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Abstract

Several aryl hydrocarbon receptor (AhR)-active pharmaceuticals were screened as inhibitors of
pancreatic cancer cell invasion and identified two compounds, omeprazole, that inhibited invasion.
Inhibition of highly invasive Pancl cell invasion by omeprazole involves an AhR-dependent non-
genomic pathway, and omeprazole-mediated inhibition of Pancl cell invasion was dependent on
Jun-N-terminal kinase (JNK) and mitogen-activated kinase kinase 7 (MKK?7). The failure of
omeprazole to induce nuclear translocation of the AhR was not due to overexpression of cytosolic
AR partner proteins Hsp90 or XAP2, and results of DNA sequencing show that the AhR
expressed in Pancl cells was not mutated. Results of RNAseq studies indicate that omeprazole
induced an AhR-dependent downregulation of several pro-invasion factors including activated
leukocyte cell adhesion molecule (ALCAM), long chain fatty acid CoA-synthase (CSL4), stathmin
3 (STMN3) and neuropillin 2 (NRP2), and the specific functions of these genes are currently being
investigated.
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INTRODUCTION

The AhR is a ligand-activated transcription factor that was initially identified as the
intracellular protein that bound the environmental toxicant 2,3,7,8-tetrachlorodibenzo-p-
dioxin (TCDD) and related compounds, and subsequent studies showed that the AhR binds
structurally and functionally diverse ligands including health-promoting phytochemicals and
pharmaceuticals [1-4]. The classical mechanism of action associated with ligand-dependent
activation of the AhR involves heterodimer formation with the AhR nuclear translocator
(Arnt) and binding to cis-acting xenobiotic response elements on target gene promoters [1,
2]. The nuclear AhR interacts with other partners and other response elements, and there are
also reports of non-genomic (or extranuclear) AhR-dependent pathways [5-8] and the AhR
plays an essential role in normal physiology and pathophysiology [9-12].

Studies in this laboratory have been investigating AhR-active pharmaceuticals and re-
purposing them as AhR-dependent anticancer agents in breast and pancreatic cancer [13—
15]. The advantage in identifying previously approved pharmaceuticals (e.g. omeprazole, a
proton pump inhibitor) for applications in cancer chemotherapy is their relatively rapid
approval. After screening several AhR-active pharmaceuticals in highly aggressive Pancl
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cells, we identified omeprazole as an inhibitor of Pancl cell migration/invasion and this
response was AhR-dependent and involved a non-genomic pathway [15]. In this paper, our
mechanistic studies show that AhR-dependent inhibition of Pancl cell invasion by
omeprazole involves activation of JNK and multiple downstream genes.

2. MATERIALS AND METHODS

Cell lines, antibodies, and reagents.

Pancl human pancreatic cancer cell lines were obtained from the American Type Culture
Collection (Manassas, VA) and maintained in Dulbecco’s modified Eagle’s medium
(DMEM) nutrient mixture supplemented with 0.22% sodium bicarbonate, 0.011% sodium
pyruvate, 10% fetal bovine serum (FBS) at 37°C in the presence of 5% CO,. pcDNA3-Flag-
MKK4, pcDNA3-Flag-MKK7-JNK1 WT, and pcDNA3-Flag-MKK7-JNK1 APF plasmid
clones were purchased from Addgene (Cambridge, MA). CYP1A1, AHR, and antibodies
were purchased from Santa Cruz Biotechnology (Santa Cruz, CA) and SAPK/JNK pathway,
AKT pathway, MAPK family, and GAPDH antibody were purchased from Cell Signaling
Biotechnology (Danvers, MA). All compounds used in this study and anti-Flag M2 antibody
were purchased from Sigma-Aldrich (St. Louis, MO).

Quantitative real-time PCR.
cDNA was prepared from the total RNA of cells using High capacity RNA-to-cDNA Kit
(Applied Biosystems, Foster City, CA). Each PCR was carried out in triplicate using iTaq
universal SYBR Green mix (Bio-Rad) and Bio-Rad CFX384 (C1000) real-time PCR
System. Values for each gene were normalized to expression levels of TATA-binding protein
(TBP). The sequences of the primers used for real-time PCR are listed in Supplemental
Table 1.

