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Abstract

Environmental toxicants such as dioxins and polycyclic aromatic carbons are risk factors for
pancreatitis and pancreatic cancer. These toxicants activate aryl hydrocarbon receptor (AHR), a
ligand-activated transcription factor, of which activation regulates many downstream biological
events, including xenobiotic metabolism, inflammation, and cancer cell growth and
transformation. Here, we identified that environmental toxicant-activated AHR increased
expression of metastasis associated lung adenocarcinoma transcript 1 (MALAT1) in pancreatic
cancer cells and pancreatic tissues. The MALAT1 is a long noncoding (Inc) RNA which interacts
with Enhancer of Zeste 2 (EZH2), a histone methyltransferase with epigenetic silencer activity,
and the MALAT1-EZH2 interaction increased its epigenetic silencing activity. In contrast, AHR
antagonist, CH223191 or resveratrol, counteracted the AHR-mediated MALAT1 induction and
MALAT1-enahnced EZH2 activity. Collectively, these results revealed a novel pathway of how
environmental exposure leads to epigenetic alteration via activation of AHR-MALAT1-EZH2
signaling axis under pancreatic tissue- and cancer cell-context.
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1. Introduction

Pancreatitis is a prerequisite for development of pancreatic ductal adenocarcinoma (PDA),
which is one of the deadliest diseases with no effective prevention strategy currently
available [1, 2]. Accumulated epidemiological studies showed a strong connection between
cigarette smoking and PDA. Cigarette smoking is considered as a major risk factor for
pancreatitis and PDA, which contains various environmental toxicants, including dioxins
and benzo(a)pyrene (BaP), agonists of AHR [3-6].

The AHR is a ligand-activated transcription factor essential for mediating xenobiotic
metabolism, immune responses, inflammation, differentiation as well as cancer cell growth
and malignancy [7, 8]. It is activated by various environmental toxicants such as 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD), BaP, and phytochemicals as well as tryptophan
metabolites. Interestingly, depending on type of ligand, AHR can be either activated or
inhibited and this selective feature makes AHR an important pharmacological target [9, 10].

The MALAT1 is a IncRNA which acts molecular scaffolds for various riboprotein
complexes and functions as a transcriptional and epigenetic regulator [11]. MALAT1
interacted with EZH2, a histone methyltransferase that mediates gene silencing via tri-
methylation of histone 3 lysing 27 (H3K27me3) [12, 13]. Indeed, EZH2 can interact with
many IncRNAs other than MALATL, including HOTAIR [14, 15], H19 [16], MEG3 [17] and
XIST [18]. These interactions likely regulate the distribution, level, and activity of EZH2.
Furthermore, it was reported that MALAT1 is highly expressed and associated with poor
prognosis in pancreatic cancer [19, 20]. However, the underlying mechanisms for MALAT1
regulation by environmental toxicant exposure and MALAT1-directed regulation of EZH2
function in pancreatic cancer cell or tissue remain unclear.

In the present study, we showed that environmental toxicant-activated AHR induced
MALAT1 and that MALAT1 interacted with EZH2 and increased its activity in pancreatic
cancer cells and tissues. In contrast, treatment of AHR antagonist, CH223191[21] or
resveratrol [22], inhibited the increase of MALAT1, EZH2 activity, and H3K27me3 levels.
Taken together, our findings revealed a novel pathway that links environmental exposure to
epigenetic regulation via activation of AHR-MALAT1-EZH2 signaling axis in pancreatic
cancer cells and tissues.

2. Materials and Methods

2.1 Cell culture and Chemicals.

Panc-1 and AsPC-1 cells were purchased from the American Type Culture Collection
(ATCC, Manassas, VA) and were maintained at 37°C in the presence of 5% CO2 in DMEM
medium supplemented with 5% fetal bovine serum (FBS) and 1% penicillin/streptomycin
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solution (Sigma Aldrich, St Louis). TCDD was purchased from AccuStandard, Inc. (New
Heaven, CT); BaP was purchased from Sigma Aldrich (St. Louis, MO); CH223191 and
Resveratrol were purchased from Cayman Chemical (Ann Arbor, MI). Small interfering
RNAs (siRNAs) targeting MALAT1 (ID #: n511399 and n511398) and negative control
siRNAs were purchased from Thermo Fisher Scientific. The siRNAs targeting AHR (SiIRNA
ID: SASI_Hs02_00332181 and SASI_Hs01 00140198) were purchased from Sigma
Aldrich.

experiment.

