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Abstract

Although smoking is a significant risk factor for pancreatic cancer (PDAC), the molecular
mechanisms underlying PDAC development and progression in smokers are still unclear. Here we
show the role of cAMP response element-binding protein (CREB) in the pathogenesis of smoking-
induced PDAC. Smokers had significantly higher levels of activated CREB when compared to
non-smokers. Cell lines derived from normal pancreas and pancreatic intraepithelial neoplasm
(PanIN) exhibited low baseline pCREB levels compared to PDAC cell lines. Furthermore, elevated
CREB expression correlated with reduced survival in PDAC patients. Depletion of CREB
significantly reduced tumor burden after tobacco-specific nitrosamine 4-(methyl nitrosamino)-1-
(3-pyridyl)-1-butanone (NNK) treatment, suggesting a CREB-dependent contribution to PDAC
growth and progression in smokers. Conversely, NNK accelerated PanIN lesion and PDAC
formation via GM-CSF mediated activation of CREB in a PDAC mouse model. CREB inhibition
(CREBI) in mice more effectively reduced primary tumor burden compared to control or GM-CSF
blockade alone following NNK exposure. GM-CSF played a role in the recruitment of tumor
associated macrophages (TAM) and Treg expansion and promotion, whereas CREBI significantly
reduced TAM and Treg populations in NNK-exposed mice. Overall, these results suggest that
NNK exposure leads to activation of CREB through GM-CSF, promoting inflammatory and Akt
pathways. Direct inhibition of CREB, but not GM-CSF, effectively abrogates these effects and
inhibits tumor progression, offering a viable therapeutic strategy for PDAC patients.
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Introduction

Pancreatic ductal adenocarcinoma (PDAC) is the third leading cause of cancer-related death
in the United States and is characterized by its poor prognosis and a dismal 5-year survival
rate approaching 5% (1). It is predicted to become the second leading cause of cancer-
related deaths by 2030 (2,3). Smoking is a major modifiable risk factor which accounts for
almost 20-30% of PDAC cases in the United States (4). Cigarette use increases the
likelihood of developing PDAC and adversely influences overall patient survival (5).
Nicotine and nitrosamines are the most potent and highly abundant carcinogens present in
cigarette smoke. These compounds have been shown to initiate a spectrum of oncogenic
processes integral to the development of PDAC (6). In smoking patients, nicotine
accumulates to high concentrations in numerous organs, including the pancreas (7,8).
Similarly, nitrosamines are present at seven times higher levels in the pancreatic juice of
smokers (9) compared to non-smokers. Among multiple tobacco specific nitrosamines, 4-
(methyl nitrosaming)-1-(3-pyridyl)-1-butanone (NNK) is considered to be the most
carcinogenic (10,11). The precise molecular pathway governing the progression from
dysplasia to invasive cancer due to NNK exposure remains unclear.

Recent evidence suggests that nicotine exposure significantly increases the number of low
grade PanINs in LSL-KrasG12D/* pgx1Cre’* (KC) mice (11), suggesting the role of NNK in
promoting tumorigenesis through multiple diverse oncogenic pathways (6). Binding of NNK
to the B-adrenergic receptor activates the EGFR/MAPK pathway, leading to ERK1/2
phosphorylation and thereby promoting cellular proliferation, migration, and angiogenesis
(12). Inhibition of the EGFR pathway in smokers using Erlotinib (EGFR inhibitor)
monotherapy has failed to show efficacy in a phase Il clinical trial (13), suggesting that
alternate signaling pathways contribute to NNK-induced PDAC pathogenesis and require
further investigation. NNK acts as an agonist to nAChR and a7nAChR is the most
investigated subunit of NAChR, which activate PKA and PI3K/Akt signaling (14).

Cyclic AMP response element binding protein (CREB) is a transcriptional co-activator
which has been shown to be activated with nicotine use (15). CREB is activated through
phosphorylation at Ser133 (KID domain) by several key oncogenic pathways such as protein
kinase A (PKA), Akt/protein kinase B (PKB), MAPK and p90 ribosomal S6 kinase
(P9ORSK) (16). Activated CREB (pCREB) then binds to its mammalian transcriptional co-
activator, the CREB-binding protein (CBP) (17), enabling the recruitment of additional
transcriptional machinery elements that drive malignant progression. Moreover, GM-CSF
signaling can promote PDAC tumorigenesis (18) and GM-CSF production can induce
activation of CREB through MEK-dependent signaling pathway (19). Recently, studies in
PDAC have also been reported that GM-CSF is involved in the recruitment and polarization
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of tumor associated macrophages (TAMS) in the tumor microenvironment (18,20).
Therefore, we hypothesized that CREB could be a possible target for smoking-induced
PDAC progression through its interactions with GM-CSF.

In this study, we demonstrate that NNK promotes PanIN progression and PDAC formation
through GM-CSF mediated activation of CREB. CREB inhibition (CREBI) effectively
prevented this progression, suggesting CREB is a critical regulator of NNK-induced tumor
progression and a novel potential target for therapy in smoking-induced PDAC.

Materials and Methods

Cell lines, reagents and primers

Human pancreatic ductal epithelial cell lines (HPNE, HPNE-KTras), and PDAC cell lines
such as MiaPaCa2, PANC1, SW1990, AsPC1, CAPAN1, CEPAC, HPAC and BxPC3 were
obtained from American Type Culture Collection (ATCC) and were maintained according to
the ATCC guidelines. Cell authentication was performed by using STR DNA profiling
(latest date: June 16, 2016 and July 21, 2017) and cell lines tested negative for Mycoplasma
via Genetica cell line testing (Burlington, NC) using eMYCO plus kit (iNtRON
Biotechnology). Cells with relative low passage numbers (< 20) were used in the study.
Cells treated with NNK in Figure 1 and Figure 5 with relative passage numbers (< 60) were
used in the study. ATCC cell lines were characterized and were free of Mycoplasma
contamination, tested by Hoechst DNA stain (indirect) and agar culture (direct)
methods.Figure 2,3,4,6,7

Primary antibodies used for Western blot analysis, immunohistochemistry and
immunofluorescence were listed in the Supplementary Table S1, and gene specific primers
used for quantitative reverse transcription PCR (qRT-PCR) are listed in Supplementary Table
S2.

