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Dysregulation of microRNA (miRNA) expression in various cancers and their role

in cancer progression is well documented. The purpose of this study was to

investigate the biological role of miR-372 in human pancreatic adenocarcinoma

(HPAC). We collected 20 pairs of HPAC tissues and adjacent non-cancerous tissues

to detect miR-372 expression levels. We transfected BXPC-3 and PANC-1 cells with

miR-372 inhibitor/mimics to study their effect on cell proliferation, apoptosis,

invasion, migration and autophagy. In addition, miR-372 mimics and a tumor pro-

tein UNC51-like kinase 1 (ULK1) siRNA were co-transfected into BXPC-3 and

PANC-1 cells to explore the mechanism of miR-372 and ULK1 on HPAC tumorigen-

esis. We found that the expression of miR-372 was markedly downregulated in

HPAC cells compared to adjacent normal tissues. Furthermore, functional assays

showed that miR-372 inhibited cell proliferation, invasion, migration and autop-

hagy in BXPC-3 and PANC-1 cells. An inverse correlation between miR-372 expres-

sion and ULK1 expression was observed in HPAC tissues. Downregulation of

ULK1 inhibited the overexpression effects of miR-372, and upregulation of ULK1

reversed the effects of overexpressed miR-372. Finally, we found that silencing

ULK1 or inhibiting autophagy partly rescued the effects of miR-372 knockdown

in HPAC cells, which may explain the influence of miR-372/ULK1 in HPAC devel-

opment. Taken together, these results revealed a significant role of the miR-372/

ULK1 axis in suppressing HPAC cell proliferation, migration, invasion and

autophagy.

H uman pancreatic adenocarcinoma (HPAC) is an extremely
serious malignant neoplasm, with a 5-year survival rate of

<5%.(1) Early onset of distant metastasis primarily accounts for
the poor prognosis of HPAC.(2–4) Therefore, understanding the
mechanisms that regulate HPAC metastasis are critical to
improving HPAC treatment.
MicroRNA (miRNA) are small non-coding RNA approxi-

mately 17–24 nucleotides in length that regulate gene expres-
sion by inhibiting mRNA translation.(5,6) miRNA play critical
roles in cell proliferation, apoptosis and differentiation.(7) 6-8nt
binding site sequences between miRNA and its target gene is a
widespread phenomenon in miRNA study.(8–10) MiRNA are
usually downregulated in various kinds of human cancers, sug-
gesting that they act as tumor suppressors in tumor cells.(11)

Previous work on miR-371–373 was limited to human embry-
onic stem cells.(12,13) However, recent work in several kinds of
cancer cells has demonstrated that miR-372 regulates cell
cycle, apoptosis, proliferation and invasion. Specifically, mis-
expression of miR-372 is observed in human hepatocellular
cancer.(14) In ovarian carcinoma, miR-372 plays a role in
inhibiting tumor growth through ATPase family-AAA domain
containing 2 (ATAD2), large tumor suppressor kinase 2
(LATS2), sequestosome 1 (P62), dickkopf WNT signaling
pathway inhibitor 1 (DKK1) and cyclinA1.(15)

Autophagy is a highly conserved eukaryotic stress and sur-
vival response that degrades cytoplasmic contents and recycles
biosynthetic substrates to produce energy. Autophagy involves
the lysosomal degradation of cytoplasmic contents for regener-
ation of anabolic substrates.(16) UNC51-like kinase 1 (ULK1)
is a serine/threonine kinase that initiates the autophagy cas-
cade.(17) ULK1 is regulated in part by mechanistic target of
rapamycin (mTOR) and adenosine 50-monophosphate-activated
protein kinase (AMPK), which inhibit and activate ULK1,
respectively.(18)

It is not known whether miR-372 directly targets ULK1 and
negatively regulates cell cycle progression and proliferation in
human pancreatic adenocarcinoma cells through the regulation
of autophagy. In this study, we investigated the role of miR-
372 in HPAC. We predicted the target genes of miR-372 and
demonstrated a direct relationship between miR-372 and
ULK1.

