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Pancreatic cancer is a malignant neoplasm that originates from acinar cells. Acinar cells get reprogrammed to become duct
cells, resulting in pancreatic cancer. Pancreatitis is an acinar cell inflammation, leading to “impaired autophagy flux”. Pancreatitis
promotes acinar-to-ductal transdifferentiation. Expression of amylase gets eliminated during the progression of pancreatic cancer.
Amylase is considered as an acinar cell marker; however, its function in cells is not known. Thus, we investigated whether amylase
affects the acinar cell autophagy and whether it plays any role in development of pancreatitis. Here, we knocked out ATG12 in
a pancreatic cancer cells and acinar cells using CRISPR/Cas9. Autophagy inhibition led to an increase in the expression of duct
cell markers and a simultaneous decrease in that of acinar cell markers. It also caused an increase in cell viability and changes
in mitochondrial morphology. Next, we knocked out amylase in acinar cells. Amylase deficiency decreased autophagy induced
by pancreatitis. Our results suggest that amylase controls pancreatitis-induced autophagy. We found that eliminating amylase
expression contributes to pancreatic cancer etiology by decreasing autophagy. Furthermore, our results indicate that amylase plays
a role in selective pancreatitis-induced autophagy of pancreatic enzyme vesicles.

1. Introduction

The pancreas is primarily composed of acinar cells, which are
parenchymal cells, but is also made up of other cells such as
duct cells. Acinar cells produce digestive enzymes, including
pancreatic alpha amylase (AMY2) and trypsin. Pancreatic
cancer (pancreatic ductal adenocarcinoma) is the most fre-
quent type of malignant pancreatic neoplasm [1, 2]. Mor-
phologically, pancreatic cancer exhibits distinctive features of
duct cells. Thus, scientists previously hypothesized that pan-
creatic cancer originates from duct cells. However, pancreatic
cancer was found to be an acinar cell-derived malignant
neoplasm [3]. Acinar cells undergo reprogramming known
as “acinar-to-ductal metaplasia” because of inflammation
caused by pancreatitis and genetic mutations [3–8]. During
this reprogramming process, acinar cells lose their acinar cell
phenotype and acquire a duct cell phenotype. Reprogrammed

acinar cells develop into pancreatic cancer. These processes
are important in pancreatic cancer etiology, with pancreatitis
contributing to the first step of this process.

Pancreatitis is a risk factor for pancreatic cancer in
humans and is mainly characterized by acinar cell inflamma-
tion [1, 9]. Acinar cell inflammation is activated by trypsino-
gen inside of cells [10, 11]. Trypsinogen activation occurs via
“impaired autophagy flux”, which causes a disease state simi-
lar to pancreatitis in mice [12–14]. Furthermore, autophagy
deletion increases acinar-to-ductal metaplasia in mice [15,
16]. Autophagy leads to the development of pancreatitis and
contributes to pancreatic cancer development via acinar-to-
ductal metaplasia.

During autophagy, cells degrade and recycle long-lived
proteins and dysfunctionalmitochondria [17]. A reduction in
autophagy leads to accumulation of dysfunctional mitochon-
dria and alters cellularmetabolism. In humans, an increase in
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autophagy corresponds to the poor prognosis of pancreatic
cancer patients [18]. However, there is no evidence that
targeting autophagy is effective for pancreatic cancer treat-
ment. Previously, two major studies employed knockdown of
autophagy in a human cell line and autophagy knockout in
a genetically engineered mouse model (GEMM). Autophagy
knockdown in the human cell line suppressed the progression
of pancreatic cancer [19]. Thus, an autophagy-inhibiting
agent as a drug for pancreatic cancer treatment was clinically
tested [20]. However, autophagy knockout in the GEMMwas
associatedwith increased tumor-related death [16]. To reeval-
uate the relationship between autophagy and pancreatic can-
cer, we used the CRISPR/Cas9 system [21, 22] to knock out
autophagy in a human pancreatic cancer cell line.