CREB gene knockdown by short hairpin RNA

SMART vector Lentiviral Human CREB1 shRNA (#V3SH11243-00EG1385) and SMART
vector Empty Vector Control (#VSC11649) were obtained from Dharmacon. Transfection
was performed according to supplier protocol and as previously described (21). Lentiviral
particles were prepared by co-transfecting plasmids into 293T cells. MiaPaCa2 and PANC1
cells were transduced with lentiviral vectors at an MOI (multiplicity of infection) of 40, and
GFP expression was confirmed by FACS Caliber flow cytometer (BD Biosciences). The
cells were then selected for 7 days with puromycin (1.5 pg/mL), and when cultures reached
near confluency, cells were trypsinized and processed for FACS sorting to separate cells with
highest GFP expression. To generate stable knockdown clones, these cells were plated at
high dilutions in 10 cm petri dishes and colonies obtained from single cells were screened
for the expression of CREB by immunoblotting technique.

RNA sequencing (RNA-seq)

Total RNA was isolated from PanIN cells treated with NNK (1 umol/L) for 5 and 50 days
and untreated cells (n = 3) using RNeasy Plus Mini Kit (Qiagen) and submitted to the
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Microarray Core Facility at Vanderbilt University. Ingenuity analysis was performed with
help from Vanderbilt Technology for Advanced Genomics and Research Design. The
upregulated and downregulated gene list for 5 days (Supplementary Tables S3 and S4) and
50 days (Supplementary Tables S5 and S6) are listed. The CREB signature genes
upregulated by NNK are listed in Supplementary Table S7. The raw RNA-seq data has been
deposited at Gene Expression Omnibus (GEO) under accession number (GSE119517).

Cytokine array analysis

NNK (1 umol/L)-exposed human H6c7 and mouse PanIN cells were grown on culture flasks
until 70% to 80% confluent and then cultured in serum-free medium (SFM) for 24 hours at
37°C. Conditioned medium (CM) was collected separately from these cells and stored at
—-80°C. The CM was collected multiple times. Human and mouse collections were
separately pooled. The cells were maintained in culture with fresh media added twice
weekly. CM and culture medium were concentrated using Millipore centriprep centrifugal
filters (EMD Millipore, Billerica, MA) with 10k cut off and centrifuged at 2000 rpm, 4°C to
concentrate. The concentrated CM and culture medium were quantified for the protein
concentration and the aliquots were stored at —80°C. In the following experiments,
conditioned media protein was diluted with serum-free medium (SFM) and the cytokine
levels in the conditioned media were measured using human and mouse cytokine array Kits
(R&D systems) according to the manufacturer’s directions.

Human tissue microarray

Clinical materials were obtained from patients who provided written informed consent,
according to the Vanderbilt Institutional Review Board standards and guidelines. The studies
were conducted in accordance with recognized ethical guidelines (Declaration of Heisinki,
CIOMS, Belmont Report, U.S. Common Rule). Tissue microarrays (TMA) were designed
and constructed as previously described (22). The TMA slides were simultaneously
evaluated by a pathologist (C.S). Normal pancreas, well-differentiated PDAC, moderately-
differentiated PDAC, and poorly-differentiated PDAC tissue cores were used as previously
detailed (22). The staining of the tissues was assessed using staining index measured as a
sum of the intensity score (0, no staining; 1+, weak; 2+, moderate; 3+, strong) and
distribution score (0 — no staining; 1+ — staining of <33% of cells; 2+ — between 33% and
66% of cells; and 3+ — staining of >66% of cells). Staining indices were classified as
follows: 2+ to 3+ or higher — strong staining; 0 to 1+— weak staining. Activated CREB
(pCREB) was scored as positive if any detectable staining was present.

Genetically engineered transgenic mice

Ptf1aCre’*  Tafor2ox/flox and [ SI -KrasC12D/* - Tgfor2fox/flox mice were provided by Dr. Hal
Moses (Vanderbilt University Medical Center, Nashville, Tennessee, USA). These two lines
were intercrossed to generate Ptf1ac"®* ;[ S -KrasC120/* - Tafor2/1ox/flox mice (PKT) on a
C57BI/6 background (22). Genotyping of alleles was performed using oligonucleotide
primers as described previously (23,24). Ptf1a"®ER knock-in mice (provided by Dr.
Christopher Wright, Vanderbilt University Medical Center, Nashville, TN) expresses CretR
under endogenous Ptfla promoter/enhancer elements (25). Cref” production recapitulates
endogenous Ptfla expression, with nuclear translocation within 24 hours of tamoxifen (Tam)
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administration. Ptf1ac"ER mice were intercrossed with LSL-KrasG220/* to generate
Ptf1aCeER - | S -KrasC12D/* (jPK) mice. LSL-KrasC12D/*, pax1€m*and p537273H *mice
were intercrossed to generate indicated LSL-KrasG120/* - pax1€€/* (KC) and LSL-
KrasC12DI+ - Trp53R1T2HI+ - pay Crel+ (KPC) animals. All mice were housed under a 12-h
light-dark diurnal cycle with controlled temperature (21°C to 23°C) and provided with a
standard rodent diet and water ad /ibitum throughout all experiments.