C57BL/6J wild type mice (9-12 weeks old, 25-30 g body weight) were purchased from
Jackson Laboratory (Bar Harbor, ME). Mice were allocated for treatment with corn oil as
control, TCDD dissolved in corn oil, or Resveratrol in corn oil. Each group contains 4-5
mice. Before any treatment, mice were fasted up to 12 hr. TCDD (30 pg/kg)
intraperitoneally (i.p.) was injected into mice which was then anesthetized after 24 hr. In
TCDD plus resveratrol treatment group, mice were pre-treated with resveratrol (20 mg/kg,
i.p.) and after 90 min, mice were treated with TCDD (30 pg/kg, i.p.). After 24 hours,
pancreatic tissue samples were collected for further analyses. The animal experiments were
performed in compliance with the guidelines established by the Animal Care Committee of
University of Cincinnati. The animals were acclimated to temperature- and humidity-
controlled rooms with a 12-h light/dark cycle for 1 week prior to use.

2.3 Chromatin immunoprecipitation assay.

A chromatin immunoprecipitation (ChIP) assay was carried out with AHR (Enzo Life
Sciences, Inc., Cat#: ALX-804-423-R100) and RNA polymerase Il (Active Motif, Carlshad,
CA, Cat# 39097) antibodies using Panc-1 cell ChIP lysate treated with TCDD for 2 hour
with the ChIP-IT Express Chromatin Immunoprecipitation Kit (Active Motif), according to
the manufacturer’s protocol. The ChIP primer set that covers MALAT1 gene promoter
proximal region (-442~-201): (forward): 5’-AGGAGAGAGGTGGGAAAGGAAG-3’ and
(reverse) 5’-TGGTTCTAACCGGCTCTAGC-3’. All the ChIP-PCR reactions were carried
out using a 7300HT Real-Time PCR system or a QuantStudio 3 Real Time PCR system with
a 96-well block module (Applied Biosystems). The cycling conditions were 56°C for 30 min
and 95°C for 10 min, followed by 48 cycles of 95°C for 25 s and 60°C for 60 s.

2.4 RNA immunoprecipitation (RIP) assay.

To detect the level of interaction between IncRNAs and EZH2, we performed the RIP assay
as previously established [23]. Briefly, cells were fixed with formaldehyde and sheared by
sonication. After DNase treatment, the fixed chromatins were immunoprecipitated with 19G
or EZH2 antibody (Active Motif, Cat # 39933) with RNAse inhibitor. The purified INCRNAs
and input RNA lysate were analyzed by gRT-PCR with the individual IncCRNA primer set
(Supplementary Table 1).

2.5 Real-time quantitative PCR (RT-gPCR).

The cDNAs were synthesized with the obtained RNA lysate from cells or tissues using a
high-capacity cDNA Reverse Transcription Kit (Applied Biosystems) and RT-gPCR was
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performed. The obtained results were normalized to GAPDH or B-actin control. All the
primer set sequences for detecting specific mouse or human genes by gRT-PCR are listed
(Supplementary Table 1).

2.6 Histological analysis.

Paraffin-embedded liver sections were sectioned, deparaffinized in xylene, and rehydrated
through a series of graded ethanol solutions. The morphological changes in pancreatic tissue
sections stained with hematoxylin and eosin (H&E) were examined under a light microscope
for histological analysis.

2.7 Histone extraction.

Histones were extracted from cells or tissues using EpiQuik total histone extraction kit
according to the manufacturer’s protocol (EpiGentek, Farmingdale, NY).

2.8 Nuclear extraction and H3K27me3 enzymatic assay.

Nuclear extract from cells or pancreatic tissues were collected using EpiQuik Nuclear
Extraction kit (Cat # OP-0002-1, EpiGentek, Inc., Farmingdale, NY). By using obtained
nuclear extracts, we performed H3K27me3 enzymatic assay with EpiQuik Histone
Methyltransferase Activity/Inhibition Assay Kit (EpiGentek, Inc., Cat # P3005). All the
procedures were performed according to the manufacturer’s protocol.

2.9 Immunoblotting.

Total proteins extracted from either cells or minced pancreatic tissues (30-100 pg per lane)
were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
and transferred onto polyvinylidene difluoride (PVDF) membranes. After being blocked
with TBST or PBST buffer containing 5% non-fat milk, the membranes were incubated with
proper primary antibody. Proteins of interest were detected with either anti-rabbit or anti-
mouse horseradish peroxidase (HRP)-conjugated secondary antibodies (Cell Signaling
Technology) and visualized with an enhanced chemiluminescence (ECL) detection kit using
a C-DiGit Blot Scanner from LI-COR (Lincoln, NE).

