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Abstract
Background: Low responsiveness to chemotherapy is an important cause of poor prognosis in pancreatic
cancer. Smoking is a high-risk factor for pancreatic cancer and its resistance to gemcitabine; however, the
underlying mechanisms remain unclear. 4-(Methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK) is the
main metabolite of tobacco burning and has been shown to be associated with cancer development and
chemoresistance, but in pancreatic cancer, its mechanism remains poorly understood.

Methods: The effect of NNK on pancreatic cancer cell viability was con�rmed by using Cell Counting Kit-8
and colony formation assays. Stem cell sphere formation assays and western blotting/qPCR
measurements of stemness-related molecules were used to detect pancreatic cancer cell stemness. The
pancreatic cancer autophagy status was evaluated by immuno�uorescence staining of LC3 and western
blotting/qPCR analysis of autophagy-related molecules.

Results: NNK promoted stemness and gemcitabine resistance in pancreatic cancer cell lines. Furthermore,
NNK intervention increased autophagy and changed the expression levels of autophagy-related markers,
which preliminarily con�rmed the activation of autophagy by NNK. Finally, the results showed that NNK-
promoted stemness, and gemcitabine resistance was activated by the autophagy pathway, which was
mediated by the β2AR-Akt signalling pathway.

Conclusions: Autophagy induced by activating the NNK-induced β2AR-Akt signalling pathway promoted
stemness and gemcitabine resistance in pancreatic cancer cells.

Background
Pancreatic cancer is one of the most malignant tumours due to its late diagnosis, aggressive tumour
growth and high level of metastasis, and the overall 5-year survival rate of patients with pancreatic
cancer is less than 10%[1]. Pancreatic ductal adenocarcinoma (PDAC) is the most common pathological
type of pancreatic cancer, accounting for more than 90% of cases[2, 3]. Due to insidious onset, some
patients have lost the chance of surgical resection when they are diagnosed, and chemotherapy is the
main treatment. Gemcitabine is the most common �rst-line chemotherapy drug approved for the
treatment of advanced PDAC, either alone or in combination with other chemotherapeutic agents[4].
Although gemcitabine combined with other chemotherapy agents can profoundly improve the prognosis
of advanced pancreatic cancer, the development of chemoresistance still leads to poor clinical
outcomes[5]. Therefore, it is particularly important to further elucidate the mechanisms of gemcitabine
resistance and to �nd a therapeutic method to reverse it.

Smoking is the �rst investigated modi�able risk factor for pancreatic cancer development.
Epidemiological results show that smokers have a signi�cantly increased risk of developing pancreatic
cancer and a worse prognosis than nonsmokers[6]. 4-(Methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK),
a nitrosamine, which is the main metabolite produced by burning tobacco, is thought to have a strong



Page 3/19

carcinogenic effect[7]. Interestingly, NNK promotes the proliferation[8, 9], migration[10], and stemness[11] of
pancreatic cancer cells, and there is a signi�cant correlation between cell stemness and gemcitabine
resistance. However, the functional roles and mechanisms of NNK in the sensitivity of pancreatic cancer
to gemcitabine treatment remain poorly understood and thus need to be further clari�ed.

Autophagy is phagocytosis of cytoplasmic proteins or organelles, which are encapsulated into vesicles
and fused with lysosomes to form autophagy lysosomes followed by degradation of encapsulated
contents to achieve the metabolic needs of cells and the renewal of some organelles[12]. Although the
mechanisms of autophagy are not fully understood, studies have shown that it is closely related to
chemotherapy resistance[13, 14]. The chloroquine (CQ) autophagy blocker also signi�cantly improves the
sensitivity of pancreatic cancer cells to gemcitabine.

Beta-adrenergic receptor (βAR), a member of the G-protein-coupled receptor family, is paid more attention
recently. Three subtypes, β1, β2 and β3, have been identi�ed. βAR is thought to be involved in the
biological behaviours of pancreatic cancer, especially β2AR, which mediates chronic stress and its
development[15]. In addition, βAR also activates protein kinase A (PKB)/Akt through phosphatidylinositol
3-kinase (PI3K), thereby activating a series of transcription factors to promote the proliferation of
pancreatic cancer cells[16].