Materials and Methods

Tissues and cell lines. Samples of pancreatic carcinoma and
para-carcinoma normal tissues were collected from Xiangya
Hospital. The pancreatic carcinoma tissues and normal tissues
were rapidly frozen in liquid nitrogen and stored at �80°C.
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BXPC-3 and PANC-1 cell lines used in the study were pur-
chased from ATCC, and cells were cultured according to
ATCC recommendations: RPMI 1640 medium with 10% FBS
(Gibco, USA) and supplemented with penicillin/streptomycin
(Sigma, USA) at 37°C in an atmosphere of 5% CO2 and 95%
air.

Antibodies. Commercially available antibodies were used for
all immunoblotting and immunofluorescence studies. Anti-
ULK1, anti-p-ULK1 (Ser757), anti-p-ULK1 (Ser555), anti-p-
mTOR, anti-P62 and anti-LC3 were obtained from Abcam
(UK). Anti-GAPDH was obtained from Shanghai Kangchen
Bio-tech Company (China). All secondary antibodies were
obtained from Boster (China).

Cell transfection. Cells were transfected with anti-miR-372
(Ambion, Austin, TX, USA) or miR-372 mimic using the
reverse transfection method using the siPORTTM NeoFXTM
transfection reagent (Ambion). The siRNA targeting human
ULK1 (si-ULK1) and the corresponding negative control were
purchased from GenePharma (Shanghai, China). ULK1 overex-
pressing plasmids were constructed using pCDNA3.1 (+) basic
vectors in our laboratory. These were transfected into BXPC-3
and PANC-1 cells with 80%–90% confluence, using Lipofec-
tamine 2000 (Invitrogen, USA), according to the manufac-
turer’s instructions.

Quantitative real-time PCR. Tumor specimens and cells were
subjected to total RNA extraction using TRIzol Reagent
(Takara, Japan). To detect RNA expression, complementary
DNA (cDNA) was synthesized using a Bestar qPCR RT Kit
(DBI Bioscience, Germany), according to the instructions.
RNA amplification and detection were performed using a Bes-
tar qPCR RT Kit under an ABI 9700 PCR amplifier system
(Applied Biosystems, USA). The primer sequences are as fol-
lows: for hsa-miR-372, forward primer: ACA CTC CAG CTG
GGA AAG TGC TGC GAC ATT TG, reverse primer: CTC
AAC TGG TGT CGT GGA GTC GGC AAT TCA GTT GAG
ACG CTC A; for ULK1 detection, forward primer: CCT GCT
GAG CCG AGA ATG, reverse primer: CTG CTT CAC AGT
GGA CGA CA. The miRNA and mRNA expression levels
were normalized to those of U6 and b-actin.

Luciferase reporter assay. The target genes of miR-372 were
predicted using miRanda-mirSVR (http://www.microrna.org/)
and TargetScan (http://www.Targetscan.org/). The wild-type
30-UTR segment (508 bp) of the ULK1 mRNA (not the full
length ULK1 30UTR) containing miR-372 binding sites was
cloned into the dual-luciferase reporter psiCHECK-2vector
(Promega, USA) using Xhol I and NotI sites, and termed
WT-ULK1-30UTR. A mutant construct in miR-372 binding
sites of ULK1 30UTR region was also synthesized, and sub-
cloned into the psiCHECK-2 vector (Ambion) using Xhol I
and NotI sites, and termed Mut-ULK1-30UTR. For the dual-
luciferase reporter assay, BXPC-3 cells were transfected with
miR-372 or negative control (NC) for 24 h and the cells
were then transfected with WT/Mut- ULK1-30UTR reporter
plasmid using Lipofectamine 2000 (Invitrogen). After 48 h,
luciferase activity was determined using a Dual-Luciferase
Reporter Assay Kit (Promega, USA), according to the manu-
facturer’s instructions. Renilla-luciferase was used to normal-
ize the data.

