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A nicotine-induced positive feedback loop
between HIF1A and YAP1 contributes to
epithelial-to-mesenchymal transition in
pancreatic ductal adenocarcinoma
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Abstract

Background: Nicotine, an active ingredient in tobacco, can promote epithelial-to-mesenchymal transition (EMT)
processes that enhance the aggressiveness of a number of human cancers. In the present study, we investigated
whether cigarette smoke/nicotine drives EMT in pancreatic ductal adenocarcinoma (PDAC).

Methods: Quantitative real-time PCR, western blot, immunohistochemistry, and immunofluorescence assays were
used to evaluate Yes-associated protein 1 (YAP1) expression associated with cigarette smoking in human PDAC
tissue samples and with nicotine exposure in PDAC cell lines. Bioinformatics, loss- and gain- of- function
experiments, luciferase reporter assays, chromatin immunoprecipitation (ChIP), and murine tumor xenograft models
were performed to examine the function of YAP1 in PDAC and to identify potential mechanisms of action.

Results: Exposure to smoking or nicotine promoted EMT and tumor growth in PDAC cells and in xenograft tumors.
Functional studies revealed that YAP1 might drive nicotine-stimulated EMT and oncogenic activity in vitro and
in vivo. In human PDAC tissues, upregulation of YAP1 was associated with “ever smoking” status and poor overall
survival. In term of mechanism, hypoxia inducible factor (HIF)1A promoted YAP1 nuclear localization and YAP1
transactivation by directly binding to the hypoxia responsive elements of the YAP1 promoter upon nicotine
treatment. Nicotine stimulated HIF1A and YAP1 expression by activating cholinergic receptor nicotinic alpha7
(CHRNA7). In addition, YAP1 increased and sustained the protein stability of HIF1A.

Conclusions: These data demonstrate that YAP1 enhances nicotine-stimulated EMT and tumor progression of
PDAC through a HIF1A/YAP1 positive feedback loop. Developing inhibitors that specifically target YAP1 may
provide a novel therapeutic approach to suppress PDAC growth, especially in PDAC patients who have a history of
smoking.
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Background
Pancreatic ductal adenocarcinoma (PDAC), the main
type of pancreatic cancer, is a malignant solid tumor
that has one of the highest mortality rates [1]. Currently,
curative treatment for PDAC is surgery, but more than
80% of patients are diagnosed at advanced stages and
present with an unresectable tumor mass [2]. The sur-
vival of patients with metastatic PDAC remains dismal,
with a median survival of less than 1 year [1]. Cigarette
smoking is related to PDAC incidence and clinical out-
comes [3, 4]. Nicotine (Nic), an active ingredient in to-
bacco, has been reported to drive tumorigenesis and
accelerate metastasis by activating cholinergic receptor
nicotinic alphas (CHRNAs), of which alpha 7 subunit
(CHRNA7) has been shown to be the primary receptor
in PDAC [5–7].
The epithelial-to-mesenchymal transition (EMT) plays

a critical role in PDAC progression and metastasis [8, 9].
During the EMT process, tumor cells change from an
epithelioid morphology to a mesenchymal morphology,
and exhibit decreases in epithelial markers, such as E-
cadherin (E-cad) and claudin-1 [10], and increases in
mesenchymal markers, such as vimentin (Vim) and n-
cadherin (N-cad), as well as EMT- related transcription
factors, such as Twist1/2, the Slug/Snail family, and
ZEB1/2 [9]. Nic can stimulate EMT and increase the ag-
gressiveness of many types of cancer [11, 12]. To date, it
is unclear if Nic-induced EMT phenotypes occurs in the
development of PDAC, and the mechanisms by which
Nic may contribute to EMT and progression in PDAC
are not completely known.
The Hippo- yes-associated protein (YAP) pathway

plays a vital part in modulating metabolism, organ-size,
and tumorigenesis [13, 14]. YAP1 is a transcriptional co-
activator of the Hippo pathway, which can decrease
YAP1 activity by promoting cytoplasmic localization of
YAP1 [15]. In many human malignancies, upregulation
of YAP1 is reported to be associated with enhanced cell
growth, tumor formation, and worse clinical outcomes
[13, 16]. The phosphorylation status and localization of
YAP1 is the most important mechanism regulating
YAP1 function [17]. Recent studies have demonstrated a
link between Nic exposure and YAP1 activity in non-
small cell lung cancer (NSCLC) and esophageal squa-
mous cell cancer (ESCC) [18, 19]. However, the potential
regulatory mechanism of YAP1 in nicotine-induced
PDAC progression is unknown.
Hypoxia is an important feature in the microenviron-

ment of solid tumors, especially in PDAC, due to their
avascular morphology. Members of the hypoxia indu-
cible factor (HIF) family of transcription factors, includ-
ing HIF1A and HIF2A, drive tumor cells towards an
invasive phenotype [20, 21]. Smoking or Nic exposure is
reported to promote HIF1A expression in human

nasopharyngeal carcinoma cells [22, 23]. Nevertheless,
whether Nic can induce changes in HIF1A expression or
activity in PDAC remains unclear.
In the present study, we demonstrate that YAP1 plays

a critical role in nicotine-induced EMT in PDAC, both
in vitro and vivo. Importantly, we show that HIF1A pro-
motes YAP1 nuclear localization by inhibiting YAP1
phosphorylation, and can subsequently enhance YAP1
transactivation by directly binding to the hypoxia re-
sponse elements (HRE) upon Nic treatment. In addition,
YAP1 can increase and sustain HIF1A protein stability,
thereby establishing a HIF1A/YAP1 positive feedback
loop that mediates Nic-stimulated EMT and tumor pro-
gression in PDAC.

Materials and methods
Cell culture and human sample collection
The human PDAC cell lines, Panc-1 and BxPC-3, were
obtained from the Cell Bank of the Chinese Academy of
Sciences (Shanghai, China). The cell lines were authenti-
cated by analysis of short tandem repeats, and were con-
firmed to be free of mycoplasma contamination at the
beginning of this study. All cell lines were used for ex-
periments within 30 passages from thawing, and were
maintained in Dulbecco’s modified Eagle medium
(DMEM; Gibco) supplemented with 10% FBS at 37 °C in
a humidified atmosphere of 95% air and 5% CO2.
A total of 173 sequential formalin-fixed paraffin-

embedded (FFPE) PDAC tissue samples were available
from cases who had received radical surgery at the
Changhai Hospital (Shanghai, China). All samples with
tumor tissues (TTs) and matched adjacent non-
cancerous tissues (ANTs) were used to construct a tissue
microarray (TMA). No patients had a history of chemo-
therapy or radiotherapy prior to surgery. Pathological
diagnosis was assessed according to the 7th edition of
the American Joint Committee on Cancer (AJCC) sta-
ging system [24]. Retrospective clinicopathologic data
were also obtained from these patients. Participants were
defined as “ever-smokers” if they had smoked more than
100 cigarettes during their lifetime. Accordingly, “never
smokers” were determined if they smoked less than 100
cigarettes during their lifetime. The use of these speci-
mens and patient information was approved by the Eth-
ics Committee of at the Changhai Hospital (Shanghai,
China) in accordance with recognized ethical guidelines
of Declaration of Helsinki.