In this study, we attempted to investigate the contributions and mechanisms of NNK in the resistance of
pancreatic cancer cells to gemcitabine. We demonstrated that NNK promotes pancreatic cancer cell
resistance to gemcitabine and stemness through increased autophagic activity, which is mediated by the
β2AR-Akt signalling pathway.

Materials And Methods
Cell culture and reagents

The BxPC-3 and Panc-1 human pancreatic cancer cell lines were purchased from the Chinese Academy of
Sciences Cell Bank of Type Culture Collection (CBTCCCAS, Shanghai, China). The cells were cultured in
RPMI-1640 or DMEM (Gibco, Thermo Fisher Scienti�c, USA) supplemented with 10% foetal bovine serum
(FBS) at 37°C with 5% CO2. NNK (a proper concentration for cells), CQ (10 µM for cells), and gemcitabine
(Gem, 30 µM for cells) were purchased from Sigma-Aldrich (St. Louis, MO, USA), ICI 118551 (30 µM for
cells), LY294002 (30 µM for cells) and U0126 (30 µM for cells) were purchased from MedChem Express
(Monmouth Junction, NJ, USA); the inhibitors were dissolved in DMSO according to the manufacturer’s
protocol.
Cell Counting Kit-8

Cell viability was measured using Cell Counting Kit-8 (CCK-8) according to the manufacturer’s protocol.
Brie�y, 1000 pancreatic cancer cells were seeded in 96-well plates and incubated for the indicated times.
Before testing, 10 µl of CCK-8 solution was added to each well of the plate. The plate was incubated for 4
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h at 37°C, and the optical density (OD) was measured at 450 nm using a multifunctional microplate
reader (POLARstar OPTIMA; BMG, Offenburg, Germany).

Colony formation assay and stem cell sphere formation assay

Pancreatic cancer cells were seeded into 6-well plates at 2000 cells per well for 24 h and treated with
different concentrations of drugs for 2 weeks. Then, the 6-well plates were washed with phosphate-
buffered saline (PBS), �xed with 4% paraformaldehyde, and stained with crystal violet solution for 20
min. The number of colonies was counted in �ve random �elds by microscopy under 100× magni�cation.
In addition, after harvesting, resuspension and counting, 1000 cells were seeded into ultralow attachment
6-well plates at 1000 cells per well for serum-free DMEM/F12 medium (containing 20 ng/ml EGF, 20
ng/ml FGF and 1% B27) and cultured for 1 week. The number of stem cell spheres was counted under a
microscope (Nikon Instruments Inc.).

siRNA, RNA extraction and qRT-PCR

Pancreatic cancer cells were seeded into 6-well plates 24 h before transfection. siRNA (Gene Pharma) and
Lipofectamine 8000 Transfection Reagent (Invitrogen, Carlsbad, CA, USA) were used according to the
protocols. Total RNA was extracted from cultured pancreatic cancer cells using TRIzol reagent purchased
from Invitrogen (Carlsbad, CA, USA). cDNA was reverse transcribed using a cDNA synthesis kit (TaKaRa,
Tokyo, Japan). Quantitative PCR was performed using SYBR qPCR Master Mix (TaKaRa, Tokyo, Japan).
The mRNA expression level for each sample was determined using the 2−ΔΔct method with three
biological replicates for comparative qRT-PCR.

Immuno�uorescence assay

Pancreatic cancer cells were cultivated on circular glass slides in 24-well dishes after treatment, �xed in
4% paraformaldehyde for 20 min, washed with PBS twice, treated with permeabilization solution (1%
Triton X-100 in PBS), washed with PBS again, and blocked with 5% bovine serum albumin (BSA, Sigma-
Aldrich, Germany) for 1 h. Samples were incubated with primary antibodies in PBS buffer overnight at
4°C. Then, the samples were washed with PBS twice and incubated with �uorescein isothiocyanate-
conjugated A�niPure goat anti-rabbit IgG secondary antibody (dilution, 1:300; Beijing Zhongshan Golden
Bridge Biotechnology, China) for 60 min at room temperature. After the samples were stained with DAPI,
images were captured with a ZEISS Instruments confocal microscope.