Western blotting. The BXPC-3 and PANC-1 cells were
grown to approximately 80%–90% confluence, and then
washed with ice-cold PBS. Forty-eight hours after transfection,
the cells were lysed with protein extraction buffer (Beyotime,
China) and phenylmethanesulfonyl fluoride (Genebase, China).
For western blotting, proteins were mixed with SDS loading

buffer (pH = 6.8 250 mM Tris-Hcl, 10% SDS, 0.5% bro-
mophenol blue, 5% b-mercaptoethanol, 50% glycerol) and
incubated at 98°C for 8 min. Proteins were separated with
5%–15% SDS-PAGE, then transferred to PVDF membranes
(Millipore, USA), and detected with the appropriate primary
antibodies. Finally, PVDF membranes were viewed by using
chemiluminescent HRP substrate (Millipore, USA). For P62
detection, the anti-P62 antibody was incubated at a dilution of
1:1000, and the P62 membrane was transferred at a constant
current of 300 mA for 55 min. For ULK1 detection, the anti-
ULK1 antibody was incubated at a dilution of 1:3000 dilution,
and the ULK1 membrane was transferred at a constant current
of 300 mA for 100 min. For P-ULK1 (ser757) detection, the
anti-P-ULK1 (ser757) antibody was incubated at a dilution of
1:1500, and the P-ULK1 (ser757) membrane was transferred at
a constant current of 300 mA for 100 min. For P-ULK1
(ser555) detection, the anti-P-ULK1 (ser555) antibody was at
diluted at a concentration of 1:2000 dilution, and the P-ULK1
(ser555) membrane was transferred at a constant current of
300 mA for 100 min. For P-mTOR detection, the anti-P-
mTOR antibody was diluted at a concentration of 1:1000, and
the P-mTOR membrane was transferred at a constant current
of 300 mA for 240 min. For GAPDH detection, the anti-
GAPDH antibody was incubated at a dilution of 1:10 000, and
the GAPDH membrane was transferred at a constant current of
300 mA for 40 min.

5-ethynyl-2-deoxyuridine and Hoechst 33258 staining assay.

The BXPC-3 and PANC-1 cells were seeded into 96-well
plates. The cell proliferation rate was detected by a 5-ethynyl-
20-deoxyuridine (EdU) kit (Molecular Probes, USA), according
to the manufacturer’s instructions; 100 lL culture medium and
5 mol/L EdU was added to each well, and incubated for 2 h.
The cells were washed three times with PBS and were
observed under a fluorescence microscope (Olympus, Japan).
In addition, 30 min after fixation with 4% paraformaldehyde,
followed by a 10-min treatment with 0.5% Triton, Hoechst
33258 (10 lg/mL) reaction solution (Sigma, USA) was added
to each well, and stained with 4,6-diamidino-2-phenylindole
nuclear. After three washes with PBS, the cells were detected
at 400 9 magnification. Condensed or fragmented nuclei were
considered apoptotic.(19)

Transwell migration and invasion assay. The treated BXPC-3
and PANC-1 cells were cultured in a serum-free medium for
12 h. Then 2 9 104 starved cells were added to the top of a
24-well Millipore transwell chamber (Millipore, USA) and
600 lL of RPMI 1640 medium containing 10% FBS were
added to the lower chamber. After 24 h, the cells on the lower

Fig. 1. MiR-372 expression is downregulated in pancreatic carcinoma
and may play a positive role on autophagy. (a) Quantitative real-time
polymerase chain reaction (qRT-PCR) analysis of miR-372 expression in
pancreatic carcinoma tissues and normal pancreatic tissues.
***P < 0.001 versus normal. (b) Both protein levels of LC3-II and P62
are increased in pancreatic carcinoma tissues. Pancreatic carcinoma tis-
sues (T) and normal pancreas tissues (N) were collected for western
blotting analysis.
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chamber were stained with a crystal violet solution (Sigma-
Aldrich, USA) for microscopic analysis.(20) Subsequently, the
membranes were mounted on a glass slide, and the cells that
had migrated were viewed by light microscopy. Five different
fields of cell quantity were compared using a 200 9 magnifi-
cation. Apart from paving the upper well with diluted Matrigel
(BD Biosciences, USA), the same procedures were performed
to conduct the invasion assay.