Immunohistochemistry (IHC) and immunofluorescence (IF)
For IHC assessment of YAP1, HIF1A, E-cad, and Vim in
human PDAC tissues, the DAKO Envision system
(Dako, Carpinteria, California, USA) was used, as de-
scribed previously [25]. Briefly, after paraffin-embedded
sections of tumor tissues were heated, the sections were
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incubated with primary antibodies (Supplementary Table
s1) overnight at 4 °C. A DAB substrate kit (Dako) was
used to perform the chromogenic reaction. IHC staining
scores for YAP1, HIF1A, and E-cad were obtained by
multiplying the intensity (0, negative; 1, low; 2, medium;
and 3, high) with the extent of staining (0, 0%; 1, 0–10%;
2, 10–50%; 3, 50–75%; 4, > 75%). The final scores were
used to classify the samples into three grades: 0–3, weak
staining (+); 4–6, medium staining (++); and 7–12,
strong staining (+++). For subsequent analyses, weak
and medium staining were grouped together as a low
expression (score 0–6), and strong staining was consid-
ered as high expression (score 7–12). For Vim evalu-
ation, the IHC staining score was classified by the area
of positive-staining stroma into four categories: score 0
(negative, < 25%), score 1 (focal, 25–50%), score 2
(multifocal, 50–75%), or score 3 (diffused staining, 75–
100%). Two pathologists, who were blinded to the
clinical data, independently scored all sections. For
evaluation of Ki67, the number of positive cells was
calculated in three representative areas of high staining.
IF staining was performed on PDAC cell lines and tis-

sue samples. Briefly, cells were fixed in 4% polyformalde-
hyde, washed in PBS, and blocked with 5% BSA in PBS.
Then, these cells or frozen sections were incubated with
primary antibodies against E-cad (1:100), Vim (1:200),
and YAP1 (1:100) at 4 °C overnight, and subsequently in-
cubated with fluorescent dye–labeled secondary anti-
bodies at room temperature for one hour. DAPI (1:1000)
was used to counterstain cell nuclei and images were
captured with a confocal fluorescence microscope.

Gene microarray analysis
We treated Panc-1 cells with Nic (1.0 μM) or DMSO for
24 h. Total RNA was extracted from the cells and
analyzed on an Arraystar Human LncRNA Microarray
V4.0 Microarray, provided by Kangchen Biotech
(Shanghai, China). Cells were prepared and analyzed in
three independent biological replicates. Differences
between groups were analyzed using the significance
analysis of microarrays (SAM) algorithm.

Preparation of shRNA lentivirus and establishment of
stable cell lines
The lentivirus-delivered shRNAs against YAP1 (Lv-
shYAP1) and the negative control (Lv-shNC) were ac-
quired from Shanghai GeneChem (Shanghai, China).
The viral particles and the establishment of shYAP1
stable clones in Panc-1 cells were performed according
to the manufacturer’s instructions [26]. The control
clone (shNC) was constructed similarly. The transfection
efficiency was confirmed by immunoblotting. Of the two
stable cell lines, we selected the cell line exhibiting the

most efficient knockdown of YAP1 for the xenograft
tumor models.

Plasmids and siRNAs
The expression plasmids, pcDNA4-YAP1 and
pcDNA3.0-HIF1A, were purchased from Addgene
(Boston, USA). For knockdown studies, siRNA targeting
human YAP1 (siYAP1) and HIF1A (siHIF1A) were
synthesized. The targeting sequences are shown in
Supplementary Table s2. Non-targeting siRNAs (siNCs)
and negative control empty vectors (EVs) were used as
controls for the siRNA and expression plasmids, respect-
ively. Plasmids or siRNAs were transiently transfected
into PDAC cells using Lipofectamine 2000 (Invitrogen,
Carlsbad, CA, USA), according to the manufacturer’s
instructions.

Quantitative RT-PCR
Total RNA was prepared from fresh PDAC tissues and
cell lines using TRIzol reagent (Invitrogen, Carlsbad,
CA, USA), according to the manufacturer’s instructions.
qRT-PCR was conducted in a 96-well real time PCR sys-
tem (Bio-Rad Inc., Hercules, CA) using a SYBR® Premix
Ex Taq kit (Takara Bio Inc., Shiga, Japan). GAPDH was
used to normalize gene expression. The primers are
shown in Supplementary Table s2. Relative gene expres-
sion was calculated from the qRT-PCR data using the 2
−ΔΔCT method.

Protein extraction and western blot analysis
Total protein was extracted from cells and tissue using
RIPA buffer containing a mixture of protease inhibitors.
Equal amounts of total protein (30 μg) were subjected to
SDS- polyacrylamide gel separation, followed by over-
night incubation at 4 °C with primary antibodies against:
YAP1, pYAP1, HIF1A, E-cad, Vim, N-cad, Claudin-1,
MST1, LATS1, CHRNA3, CHRNA5, CHRNA7, and
GAPDH. Anti-mouse IgG and anti-rabbit IgG HRP-
conjugated secondary antibodies were used. Protein
expression levels were quantified by normalizing to the
GAPDH band using image J software (National Insti-
tutes of Health, Bethesda, MD, USA).

Subcellular fractionation assay
A Nuclear and Cytoplasmic Protein Extraction Kit
(Beyotime, Shanghai, China) was used to separate PDAC
cells cytoplasmic and nuclear extracts, according to the
manufacturer instructions. Briefly, cells were washed in
cold PBS and lysed with Cyt buffer. After centrifugation
at 800×g for 5 min at 4 °C, cytosolic supernatants were
collected, and purified nuclei were resuspended in SDS-
sample buffer as the nuclear fraction. Samples were
immunoblotted for YAP1 expression. GAPDH and
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Histone H3 were used as cytoplasmic and nuclear
markers, respectively.