Western blot analysis

Pancreatic cancer cells were seeded in 6-well plates for 24 h and then treated with various interventions.
Then, protein lysates were obtained by incubating the cells in RIPA buffer containing proteinase inhibitors
for 10 min on ice and centrifugation at 12000 g for 15 min at 4°C. The samples were separated by 10%
SDS-PAGE and transferred to PVDF membranes. After blocking with 5% nonfat milk, the membranes were
incubated with primary antibodies (LC3, ATG5, ATG7, Beclin1 SOX2, OCT4, Nanog, β1AR, β2AR, Akt, p-Akt;
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β-actin; all purchased from Cell Signalling Technology, USA) at 4°C overnight. Next, the membranes were
washed with PBST buffer 4 times and incubated with peroxidase-conjugated secondary antibodies for 1
h at room temperature. After washing with PBST buffer 4 times, the membranes were visualised with an
ECL chemiluminescent detection system (Bio-Rad, USA).

Autophagy Detection Using mRFP-GFP Adenoviral Vector

Ad-mRFP-GFP-LC3 was purchased from HanBio, Shanghai, China. and the experiment was carried out
according to the provided instructions. Cells were plated in 6-well dishes and were grown to 50%
con�uency at the time of infection. Then, the cells were cultured in DMEM supplemented with 1% FBS
and adenoviruses for 2 h at 37°C. After infection, cells were grown for 48 h in medium with 10% FBS and
used for further study. Autophagy was observed under a �uorescence microscope. Autophagic �ux was
determined by evaluating the number of GFP- and RFP-positive puncta.

Statistical analysis

All statistical analyses were performed by GraphPad Prism 6.0 software (GraphPad, La Jolla, CA, USA).
All data were presented as the mean ± SD (standard deviation) of triplicate samples. Differences with a P
value < 0.05 were statistically signi�cant. Differences between two groups were analysed by independent
sample t-tests, and differences among multiple groups were analysed by one-way ANOVA; *represents P 
< 0.05, **represents P < 0.01 and ***represents P < 0.001.

Results
1. NNK could strengthen stemness and chemoresistance in pancreatic cancer cells.

To address the potential role of NNK in pancreatic cancer cells, we �rst treated BxPC-3 and Panc-1 cells
with NNK and found that NNK signi�cantly increased the colony formation ability of pancreatic cancer
cells (Fig. 1A), which meane that NNK may have a pro-stemness effect on pancreatic cancer cells. To
further con�rm this hypothesis, we then examined the effect of NNK on pancreatic cancer spherogenesis,
and the results showed that the number of pancreatic cancer stem cell spheres (PCSCs) formed in the
NNK-treated group was signi�cantly higher than that in the control group (Fig. 1B). Since SRY-Box
Transcription Factor 2 (SOX-2), Octamer-Binding Protein 4 (OCT-4) and Nanog Homeobox (Nanog) are
three common indicators of cell stemness in pancreatic cancer cells, we examined their mRNA and
protein expression levels in control group and NNK-treated PCSCs group. The results showed that SOX-2,
OCT-4 and Nanog were all signi�cantly upregulated by NNK stimulation (Fig. 1C). In summary, the above
�ndings suggest that NNK could strengthen the stemness of pancreatic cancer cells.

Increasing evidence suggested that cell stemness is often accompanied by an increase in
chemoresistance in pancreatic cancer. Hence, we next aimed to verify whether NNK is associated with
gemcitabine resistance in pancreatic cancer cells. We performed a CCK-8 assay and found that
pancreatic cancer proliferation was signi�cantly decreased by gemcitabine, while this phenomenon was
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partly eliminated by NNK (Fig. 1D). Additionally, using a colony formation assay, we con�rmed the above
�ndings (Fig. 1E). In summary, the above �ndings suggest that NNK could promote the chemoresistance
of pancreatic cancer cells.