Next, we focused on loss of the acinar cell phenotype in
the progression frompancreatitis to pancreatic cancer, specif-
ically the loss of amylase expression. Pancreatic alpha amylase
(AMY2) is an acinar cell marker and diagnostic marker for
pancreatitis [23–25]. Pancreatic alpha amylase is a pancreatic
enzyme produced only in acinar cells. The substrate of
pancreatic alpha amylase is starch derived from plants, but its
intracellular function is unknown. During reprogramming of
acinar cells into duct cells in pancreatic cancer, pancreatic
alpha amylase expression is lost. We hypothesized that the
loss of pancreatic alpha amylase expression not only is a
marker of loss of the acinar phenotype, but also plays a role
in reprogramming these cells, particularly for autophagy.

2. Materials and Methods

2.1. Materials. The plasmid pSpCas9(BB)-2A-GFP (PX458)
was obtained from Addgene (F. Zhang, #48138; Cambridge,
MA, USA).

For immunoblotting, antibodies against amylase (sc-
12821; Santa Cruz Biotechnology, Santa Cruz, CA, USA), LC3
(sc-271625; Santa Cruz Biotechnology), ATG12 (#2010; Cell
Signaling Technology), and 𝛽-actin (013-24553; Wako Pure
Chemical, Osaka, Japan) were used. Anti-mouse (sc-2031;
Santa Cruz Biotechnology) and anti-goat (sc-2020; Santa
Cruz Biotechnology) peroxidase-conjugated immunoglobu-
lin were used as secondary antibodies. For immunofluores-
cence, an anti-LC3monoclonal antibody (clone: #-1703, CTB-
LC#-2-IC; Cosmo Bio, Tokyo, Japan), anti-tom20 (D8T4N;
Cell Signaling Technology, Danvers, MA, USA), and Alexa
488-conjugated goat anti-mouse IgG (A11029;ThermoFisher,
Waltham, MA, USA) were used.

RIMI1640 (189-02025; Wako Pure Chemical) was used
as a medium for AR42J cells and DMEM (044-29765; Wako
Pure Chemical) was used as a medium for MIA PaCa-2 cells.
Additionally, 10% fetal bovine serum (SH 30088.03; GE Life
Sciences, Little Chalfont,UK) and 1%penicillin-streptomycin
(15070063; Gibco, Grand Island, NY, USA) were added to the
media. Phosphate-buffered saline (PBS) (10010-023; Gibco)
was used for cell starvation.

2.2. Establishment of KO Cell Lines. CRISPR guide RNAs
(gRNA) sequence targeting each gene were cloned into
pX458 [26]. CRISPRDesign (http://crispr.mit.edu/) was used
to design the gRNA. A sequence with no high-scoring

off-targets was selected. The selected target sequences
were human ATG12- GGCTCCGGGGTGGTTGTTTC, rat
ATG12- CCGGGAGGTTCCTCCGTAC, and rat amylase-
AGTAATGTCAAGTTACCGATGGG.The primers used for
cloning were human ATG12- 5- CACCGGCTCCGGGGT-
GGTTGTTTC-3 and 5-AAAC GAAACAACCACCCCG-
GAGCC-3, rat ATG12- 5-CACCG CCGGGAGGTTCC-
TCCGTACC-3 and 5-AAACGGTACGGAGGAACCTCC-
CGGC-3, and rat amylase- 5-CACCGAGTAATGTCA-
AGTTACCGAT-3 and 5-AAACATCGGTAACTTGAC-
ATTACTC-3.

MIA PaCa-2 and AR42J were transfected with pX458
with the above gRNAs inserted using Lipofectamine 2000
(Thermo Fisher). After 48 h, green fluorescent protein pos-
itive cells were isolated using a cell sorter (BD FACSARIA 3;
BD Biosciences, Franklin Lakes, NJ, USA) and single clones
were obtained. Clones with mutations in both alleles were
identified by immunoblotting and confirmed by sequencing
of genomic DNA.