Construction of the truncated YAP1 regulatory regions
and luciferase reporter assay
The HREs in the YAP1 promoter were predicted using
the JASPAR database (http://jaspar. genereg.net/). Gen-
omic DNA was extracted from Panc-1 cells following
the manufacturer’s instructions, and the different trun-
cated mutant YAP1 regulatory regions were amplified by
PCR. The primers used to amplify the truncated YAP1
promoter regions are shown in Supplementary Table s2.
YAP1 promoter region fragments were inserted into the
pGL3 vector (Promega, Madison, WI), as described pre-
viously [26]. The YAP1 promoter reporter plasmids were
co-transfected with HIF1A, or empty vector (EV) into
cells. For the HIF1A transcriptional activity assay, pGL4-
HREs-luciferase plasmid (4 μg) and pRL-TK plasmid
(4 μg) were incubated with PDAC cells. These cells were
also incubated with 1.0 μm Nic or DMSO. After 24 h, lu-
ciferase activity was detected using the Dual-luciferase
reporter assay system (Promega, Madison, WI).

Chromatin immunoprecipitation (ChIP)
For ChIP assay, PDAC cells were treated with 1.0 μm
Nic or DMSO for 12 h, as described previously [27].
Briefly, protein-DNA complexes were produced by add-
ing 1% formaldehyde to the cells, and the chromatin was
sheared by sonication to a mean fragment size of 300–
500 bp. Cells were immunoprecipitated overnight with
an anti-HIF1A antibody or rabbit IgG, and the associ-
ated genomic DNA was assessed by PCR and agarose gel
electrophoresis. The specific primers for putative HREs
in the YAP1 promoter are shown in Supplementary
Table s2.

Cell viability, migration and transwell assays
To evaluate cell proliferation rates, MTT assay was used.
Briefly, cells were seeded in 96-well plates at 2 × 103

cells/well and incubated with DMSO or 1.0 μm Nic.
Sample absorbance at 490 nm was evaluated on a micro-
plate spectrophotometer (Thermo, Spectronic, Madison,
WI, USA). For the cell scratch–wound assays, cells were
cultured in six-well plates until confluent, and horizontal
streaks were created in the cells using the a 20-μL pip-
ette tip. Then, cells were washed and incubated with
DMSO or 1.0 μm Nic. An inverted microscope was used
to measure the migratory distance at 0 h and 24 h, and
cell migration was assessed by measuring gap sizes in
multiple fields. For transwell assays, cells (1.0 × 10 [5]/
ml) were placed in the top side of transwell chambers
(8 μm pore size membranes, Millipore) with matrigel for
invasion. Vehicle (DMSO) or nicotine was added into

the upper well for 24 h. The invaded cells were fixed,
stained and counted in five random fields.

Mouse xenograft model
All animal studies were performed following the Institu-
tional Animal Care and Use Committee of Shanghai
Jiaotong University (Shanghai, China). Six-week-old
male BALB/c mice were obtained from Shanghai SLAC
Laboratory Animal Center (Shanghai, China). All
animals were maintained in a barrier facility in high-
efficiency particulate air–filtered racks. Logarithmic
phase Panc-1 cells (5.0 × 10 [6]/100 μL) transfected with
Lv-shYAP1 or control vector were inoculated subcutane-
ously into the dorsal flank of mice. Tumor volume was
evaluated by the following formula: volume (mm3) =
length × width × height × 0.52. When tumor volume
reached 75–125 mm3, mice were randomized into three
groups, and that day was defined as day 1. Nicotine or
DMSO was administered intraperitoneally thrice weekly
for 3 weeks. On day 22, all mice were euthanized, and
the tumors were excised and weighed.

Bioinformatics and statistical analysis
Multiple databases, including GEPIA (http://gepia.can-
cer-pku.cn/) [28], StarBase 3.0 (http://starbase.sysu.edu.
cn/) [29], and KM plotter (http://kmplot.com/analysis),
were queried for gene expression in PDAC tissues. Data
are shown as mean ± SD. Differences between groups
were evaluated using unpaired t-test for two groups or
the chi square test. Survival analyses were performed
using the Kaplan-Meier method with the log-rank test
and univariate and multivariate Cox regression. All stat-
istical analyses were performed using the PASW Statis-
tics 19.0 software program (SPSS, Chicago, IL, USA). A
two tailed p-value of P < 0.05 was considered to be sta-
tistically significant. In the graphed data *, **, and *** de-
note p values of P < 0.05, P < 0.01, and P < 0.001,
respectively.

Results
Smoking/nic-induced EMT is accompanied by increased
YAP1 expression in PDAC
Our previous research indicated that nicotine induces an
EMT process in PDAC cells [30]. Here we examined
whether there is an association between smoking status
and expression of EMT markers in human PDAC
tissues. Using IHC assays, we found that expression
levels of E-cad were significantly lower, while expression
levels of Vim were higher, in PDAC tumor tissue (TT)
samples from patients who were “ever smokers” than
from patients who were “never smokers” (Supplementary
Fig. s1a and b). A similar difference was also observed in
adjacent non-tumor (ANT) pancreas samples (Supple-
mentary Fig. s1c and d). These results were further
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confirmed by IF assays in human PDAC tissues (Supple-
mentary Fig. s1e and f). Treatment of Panc-1 cells with
1.0 μM Nic in vitro also significantly increased Vim ex-
pression, as demonstrated by IF analysis (Supplementary
Fig. s1g). Additionally, phase contrast microscopy re-
vealed EMT-like morphological changes in Panc-1 cells
treated with 1.0 μM Nic (Supplementary Fig. s1h). These
data indicate that smoking/nicotine exposure can stimu-
late EMT processes in human PDAC cells and tissues.
To investigate gene expression altered by nicotine ex-

posure in Nic-treated PDAC cells, we screened differen-
tial mRNA expression profiles of Panc-1 cells treated
with nicotine or DMSO by high-throughput microarray.
Following 1.0 μM Nic treatment for 24 h, 118 mRNAs
were found to be dysregulated (fold change ≥2.0, data
not shown). The top 25 upregulated and downregulated
mRNAs, are illustrated in a heat map (Fig. 1a). The
YAP1 gene, which has been reported to enhance PDAC
progression, was upregulated 5.31-fold in nicotine-
treated cells. Subsequently, we evaluated the effects of
treatment with nicotine on YAP1 expression in Panc-1
and BxPC-3 cells, and found that YAP1 mRNA (Fig. 1b)
and protein (Fig. 1c) were significantly upregulated by
exposure to nicotine in a dose-dependent manner, as
compared to DMSO-treated cells. We knocked down
YAP1 in two PDAC cell lines with two YAP1-targeting
siRNAs. The siYAP1#2 siRNA exhibited higher knock-
down efficiency (Supplementary Fig. s2a-b), and was
used to perform subsequent siRNA-mediated YAP1
knockdown experiments. We also overexpressed YAP1
in two PDAC cell lines (Supplementary Fig. s2c-d). Cell
proliferation, migration, and invasion induced by nico-
tine was significantly attenuated in YAP1-silenced PDAC
cells, while YAP1 overexpression strengthened these ef-
fects (Supplementary Fig. s2e-j). In addition, treatment
with nicotine led to an enhanced EMT process, which
was attenuated by YAP1 knockdown and strengthened
by YAP1 overexpression (Fig. 1d-g). We further used
IHC to assess the expression levels of YAP1, E-cad, and
Vim in human PDAC tissue samples stratified according
to smoking status. We found that “ever smokers” with
PDAC had higher expression levels of YAP1 in both TT
and ANT pancreas samples, compared with “never
smokers” (Supplementary Fig. s3 a-b). In addition, ex-
pression of YAP1 was inversely correlated with E-cad in
cancer specimens (Spearman’s r = − 0.238, P < 0.001), but
was positively associated with Vim expression (Spear-
man’s r = 0.219, P < 0.001; Fig. 1h-i). Furthermore, we
discovered that YAP1 was positively correlated with the
majority of EMT markers in PDAC tissues from the can-
cer genome atlas (TCGA) dataset (Supplementary Fig. s4
a-h). Based on these data, we hypothesized that YAP1
may play an important role in regulating nicotine-
induced EMT in PDAC.