Wound scratch assay. Six-well plates supplemented with
RPMI 1640 and 10% FBS were used to culture cells. A scratch
was made in the center of the cell plates with a sterile p200
pipette tip. The medium was then removed and replaced with
serum-free medium. Subsequently, the appropriate transfected
cells were incubated in serum-free medium for 48 h. The abil-
ity of the cells to move and close the wound was determined
by comparing the 0 h and 48 h phase contrast micrographs of
three marked positions.

Immunohistochemistry. Tissue sections were fixed with forma-
lin, embedded with paraffin, and stained immunohistochemi-
cally. The tissue sections were deparaffinized in xylene, and
then subjected to alcohol dehydration. We incubated the sections

in an EDTA buffer (pH 8.0) with microwaves for 20 min to
retrieve antigens. To block endogenous peroxidase activity, tis-
sue sections were treated with 100% methanol and 0.3% H2O2 at
room temperature for 25 min. These were incubated with anti-
ULK1 monoclonal antibody at 4°C overnight, followed by incu-
bating with biotinylated anti-rabbit secondary antibody. Finally,
the sections were incubated in a streptavidin-peroxidase solution
for 45 min at room temperature. Normal tissue for the primary
antibody was the positive control.

Cell proliferation assay. The proliferation rate of cells was
determined using a Cell Counting Kit-8 (CCK-8, Beyotime,
China), according to the specifications. BXPC-3 and PANC-1
cells (2 9 103) were seeded in 96-well plates in RPMI1640
(100 uL) containing 10% FBS, then cultured overnight. Four
hours after transfection, the medium was renewed and then
continuously cultured for 48 h; 10 uL CCK-8 solution was
added to each well, and incubated at 37°C for 100 min. An
automatic microplate reader (BioTeke, China) detected the
absorbance at 450 nm. In addition, a standard curve was estab-
lished to calculate the cell number. Each experiment was
repeated three times.

Fig. 2. MiR-372 plays a negative role in cell proliferation, migration and invasion in human HPAC cells. BXPC-3 and PANC-1 cells were trans-
fected with miR-372 mimics or anti-miR-372 and used in following assay. (a) The expression levels of miR-327 were detected by qRT-PCR. (b) Cell
proliferation rates were determined by the CCK8 assay. *P < 0.01 versus negative control (NC). (c) Cell apoptosis was determined by flow cytome-
try. (d) Cell proliferation and apoptosis were detected by EdU (Scale bar: 100 lm) and Hoechst 33 258 (400 9 magnification) staining assay. (e,f)
Migration and invasion were determined by transwell migration (200 9 magnification) assay, transwell invasion (200 9 magnification) assay and
wound scratch assay (40 9 magnification).
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Apoptosis assay. A Coulter Epics XL Flow Cytometer
(Beckman Coulter, CA, USA) analyzed apoptotic rates using
an annexin V-Alexa Fluor/PI Apoptosis Detection Kit (Ebioe,
China). Annexin V-Alexa Fluor/PI staining was performed
according to the manufacturer’s specifications.

Immunofluorescence. Cells were fixed in 4% formaldehyde
for 10 min permeabilized with 0.5% Triton X-100 for 10 min,
and blocked with 1% BSA solution for 45 min. The cells were
incubated with the appropriate primary antibodies at 4°C over-
night and then incubated with Cy3-labelled or FITC-labelled
secondary antibodies (Beyotime, China) at room temperature
for 1 h. Each step was followed by two 10-min washes. The
prepared specimens were counterstained with DAPI (5 g/L) for
5 min, and observed with a fluorescence microscope (Olym-
pus, Japan).