Western blot analysis.

Cells (3 x 10°) were plated in six-well plates in DMEM media containing 2.5% FBS for 16
hr, treated with different concentrations of the compounds, and cellular lysates were
analyzed by western blot analysis as previously described [13-15].

Invasion assay.

For invasion assay of Pancl cells, the BD-Matrigel Invasion Chamber (24-transwell with 8
um pore size polycarbonate membrane) was used in a process of modified Boyden chamber
assay as previously described [13-15].

Transfection of siRNA.

Cells (1.5 x 10° cells/well) were plated in 6-well plates in DMEM media supplemented with
10% FBS. After 16 hr, the cells were transfected with 100 nM of each siRNA duplex for 6 hr
using Lipofectamine 2000 reagent (Invitrogen) following the manufacturer’s protocol.
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RNA-seq analysis.

Total RNA was extracted from cells using Trizol reagent (Invitrogen) and RNA mini prep kit
(Qiagen) according to the manufacturer’s protocol and contaminated chromosomal DNA
was removed by treatment of DNase | (Qiagen). Sequencing and analysis were performed by
Genomics and Bioinformatics Service center (www.txgen.tamu.edu). FASTQ sequences
were mapped to human genome hgl19 (GRCh37) downloaded from UCSC genome browser
website and aligned using TopHat2 [16]. Transcript structure and abundance were estimated
using Cufflinks [17]. The differential expression analysis was performed using DESeq?2
(version 1.10.1) [18] and R (version 3.4.0). Briefly, count matrices were fit for a generalized
linear model per gene following a negative binomial distribution. Dispersion estimates for
each gene within groups were shrunk using an empirical Bayes approach. Log fold-changes
were compared between disease groups using the Wald test. Pairwise correlation was
calculated with Pearson’s method in R. Hierarchical clustering analyses performed using
DESeq? rlog-normalized RNA-seq data.

Tumor sphere formation assay.

Cells were plated in 12-well ultralow attachment plates (Corning) at a density of 3,000
cells/ml in serum-free DMEM:F12 (Gibco) supplemented with 20 ng/ml recombinant
human EGF (PeproTech), 100 ng/ml recombinant human FGF-basic (Gibco) and 1:50 B27
supplement (Gibco), and incubated at 37°C in the presence of 5% CO, for 7 days.

Apoptosis assay.

Cells were treated with 0.1% DMSO, 200 uM omeprazole in 2.5% FBS-DMEM for 24 hr
and stained using the Alexa Fluor® 488 Annexin V/Dead Cell Apoptosis Kit according to
the manufacturer’s protocol (Molecular Probes). Annexin V and Pl were analyzed by flow
cytometry. Annexin V-positive cells were counted as Apoptosis cells in total 500,000 cells
per each sample.

Statistics.
All of the experiments were repeated a minimum of three times. The data are expressed as
the means (SD). Statistical significance was analyzed using either Unpaired-Student’s t-test
(two-tailed) or analysis of variance (ANOVA) test. A Pvalue of less than 0.05 was
considered statistically significant.

3. RESULTS

Non-genomic activities of the AhR are usually associated with activation of kinase activities
[8, 19, 20]. TCDD but not omeprazole decreased phospho-Akt (p-Akt) 2 to 6 hr after
treatment (Figs. 1A and 1B). However, omeprazole but not TCDD inhibited Panc1 cell
invasion and only omeprazole induced a rapid (0.5 hr) activation of INK (p-JNK) which also
increased slightly after 6 and 12 hr, whereas minimal effects were observed for changes in
phosphorylation of p38, ERK and Akt (data not shown and Suppl. Fig. 1). We then
investigated the time-dependent effects of omeprazole in wild-type Pancl cells or cells in
which the AhR was silenced (siAhR) by RNA interference (RNAI) (Fig. 1C). The results
clearly showed that omeprazole-mediated induction of p-JNK after 0.25 and 0.5 hr were
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attenuated after AhR knockdown, and similar but not as striking results were observed for
phosphorylation of cJun (p-cJun). Interestingly, omeprazole-induced JNK did not modulate
Annexin V staining (marker of apoptosis) in Pancl cells (Suppl. Fig. 2) and this contrasts to
the effects of melatonin which induced apoptosis via suppression of NFxB in MiaPaca2
cells [21].