In vivo xenograft studies

Athymic nude mice — Foxnl nu/nu (4-5 weeks old) — were purchased from Harlan Sprague
Dawley, Inc. Subcutaneous tumors were established by injecting 2x10® MiaPaCa2 or
PANC1 CREB knockdown (CREB shRNA) cells into the flank of a 6-week-old Fox1-nu/nu
mouse (n=5 in each group) as previously detailed (22). Treatment was initiated when the
subcutaneous (s.c.) tumors reached 70 — 200 mm3 size. NNK [10 mg/100 g body weight,
three times/week - a dosage similar to the level of NNK found in the pancreatic juice of
smokers (26)] or vehicle (saline) was administered intra-peritoneal (IP) for 29 (MiaPaCa2)
and 25 (PANC1) days. The subcutaneous tumor volume and percent body weight change
was recorded as previously described (22). Growth curves for tumors were plotted as the
mean volume + standard deviation (s.d.) of tumors for mice from each group. At the end of
the study, animals were sacrificed and their primary tumors were removed.

Treatment of PKT mice

PKT mice were treated with vehicle, GM-CSF blockade antibody (a GM), CREB inhibitor
(666-15), or a combination of aGM and 666—15. Mice in the NNK (10 mg/100 g/day),
aGM (2.5 mg/kg/3days) and 666-15 (10 mg/kg/day) arm were received starting at 4 weeks
of age. NNK and/or a GM were administered intraperitoneally and 666—15 or vehicle was
administered by oral gavage for 3 weeks, after which mice were euthanized and dissected.
Due to the irregularity of the tumor dimensions, size was determined by weighing the entire
tumor. Tumor tissue was processed for further immune-histochemical examination.

Immunohistochemistry

Tissues were fixed and immunostained using antibodies against cytokeratin 19, Ki67, F4/80,
FoxP3 and claudin 18 (Supplementary Table S1). These tissues were stained for alcian blue.
Stained tissues were evaluated by an expert pathologist (C.S). Tissue slides were
deparaffinized, antigen retrieval was carried out in citrate buffer (pH = 6.0) under pressure
for 15 minutes, and endogenous peroxidase activity was blocked by incubating with 3%
H,0, for ten minutes The sections were stained with primary antibodies at described
concentrations and developed using DAB substrate (Mector, Burlingame, CA).
Immunostained slides were scanned and their corresponding staining was quantified using
the Ariol SL-50 platform (Leica Camera, AG). Digital slide images were adjusted to exclude
areas containing obvious histologic artifacts, such as tissue folds or nonorganic material,
from the digital image. Values were calculated and reported as relative expression of protein
staining.
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Statistical analysis

Descriptive statistics were calculated using Microsoft Excel and Prism software (Graphpad).
Results are shown as values of mean + s.d. unless otherwise indicated. Statistical analyses of
immunohistochemistry data were performed using the ANOVA followed by Tukey’s
multiple comparisons test to determine AP-values. The two-sided Student’s t test was used for
two groups comparison, with P < 0.05 considered as statistically significant, except when
indicated otherwise. Survival curves were estimated with the Kaplan-Meier method and
significance of the differences between groups was assessed with the log-rank test.

Ethics statement

All experiments were performed in compliance with the regulations and ethical guidelines
for experimental and animal studies of the Institutional Animal Care and Use Committees at
the Vanderbilt University (Nashville, TN) and the University of Miami (Miami, FL)
(Protocol # 15-057, 15-099 and 18-081).

For additional experimental procedures please refer to Supplementary Materials and
Methods.

Results

NNK exposure induces pCREB expression in pancreas cells

To understand the mechanistic role of smoking in pancreatic cancer progression, we first
exposed human primary pancreatic ductal epithelial cells (H6c7) to NNK for up to 50 days
and performed a phosphokinase array (Supplementary Fig. S1A). Array data revealed a
significant upregulation of CREB and Akt phosphorylation upon NNK exposure. Akt
inhibition with MK-2206 in these cells resulted in downregulation of pCREB expression,
demonstrating that CREB activation is dependent, at least in part, on Akt signaling
(Supplementary Fig. S1B). MK-2206 is known to inhibit the activity of Akt by decreasing
the phosphorylation of serine 473 (S473) and threonine 308 (T308) on Akt (27). This
provided the molecular basis to further examine the role of NNK-induced activation of
CREB in pancreas cells.

A panel of normal pancreatic ductal epithelial and PDAC cell lines were screened for their
respective baseline pCREB expression. This analysis showed that all PDAC cell lines except
SW1990 exhibit robust expression of pCREB, whereas normal ductal epithelial cells (H6c7
and HPNE) had low basal expression (Fig. 1A). To determine if NNK exposure results in
CREB activation, H6c7 and HPNE cells were treated with NNK (1 umol/L) and
immunoblotted for pPCREB expression. NNK dosage of 1 pmol/L and 10 pmol/L
corresponds to lowest and highest dose delivered per cigarette, respectively (6). There was a
significant time-dependent increase in pPCREB expression in both the cell lines upon chronic
exposure to NNK (Fig. 1B). Since NNK acts as an agonist to NAChR (a7 subunit;
a7nAChR), the baseline expression of this receptor and CSFR2a. (Supplementary Fig. S2A)
on a panel of seven pancreatic cell lines was determined. As shown in Supplementary Fig.
S2B (28), robust expression of a7nAChR was seen in most pancreas cells including HPNE.
Interestingly, exposure of H6c7 cells to a high concentration of NNK (10 pmol/L
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corresponding to equivalent dose of 5-6 cigarettes/day) for 50 days exhibited similar time-
dependent CREB activation (Fig. 1C) that was observed with low concentration NNK
exposure, suggesting that NNK-induced CREB activation is a phenomena dependent on
duration of exposure more so than concentration.