Statistical analyses. SPSS 20.0 software (Chicago, USA) was
used to analyze data with independent sample t-tests. All val-
ues were represented as mean � SD. The statistical signifi-
cance difference was defined as P < 0.05.

Results

MiR-372 expression is downregulated in human pancreatic ade-

nocarcinoma tissues. First, we examined differences in miR-
372 expression between pancreatic adenocarcinoma and
normal pancreas. To explore the potential biological role of
altered miR-372 expression in human HPAC progression, we
evaluated miR-372 expression in 20 pancreatic adenocarci-
noma tissues and 20 normal pancreatic tissues by quantitative
RT-PCR. As shown in Figure 1a, the level of miR-372 was
significantly decreased in pancreatic adenocarcinoma tissues
compared with normal tissues. In addition, we determined
autophagy associated with LC3 expression and found that the
levels of LC3-II were increased in pancreatic adenocarcinoma
tissues compared to normal tissues. The levels of P62, which
is an autophagy substrate, were also increased in pancreatic
adenocarcinoma tissues (Fig. 1b).

MiR-372 plays a negative role in human pancreatic adenocarci-

noma cell proliferation, migration and invasion. To further
explore the effect of miR-372 on HPAC, we transfected miR-
372 mimics and anti-miR-372 into BXPC-3 and PANC-1 cells,
respectively, and measured their proliferation, migration and
invasion. First, as shown in Figure 2b, the transfected miR-372
mimics increased the expressions of miR-372, while anti-miR-
372 decreased the expressions of miR-372. BXPC-3 cells
transfected with miR-372 mimics and PANC-1 cells trans-
fected with anti-miR-372 cells were seeded into 96-well plates.
After 24, 48 and 72 h, the CCK-8 assay was used to evaluate
cell proliferation. We found that overexpression of miR-372
reduced BXPC-3 and PANC-1 cell proliferation rates, whereas
inhibition of miR-372 promoted BXPC-3 and PANC-1 cell
proliferation rates compared with control cells (Fig. 2b). These
results were consistent with results obtained by the EdU stain-
ing assay (Fig. 2d), suggesting that miR-372 is involved in
inhibiting cell proliferation. We next examined the effect of
miR-372 on cell apoptosis. As shown in Figure 2c, we found
that miR-372 increased the apoptosis of cultured BXPC-3 and
PANC-1 cells. We then performed the transwell migration/in-
vasion assay to investigate the in vitro biological functions of
miR-372 on HPAC cells. We found that the expression of
miR-372 in BXPC-3 and PANC-1 cells inhibited cell migra-
tion and invasion (Fig. 2e,f).

ULK1 is a target of miR-372 in human pancreatic adenocarci-

noma cells. We used bioinformatics prediction (miRanda-
mirSVR and Target-Scan) software to determine the targets of
miR-372 in HPAC cells. We found that ULK1 30UTR has a
sequence that binds to miR-372 at position 474–480 (Fig. 3a).
To further confirm that miR-372 directly targets ULK1, the
luciferase activity assay was performed. Our results showed
that miR-372 significantly inhibited the luciferase activity of
30-UTR of ULK1 in BXPC-3 and PANC-1 cells (Fig. 3a). We
also measured the expression levels of miR-372 in cells trans-
fected with miR-372 mimics or anti-miR-372 by qRT-PCR.
We found that expression of miR-372 inhibited the mRNA and