Knockdown of YAP1 inhibits nicotine-induced tumor
growth and EMT of PDAC in mice
Fifteen nude mice challenged with subcutaneous pancre-
atic xenograft tumors were randomized into three
groups (Fig. 2a). The animal experiments demonstrated
that YAP1 knockdown inhibited nicotine-enhanced
tumor growth, and reduced expression of Ki67 and
YAP1 (P < 0.01; Fig. 2b-d). Immunoblot and IF assays
on the xenograft tumors revealed that YAP1 knockdown
significantly decreased nicotine-promoted EMT pro-
cesses (Fig. 2e-f). As an important transcriptional co-ac-
tivator, YAP1 can change the expression of various
target genes, including CTGF, CDX2, CYR61, and
CDC20 [17]. We found that knockdown of YAP1 signifi-
cantly inhibited nicotine-stimulated upregulation of
CTGF, CDX2, CYR61, and CDC20 (Fig. 2g). These data
demonstrate that YAP1 may mediate the tumor-
promoting role of nicotine in PDAC in vivo.

Expression levels of YAP1 are associated with progressive
clinical characteristics and poor overall survival of PDAC
patients
We examined the expression of YAP1 in human PDAC
(n = 173) in a TMA-based IHC study. The clinicopatho-
logic characteristics of the TMAs are shown in Supple-
mentary Table s3. YAP1 protein expression levels in
PDAC specimens were much higher than those in ANT
specimens (Fig. 3a-b and Supplementary Fig. s5a). qRT-
PCR analysis of the mRNA expression levels of YAP1 in
paired normal pancreatic tissue and PDAC specimens
(n = 12) confirmed this finding, which was also confirmed
in gene expression analysis from the TCGA (n = 179; Fig.
3c-d). We then evaluated the association between YAP1
expression and clinicopathological features in PDAC
cases. Although there were no significant associations be-
tween YAP1 expression and sex, age, tumor size, T cat-
egory, and neural invasion (data not shown), chi-square
analyses confirmed that higher expression of YAP1 was
positively associated with lymph mode invasion (Fig. 3e).
Analysis of the data from TCGA validated these findings
(Fig. 3f). Additionally, Kaplan-Meier survival analysis from
our data and from the TCGA dataset showed that the sur-
vival time for patients with low expression levels of YAP1
was significantly longer than patients with high expression
levels of YAP1 (Fig. 3g-h). Univariate and multivariate
Cox analyses confirmed that YAP1 is an independent pre-
dictor of unfavorable OS in PDAC (hazard ratio [HR] =
1.51, 95% confidence interval [CI]: 1.04–2.20; Table 1).
These data suggest that YAP1 plays critical roles in PDAC
development and progression.

Nicotine stimulates YAP1 nuclear translocation
Nuclear localization is essential for the activity of YAP1.
We determined whether nicotine treatment affects the
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subcellular localization of YAP1 in PDAC cells. IHC as-
sessment indicated that YAP1 was localized in both the
cytoplasm and nucleus, and mainly in the nucleus (Sup-
plementary Fig. s5b-c). To explore the clinical signifi-
cance of cytoplasmic and nuclear expression of YAP1,

we evaluated associations of cytoplasmic and nuclear
YAP1 expression with OS, and we found significantly
shorter OS time (P < 0.001; Supplementary Fig. s5d) in
patients with nuclear, but not cytoplasmic, expression of
YAP1 (Supplementary Fig. s5e). Likewise, IF assessment

Fig. 1 Smoking/nicotine-induced EMT is accompanied by increased YAP1 expression in PDAC cells. a, Heatmap to illustrate the hierarchical
clustering of the mRNA differential expression profiles in nicotine-treated Panc-1 cells. b-c, qRT-PCR and western blot assays of YAP1 mRNA (b)
and protein (c) expression levels in Panc-1 and BxPC-3 cells after treatment with different concentrations (0, 0.1,1.0, 5.0 μM; 24 h) of Nic. d-g, qRT-
PCR and western blot assays of the expression levels of EMT markers (E-cad, Vim and N-cad) in PDAC cells stimulated with DMSO or Nic (1.0 μM,
24 h) after transfection with shYAP1 in Panc-1 cells (d-e) or overexpression vectors in BxPC3 cells (f-g). h, Immunohistochemical staining and
quantitative results for YAP1, E-cad and Vim in human PDAC tissue microarray from ESs and NSs (n = 173). Scale bar, 100 μm. EMT, epithelial-
mesenchymal transition; TT, tumor tissues; ANT, adjacent non-cancerous tissues; ES, ever smoker; NS, never smoker; E-cad, E-cadherin; Vim,
vimentin; Nic, nicotine; PDAC, pancreatic ductal adenocarcinoma. GAPDH was used as an internal reference. Data are shown as the mean ± SD of
three replicates. Chi square test was used for statistical analysis. **P < 0.01, ***P < 0.001
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confirmed that nicotine treatment promoted YAP1 nu-
clear translocation in both BxPC-3 and PANC-1 cells
(Fig. 4a). Western blot analysis showed that the expres-
sion of YAP1 serine 127 phosphorylation (p-YAP1) was
downregulated upon nicotine treatment in a dose-
dependent manner (Fig. 4b-c and Supplementary Fig.
s6a-c). Furthermore, we evaluated the levels of YAP1 in
the cytoplasm and nucleus, and found that nicotine
stimulated high YAP1 expression in nucleus and low ex-
pression in the cytoplasm, while p-YAP1 was exclusively
expressed in the cytoplasm (Fig. 4d-e). The activated
kinase cascade MST1/LATS1 is a key mediator that pro-
hibits YAP activity by direct phosphorylation of YAP1,

sequestering p-YAP1 in the cytoplasm [31]. We found
that nicotine treatment inhibited MST1/LATS1, and in-
creased the protein expression of phosphorylated MST1
and LATS1 in both PDAC cell lines (Fig. 4f and Supple-
mentary Fig. s6d-e). Together, these data indicate that
nicotine affects the intranuclear and cytoplasmic distri-
bution of YAP1.