Cigarette smokers have elevated pCREB levels and decreased survival in human PDAC

Smokers had a shorter median survival than non-smokers (median survival of 16 months vs
37 months, respectively; p=0.0291) (Fig. 2A). Tissue microarray (TMA) samples from
patients with known smoking status were examined for pCREB expression (Figs. 2B and C).
pCREB expression was significantly higher in both normal and malignant pancreatic tissues
obtained from smokers compared to non-smokers. Furthermore, elevated pCREB expression
in PDAC tumors was associated with worse overall survival (OS) compared to low pCREB
levels (median survival of 11 months vs 49 months, respectively; p<0.0001, Fig. 2D).

NNK exposure accelerates PanIN lesion development in Ptf1aC€ER; | S| -KrasG12D/* mice

To determine the role of pCREB in tumor progression, we screened for pCREB levels in
multiple cell lines derived from PanIN, primary PDAC (PDA) and liver metastasis (LMP)
lesions which were generated from LSL-KrasC12D/ - Trps3RIT2HI - phypCrel+ (KPC)
genetically engineered mouse model (GEM) of PDAC (Fig. 3A). These cell lines serves as a
predictive /in vitro model of tumor progression as validated in our previous studies (29). Pre-
malignant PanIN cells exhibited lowest basal expression of pCREB compared with
malignant PDA and LMP cell lines. Chronic exposure of NNK (1 umol/L) to PanIN cells for
up to 50 days revealed an elevated expression of pCREB in a time-dependent fashion
relative to their corresponding vehicle-treated controls (Fig. 3B), concordant with our results
seen with NNK-treated human pancreatic ductal epithelial cells (Fig 1B).

Early stage PDAC development is characterized by the formation of PanINs, occurring
through acinar-to-ductal metaplasia (30). In Ptf1aC"eER - [ SI -KrasC120/* (jPK) mice,
KrasG12D is specifically activated in acinar cells using a tamoxifen-inducible Cre expressed
by the endogenous Ptfla locus (25,31). /PK mice can initiate PDAC by activating oncogenic
KrasG12D specifically within mature acinar cells, while KrasG12D activation in adult duct
cells or centroacinar cells has little or no effect on PDAC initiation (32). These mice can
normally develop ADM by 9 weeks of age and PanIN lesions at 8 to 17 months of age,
which arise from acinar cells (31). The endogenous Kras in /PK model rely on Ptf1a%" to
obtain acinar cell-specific expression of Kras by Cre-mediated recombination of a stop
cassette placed in the Kras locus. Cre-mediated recombination can excise the stop codon and
permit the oncogenic protein to be expressed. The oncogenic Kras expression is for the
cell’s lifetime because it is a genetic change. Thus, the cells targeted and all the cells that
come from that cell will have the recombined KrasG12D allele and presumably express it.
Interestingly, chronic NNK exposure led to progressive increase in cytokeratin 19 (CK19),
alcian blue positive ductal precursor lesions (PanIN-1 and PanIN-2), and claudin 18 levels as
early as 8 weeks in the pancreatic tissues of /PK mice, whereas these effects were not seen
even at 24 weeks in the corresponding vehicle-treated mice (Figs. 3C and D). Chronic NNK
exposure (upto 16 weeks and onwards) also significantly elevated pCREB expression in the
pancreatic tissues of /PK mice compared to their corresponding vehicle-treated control mice
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(Fig. 3E). Furthermore, chronic NNK exposure upto 24 weeks also led to increase in
PanIN-3 lesions. These results show that NNK exposure accelerates PDAC progression
through progressive increase in number of PanIN lesions.

CREB knockdown decreases NNK-induced pancreatic tumor growth

To further delineate the role of CREB in NNK-induced pancreatic carcinogenesis,
MiaPaCaz2 cells were treated with a CREB inhibitor (CREBI, 666-15) with or without NNK
exposure. Specificity of 666—15 has been previously investigated and shown to inhibit
CREB?’s transcription activity with an ICsg ~80-100 nM (33). Our results showed 666-15 in
PDAC cells resulted in inhibition of cell proliferation and increase in apoptosis
(Supplementary Figs. S3A and B), as well as it inhibited CREB mediated gene transcription
of FOS and EGR1 (Supplementary Fig. S3C). CREBi significantly reduced NNK-induced
anchorage independent growth in MiaPaCa2 cells (Fig. 4A). Next, CREB knockdown
(CREBsh) cells were generated for MiaPaCa2 and PANC1 (Supplementary Figs. S4A and
B), which showed a significant reduction in the number of colonies compared to a vector
control (Fig. 4B).

MiaPaCa2 and PANC1 CREB shRNA xenografts were generated using cell lines via
subcutaneous flank injection in athymic nude mice (Fig. 4C and Supplementary Fig. S4C).
The empty vector and CREB shRNA xenografts were then treated with either NNK or
vehicle (Figs. 4C and D). Administration of NNK (10 mg/100g body weight) administration
by intraperitoneal injection was chosen as it recapitulates the levels of NNK found in
smokers (26). CREBsh MiaPaCa2 xenografts showed absence of pCREB expression when
compared to vector control xenografts (Fig. 4E). Furthermore, CREB knockdown
significantly impaired NNK-induced tumor growth and proliferation, as measured by Ki67
index, in comparison to NNK-treated vector controls (Figs. 4D and F). This effect on NNK-
induced tumor growth was also observed in PANC1 CREBsh xenografts (Supplementary
Fig. S4C). NNK and its metabolites have a long retention time /n vivo (34). Our results
showed that the tumor growth rate remained unaltered in the absence of NNK. Importantly,
NNK treatment did not have any impact on mouse weight throughout the treatment period
(Supplementary Fig. S4D).