Fig. 3. MiR-372 directly targets ULK1 and regulates autophagy. (a) Detection of dual luciferase reporter gene activity: BXPC-3 cells were co-
transfected with miR-372 mimics and ULK1 30UTR WT/Mut recombinant plasmids. The luciferase activity assay suggested that miR-372 inhibits the
luciferase activity of WT plasmid but had no effect on the activity of Mut plasmid. (b) ULK1 expression on mRNA level as determined by qRT-PCR
in BXPC-3 and PANC-1 cells transfected with miR-372 mimics and anti-miR-372 or control. (c) Total protein and phosphorylation levels of ULK1
were determined by miR-372 mimics and anti-miR-372 transfected cells by western blotting in BXPC-3 and PANC-1 cells. (d) P62 and LC3 levels
were determined in miR-372 mimics and anti-miR-372 transfected cells by western blotting. GAPDH was used as an internal control. (e) Immuno-
histochemical analysis of ULK1 expression in pancreatic adenocarcinoma tissues and normal pancreas tissues. *P < 0.01 versus negative control
(NC).
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protein levels of ULK1, and inhibition of miR-372 promoted
the expression of ULK1 (Fig. 3b,c). Furthermore, we found
that the phosphorylation levels of ULK1 at Ser555 were
decreased when miR-372 was overexpressed, while the phos-
phorylation levels were increased when expression of miR-372
was inhibited (Fig. 3c). Furthermore, the levels of LC3-II and
P62 were negatively regulated by miR-372 in HPAC cells
(Fig. 3d). These results suggest that miR-372 regulates autop-
hagy of HPAC cells by targeting ULK1.

Downregulation of ULK1 exhibited a similar effect with miR-

372 overexpression in human pancreatic adenocarcinoma cells.

To investigate the biological functions of ULK1 in HPAC
cells, endogenous ULK1 was knocked down in BXPC-3 and
PANC-1 cells with a specific siRNA against ULK1 (si-ULK1).
We found that ULK1 was significantly inhibited in BXPC-3
and PANC-1 cells by si-ULK1 (Fig. 4a,g). Knockdown of
ULK1 in BXPC-3 and PANC-1 cells significantly inhibited
cell proliferation (Fig. 4b,d), invasion, migration (Fig. 4e,f)
and promoted apoptosis (Fig. 4c,d). These results suggest that

the inhibition of ULK1 plays a negative role in HPAC growth,
and has a similar effect with overexpressed miR-372 in HPAC
cells. In addition, the phosphorylation levels of ULK1 at
Ser555 and LC3-II were decreased by si-ULK1, while the
levels of P62 and LC3-I were increased (Fig. 4g,h). This indi-
cates that si-ULK1 inhibits the autophagy processes, resulting
in p62 accumulation in the cell.

Overexpression of ULK1 rescues the effects of miR-372 in

human pancreatic adenocarcinoma cells. To investigate the func-
tional relevance of ULK1 targeting by miR-372, we assessed
whether ULK1 overexpression could rescue the inhibitory
effects of miR-372 on BXPC-3 and PANC-1 cell proliferation,
migration, invasion and apoptosis. BXPC-3 and PANC-1 cells
were co-transfected with miR-372 mimics and ULK1 overex-
pression plasmids. QRT-PCR and western blot analysis were
used to validate the ULK1 mRNA and protein levels in the
rescue experiment (Fig. 5a,g). Results showed that the exoge-
nous expression of ULK1 rescued the inhibitory effect of miR-
372 on cell proliferation, migration and invasion (Fig. 5b,d–f).

Fig. 4. Loss of expression of ULK1 inhibits tumor cell growth in HPAC cells. BXPC-3 and PANC-1 cells were transfected with either the negative
control (NC) siRNA or si-ULK1 and used in following assay. (a) The expression levels of ULK1 were detected by qRT-PCR. (b) The cell proliferation
rates were determined by the CCK8 assay. *P < 0.01 versus negative control (NC). (c) Cell apoptosis was determined by flow cytometry. (d) Cell
proliferation and apoptosis were detected by EdU (Scale bar: 100 lm) and Hoechst 33 258 (400 9 magnification) staining assay. (e,f) Migration
and invasion were determined by transwell migration (200 9 magnification) assay, transwell invasion (200 9 magnification) assay and wound
scratch assay (40 9 magnification). (g) Total protein and phosphorylation levels of ULK1 were determined by western blotting. (h) P62 and LC3
levels were determined in si-ULK1 transfected cells by western blotting. GAPDH was used as an internal control. *P < 0.01 versus negative control
(NC).
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Apoptosis levels were reduced in the ULK1 overexpressed
group (Fig. 5c). Moreover, protein levels of LC3-II were
increased and protein levels of P62 were reduced by exoge-
nous ULK1 (Fig. 5h).