We also investigated the effects of several kinase inhibitors on omeprazole-induced Pancl
cell invasion (Figs. 1D and 1E). The JNK inhibitor SP600125 significantly reversed
omeprazole-induced invasion, whereas p38, MAPK and Akt inhibitors SB203580, U0126
and LY294002, respectively, did not significantly attenuate invasion induced by these AhR-
active pharmaceuticals. We also observed that omeprazole which activated JNK decreased
Pancl tumor sphere formation (Fig. 1F) and this contrasts to a report showing that a JNK
inhibitor decreased cancer stem cells [22]. MKK4 and MKK?7 are two upstream activators of
JNK that have non-redundant functions /n vivo [23], and we used wild-type (active) MKK7-
JNK-WT chimera and mutant (inactive) MKK7-JNK-APF (Fig. 2A) [24] to determine their
effects on kinase activation and Pancl cell invasion. Only MKK7-JNK-WT activated p-JINK
and p-cJun (Fig. 2B) and in invasion assays using these same constructs (Figs. 2C and 2D),
only MKK7-JNK-WT inhibited Pancl cell invasion. In contrast, overexpression of MKK4
did not activate JNK (data not shown). These results further confirm a ligand-activated AhR-
JNK connection and that JNK activation is directly involved in the invasion of Pancl cells.

Omeprazole-induced activation of JINK which is important for Pancl cell invasion (Figs. 1—
2) involves the cytosolic AhR [15], and we therefore investigated possible factors that block
nuclear accumulation of the AhR in highly invasive pancreatic cancer cells. We
hypothesized that the AhR in Pancl cells may be mutated in the region containing a nuclear
localization signal or in other domains of the AhR; however, we sequenced all 11 exons and
did not detect any mutation (Fig. 3A) and this complemented previous studies showing that
overexpression of wild-type AhR did not result in nuclear uptake [15]. We then used two
well-characterized assays that denote a functional nuclear AhR complex, namely induction
of CYP1A1l and CYP1B1 (Figs. 3B and 3C) coupled with knockdown of various factors that
could influence omeprazole-dependent induction of these genes. Omeprazole decreased
basal CYP1Al and CYP1B1 mRNA levels and effects of TCDD an inducer of these genes
was minimal (<2-fold) in control cells (transfected with siCtl — a non-specific
oligonucleotide) and previous studies showed that omeprazole-mediated effects on
CYP1AL/CYP1B1 were AhR-independent [15]. Knockdown of Arnt (siArnt) decreased
mRNA levels and the silencing of XAP2 (siXAP2) and Hsp90 (siHsp90) which bind to the
cytosolic AhR did not affect induction of CYP1A1 or CYP1B1 by omeprazole. We also
examined the effects of three additional genes that interact with the AhR, namely
mitochondrial ribosomal protein 40 (MRPL40), eukaryotic translation elongation factor 1a.1
(EeflAl), and activated leukocyte cell adhesion molecule CD166 (ALCAM) [25].
Knockdown of these three factors also did not enhance CYP1A1/CYP1B1 induction, and
currently we are investigating other factors expressed in Pancl cells that inhibit nuclear
translocation of the AhR. The efficiencies of gene knockdown by these oligonucleotides is
summarized in Supplemental Figure 3.
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We also used RNAseq analysis to investigate AhR-regulated genes that were altered after
knockdown of the AhR (siAhR) and also omeprazole-induced/repressed genes that are
altered after AhR depletion by siRNA. We identified 343, 163 and 183 AhR/omeprazole
(AhR-dependent)-regulated genes associated with total, metastasis and JNK cascade genes,
and a heat map diagram for metastasis genes is illustrated in Figure 4A. Four of these genes,
long chain fatty acyl-CoA synthetase-4 (ACSL4), ALCAM, stathmin-3 (STMN3), and
neuropilin 2 (NRP2), were decreased by treatment with omeprazole and this response was
attenuated after AhR knockdown (Fig. 4B). Four and a half LIM domains 2 (FHL2) and
zyxin (ZYX), were induced by omeprazole, and the induced response was significantly
inhibited by knockdown of the AhR. Knockdown efficiencies are summarized in
Supplemental Figure 3. There is evidence that ACSL4, ALCAM, STMN3 and NRP2 are
associated with migration or other pro-oncogenic activities [26—29] and downregulation of
these genes by omeprazole is consistent with the anti-invasion effects observed for
omeprazole. ZY X and FLH2 exhibit both tumor suppressive and tumor promoter activities
[30-33], although the latter gene plays a role in pancreatic cancer cell radio-resistance [32].
Current studies are evaluating the relative contributions and mechanisms of induction of
these and other omeprazole-regulated genes in pancreatic cancer.