GM-CSF activates CREB in vitro and in vivo

To elucidate the molecular signals that drive NNK-induced pancreatic tumor growth, RNA-
seq analysis was used to examine the upregulated pathways in PanIN cells exposed to NNK
(for 5 and 50 days) (Fig. 5A, Supplementary Fig. S5). Ingenuity Pathway Analysis (IPA)
identified top seven cellular functions, overlapping genes, upstream/downstream molecules
and the top five diseases (Supplementary Fig. S5A, B, C and D). This analysis revealed that
CREBL1, FOS, EGR1 and GM-CSF (CSF2) were the most upregulated genes in response to
chronic (50 days) NNK exposure (Fig. 5B), indicating that NNK induction activates CREB
at the transcriptional level. Additionally, FOS and EGR1, known downstream target genes of
CREB, were also significantly upregulated upon NNK exposure. The RNA-seq results were
subsequently validated using gRT-PCR (Fig. 5B) for both mouse PanIN and human H6c7
cells treated with NNK for 50 days. Given the elevated expression of GM-CSF with NNK
exposure, we then sought to delineate the role of GM-CSF in NNK-induced tumor cell
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growth by analyzing the conditioned media obtained from NNK treated H6c7 and PanIN
cells. GM-CSF secretion was significantly increased in the conditioned media of NNK
treated cells compared to their respective untreated controls, in concordance with our RNA-
seq findings (Fig. 5C). This effect was also noted /n vivo, where a significant increase in
serum levels of GM-CSF in NNK-treated /PK (Fig. 5D, top panel), KC, KPC and PKT (Fig.
5D, lower panel) mice was observed. This indicated that NNK-induction stimulates GM-
CSF release both in vitroand in vivo.

In order to determine the specific role of GM-CSF on pancreatic cancer cell function, we
first examined the expression of the GM-CSF receptor protein CSF2Ra on five different
primary human pancreatic cancer cell lines and two pancreatic ductal epithelial cell lines.
The GM-CSF receptor CSF2Ra was expressed in all the cell lines tested (Supplementary
Fig. S2). NNK induced activation of CREB was reduced by blocking GM-CSF (aGM) or
CREBI or combination of aGM and CREBi in H6c7 cells (Fig. 5E). To determine if the pro-
tumorigenic effects of GM-CSF were mediated through CREB, HPNE-Kras (Supplementary
Fig. S6A) and MiaPaCa2 (Supplementary Fig. S6B) cells were treated with recombinant
GM-CSF (rGM-CSF) with or without CREB inhibitor. CREBI significantly reduced GM-
CSF mediated colony formation, suggesting that GM-CSF exerts its cellular functions, at
least in part, through CREB. To understand the mechanistic link between GM-CSF and
CREB, MiaPaCa2 cells were treated with rGM-CSF with or without Akt inhibitor MK-2206
(Fig. 5F). Cells treated with rGM-CSF showed activation of both Akt and CREB. We
observed a significant reduction in both pAkt and pCREB levels with Akt inhibition in
comparison to the controls or rGM-CSF, suggesting that GM-CSF also causes upregulation
of CREB by activating Akt signaling in PDAC cells. Furthermore, there was a significant
reduction in GM-CSF levels in the serum obtained from CREBI treated PKT

(Ptf1aCre* | SL -KrasC12D/* T fbrafox/flox) mice in comparison to the vehicle treated
controls (Fig. 5G). These results confirm that CREBi affects GM-CSF levels.

Targeting CREB affects the immune tumor microenvironment

Tumor-derived GM-CSF plays a critical role in regulating inflammation and immune
suppression within the tumor microenvironment (35). Our results demonstrating an
enhanced release of GM-CSF upon NNK exposure both /n vitro and in vivo compelled us to
further explore the potential effects of smoking on /in vivo PDAC tumor growth and its effect
on the immune tumor microenvironment. NNK was administered with or without GM-CSF
blockade and/or CREBI in PKT mice (Fig. 6A). CREBI (666—15) dosage has been chosen as
it’s the dose that is well-tolerated /n vivo (33). CREBI significantly reduced tumor burden in
NNK-treated PKT mice compared to the corresponding vehicle treated controls. The arm
receiving additional GM-CSF blockade did not display any additional anti-tumor effects
compared with CREBi monotherapy in NNK-treated PK7 mice (Fig. 6B), suggesting these
effects are mediated primarily through CREB. The effect on the different immune
compartments of an autochthonous and aggressive K7 mouse model of PDAC was
evaluated. CREBI monotherapy significantly reduced F4/80 positive tumor-associated
macrophages (TAMSs) and FoxP3 positive regulatory T cells (Tregs cell population) in NNK-
treated PK7 mice when compared to their corresponding vehicle, aGM or combination of
CREBi and a.GM treated mice (Figs. 6C and D). Additionally, CREBI increased the CD3* T
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cell population in the NNK treated tumors. None of the treatment modalities employed had
any significant impact on mouse weights assessed during treatment as shown in
Supplementary Fig. S6C. Analysis of the effect of CREB on inflammation has been
performed using flow cytometry (Supplementary Table S8). Results show that CREBI
increased the infiltration of CD3* T cells while at the same time increasing the proportion of
CD8™ T cells. This resulted in increased CD8/CD4 T cell ratio.