Inhibitor of autophagy and knockdown of ULK1 reversed the

effects of miR-372 inhibition in human pancreatic adenocarci-

noma cells. Because ULK1 is a serine/threonine kinase that ini-
tiates the autophagy cascade, we next explored whether ULK1
knockdown and an inhibitor of autophagy could reverse the
effects of miR-372 loss on BXPC-3 and PANC-1 cell prolifer-
ation, migration and invasion. BXPC-3 and PANC-1 cells were
co-transfected with miR-372 inhibitor and/or ULK1 siRNA
with/without chloroquine treatment. The results showed that
knockdown of ULK1 and inhibitor of autophagy with chloro-
quine treatment reversed all the effects of miR-372 loss on cell
proliferation, migration and invasion (Fig. 6b,d–f), while apop-
tosis levels were increased (Fig. 6c). Levels of LC3-II were
decreased by knockdown of ULK1 and increased by chloro-
quine treatment; however, levels of P62 were increased in this
group when compared with the miR-372 inhibition group

(Fig. 6h). These results suggest that miR-372 influences the
survival of BXPC-3 and PANC-1 cells by targeting P62, and
by regulating autophagy by targeting ULK1.

Discussion

Accumulating evidence shows that miRNA are involved in
tumorigenesis and metastasis of various human cancers,
including HPAC.(21–23) Furthermore, miRNA have been impli-
cated to function as both tumorigenic or tumor-suppressing
genes.(11) The overexpression of miR-372 in some can-
cers(24,25) has been reported to play an oncogenic role.(26) For
instance, miR-372 suppresses human prostate cancer cell
migration and invasion by targeting p65,(27) miR-372 inhibits
endometrial carcinoma development by targeting the expres-
sion of the Ras homolog gene family member C (RhoC),(28)

and miR-372 suppresses renal cell carcinoma proliferation and
invasion by targeting IGF2BP1.(29) This is interesting, as our
study showed that miR-372 was downregulated in human pan-
creatic adenocarcinoma tissues. Overexpression of miR-372 in

Fig. 5. Overexpression of ULK1 rescues the effects of miR-372 in HPAC cells. BXPC-3 and PANC-1 cells were transfected with miR-372 mimic, or
co-transfected with ULK1 overexpression plasmid and miR-372 mimic. (a) ULK1 expression on mRNA levels by qRT-PCR. (b) Cell proliferation rates
were determined by the CCK8 assay. (c) Cell apoptosis was determined by flow cytometry. (d) Cell proliferation and apoptosis were detected by
EdU (Scale bar: 100 lm) and Hoechst 33 258 (400 9 magnification) staining assay. (e,f) Migration and invasion were determined by transwell
migration (200 9 magnification) assay, transwell invasion (200 9 magnification) assay and wound scratch assay (40 9 magnification). (g) Total
protein and phosphorylation levels of ULK1 were determined by western blotting. (h) P62 and LC3-II levels were determined by western blotting.
GAPDH was used as an internal control. *P < 0.01 versus miR-372 mimic group.

© 2017 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd
on behalf of Japanese Cancer Association.