2.3. Quantitative Reverse Transcription PCR. mRNA was
extracted using RneasyMini Kit (Qiagen, Hilden, Germany).
cDNA was produced using PrimeScript RT Master Mix
(Takara, Shiga, Japan). The reaction conditions were 50min
at 50∘C, followed by 5min at 85∘C. Quantitative analysis
of expression was conducted using SYBR Premix Ex Taq
(Takara, Shiga, Japan).The reaction conditions were 40 cycles
for 15 s at 95∘C and 1min at 60∘C. Expression was quanti-
fied by the ΔΔCT method using a 7500 fast (Applied Bio-
systems, Foster City, CA, USA). The primers used were
human gapdh- ACATGTTCCAATATGATTCCA and
TGGACTCCACGACGTACTCAG, human CK19- GCA-
GGTCCGAGGTTACTGAC and CCAGTGTGTCTTCCA-
AGGCA, rat gapdh- GTTACCAGGGCTGCCTTCTC and
GGGTTTCCCGTTGATGACC, rat PTF1- CAGGTAACC-
AGGCCCAGAAG and TTTCATCAGCCCAGGAAAGG,
and rat amylase- GCAACCAAGTGGCTTTTAGC and
CAGTATGTGCCAGCAGGAAG.

2.4. Immunofluorescence Staining. Cells were fixed in 4%
paraformaldehyde, washed three times with phosphate-
buffered saline (PBS) and 50 𝜇g/mL digitonin/PBS for 5min
at room temperature, and blocked with 3% bovine serum
albumin/PBS. Cells were then incubated for 1 h with a pri-
mary antibody at room temperature, followed by incubation
for 1 h with a secondary antibody conjugated to green fluo-
rescent protein at room temperature. Images were acquired
using a Zeiss LSM 700 confocal microscope (Carl Zeiss,
Oberkochen, Germany) using the ×63 objective. The pinhole
size was 1 AU.

2.5. Cell Viability Assay. Cells were incubated with 10% ala-
marBlue for 1 h at 37∘C in the presence of 5% CO

2
. After each

stimulation, the same well was incubated again in medium
containing 10% alamarBlue for 1 hr. Fluorescence was mea-
sured at an excitation/emissionwavelength of 570/590 nm. “Δ
fluorescent intensity” is defined as basal fluorescent intensity
minus fluorescent intensity after stimulation. “Fluorescent

http://crispr.mit.edu/
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intensity change (%)” is defined as fluorescent intensity after
stimulation divided basal fluorescent intensity.

2.6. Statistical Analysis. An unpaired two-tailed 𝑡-test was
conducted. Variance was confirmed to be roughly equal in
both groups by an𝐹 test. Statistical processing was conducted
using GraphPad Prism 7 software (GraphPad, Inc., Chicago,
IL, USA).