Targeting CREB affects tumor stroma and immune infiltration

To explore the relationship between CREB signaling, stroma and immune infiltration, we
utilized PKT mice. Tissues from PKT mice treated with NNK with or without CREBi were
stained for a-SMA and trichrome blue, which showed abundant tumor stroma (Fig. 7A).
Coincident with tumor formation, the pancreatic tissue of PKT mice were highly fibrotic, as
reported previously (36,37). CREBI significantly reduced tumor stroma in NNK-treated
PKT mice compared to the corresponding controls. Furthermore, CREBI significantly
reduced proliferation in NNK-treated PK7 mice compared to the corresponding controls
(Fig. 7A). These results suggest that the underlying reason of reduced tumor growth is due
to reduced proliferation of the tumor cells and invoked anti-tumor immunity due to reduced
infiltration of immunosuppressive cells.

Discussion

Oncogenic Kras is the most frequent mutation and a critical driver of PDAC growth and
development (38). Targeting Kras has been largely ineffective, leading investigators to
pursue other downstream targets for therapeutic effect. CREB is a downstream mediator in
the Kras pathway and is constitutively active in most PDAC tumors. In our current study,
survival outcomes are significantly worse in smokers compared with never smokers (Fig.
2A) and we confirmed that activated CREB is overexpressed in pancreatic tissues of
smokers (Figs. 2B and C). Additionally, activated CREB levels were strongly associated
with worse overall survival in PDAC patients, suggesting the potential role of cigarette
smoking in worsening overall disease prognosis through upregulation of pCREB.

Our results demonstrate a predominant increase in pCREB expression which correlates with
an accelerated progression of ADM, and low-grade and high-grade PanIN lesions during the
transformation from normal epithelium to dysplastic tissue with chronic exposure to NNK
(Figs. 3B, C and D). Activation of CREB in /PK mice exposed to NNK were consistent with
our /n vitro observations in human normal ductal epithelial and mouse pre-neoplastic cells
exposed to NNK. Additionally, we noted that pCREB levels were elevated to a greater
degree with chronic NNK exposure when compared to acute NNK exposure (Figs. 1 and 3),
indicating that the duration of NNK exposure is an important risk factor for PDAC
development (39).

Our results provide compelling evidence that CREB activation induced by NNK exposure

plays a critical role in the onset (Fig. 3D) and development of PDAC as CREB knockdown
significantly reduces NNK-induced PDAC tumor growth and proliferation /n vivo (Figs. 4C
and E). NNK is metabolized into 4-(methylnitrosamino) —1-(3-pyridyl)-1-butanol (NNAL)
and [4-(methylnitrosamino)-1-(3-pyridyl) but-1-yl]-beta-O-D-glucosiduronic acid (NNAL-
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Gluc) /n vivo (40). The slow elimination of carcinogenic metabolites found in cigarette
smoke and their presence within multiple organs suggests a high retention of NNK within
host tissues including the pancreas. This may indicate an increased risk for PDAC
development and progression amongst former smokers even after smoking cessation. Further
investigation into this phenomenon is warranted.

After delineating the strong correlation between NNK and pCREB overexpression, we
successfully showed the regulatory mechanism which leads to pCREB induction after NNK
exposure. The RNA seq and subsequent gPCR data obtained from NNK treated H6c7 and
PanIN cells showed a significant upregulation of CREB, FOS, EGR1 and GM-CSF in
comparison to their corresponding vehicle treated controls. GM-CSF blockade attenuated
pancreas tumor weight gain in NNK exposed PKT mice, suggesting a pro-tumorigenic role
of GM-CSF in PDAC. This is consistent with the recent report about the role of CREB in
GM-CSF secretion in lung fibroblast cells (41) and smoking-induced lung cancer model.
Our study revealed a strong correlation between pCREB levels and serum levels of GM-CSF
in both /n vitro cell models and /n vivo PDAC GEMMs when were treated with NNK (Figs.
5C and D). To the best of our knowledge, these data are the first report to link GM-CSF to
smoking-induced PDAC formation and progression. Furthermore, we showed that CREBI
completely abrogated the adverse oncogenic effects of GM-CSF, indicating that NNK-
induced activation of CREB occurs through GM-CSF (Figs. 5E and G). Recent reports have
defined the role of GM-CSF in malignant progression (42), worse prognosis (43) and
modulation of immune tumor microenvironment through recruitment and differentiation of
myeloid progenitor cells into immunosuppressive myeloid-derived suppressor cells
(MDSCs) in the surrounding stroma in PDAC (44). More importantly, we show here that
CREB also regulates GM-CSF (Fig. 5G), which may have an indirect effect on these
suppressive cells.

We also observed that NNK treated PK7 mice exhibited elevated GM-CSF secretion, which
corresponded to an increased tumoral macrophage population. Other studies have suggested
the role of TAMs in ADM formation in PDAC (45). Our data suggests that NNK exposure
may mediate TAM infiltration into pancreatic tissue and promote ADM through the
CREB/GM-CSF pathway. It has also been shown that CREB activation promotes the
induction and maintenance of Tyegs (46) and generation of immunosuppressive macrophages
(47). We show here that CREBI alone can significantly reduce tumor burden and decrease
infiltration of these immunosuppressive TAMs and Tregs in NNK-exposed PKT mice,
suggesting that CREB s a critical regulator of the immune microenvironment. Specifically,
in terms of TAMs, it has been shown that CREB can promote the M2 macrophage
phenotype (48). Hence, specific contribution of CREBI in modulating M1 vs. M2 phenotype
of TAMs in the TME should be analyzed in the future studies. Furthermore, our results show
that CREBI also increases the infiltration of CD3* T cells into the PDAC tumors; suggesting
a overall switch from immunosuppressive to tumor inhibitory TME. Further studies aimed at
evaluating the direct effects of CREBI on various immune cells should inform the extent of
direct effects of CREBi on immune microenvironment in the TME.