4. DISCUSSION

The AhR plays a role in maintaining cellular homeostasis and various diseases and like other
receptors, selective AhR modulators (SAhRMs) or ligands can be developed for applications
as potential chemotherapeutic agents [2—4, 12]. For example, the AhR pathway plays a
negative role in glioblastoma and there is evidence that kynurenine, a tryptophan metabolite,
decreases immune surveillance and induces cancer cell growth via AhR-dependent pathways
which can be inhibited by AhR antagonists [34, 35]. Research in this laboratory has focused
on re-purposing AhR-active pharmaceuticals for clinical applications in cancer treatment
since the drug approval process would be significantly shortened [13-15].

In previous studies, we showed that omeprazole inhibited estrogen receptor-negative breast
cancer cell invasion through downregulation of the pro-oncogenic factor CXCR4 via the
nuclear AhR complex [13]. The surprising observation regarding the inhibition of Panc1 cell
invasion was that this response was dependent on the cytosolic AhR and independent of Arnt
[15] and this non-genomic pathway was observed only in highly invasive quasimesenchymal
pancreatic ductal adenoma (QM-PDA) cells (such as Pancl cells) but not in less invasive cell
lines (e.g. BXPC3, L3.6pL). Previous studies show that the cytosolic AhR acts, in part, by
modulating kinases [8, 19, 20], suggesting that ligand-induced effects in Pancl cells may be
due to activation of one or more kinases and our results showed that activation of INK was
observed after treatment with omeprazole for 0.25 to 0.5 hr (Fig. 1). These data, coupled
with the loss of drug-induced JNK activation after knockdown of the AhR and inhibition of
drug-induced Pancl cell invasion by the JNK inhibitor SP600125 demonstrate the role of
JNK in mediating the AhR-dependent inhibition of invasion by omeprazole. In contrast,
omeprazole did not activate JNK in BXPC3 pancreatic cancer cells (data not shown), a cell
line that we previously showed formed a nuclear AhR complex [15].
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Nuclear translocation of the AhR is dependent on multiple factors including the ligand and
AR structure, the ability to dissociate from AhR binding proteins such as XAP2 and
Hsp90, and to form a heterodimer with Arnt [36—41]. We sequenced the 11 exons of the
AhR from Pancl cells and did not observe any mutations (Fig. 3A) and previously showed
that Arnt could undergo hypoxia-induced nuclear uptake in Pancl cells [15], suggesting that
Arnt was not defective. Previous studies showed that overexpression of Hsp90 inhibited Ah-
responsiveness and XAP2 played an important role in cytosolic to nuclear shuttling of the
AhR and also Ah-responsiveness [36-41]. Therefore, we knocked down Arnt, Hsp90, XAP2
and other genes known to interact with the AhR [25] and observed that Ah-responsiveness
(i.e. induction of CYP1A1/CYP1B1) was not restored (Fig. 3), and we are currently
examining the roles of other factors expressed in Pancl cells that affect intracellular
shuttling of the AhR.