Nicotine stimulates YAP1 nuclear localization through
association with HIF1A expression
Nicotine can regulate HIF1A expression in several types
of cancer, and therefore we suspected that nicotine
might affect YAP expression through a HIF1A-mediated

Fig. 2 Knockdown of YAP1 inhibits nicotine- induced tumor growth and EMT in a xenograft model of PDAC in mice. a, Diagram depicts the
overall xenograft study; b-c, The volumes (b) and weights (c) of xenograft tumors from mice in the three experimental groups. d, HE and Ki67
staining in xenograft tumor in the three experimental groups. Scale bar, 100 μm. e, Western blotting was conducted to examine E-cad, Vim, N-
cad expression in the three experimental groups. f, Immunofluorescence assays of the expression levels of Vim in xenograft tumor in the three
experimental groups. Scale bar, 100 μm. g, qRT-PCR assays of the expression levels of YAP target genes, CTGF, CDX2, CYR61, and CDC20 in mice
xenograft tumors. EMT, epithelial-mesenchymal transition; HE, Hematoxylin and eosin, E-cad, E-cadherin; Vim, vimentin; N-cad, N-cadherin; NC,
negative control; Nic, nicotine. GAPDH was used as an internal reference. Data are shown as the mean ± SD of three
replicates.*P < 0.05; **P < 0.01
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mechanism. We confirmed that nicotine promoted the
mRNA and protein expression of HIF1A in a dose-
dependent manner (Fig. 5 a-b). After HIF1A knockdown
or overexpression (Supplementary Fig. s7 a-d), we
observed that HIF1A knockdown significantly inhibited,
while overexpression of HIF1A enhanced, the prolifera-
tion and migration of PDAC cells in the presence of
nicotine (Supplementary Fig. s7 e-l). Interestingly,

nicotine stimulated total YAP1 expression, but inhibited
phosphorylation of YAP1. Overexpression of HIF1A en-
hanced, whereas knockdown of HIF1A attenuated,
nicotine-induced changes in YAP1 expression and phos-
phorylation in Panc-1 and BxPC3 cells (Fig. 5 c-d).
Furthermore, overexpression of HIF1A enhanced,
whereas knockdown of HIF1A attenuated, expression of
YAP1 target genes (Fig. 5 e-h). Additional IHC analysis

Fig. 3 Expression levels of YAP1 are associated with progressive clinical characteristics and poor overall survival of PDAC patients. a-b,
Representative images and statistical analyses of YAP1 expression in PDAC specimens from our cohort. Scale bars, 100 μm. Chi square test was
used for statistical analysis. c, qRT-PCR analysis of YAP1 expression in TT and paired ANT specimens obtained from 12 PDAC patients. d, Results
from TCGA database showed that expression of YAP1 mRNA in TT was significantly higher than that in ANT. Chi square test was used for
statistical analysis. e, Staining score of YAP1 was positively assocaited with lymph node metastasis. Chi square test was used for statistical analysis.
f-g, Kaplan-Meier analysis of overall survival of PDAC cases from our cohort (f; Log rank test, P = 0.003) and TCGA dataset (g; Log rank test, P =
0.025) according to expression of YAP1. Patients were grouped according to high and low YAP1 expression. TT, tumor tissues; ANT, adjacent non-
cancerous tissues; PDAC, pancreatic ductal adenocarcinoma. GAPDH was used as an internal reference
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revealed that HIF1A staining scores were positively asso-
ciated with YAP1 nuclear staining, but not cytoplasmic
staining (Fig. 5 i). These results demonstrate that nico-
tine stimulates YAP1 nuclear translocation through a
HIF1A-mediated mechanism.

HIF1A promotes YAP1 transactivation upon nicotine
treatment
To further analyze the mechanism by which YAP1 ex-
pression is regulated by HIF1A upon nicotine treatment,
we surveyed the YAP1 promoter sequence and identified
three potential HIF1A–binding sites (HRE1–3) upstream
to the transcription start site (TSS; Fig. 6a). The full-
length YAP1 promoter and deletion mutant reporter
constructs were generated, and were then co-transfected
with or without HIF1A expression vectors or NC vectors
into Panc-1 cells. Dual luciferase assays confirmed that
deletion of the region from − 800 to − 700 bp, covering
the HRE3 site, significantly attenuated YAP1 promoter
activity (Fig. 6b-c). To further evaluate HIF1A transcrip-
tional activity following nicotine treatment, we co-trans-
fected an HRE-luc plasmid along with HIF1A expression
vectors or shRNA into PDAC cells. Nicotine stimulated
YAP1 promoter activity in PDAC cells (Fig. 6d-g); over-
expression of HIF1A enhanced, whereas knockdown of
HIF1A attenuated, YAP1 promoter activity. To deter-
mine whether HIF1A directly binds to HREs on the YAP
promoter, we performed ChIP assays. Immunoprecipita-
tion with an anti-HIF1A antibody pulled down the pre-
dicted binding-site sequence of the YAP1 promoter, and

nicotine treatment significantly enhanced these effects in
both PDAC cells (Fig. 6h-i). These results indicate that,
upon nicotine treatment, HIF1A binds to the promoter
region of YAP1 and upregulates YAP1 transcription in
PDAC cells.

Nicotine stimulates HIF1A and YAP1 through association
with CHRNA7
Previous studies have determined that nicotine may pro-
mote cancer cell proliferation and metastasis through
calcium channels or through CHRNA-3, 5, 7 in human
PDAC [32, 33]. Western blot assessment confirmed that
nicotine treatment activated CHRNA3, CHRNA5, and
CHRNA7 (Fig. 7a). After the three receptors were
silenced in Panc-1 and BxPC3 cells, respectively, we
observed decreased YAP1 expression only in CHRNA7-
sileneced cells following nicotine exposure (Fig. 7b-d).
Additionally, we analyzed human PDAC samples from
the TCGA database and found that YAP1 and HIF1A
expression were significantly associated only with CHRN
A7, but not with expression of CHRNA3 and CHRNA5,
(Supplementary Fig. s8a-f). Furthermore, knockdown of
CHRNA7 decreased the protein expression of HIF1A,
Vim, and N-cad, but increased the expression of MST1,
LATS1 and E-cad, in nicotine-treated PDAC cells (Fig.
7e). In addition, silencing of CHRNA7 led to the inhib-
ition of PDAC cell proliferation, migration, and invasion
(Fig. 7f-k). These results indicate that nicotine induces
HIF1A and YAP1 expression through the CHRNA7
pathway.