Previous reports have identified GM-CSF as a central signaling molecule in promotion of an
immunosuppressive microenvironment (49). Although GM-CSF may not directly affect
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Tregs: it has been shown that increased GM-CSF levels may promote generation of Tegs
secondary to the induction of CD11¢*CD8a DCs (38). Therefore, targeting the negative
effects of GM-CSF pathway, which is an important component of multiple normal
homeostatic processes, may be achieved through downstream inhibition of CREB.
Therefore, CREBI further presents a novel therapeutic pathway in regulating the PDAC
immune microenvironment. 1t’s known that GSK3 and NF-xB pathways regulate
inflammatory cells through CREB (46,50). It is plausible that CREBi may regulates
inflammation indirectly through GSK3 and NF-xB signaling pathways. Our results indicate
that these effects proceed through CREB, thus presenting a potential pathway that can be
therapeutically targeted to improve overall immune responses. A more detailed
understanding of the communication between tumor and stromal cells would further aid in
knowing the potential direct and indirect effects of CREBi on immune cells and role of
inflammatory cells within this process.

Our work demonstrates for the first time that CREB plays a significant role in smoking-
induced PDAC tumor growth through modulation of the GM-CSF pathway, mediating Akt,
affecting downstream pro-inflammatory factors, tumor stroma and reducing TAMs and Tpeg
infiltration (Fig. 7B). Furthermore, CREB depletion delays tumor growth in PDAC mouse
models and appears to downregulate the Akt pathways induced by cigarette smoking.
Overall, these data provide mounting evidence of the functional role of CREB in smoking-
induced PDAC progression and provides with a unique therapeutic target in smoking-
induced cancer models.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Findings identify GM-CSF-induced CREB as a driver of pancreatic cancer in smokers
and demonstrate the therapeutic potential of targeting CREB to reduce PDAC tumor

growth.

Significance:

Cancer Res. Author manuscript; available in PMC 2019 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Srinivasan et al.

A

B

NNK

H6c7

HPNE

Page 17

) 1.5-

— ?" E

X @D O b= [

1 ncm'\—o’ 0:
NWWoof oo 2 5 1.0-
§EfEc52: i
TITO NS &5 %505

- CREB Ee ™

-!.. P S

0.0-

™ tCREB )
-—— (OO - - ‘gf”\ Qg'éi*.@;gfb@“:,&é:@&;@&
P ———— V1 T} & & e
C
1d 10d 50d 100d 10d 50d
T ETERNEFNE’ NNK -+ - +
. .~ w® = pCREB — “ % = w= == pPCREB

— s o e o o= a8 {CREB
A o - o e ) o= {CREB

H6c7

- e = sen v o= Actin
= == PCREB

e e e o 8 o ff {CREB
[———— T LX)

NNK used =1 pmol/L

A e e s Actin

NNK used = 10 pmol/LL

Figurel.
NNK exposure activates CREB in human pancreatic epithelial cells. A. Western blot

demonstrating baseline expression of activated and total CREB levels in a panel of eleven
human and pancreatic cell lines including PDAC cells (/eft panel). Actin was used as a
loading control. Densitometry analyses of pPCREB normalized to total CREB was shown in
the right panel. B. Western blot demonstrating time-dependent pCREB expression in H6¢c7
and HPNE human pancreatic ductal epithelial cells (exhibiting low basal pPCREB
expression) upon NNK treatment (1 umol/L) for up to 100 days. C. Western blot
demonstrating time-dependent pCREB expression in H6c7 cells upon NNK exposure (10
umol/L) for 10 and 50 days respectively.
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Figure2.
Activated CREB levels in human pancreatic tissues correlates with their smoking status. A.

Kaplan-Meier survival curve comparing overall survival of PDAC patients with never
smokers versus smokers (n=129; £=0.0291). B. Representative immunohistochemical
analysis of pCREB staining in tissue microarray (TMA) constructed from human pancreatic
tissues obtained from smokers and non-smokers (one specimen per group shown). C. Chi-
squared analysis of pCREB expression in normal pancreatic duct and tumor tissues obtained
from smokers and non-smokers. (n=97, P<0.0001). D. Kaplan-Meier survival curve
comparing overall survival of PDAC patients stratified by their corresponding pCREB
staining levels (n=57; A< 0.0001).
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Figure 3.
Smoking accelerates PanIN and PDAC formation and activates CREB in the spontaneous

Ptf1aCreER - | SI -KrasG12D/* (jPK) mouse model. A. Western blot demonstrating baseline
expression of activated and total CREB levels in a panel of three mouse pancreatic cell lines
including cancer cells (/eft panel). Actin was used as a loading control. Normalized pCREB
expression levels were quantified using Image J image analysis software (right panel). B.
Western blot demonstrating time-dependent pCREB expression in pre-cancerous mouse
PanIN cells (exhibiting low basal pPCREB expression) upon NNK treatment (1 umol/L) for
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up to 100 days. C. Representative H&E, cytokeratin 19, alcian blue and claudin 18 staining
of pancreatic tissues harvested from NNK (10 ppm in drinking water) treated /PK mice for
up to 24 weeks. Scale bar: 50um. D. Quantification of the number of alcian blue positive
PanIN lesions (low and high grade) per high-power field (HPF) in the control and NNK-
exposed /PK mice. (n=8, **, P<0.01; ***, < 0.001). E. Western blot demonstrating
pCREB expression in pancreatic tissues harvested from NNK (10 ppm in drinking water)
administered /PK mice (/eft panel) and densitometry analyses of pPCREB normalized to total
CREB protein was shown (right panel).
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Figure 4.