3. Results

3.1. Autophagy Deletion Pancreatic Cancer Cells. To clarify
the role of autophagy in pancreatic cancer, we established
an autophagy deletion MIA PaCa-2 cell line. Autophagy
consists of a conjugation system that requires LC3 (ATG8)
andATG12 [27, 28].We edited exon 1 ofATG12 inMIA PaCa-
2 cells using CRISPR/Cas9. The edited genome sequence is
shown in Figure 1(a). The western blotting results for the
ATG5-ATG12 complex are shown in Supplemental Figure
1A. ATG12-deficient MIA PaCa-2 cells were subjected to LC3
western blotting and immunofluorescence staining to con-
firm autophagy deficiency. MIA PaCa-2 cells have increased
LC3-II, an autophagy marker under normal conditions [19].
ATG12-deficient cells exhibited no conversion from LC3-I to
LC3-II (Figure 1(b)). In addition, during starvation, a state
that generally induces autophagy, no conversion to LC3-II
was observed (Figure 1(b)). LC3 was stained diffusely and
LC3 puncta decreased in ATG12-deficient cells (Supp. Figure
1B). Next, to evaluate the influence of autophagy deletion
on inducing the duct phenotype, we measured the mRNA
expression of the duct cell marker CK19 (KRT19). CK19
mRNA expression in autophagy-deleted pancreatic cancer
cells was increased compared to wild-type CK19 mRNA
expression (Figure 1(c)). This suggests that autophagy dele-
tion strengthened the duct phenotype of pancreatic cancer.
Next, we evaluated whether autophagy deletion influences
pancreatic cancer cell viability using alamarBlue. Autophagy
deletion increased cell viability during starvation, which is
a common stimulus that induces autophagy (Figure 1(d)).
Next, we investigated the relationship between autophagy
deletion and the mitochondria. Autophagy suppresses cellu-
larmetabolismbydegrading uncoupledmitochondria during
mitophagy. Administration of the mitochondria uncoupler
CCCP increased cell viability (Figure 1(e)). alamarBlue stain-
ing, which reveals mitochondrial metabolism, suggested a
deficiency in the degradation of mitochondria. To evaluate
morphological changes in the mitochondria, we performed
immunostaining of TOM20, which is present inside the
mitochondrial inner membrane. MIA PaCa-2 cell mitochon-
dria were localized in the perinuclear region and fused
(Figure 1(g)). CCCP administration resulted in fission of the
mitochondria in wild-type pancreatic cancer cells and their
subsequent diffusion throughout the cytoplasm. However,
in autophagy deletion pancreatic cancer cells, mitochon-
dria remained localized in the perinuclear region and were
generally fused (Figure 1(g)). This suggests that autophagy
in pancreatic cancer cells is necessary for morphological
changes in uncoupled mitochondria. Next, to investigate the
differences in responsiveness to anticancer agents following

autophagy deletion, a common anti-pancreatic cancer drug,
gemcitabine, was administered. Cell viability increased in
autophagy-deleted pancreatic cancer cells (Figure 1(f)). Addi-
tionally, wild-type mitochondria exhibited fission and diffu-
sion throughout the cytoplasm. However, we observed no
morphological changes in the mitochondria due to gemc-
itabine in autophagy-deleted cells (Figure 1(g)). Pancreatic
cancer showed increased cell viability after gemcitabine
treatment because of autophagy deletion and the altered
mitochondria morphology. This suggests that the response
of pancreatic cancer to gemcitabine involves mitochondrial
uncoupling and that mitophagy occurs during this process.
It also suggests that the response of pancreatic cancer to
gemcitabine requires the involvement of mitophagy.

3.2. Autophagy Deletion Acinar Cells. Next, we used AR42J
cells to investigate the relationship between the acinar phe-
notype and autophagy. AR42J is the only cell line that
produces pancreatic enzyme proteins and possesses an aci-
nar cell phenotype. We knocked out Atg12 in AR42J cells
using CRISPR/Cas9 (Figure 2(a)). Western blotting and
immunostaining of LC3 were performed to demonstrate
that Atg12-deficient AR42J was deficient in autophagy (Supp.
Figures 2A, and 2B). Accumulation of LC3-II due to starva-
tion, a general autophagy-induced stimulus, was decreased
in Atg12-deficient cells. During immunostaining, LC3 also
remained diffuse, and LC3 puncta decreased due to starva-
tion. Autophagy deletion decreased the mRNA expression of
Ptf1, an acinar cell marker [29], compared to the expression
in wild-type cells (Figure 2(b)). Loss of Ptf1 causes the
loss of acinar cells in vivo [30]. We evaluated amylase, a
pancreatic enzyme and acinar cell phenotype marker, in the
same manner. Amylase mRNA expression was decreased in
autophagy deletion cells compared to that in wild-type cells
(Figure 2(c)). Western blotting revealed decreased amylase
protein levels (Figure 2(d)), suggesting that autophagy dele-
tion weakens the acinar cell phenotype. The results in AR42J
and MIA PaCa-2 cells suggest that autophagy deletion is
necessary to strengthen the duct phenotype in pancreatic
cancer cells and decrease the acinar phenotype in acinar cells.