Table 1 Univariate and multivariate Cox regression analyses of overall survival in pancreatic ductal adenocarcinoma

Parameters Univariate analysis,
HR (95% CI)*

P Multivariate analysis,
HR (95% CI)

P value

T stage

T3-T4 vs. T1-T2 1.52 (1.03–2.25) 0.035 1.43 (1.01–2.02) 0.043

N stage

N1 vs. N0 1.53 (1.09–2.15) 0.013 1.32 (1.05–1.66) 0.019

Tumor grade

G3 vs. G1 + G2 1.19 (0.68–2.09) 0.544

Tumor size, cm

≥ 4 vs.<4 1.29 (0.93–1.80) 0.133 1.28 (0.92–1.80) 0.145

Vascular invasion

Yes vs. No 0.98 (0.68–1.38) 0.852

Adjuvant therapy

Yes vs. No 0.63 (0.44–0.90) 0.012 0.75 (0.58–0.98) 0.032

Neural invasion

Yes vs. No 1.21 (1.01–1.45) 0.041 1.26 (1.01–1.57) 0.038

YAP1 staining

High vs. Low, 1.67 (1.18–2.36) 0.004 1.51 (1.04–2.20) 0.033

NOTE: HR hazard ratio, CI confidence interval
Tumor classification and stage were referred to the 7th edition of UICC on cancer staging system. Bold indicates significance
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YAP1 enhances the stability of HIF1A protein upon
nicotine treatment
Upregulation of HIF1A protein in tumor tissues can
be achieved by promoting DNA transcription, enhan-
cing mRNA translation, or inhibiting proteasomal
degradation [34]. The upregulation or knockdown of
YAP1 did not change the mRNA level of HIF1A in
the absence or presence of nicotine (Fig. 8a-b). We
found that YAP1 knockdown substantially attenuated,
while overexpression of YAP1 enhanced, expression of
HIF1A protein levels in both the absence and pres-
ence of nicotine (Fig. 8c-d). Since YAP1 expression

had significant effects on HIF1A protein expression,
but little effect on HIF1A mRNA levels, we evaluated
the effects of YAP1 on HIF1A protein in Panc-1 cells
treated with cycloheximide (CHX), an inhibitor of
eukaryote protein synthesis. Knockdown of endogen-
ous YAP1 inhibited synthesis of HIF1A protein at
early time points (Fig. 8e). Moreover, treatment with
the proteasome inhibitor MG132 (10 μM) abolished
the effects of YAP1 knockdown or overexpression
(Fig. 8f-g) on HIF1A protein. These results indicated
that YAP1 regulates HIF1A by enhancing the stability
of the HIF1A protein.

Fig. 4 Nicotine stimulates nuclear translocation of YAP1. a, Immunofluorescence assay of the localization of YAP in Panc-1 and BxPC3 cells upon
nic (1.0 μM) or DMSO treatment for 24 h. Scale bars, 200 μm. b-c, Western blot assay of the expression of p-YAP(S127) in Panc-1 (b) and BxPC3 (c)
cells with nicotine treatment at 0, 0.1, 1.0, 5.0 μM for 24 h. d-e, Western blot assays of the expression of YAP1 and p-YAP1 in the nuclear or
cytoplasmic extracts in Panc-1 (d) and BxPC3 (e) cells with nic (1.0 μM) or DMSO treatment. Histone H3 and GAPDH were used as internal control
for nuclear and cytoplasm, respectively. f-g, Western blot assay of the expression of MST1, p-MST1, LATS1 and p-LATS1 in Panc-1 and BxPC3 cells
with nic (1.0 μM) or DMSO treatment. GAPDH was used as an internal reference. NE, nuclear extracts; CE, cytoplasmic extracts; Nic, nicotine. Data
are shown as the mean ± SD of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001
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Discussion
Cigarette smoking is a well-established risk factor for
many types of human malignancies and exerts tumori-
genic effects on many cancers. We previously reported
in a meta-analysis that, compared with “never smokers”,
patients with PDAC who were either current or former
smokers had elevated risk of total mortality [4]. Nicotine,
a main active ingredient of tobacco, plays an important
role in enhancing tumor cell growth, motility, and me-
tastasis. Several studies have reported an association be-
tween nicotine and EMT induction, [35–37] but few

studies [38] have examined whether and how exposure
to cigarette smoke/nicotine stimulates EMT in PDAC.
In the present study, we performed IHC and IF analyses,
and found that smoking/nicotine exposure promoted
EMT in human PDAC tissues and cell lines. We also
found that nicotine enhanced expression levels of YAP1
and HIF1A in a dose-dependent manner, both of which
induce EMT and tumor growth in PDAC cells in vitro
and in murine xenograft models. Mechanistically, nico-
tine induces a positive feedback loop of HIF1A and
YAP1, wherein HIF1A transcriptionally activates YAP1

Fig. 5 Nicotine stimulates YAP1 nuclear location through association with HIF1A expression. a-b, qRT-PCR and western blot assays of HIF1A
mRNA (a) and protein (b) expression levels in Panc-1 and BxPC-3 cells after treatment with different concentrations (0, 0.1,1.0 μM; 24 h) of
nicotine. c-d, Western blot assays of YAP1, p-YAP1 expression levels in Panc-1 and BxPC-3 cells after transfection with the indicated vectors upon
nicotine treatment. e-h, qRT-PCR assays of YAP1 target gene, CTGF, CDX2, CYR61, and CDC20, expression levels in Panc-1 (e-f) and BxPC-3 (g-h)
cells after transfection with the indicated vectors upon nicotine treatment. i, Representative images of HIF1A expression and its association with
YAP cellular localization in PDAC specimens based on IHC assay. Scale bars, 200 μm. *p < 0.05, **p < 0.01, ***p < 0.001
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and stimulates YAP nuclear translocation, and YAP1 in-
creases HIF1A protein levels by enhancing the stability
of HIF1A protein.
YAP1 is a key effecter of the Hippo pathway. When

the Hippo pathway is activated, MST1/2 kinases phos-
phorylate and activate LATS1/2, which then phosphory-
lates YAP and TAZ (Transcriptional coActivator with a
PDZ-binding motif), resulting in the cytoplasm retention
and/or degradation of YAP/TAZ [16, 39]. YAP1 is also
an important downstream target of KRAS signaling, and
has been identified as a potential oncogene in many
human tumors, including PDAC [40, 41]. Zhao et al.
reported that nicotine treatment induces nuclear

translocation and activation of YAP1 in ESCC, subse-
quently activating the PKC pathway [18]. Schaal et al.
found that nicotine and e-cigarette extracts enhanced
YAP1 expression via activation of CHRNA7 in NSCLC
cells [19]. In line with these reports, we found that nico-
tine stimulated the expression of YAP1 mRNA and pro-
tein in PDAC cells. In vitro and in vivo experiments
demonstrated that silencing of YAP1 inhibits nicotine-
induced proliferation, migration, EMT, and expression
of YAP1 target genes, while YAP1 overexpression en-
hanced these effects of nicotine in PDAC cells. We also
found that YAP1 was more highly expressed in both
TTs and ANTs of pancreas samples from patients with