CREB inhibition (CREBI) effectively suppresses NNK-induced pancreatic tumor growth. A.
MiaPaCaz2 cells were treated with NNK (1 umol/L) and/or CREB inhibitor (1 pmol/L) and
analyzed for number of colonies. Colony size results were calculated from eight photographs
analyzed from triplicate wells. Data are represented as mean + S.D. B. MiaPaCa2 and
PANC1 CREB shRNA cells were analyzed for number of colonies. Colony size results were
calculated from eight photographs analyzed from triplicate wells. C. Experimental design
for NNK treatment in CREBsh MiaPaCa2 xenograft mouse model (n=5 per experimental
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cohort). D. CREBsh MiaPaCa2 and empty vector cells were subcutaneously injected onto
the flank of Fox1-nu/nu mice and treated with NNK at 10 mg/100g by intraperitoneal
administration, three times/week for 29 days. Tumor volumes were measured up to 36 days.
The tumors were later dissected and growth curves were measured and represented as mean
+ S.D (n=5). E. Immunofluorescence staining of pCREB expression in vehicle or NNK-
treated vector and CREBsh MiaPaCaz2 flank xenografts. F. Representative Ki67 staining of
vehicle or NNK-treated vector and CREBsh MiaPaCaz2 flank xenograft tissues (/eft panel).
Quantification of Ki67 staining data obtained from vehicle or NNK-treated vector and
CREBsh MiaPaCaz2 flank xenografts (right panel) (n=3; ns, P> 0.05; ***, £<0.001,
Student t test). ", P> 0.05; *, < 0.05; **, P<0.01; ***, P<0.001; **** P< 0.0001.
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Figure5.

NNK administration differentially stimulates GM-CSF secretion /in vitro and in vivo. A.
RNA obtained from PanIN cells treated with NNK (1 pmol/L) or DMSO (control), for 5 and
50 days respectively, were subjected to RNA-seq analysis. The differentially expressed
genes between the control and treatment groups were determined using hierarchical
clustering and subsequent heat map generation of normalized gene expression in
standardized units. Data analysis using Ingenuity Pathway Analysis (IPA) revealed the
upregulated genes in the treatment group (denoted by red color). B. gPCR data of RNA
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collected from PanIN cells (fop panel) and H6¢7 cells (bottom panel) treated with NNK (1
umol/L) or DMSO (control) for 50 days and analyzed to validate the genes upregulated in
RNA-seq data (n=3). C. Human cytokine array data obtained using conditioned media
collected from NNK (1 pmol/L) treated H6c7 cells and PanIN cells (/eft panel). Relative
GM-CSF expression from the respective NNK-treated cells (H6¢7 and PanIN) quantified
using Image J image analysis software (right panel). D. GM-CSF levels in serum of
Pif1aCreER - | SI -KrasC12P/* mice administered with NNK (10 mg/100g/3days) in a dose
dependent manner, measured using ELISA (fop panel, n=6 per group). KC (LSL-
KrasG12D/* - pax1Cre/*) KPC (LSL-KrasS12Dl* - Trps3R1T2HI% - poy [Crel+y and PKT
(Ptf1aCre* | SL -KrasC12D/*: Tgfpr2 ox/floxy mice were injected with NNK at 10 mg/100g
by intraperitoneal administration, every 3 days/week for two weeks, GM-CSF levels in
serum was measured using ELISA (lower panel, n=4 per group). E. Western blot
demonstrating pCREB expression levels in MiaPaCaz2 cells treated with NNK (1 pmol/L)
with or without GM-CSF antibody blockade (aGM, 1 pg/ml) and CREBI (666-15, 1
pumol/L). F. Western blot demonstrating pAkt and pCREB expression levels in MiaPaCa2
cells treated with MK2206 (250 nMol/L) with or without recombinant GM-CSF (rGM-CSF,
100 ng/ml). G. Serum GM-CSF level was measured from PKT mice treated with CREBI
(666-15) (10mg/kg/daily) for 3 weeks. "5, P> 0.05; *, P< 0.05; **, P< 0.01; ***, P<
0.001; **** P<0.0001.
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Targeting CREB decreases tumor growth and alters recruitment of tumor-associated
macrophages (TAMs) and Regulatory T cells (Tregs) in NNK-exposed PK7 mice. A.
Experimental design for NNK treatment with or without GM-CSF blockade (a GM) and/or
CREBI (666-15) in PKT mice model (n=5 per group). B. Tumor weights obtained from
resected tissues obtained from PKT mice treated with NNK (10 mg/100g/3days); with or
without aGM (2.5 mg/ kg/ 3days); with or without CREBI (666-15) (10 mg/kg/daily) for 3
weeks (n=5). C. Representative H&E, F4/80, FoxP3 and CD3 staining of pancreatic tissues
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harvested from PKT mice treated with NNK with or without 666—15 and/or a GM. Scale
bar: 50um. D. Quantification of relative expression of F4/80, FoxP3 and CD3 in the
harvested PK T tumor tissues (n=5). S, P> 0.05; *, P< 0.05; **, P<0.01; ****, P<0.0001.
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Figure7.
Targeting CREB decreases tumor stroma and proliferation by reducing immunosuppressive

infiltrate in NNK-exposed PK7 mice. A. Tissues obtained from PKT mice treated with NNK
(10 mg/100g/3days); with or without CREBI (666-15) (10 mg/kg/daily) for 3 weeks (n=5)
were stained for Ki67, a-SMA, trichrome blue and cleaved caspase 3 (/eft panel). Scale bar:
50um. Quantification of relative expression of a-SMA, trichrome blue and Ki67 in the
harvested PK'T tumor tissues (right panel, n=5). ", P> 0.05; *, £< 0.05; **, P< 0.01. B.
Proposed model of the NNK-induced acceleration of the PDAC tumor growth by activating
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CREB. NNK induces GM-CSF that activates CREB through Akt signaling, which results in
the activation of TAMSs, Tregs, tumor growth/proliferation and tumor stroma, and regulates
immune infiltration, which further accelerated the progression of PDAC.
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