2. NNK could induce autophagy in pancreatic cancer cells.

Notably, the activation of autophagy and related pathways may play an essential role in cancer cell
stemness and chemotherapy resistance. Hence, we aimed to determine whether NNK in�uences
autophagy in pancreatic cancer. Firstly, we used immuno�uorescence to stain LC3 autophagy spots and
found that NNK signi�cantly increased the number of LC3 autophagy spots in Panc-1 cells (Fig. 2A). In
addition, western blotting also showed that NNK can in�uence the protein expression levels of LC3 and
p62 which were belong to representative cell autophagy markers in a time- and dose-dependent manner
(Fig. 2B). It seemed that NNK may be preliminarily related to autophagy. Secondly, we applied the mRFP-
GFP-LC3 autophagy double-labelled adenovirus system to observe the effect of NNK on autophagy more
intuitively and accurately. After 24 h, �uorescence microscopy revealed that the red and green autophagy
spots in the transfected cells were signi�cantly increased after NNK intervention compared with that in
the control group, and the yellow spots formed by the overlap of red and green spots were also
signi�cantly increased. In addition, the proportion of single red spots in cells in the NNK intervention
group was signi�cantly higher than that in the control group (Fig. 2C), which suggested that NNK
promotes autophagy again. Thirdly, we examined the effect of NNK on autophagy-related pathways and
found that NNK obviously modulated the mRNA expression of autophagy-related 5 (ATG5), autophagy-
related 7 (ATG7), and Beclin1 in a time- and dose-dependent manner (Fig. 2D). Moreover, these
phenomena were also con�rmed by western blotting (Fig. 2E). Finally, to further analyse the role of the
above autophagy-related pathways in NNK-induced autophagy, siRNA was used to knock down the
expression ATG5, ATG7, and Beclin (Fig. 2F). Western blotting results showed that the increase in LC3
levels caused by NNK was inhibited by si-ATG5, ATG7 and Beclin1. Additionally, the number of LC3
autophagy spots in cells was also reduced (Fig. 2G). In conclusion, the above �ndings indicated that NNK
could promote autophagy in pancreatic cancer cells in an ATG5-, ATG7- and Beclin1-dependent manner.

3. NNK could enhance the stemness and chemoresistance of pancreatic cancer cells by activating
autophagy.

Notably, researchers have demonstrated that the stemness and chemoresistance of cancer cells were
related to cell autophagy. Hence, to determine whether the increase in stemness/chemoresistance of
pancreatic cancer cells induced by NNK was due to its effect on cell autophagy, we conducted a series of
experiments.

We �rstly conducted colony formation assays and transwell assays to evaluate the in�uence of
autophagy on pancreatic cancer single-cell malignancy/stem cell-like behaviour with NNK treatment. The
results showed that CQ, a classic autophagy inhibitor, decreased the number of Panc-1 colonies,
indicating that autophagy may bene�t the colony formation ability of single pancreatic cancer cells (Fig.
3A). In addition, NNK-induced promotion of Panc-1 colonies can also be signi�cantly inhibited by CQ.
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Moreover, Transwell assay also con�rmed similar phenomena in the invasion/migration of single
pancreatic cancer cells (Fig. 3B); hence, the above �ndings suggest that NNK-mediated strengthening of
stem cell-like behaviour in pancreatic cancer cells is autophagy dependent. Next, to illustrate the effect of
NNK and downstream autophagy in pancreatic cancer cells stemness more directly, we measured the
spherogenesis of Panc-1 cells, and the results showed that CQ inhibited sphere formation. NNK-induced
promotion of Panc-1 spherogenesis was also signi�cantly inhibited by CQ (Fig. 3C). We also found the
similar variation as above in the expression of SOX-2, OCT-4 and Nanog stemness markers (Fig. 3D). In
summary, the previous results revealed that NNK may enhance the stemness of pancreatic cancer cells
by activating autophagy.