Fig. 6 HIF1A promotes YAP1 transactivation upon nicotine treatment. a, Three potential HIF1A–binding sites (HRE1–3) in the YAP1 promoter
sequence. b, The full-length and deletion mutants YAP1 promoter. c, Dual luciferase assay of YAP1 promoter activity after cotransfected the
deletion mutant reporters with or without HIF1A expression vectors or control vector into Panc-1 cells. d-g, Dual luciferase assay of promoter
activity in Panc-1 and BxPC3 cells after cotransfection a pGL4-HREs-luciferase plasmid and pRL-TK with HIF1A overexpression (d-e) or siRNA (f-g)
vectors upon nicotine or DMSO treatment. h-i, ChIP-RT-PCR assay of the YAP promoter activity in Panc-1 (h) and BxPC3 (i) cells with or without
nicotine treatment. A specific anti-HIF1A antibody was used and IgG was used as a control. The experiments were performed three times
independently. HRE, hypoxia response elements; Nic, nicotine; n.s., not significant. *p < 0.05, **p < 0.01, ***p < 0.001
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PDAC who were “ever smokers” compared with those
who were “never smokers”. Furthermore, we demon-
strated a positive correlation between high YAP1 expres-
sion and lymph node invasion and poor overall survival
outcomes in PDAC. These results suggest that YAP1 is
involved in smoking/nicotine exposure- induced pancre-
atic tumor progression.
The nuclear localization of YAP1 is a pivotal step for

downstream activation of the Hippo pathway [42, 43]. A
potential nuclear localization signal (NLS) was identified

at the N-terminal 1–55 amino acids of Yorkie (YAP
homolog in Drosophila) via importin alpha1 [44]. More-
over, the phosphorylation of YAP at Ser127 is a post-
translational modification that enhances the cytoplasmic
retention of YAP1, whereas phosphorylation of YAP1 at
Ser381 by LATS1/2 induces ubiquitination and degrad-
ation [45]. In the present study, we identified nicotine as
a stimulator of YAP nuclear localization, which
enhanced the expression of YAP target genes (CDX2,
CDC20, CTGF, and CYR61) and enhanced tumor

Fig. 7 Nicotine stimulates HIF1A and YAP1 expression through association with CHRNA7. a, Western blotting assay of CHRNA3, CHRNA5, and
CHRNA7 expression upon nicotine treatment in Panc-1 and BxPC3 cells. b-d, Western blotting assay of CHRNA3, 5, 7 and YAP1 expression when
exposure to nicotine in Panc-1 and BxPC3 cells after transfection with siRNA targetting CHRNA3, 5, 7, respectively. e, Western blotting assay of
HIF1A, Vim, N-cad, MST1, LATS1 and E-cad expression when exposure to nicotine in Panc-1 and BxPC3 cells after transfection with siRNA
targetting CHRNA7. f-g, MTT assay of cell proliferation rate when exposure to nicotine in Panc-1 (f) and BxPC3 (g) cells after transfection with
siRNA targetting CHRNA7. h-i, Wound healing assay of cell migration rate when exposure to nicotine in Panc-1 (h) and BxPC3 (i) cells after
transfection with siRNA targetting CHRNA7. j-k, Transwell assay (with matrigel) of cell invasive potential in Panc-1 (j) and BxPC3 (k) cells after
transfection with siRNA targetting CHRNA7 upon nicotine treatment. NC, negative control; CHRNA, cholinergic receptor nicotinic alpha; E-cad, E-
cadherin; Vim, vimentin; N-cad, N-cadherin. GAPDH was used as an internal reference. Data are shown as the mean ± SD of three replicates.*P <
0.05; **P < 0.01; *** P < 0.001
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growth. Moreover, IHC analysis of 173 pairs of human
PDAC samples revealed that upregulation of YAP1 in
the nucleus, but not in the cytoplasm, was significantly
associated with shorter OS duration.
However, the molecular mechanisms underlying

nicotine-stimulated YAP nuclear translocation and sus-
tained activation remain unknown. A link between
HIF1A expression and smoking/nicotine exposure has
been identified in NSCLC and nasopharyngeal carcin-
oma [22, 23, 46]. Moreover, nicotine can induce nuclear
accumulation of HIF1A protein, which contributes, at
least in part, to nicotine-promoted NSCLC cell migra-
tion, invasion, and tumor angiogenesis [23, 46, 47]. In
HCC, hypoxia was shown to promote cell survival and
glycolysis by triggering YAP nuclear translocation [48,
49]. In the present research, we show, for the first time,
that nicotine induced HIF1A protein accumulation in
human PDAC cells. In vitro experiments revealed that
overexpression of HIF1A drives YAP1 nuclear transloca-
tion and enhances YAP1 expression in PDAC cells in

the presence of nicotine, whereas knockdown of HIF1α
had the opposite effect. Moreover, we found a signifi-
cantly positive association between YAP1 nuclear ex-
pression and HIF1A expression in human PDAC tissues.
Dual luciferase assays and ChIP analyses revealed that
upregulation of YAP1 in PDAC was mainly due to the
transcriptional regulation by HIF1A, which bound dir-
ectly to HREs on the YAP1 promoter.
Increased expression of HIF1A protein in tumor tis-

sues can be achieved by enhancing transcription and/or
mRNA translation, or by decreasing proteasomal deg-
radation [34]. HIF1A stability is inhibited by the activa-
tion of HIF1A prolyl hydroxylases domain (PHD) and
the von Hippen Lindau (VHL) tumor-suppressor pro-
tein, both of which increase HIF1A ubiquitination and
degradation [50]. Our data indicate that the protein
levels of HIF1A directly related to YAP1 levels, and co-
ordinately follow the upregulation or knockdown of
YAP1, although this coordinate relationship is not seen
between HIF1A and YAP1 mRNA expression. Protein

Fig. 8 YAP1 enhances the stability of HIF1A upon nicotine treatment. a-b, qRT-PCR assays of the mRNA level of HIF1A in Panc-1 (a) and BxPC3
(b) cells after transfection with the indicated vectors in the absence or presence of Nic. c-d,, Western blot assays of the protein level of HIF1A in
Panc-1 (c) and BxPC3 (d) cells after transfection with the indicated vectors in the absence or presence of Nic. e, After transfection with siYAP1,
western blot assays of the protein level of HIF1A in cycloheximide (CHX, 100 μg/mL) treated Panc-1 cells at the different time points upon Nic
treatment. f, After transfection with siYAP1, western blot assays of the protein level of HIF1A in MG132 (10 μM) treated Panc-1 cells upon nicotine
treatment. g, Diagram depicts the proposed pathway involved in YAP1-mediated PDAC progression in response to nicotine. Nic, nicotine; n.s., not
significant; CHRNA, cholinergic receptor nicotinic alpha. *p < 0.05, **p < 0.01
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stability experiments involving CHX and MG132 treat-
ment demonstrated that YAP1 enhances HIF1A levels at
the post-transcriptional level by facilitating the stability
of the HIF1A protein.