3.3. Amylase Deletion Acinar Cells. Next, to investigate the
functional role of amylase, we knocked out amylase (Figures
3(a) and 3(b)). Amylase is an acinar cell marker; however,
its functional role in cells is unknown. We established 4
independent amylase deletion clones. In normal culture,
amylase deficiency did not lead to an increase in LC3-
II, an autophagy marker (Figure 3(b)). LC3-I levels varied
before being converted to LC3-II, but LC3-I is not an
autophagy marker. On the other hand, amylase-deficient
cells exhibited autophagy induction equivalent to that in
wild-type cells during starvation (data not shown). Next, we
observed an increase in LC3-II, an autophagymarker, inwild-
type AR42J under starvation conditions as well as following
treatment with rapamycin, a common autophagy-inducing
agent (Figure 3(c)). Cerulein is the most common drug used
to experimentally induce pancreatitis and induced autophagy
in wild-type AR42J cells (Figure 3(c)). Cerulein-induced
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Figure 1: Autophagy deletion pancreatic cancer cells. (a) ATG12-deficient MIA PaCa-2 genomic DNA sequence. Bases shown in red are
indels (insertions and deletions). PAM sequence is shown in green. (b) Lysate of wild-type and ATG12-deficient MIA PaCa-2 cells. Starvation
was induced by culturing the cells in PBS for 1 hr. LC3-II is a marker of autophagy. Actin was used as a loading control. (c) CK19 (KRT19)
mRNA quantitative reverse transcription PCR.The vertical axis is the fold change relative to the GAPDH control. (d) Change in alamarBlue
fluorescence after 1 h of starving. (e) alamarBlue fluorescence at 24 h with 10𝜇M of CCCP added to the culture. (f) Change in fluorescence
at 48 h, when 500 nM gemcitabine was added. (g) Confocal microscopy of immunofluorescent staining. Mitochondria are in green; Hoechst
stain is in blue. ∗a value of 𝑃 < 0.05 represents statistical significance.
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Figure 2: Autophagy deletion acinar cells. (a) Atg12-deficient AR42J genomic DNA sequence. Bases shown in red are indels (insertions and
deletions). PAM sequence is shown in green. (b) Ptf1mRNAquantitative reverse transcription PCR.The vertical axis is the fold change relative
to the GAPDH control. (c) Amylase mRNA quantitative reverse transcription PCR. (d) Western blotting results. Amylase(−/−) was used as
a negative control. 𝛽-Actin was the loading control ∗𝑃 < 0.05 represents statistical significance.

autophagy inwild-typeAR42J is consistent with observations
in a previous study [31].

3.4. Inducing Autophagy in Amylase Deletion Acinar Cells.
Next, we investigated whether amylase deletion influ-
ences the increase in autophagy caused by rapamycin and
cerulein. We investigated the effect of rapamycin, a common
autophagy-inducing agent. Compared to the wild-type, the
Amy2-deficient clone showed decreased levels of LC3-II (Fig-
ure 4(a)). Next, we evaluated autophagy by morphological
analyses. We examined LC3 by confocal microscopy. We
evaluated autophagy by assessing LC3 puncta. Compared
to the wild-type, the amylase deletion clone showed a
decrease in LC3 puncta (Figure 4(b), Supp. Figure 3C).These
findings indicate that amylase increases rapamycin-induced
autophagy. Next, we investigated the effect of cerulein, a
pancreatitis-inducing agent. We observed less LC3-II in
Amy2-deficient clones than in wild-type clones (Figure 4(c)).

Moreover, in Amy2-deficient clones, we did not detect an
increase in LC3 puncta (Figure 4(b), Supp. Figure 3C). These
findings indicate that amylase increases cerulein-induced
autophagy.

Finally, we evaluated whether attenuation of autophagy
by Amy2 deficiency affects cell function. Cell viability was
measured using alamarBlue (Supp. Figures 3A, and 3B).
Cell viability, following rapamycin and cerulean exposure,
was lower with respect to amylase deficiency than that in
wild-type cells. Based on these findings, amylase deficiency
attenuates cerulein-induced autophagy and decreases cell
viability.