We next examined whether NNK-induced pancreatic cancer chemoresistance was mediated by cell
autophagy. By using the CCK-8 assay, we found that autophagy inhibition sensitized the killing effect of
gemcitabine on pancreatic cancer cells, and this phenomenon was evident even in the presence of NNK
(Fig. 3E). Moreover, the colony formation assay also suggested the same phenomenon (Fig. 3F). These
�ndings revealed that NNK enhanced the chemoresistance of pancreatic cancer cells by activating
autophagy

4. NNK could promote autophagy through the modulation of β2AR and Akt.

We previously suggested that NNK is an analogue of catecholamines that can activate βAR e�ciently, so
we hypothesized that NNK promoted autophagy by activating the βAR signaling pathway in pancreatic
cancer cells. To test this hypothesis, a series of experiments was designed. Firstly, β2AR (the main
isoform of βAR expressed in pancreatic cancer) was e�ciently knocked down by using a speci�c siRNA
(Fig. 4A). Immuno�uorescence analysis revealed that β2AR knockdown signi�cantly reduced LC3
autophagy spots (induced by NNK) in pancreatic cancer cells (Fig. 4B), and a similar effect was also
con�rmed by examining the expression of ATG5, ATG7 and Beclin1 autophagy markers (Fig. 4C), which
suggests that the autophagy-promoting effect of NNK partly depends on β2AR.

As a G protein-coupled receptor embedded the cell membrane, βAR senses the stimulation of extracellular
ligands such as NNK and transduction signals through various intracellular pathways. Next, we aimed to
determine the possible downstream autophagy-related pathways of βAR after stimulation with NNK.
Through continuous screening and testing, we found that Akt, an important pro-pancreatic cancer kinase,
may mediate this process. To verify this hypothesis, we used immuno�uorescence and western blotting
and found that knockdown of Akt signi�cantly reduced LC3 autophagy spots and LC3 protein levels
(induced by NNK) in PC cells (Fig. 4D, E). Moreover, a similar effect was also con�rmed by examining the
expression of the ATG5, ATG7 and Beclin1 autophagy markers (Fig. 4F). These inhibitory functions were
similar to those of LY294002 Akt inhibitor (a PI3K inhibitor that can block Akt activation), which
suggested that the autophagy-promoting effect of NNK was partly dependent on Akt.

5. NNK could form a potential β2AR-Akt feedback loop in pancreatic cancer cells autophagy.
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The above �ndings suggested that the autophagy-promoting effect of NNK was β2AR- and Akt-
dependent. Next, clearly elucidating the up- and downstream relationship between β2AR-Akt and NNK-
induced pancreatic cancer cells autophagy was critical to our research. In general, membrane receptors
are the initiators of signalling pathways when the cell is externally stimulated. Hence, we hypothesised
that Akt may be downstream of β2AR. To test this, we �rst aimed to exclude the in�uence of β1AR on
NNK-induced pancreatic cancer βAR activation, and the results showed that β1AR knockdown (Fig. 5A)
had no effect on the activation of Akt (Fig. 5B); however, β2AR knockdown and inhibition signi�cantly
suppressed Akt activation (phosphorylation) and LC3 maturation (Fig. 5B, C), which suggested that the
β2AR-Akt axis was the main pancreatic cancer cells autophagy inducer after NNK stimulation. However,
we accidentally discovered that β2AR expression was modulated by NNK in pancreatic cancer cells (Fig.
5C), which reminded us that there may be a potential β2AR-Akt-autophagy feedback loop underlying the
effects of NNK. To explore this hypothesis, we treated Panc-1 and BxPC-3 cells with NNK for different
time periods and found that the mRNA expression of β2AR (rather than β1AR) was increased in a time-
dependent manner (Fig. 5D), and this trend can be blocked by inhibitors (Fig. 5E). Moreover, at the protein
level, NNK also promoted β2AR expression and Akt activation (Fig. 5F). In conclusion, these �ndings
suggested that NNK activates autophagy through the β2AR-Akt pathway and increases β2AR expression
levels to further strengthen this autophagy activation process, thus forming a potential β2AR-Akt
feedback loop in pancreatic cancer cells autophagy.