Cancer Sci | September 2017 | vol. 108 | no. 9 | 1816

Original Article
MiR-372 targets ULK1 to suppress HPAC cell autophagy www.wileyonlinelibrary.com/journal/cas



human pancreatic adenocarcinoma cell lines suppresses cell
growth. Depending on the specific cellular milieu, the same
miRNA can act as a tumorigenic agent in some cancers and a
tumor suppressor in others. Therefore, we speculate that cell-
specific environments can account for the differences observed
between the biological functions of miR-372 in pancreatic ade-
nocarcinomas compared with other cancers.
The ULK1 kinase complex initiates the autophagy pro-

cess.(30) The activity of the ULK1 complex is inhibited by
mTOR signaling and is positively regulated by the adenosine
monophosphate-activated protein kinase (PRKAA2/AMPK).
The phosphorylation of ULK1 on Ser 555 (stimulates the

activity) or on ULK1 Ser 757 (inhibits the activity) allows
specific antibodies to recognize the activity of the ULK1 com-
plex.(30–32) Luke R. G. reported that the autophagy-initiating
kinase ULK1 contributes to cancer cell survival, and that
ULK1 is a direct target of ATF4 (activating transcription fac-
tor 4), which promotes the expression of ULK1 mRNA and
protein.(33) Similarly, in our study, we found that the loss of
miR-372 promotes the expression of ULK1 mRNA and pro-
tein, and enhances the pancreatic adenocarcinoma cell prolifer-
ation, migration and invasion. Finally, our results showed that
knockdown of ULK1 and the autophagy inhibitor with chloro-
quine treatment can partly reverse the effect of miR-372 loss

Fig. 6. Autophagy inhibitor and ULK1 knockdown reversed the effects of miR-372 inhibition in HPAC cells. BXPC-3 and PANC-1 cells were trans-
fected with miR-372 inhibitor, co-transfected with ULK1 siRNA and miR-372 inhibitor, or co-transfected with ULK1 siRNA and miR-372 inhibitor
and additionally stimulated with chloroquine. (a) ULK1 expression on mRNA levels by qRT-PCR. (b) Cell proliferation rates were determined by
the CCK8 assay. (c) Cell apoptosis was determined flow cytometry. (d) Cell proliferation and apoptosis were detected by EdU (Scale bar: 100 lm)
and Hoechst 33 258 (400 9 magnification) staining assay. (e,f) Migration and invasion were determined by transwell migration (200 9 magnifi-
cation) assay, transwell invasion assay (200 9 magnification) and wound scratch assay (40 9 magnification). (g) Total protein and phosphoryla-
tion levels of ULK1 were determined by western blotting. (h) P62 and LC3-II level were determined by western blotting. GAPDH was used as an
internal control. *P < 0.01 versus miR-372 inhibitor group.
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on cell proliferation, migration and invasion. These indicate
that miR-372 induces the loss of phosphorylation in ULK1 on
Ser 555, and has a regulatory role in HPAC cell autophagy. A
previous study also reported that miR-372 inhibits P62 in head
and neck squamous cell carcinoma in vitro and in vivo.(34) Jin

et al. report that YY1 was stimulated to promote P62 expres-
sion and subsequent autophagy activation by suppressing miR-
372 expression,(35) Increasing P62 promotes tumorigenesis
while inhibition of autophagy prevents tumor growth in nude
mice.(36) However, the mechanism of how autophagy is acti-
vated under different conditions remains largely unknown. In
our study, we detected protein levels of P62 and found that
they changed with autophagy levels and miR-372 expression
levels. Impaired autophagy promotes accumulation of P62,(37)

while P62 is directly suppressed by miR-372. P62, a multi-
functional protein that directs ubiquitinated protein aggregates
to autophagosomes for degradation,(36) may also play a dual-
role in this signaling pathway. Our results suggest that miR-
372 inhibits survival of BXPC-3 and PANC-1 cells through
regulating autophagy by targeting ULK1, rather than directly
targeting P62 (Fig. 7).
Altogether, our results demonstrated that miR-372 plays a

tumor-suppressor role in HPAC. In addition, miR-372 targets
ULK1 (which is associated with autophagy) to suppress the
growth of BXPC-3 and PANC-1 cells.
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