4. Conclusions

In this study, we found that autophagy deletion in a pan-
creatic cancer cell line increased the duct phenotype in
pancreatic cancer cells and decreased the acinar phenotype
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Figure 3: Amylase deletion acinar cells. (a) Genomic DNA sequence of independent 4 clones in whichAmy2was deleted. Bases shown in red
are indels (insertions and deletions). PAM sequence is shown in green. (b) Amylase-deficient AR42Jwestern blotting results for 4 independent
amylase-deficient AR42J clones. LC3-I is a precursor protein to the autophagy marker LC3-II. 𝛽-Actin was the loading control. (c) Wild-type
AR42J was incubated with standard medium, 100 nM caerulein, or 100 nM rapamycin for 3 h, or in starvation medium for 1 h. LC3-II is an
autophagy marker.

in acinar cells; morphological changes in the mitochondria
were also observed. This is consistent with previous studies
of autophagy deletion using a GEMM. To further elucidate
the influence of autophagy deletion on pancreatic cancer
cells in vivo, xenograft experiments and assessments of
mitochondrial metabolism need to be performed. Cell line
knockdown experiments showed that autophagy-inhibiting
agents are useful for pancreatic cancer treatment, and clinical
trials are being conducted. However, in studies using GEMM
knockouts, autophagy-inhibiting agents increased the rate of
tumor-related death. Our results using cell line autophagy
knockouts support the efficacy of therapeutic drugs targeting
pancreatic cancer mitophagy.

A limitation of this study is that because theCRISPR/Cas9
system was used, off-target effects may have occurred.
Although we created 4 clones of amylase-deficient cells,
only a single ATG12-deficient cell clone could be produced.
At least 2 clones are desirable for confirmation purposes.
Additionally, expression of CK19 was not observed in Atg12-
deficient AR42J cells. This was because of a decrease in the
acinar phenotype marker, but we could not confirm that a
shift to the duct phenotype had occurred.

We showed that amylase is necessary for the induction
of autophagy by pancreatitis in acinar cells. Autophagy of
organelles such as the mitochondria and the endoplasmic
reticulum occurs in a selective manner, known as organel-
lophagy. In themost well-known organellophagy, mitophagy,

the mitochondrial protein PINK is important for selectivity
[32]. In pancreatitis, selective autophagy occurs in pancreatic
enzyme vesicles [31]. However, the specific proteins among
those present in the enzyme vesicles, involved in pancreatitis-
induced autophagy are not clearly known. As amylase is the
most abundant protein in pancreatic enzyme vesicles, our
results suggest the possibility that amylase selectively con-
tributes to the pancreatitis-induced autophagy of pancreatic
enzyme vesicles.

Amylase expression is eliminated during pancreatic can-
cer development. We found that autophagy in acinar cells
is controlled by amylase, suggesting that loss of amylase
expression contributes to pancreatic cancer development
through autophagy.
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Supplementary Materials

Supplementary 1. Supplementary Figure 1: (A) Western
blotting of normal state wild-type and ATG12-/- MIA PaCa-
2 cell lysate. ATG12 formed a complex with ATG5. (B) Result
of immunostaining. Green is LC3; blue is Hoechst.
Supplementary 2. Supplementary Figure 2: (A) Western
blotting of lysate from wild-type and Atg12-/- AR42J. LC3-
II is a marker of autophagy. (B) Results of immunostaining.
Green is LC3; blue is Hoechst. (C) Results of cell viability
measurement.
Supplementary 3. Supplementary Figure 3: (A, B) Results of
cell viability measurement. (C) Table displaying the results of

immunostaining. The total counted cells, total LC3 puncta
counted, and % of cells with positive LC3 puncta are dis-
played.
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[30] A. Krapp, M. Knöfler, B. Ledermann et al., “The bHLH protein
PTF1-p48 is essential for the formation of the exocrine and the
correct spatial organization of the endocrine pancreas,” Genes
& Development, vol. 12, no. 23, pp. 3752–3763, 1998.

[31] D. Grasso, A. Ropolo, A. Lo Ré et al., “Zymophagy, a novel sel-
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