Discussion
Pancreatic cancer is one of the most lethal malignancies, with a �ve-year survival rate of less than 10%[1].
The incidence of pancreatic cancer is increasing each year, but due to late diagnosis and the rapid
progression of the disease, only a small number of patients can receive radical excision after a clear
diagnosis[17]. Chemotherapy is also a treatment for patients with advanced pancreatic cancer, and drugs
such as gemcitabine are �rst-line effective treatments in management. Gemcitabine was approved for
clinical use in 1995 by inhibiting DNA synthesis and blocking the progression of the G1/S stage of the
cell cycle[18]. Clinically, gemcitabine resistance often occurs, leading to failure of �rst-line chemotherapy.
Therefore, it is important to explore the mechanism of gemcitabine resistance. 4-(Methylnitrosamino)-1-
(3-pyridyl)-1-butanone (NNK) is one of the byproducts of burning tobacco and has been reported to be
related to drug resistance against various chemotherapeutic drugs[19–21]. Cancer stem cells(CSCs) are
closely related to the generation of drug resistance, their self-renewal function, formation/maintenance of
the CSCs phenotype and cytoprotective machinery, allowing CSCs to survive after drug exposure[22].
Moreover, autophagy has been shown to play an important role in many biological properties of
pancreatic cancer cells, including survival, dormancy and epithelial-mesenchymal transition(EMT),
metastasis, and gemcitabine resistance[23]. However, the relationship between NNK, autophagy, stemness,
and gemcitabine resistance in pancreatic cancer remains unclear.

Therefore, in the present study, we aimed to determine the effect of NNK on stemness and gemcitabine
resistance. First, we used the Panc-1 and BxPC-3 pancreatic cancer lines for our experiments and
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demonstrated that NNK promotes cell growth and sphere formation. Moreover, NNK increases the
expression levels of OCT-4, SOX-2, and Nanog, which are thought to play an important role in tumour
stem cells. It is consistent with previous research that elevated levels may indicate increased stemness in
tumour cells[23–25]. Our experiments also con�rmed that NNK can promote gemcitabine resistance.
Interestingly, NNK may promote both stemness and gemcitabine resistance, which was ultimately seen as
a challenge for pancreatic cancer treatment. Since LC3 and p62 detection by western blotting or
immuno�uorescence has become an acceptable method for monitoring autophagy and autophagy-
related processes[26, 27], our results showed that NNK can change the expression of LC3 and p62, which
indicated that NNK can indeed promote the production of autophagy. We further con�rmed that NNK
promoted the expression of ATG5, ATG7, and Beclin1, and after knockdown of these autophagy-related
genes, LC3 expression also changed accordingly. Thus, we hypothesized that NNK promotes stemness
and gemcitabine resistance in pancreatic cancer cells by activating autophagy. We con�rmed this
through conducting experiments with CQ, an autophagy inhibitor that mainly inhibits autophagy by
impairing autophagosome fusion with lysosomes[28].

Finally, we tried to determine the molecular mechanism by which NNK promotes autophagy. β-AR is a
member of the G-protein-coupled receptor family, and intracellular signalling after β-AR activation is
largely modulated through cyclic adenosine monophosphate (cAMP) and protein kinase A (PKA),
triggering the activation of a series of transcription factors and promoting the expression of related
genes[29]. Several studies have shown that β-AR is closely related to autophagy, but whether it promotes
or inhibits autophagy is not completely consistent across studies[30–32]. NNK is a β-AR agonist[33], and
our experiments demonstrate that NNK activates autophagy through β2-AR but not β1-AR. Protein kinase
B (PKB)/Akt protein kinase is a serine/threonine protein kinase with high homology to both PKA and PKC.
On the one hand, it can be activated by upstream β2-AR[34–36]; on the other hand, the activation of Akt is
also associated with autophagy[37]. Then, we demonstrated that NNK promotes autophagy by activating
β2-AR to phosphorylate Akt. Moreover, we also found that this process can increase the expression of β2-
AR, further enhancing autophagy. However, we have not proven how Akt activates autophagy.