In summary, this study shows that omeprazole-induced inhibition of Pancl cell invasion is
due to AhR-dependent induction of INK which in turn modulates expression of several
genes and this includes inhibition of pro-oncogenic factors (Fig. 4). Although this
mechanism is associated with highly invasion QM-PDA cancer types [15], the overall
contributions of non-genomic vs. genomic AhR-regulated pathways in pancreatic cancer are
unknown, even though this receptor is overexpressed in human pancreatic tumors [15]. Our
current studies are focused on addressing these problems and this include identification of
specific genes that block AhR nuclear uptake since these genes are key mechanistic links
and may be druggable. There is evidence from some epidemiological studies that long term
use of proton pump inhibitors increases the risk of several cancers including pancreatic
cancer [42, 43]. However, a recent review [44] also points out that proton pump inhibitors
used as part of a therapeutic regimen can be beneficial for several cancers and this is
consistent with studies showing the anticancer activity of omeprazole in pancreatic and other
cancers [13-15, 44, 45].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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PAH polynuclear aromatic hydrocarbons
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TCDD 2,3,7,8-tetrachlorodibenzo-p-dioxin
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Highlights
. Omeprazole inhibition of Pancl cell invasion is INK- and AhR-dependent.
. The non-genomic pathway is not due to AhR mutations.
. Omeprazole-AhR-JNK modulates expression of invasion genes.
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Figure 1.
Activation of kinases and their role in Pancl cell invasion. Panc1 cells were treated with 200

UM omeprazole (A) and 15 nM TCDD (B) for up to 12 hr, and whole cell lysates were
analyzed by western blots as outlined in the Materials and Methods. Role of AhR in
mediating effects of omeprazole (C). Cells were transfected with a non-specific
oligonucleotide (=) or siAhR (+), treated with 200 uM omeprazole for up to 6 hr, and whole
cell lysates were analyzed by western blots. Effects of kinase inhibitors on invasion. Pancl
cells were treated with 200 UM omeprazole in the presence or absence of several kinase
inhibitors, and effects on cell invasion were determined in a Boyden chamber assay (D) and
quantitated (E). (F) Pancl cell spheroids were treated with DMSO or omeprazole, and
spheroid growth was determined as outlined in the Materials and Methods. Results are
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expressed as means = SD for at least 3 replicates per treatment group, and significant
(p<0.05) inhibition of invasion (*) and reversal of these effects by kinase inhibitors are
indicated (**).
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Figure 2.
Direct effects of kinases on Pancl cell invasion. A series of MKK4/7 flag-tagged constructs

(A) were transfected into Pancl cells, and their effects on kinase expression (B) were
determined using whole cell lysates. Pancl cells were transfected with the kinases and their
effects on cell invasion were determined in Boyden chamber assays (C) and quantitated (D).
Results are expressed as means + SD for at least 3 replicated determinations for each
treatment group, and significant (p<0.05) inhibition is indicated (*).
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Figure 3.
Factors affecting Ah-responsiveness. (A) Diagramatic illustration of the AhR gene and its 11

exons. Pancl cells were transfected with a non-specific control oligonucleotide/DMSO and
other small inhibitory RNAS, and restoration of nuclear AhR functions was determined by
measuring changes in CYP1A1 (B) or CYP1B1 (C) expression by real time PCR. Results
are expressed as means + SD for at least 3 replicates determinations for each treatment

group.
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RNAseq analysis of “metastasis genes”. (A) Map illustrating changes in expression of
metastasis genes in various treatment groups. (B) Real time PCR analysis of selected genes.
Pancl cells were treated with DMSO or omeprazole in the presence or absence of siAhR
(AhR knockdown), and changes in gene expression were determined by real time PCR as
outlined in the Materials and Methods. Results are expressed as means + SD for at least 3
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replicate determinations in each treatment group. Significant (p<0.05) effects by omeprazole
(*) and reversal of the effects by AhR knockdown (**) are indicated.
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