring in these prostate
cancer patients with high miR-139 expression, leading to
their improved prognoses. 
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