Conclusions
In summary, we discovered that NNK promotes human pancreatic cancer stemness and gemcitabine
resistance. We also demonstrated the mechanism by which NNK regulates the β2AR-Akt signalling
pathway, which activates autophagy. This may explain the mechanism by which smoking promotes
gemcitabine resistance, but further mechanisms should be explored.
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NNK: 4-(Methylnitrosamino)-1-(3-pyridyl)-1-butanone
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CCK-8: Cell Counting Kit-8
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OCT-4: Octamer-Binding Protein 4

Nanog: Nanog Homeobox
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Figure 1

NNK strengthens stemness and chemoresistance in pancreatic cancer cells. Results of the Panc-1/BxPC-
3 cell colony formation assay (A) and stem cell sphere formation assay (B) in the control group and NNK-
treated group are shown. (C) The mRNA and protein expression levels of OCT-4, SOX-2 and Nanog were
determined in the control group and NNK-treated group of Panc-1/BxPC-3 cells. CCK-8 assays (D) and
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colony formation assays were conducted (E) in the control group, gemcitabine group and gemcitabine
plus NNK group. (*p < 0.05, **p< 0.01)

Figure 2

NNK induces autophagy in pancreatic cancer cells. (A) Immuno�uorescence shows LC3 autophagy spots
in the control group and NNK group of Panc-1 cells and a statistical graph. (B) The protein levels of LC3
and p62 were determined in Panc-1 cells at different doses and time periods of NNK treatment. (C) The
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MRFP-GFP-LC3 autophagy double-labelled adenovirus system shows autophagosomes (red spots) and
autophagolysosomes (yellow spots) in the control group and NNK group of Panc-1 cells and a statistical
graph of the results is shown. (D)(E) The mRNA and protein levels of ATG5, ATG7 and Beclin1 in the
control group and NNK group of Panc-1 cells were determined. (F) The mRNA levels of ATG5, ATG7 and
Beclin1 were reduced after treatment with siRNA. (G) western blotting and immuno�uorescence analyses
show that the protein level and LC3 autophagy spots caused by NNK are blocked by ATG5, ATG7, and
Beclin1 knockdown. (*p < 0.05, **p< 0.01).
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Figure 3

NNK enhances the stemness and chemoresistance of pancreatic cancer cells by activating autophagy.
Colony formation assays (A), Transwell-based migration and invasion assays (B) and stem cell sphere
formation assays (C) were performed in the control group, CQ group, NNK group and NNK plus CQ group
of Panc-1 cells. (D) The mRNA levels of OCT-4, SOX-2 and Nanog were determined in the control group,
CQ group, NNK group and NNK plus CQ group of Panc-1 cells. CCK-8 assays (E) and colony formation
assays (F) were conducted in the gemcitabine group, gemcitabine plus CQ group, gemcitabine plus NNK
group and gemcitabine plus CQ plus NNK group. (*p < 0.05, **p< 0.01).

Figure 4

NNK promotes autophagy by modulating β2AR and Akt. (A) The mRNA and protein levels of β2AR were
decreased by siRNA. (B) Immuno�uorescence staining shows LC3 autophagy spots in the control group,
siβ2AR group, NNK group and siβ2AR plus NNK group of Panc-1 cells, and a statistical graph is shown.
(C) The mRNA levels of ATG5, ATG7 and Beclin1 were determined in the control group, NNK group, NNK
group, siβ2AR plus NNK group and ICI118551 plus NNK group. (D) LC3 autophagy spots were observed
by immuno�uorescence microscopy, and the results were graphed for the control group, NNK group, siAkt
plus NNK group and LY 294002 plus NNK group of Panc-1 cells. (E)The protein level of LC3 in the control
group, NNK group, siAkt plus NNK group and LY 294002 plus NNK group of Panc-1 cells was determined.
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(F) The mRNA levels of ATG5, ATG7 and Beclin1 in the control group, NNK group, siAkt plus NNK group
and LY 294002 plus NNK group of Panc-1 cells were analysed.

Figure 5

NNK forms a potential β2AR-Akt feedback loop in pancreatic cancer cells autophagy. (A) The mRNA and
protein levels of β1AR were decreased by siRNA. (B) The protein levels of p-Akt and Akt were assessed in
the control group, siβ1AR group, siβ2AR group and siβ1AR plus siβ2AR group. (C) The protein levels of
LC3, p-Akt and Akt were analysed in the control group, NNK group, NNK plus siβ2AR group and NNK plus



Page 19/19

ICI118551 group. The mRNA and protein levels of β2AR, p-Akt and Akt were determined in Panc-1/BxPC-3
cells treated with NNK at different time periods. (*p < 0.05, **p< 0.01).