Conclusions
In summary, we identified a nicotine-induced positive
feedback loop between YAP1 and HIF1A, which contrib-
utes to the enhanced expression of YAP1 target genes,
EMT processes, and tumorigenesis in PDAC (Fig. 8h).
Developing inhibitors that specifically target YAP1 may
provide a novel therapeutic approach to suppress PDAC
growth, and metastasis, especially in PDAC patients who
have a history of smoking.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/s13046-020-01689-6.

Additional file 1 Supplementary Table s1: Antibodies and chemicals
used in this study. Supplementary Table s2: The sequences of the
primers included in this manuscript. Supplementary Table s3:
Clinicopathologic characteristics of the PDAC patients from whom the
TMA specimens were obtained. Fig. S1 Smoking/nicotine exposure
modulates the EMT process in PDAC cell lines and tissues. a-b, Immuno-
histochemical staining analysis of the expression levels of E-cad (a) and
Vim (b) in TT pancreas samples from ESs and NSs (n = 173). Scale bar,
100 μm. c-d, Immunohistochemical stained analysis of the expression
levels of E-cad (c) and Vim (d) in ANT pancreas samples from ESs and
NSs. Scale bar, 100 μm. (e-f) Immunofluorescence assays of the expression
levels of E-cad (e) and Vim (f) in human PDAC tissues from ESs and NSs.
white scale bar, 100 μm. g, Immunofluorescence assays of the expression
levels of Vim in nicotine- or DMSO-treated Panc-1 cells. h, EMT-like mor-
phological changes of Panc-1 cells with DMSO or nicotine (1.0 μM) treat-
ment. Scale bar, 100 μm. EMT, epithelial-mesenchymal transition; TT,
tumor tissues; ANT, adjacent non-cancerous tissues; ES, ever smoker; NS,
never smoker; E-cad, E-cadherin; Vim, vimentin; PDAC, pancreatic ductal
adenocarcinoma; Nic, nicotine. GAPDH was used as an internal reference.
Chi square test was used for statistical analysis. Fig.S2 YAP1 mediates the
effects of nicotine on the cellular functions of Panc-1 and BxPC3 cells. a-
d, qRT-PCR and western blot assays of YAP1 expression after transfection
with shYAP1 (a,b) or pcDNA4-YAP1 (c,d) and NC in Panc-1 and BxPC3
cells. e-f, MTT assay of cell proliferation rate in Panc-1 (e) and BxPC3 (f)
cells after transfection with the indicated vectors upon nicotine treat-
ment. g-h, Wound healing assay of cell migration rate in Panc-1 (g) and
BxPC3 (h) cells after transfection with the indicated vectors upon nicotine
treatment. i-j, Transwell assay (with matrigel) of cell invasive potential in
Panc-1 (i) and BxPC3 (j) cells after transfection with the indicated vectors
upon nicotine treatment. NC, negative control; EV, empty vector; Data are
shown as the mean ± SD of three replicates.*P < 0.05; **P < 0.01; *** P <
0.001. Fig. S3 Immunohistochemical staining scoring of YAP1 expression
levels in TT and ANT pancreas samples according to smoking status. TT,
tumor tissues; ANT, adjacent non-cancerous tissues; ES, ever smoker; NS,
never smoker. Chi square test was used for statistical analysis. Fig. S4
YAP1 expression and epithelial-mesenchymal transition markers in pan-
creatic ductal adenocarcinoma tissues from TCGA dataset. a, CDH1, b,
Vim; c, CDH2; d, SNAI1; e, ZEB1; f, ZEB2; g, TWIST1; h, TWIST2. Fig. S5 Im-
munohistochemical staining analysis of YAP1 expression patterns in PDAC
from a tissue microarray (n = 173). a, YAP1 was weak or no staining in
ANT. b-c, YAP1 was located in the nucleus (b) and cytoplasm (c). d-e,
Kaplan-Meier analysis of overall survival of cases with PDAC from our co-
hort according to cytoplasmic (f; Log rank test, P = 0.183) and nuclear (f;
Log rank test, P = 0.001) expression of YAP1. ANT, adjacent non-cancerous
tissue. Scale bar, 100 μm. Fig. S6 Semi-quantitative data of protein levels.
a, Semi-quantitative data of pYAP1 protein levels in Panc-1 and BxPC3

cells after nicotine treatment. b-c, The ratio of protein abundance of
pYAP1/YAP1 in Panc-1 (b) and BxPC3 (c) after nicotine treatment. d-e,
The ratio of protein abundance of p-MST1/MST1 and p-LATS1/LATS1 in
Panc-1 (d) and BxPC3 (e) after nicotine treatment. Protein expression
levels were quantified by normalizing to the GAPDH band using image J
software. *** P < 0.001. Fig. S7 HIF1A mediates the effects of nicotine on
the cellular functions of pancreatic ductal adenocarcinoma cells. a-d, qRT-
PCR assay of HIF1A expression after transfection with shHIF1A (control:
shNC, a and b) or pcDNA3.1-HIF1A (control: EV; c and d) plasmids in
Panc-1 and BxPC3 cells. e-h, MTT assay of cell proliferation rate in Panc-1
and BxPC3 cells after transfection with HIF1A knockdown (e, f) and over-
expression (g, h) vectors in the presence of nicotine. i-l, Wound healing
assay of cell migration rate in Panc-1 and BxPC3cells after transfection
with HIF1A knockdown (i, j) and overexpression (k, l) vectors in the pres-
ence of nicotine. NC, negative control; EV, empty vector; Data are shown
as the mean ± SD of three replicates. **P < 0.01; *** P < 0.001. Fig. S8
YAP1 and HIF1A expression and CHRNA3, 5, 7 in pancreatic ductal adeno-
carcinoma tissues from TCGA dataset. CHRNA, cholinergic receptor nico-
tinic alpha.
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