2.10 Immunohistochemical staining.

After pancreatic tissue sections were deparaffinized, the sections were immersed in 0.01 mM
sodium citrate (pH 6.0) and heated in a microwave oven (98°C) for antigenic retrieval. The
deparaffinized sections were incubated with peroxidase-blocking reagent (Biogenex, CA,
USA) to block endogenous peroxidase activity and then incubated with nonspecific staining
blocking reagent (Mector Laboratories, Burlingame, CA, USA). The sections were incubated
with primary antibodies at 4°C overnight. Anti-EZH2 antibody (Cell Signaling Technology,
Danvers, MA, Cat # 5246) and anti-H3K27me3 antibody (Active motif, Cat #: 39155) were
employed. The sections were subsequently incubated with peroxidase-conjugated secondary
antibodies (\Vector Laboratories) and 3, 3-diaminobenzine-tetrachloride (DAB; Vector
Laboratories), according to the manufacturer’s instructions. The sections were
counterstained with hematoxylin and observed under a microscope.

Biochem Biophys Res Commun. Author manuscript; available in PMC 2021 November 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Leeetal. Page 5

2.11 Statistical analysis.

Statistical significance was determined by the unpaired Student’s t-test with a two tailed
distribution or one-way analysis of variance (ANOVA) with a post-hoc Tukey's test. Data are
presented as the mean + SD. Statistical analysis was performed with Graph Pad Prism 6.0
software. Statistical significance was set at a P-value of <0.05.

3. Results
3.1 Environmental toxicant induced MALAT1, a IncRNA that interacted with EZH2.

Many previous reports showed that various IncRNAs formed complexes with EZH2 and
regulated activity or distribution of EZH2, an epigenetic writer and silencer with histone
methyltransferase function [24, 25]. By employing RIP assay, we determined the types and
levels of INcRNA-EZH2 interactions under pancreatic cancer cell context. After Panc-1
human pancreatic cancer cells were fixed with formaldehyde, EZH2-associated INCRNAS
were pull down by EZH2 antibody (Fig 1A). The gRT-PCR was performed using the
obtained RNA lysate with appropriate primer sets for determining the levels of binding
interactions between EZH2 and these IncRNAs, including MALAT1, HOTAIR, MEG3, H19,
and XIST, as previously reported as EZH2 interacting INcRNAs. Among INcRNAs, we
identified that MALAT1 most strongly interacted with EZH2. MEG3, H19, and HOTAIR
also interacted with EZH2 with different levels however no interaction was detected between
XIST and EZH2 (Fig. 1B), indicating existence of various InNCRNA-EZH2 complexes. The
induction levels of CYP1AL, a representative AHR downstream target gene, by TCDD or
BaP treatment in Panc-1 and Aspc-1 cells were presented (Supplementary Fig. 1). The
primer sequences for all the INCRNAs were listed (Supplementary Table 1).

In parallel, we determined which IncRNA can be induced by environmental exposure.
TCDD, a potent AHR agonist, was used as a model compound. We found out that only
MALAT1 was significantly induced by TCDD treatment, not others (Fig. 1C, left).
MALAT1 was also induced in AsPC-1 human pancreatic cancer cells (Fig. 1C. right).
Furthermore, treatment of BaP, another AHR agonist and ubiquitous environmental toxicant,
induced MALAT1 in both Panc-1 and AsPC-1 cells (Fig. 1D). These results together
indicated that MALAT1 is an EZH2-interacting INCRNA which is significantly induced by
environmental toxicant exposure in pancreatic cancer cells.

3.2 Role of AHR in the MALAT1 induction

Since TCDD or BaP are AHR agonists, we examined a role of AHR in the MALAT1
induction. Cells were treated with TCDD alone or together with AHR antagonist either
CH223191 or resveratrol. The induction of MALAT1 was markedly inhibited by AHR
antagonist (Fig. 2A). To further determine whether AHR proteins is required for the
MALAT1 induction, we depleted AHR proteins using small interfering RNA (siRNA)
targeting AHR. Cells were transfected with two different siRNAs targeting different regions
of AHR (siAHR I and II) or scrambled control siRNA (siCT). The knockdown of AHR was
confirmed by immunoblotting and RT-gPCR. The reduced AHR mRNA and protein levels
were observed (Fig. 2B). Furthermore, the AHR depletion using this interfering SiRNA
approach significantly decreased MALAT1 induction, confirming that AHR was essential
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for the MALAT1 induction (Fig. 2C). Next, we performed gene promoter analysis using
PROMO program [26] whether there is any potential AHR binding sequence located in the
MALAT1 gene promoter region. We identified a potential AHR binding site, namely Dioxin
Response Element (DRE), in the proximal region of MALAT1 gene promoter (5’-
GCGTGCGCAGTCACGC-3’) (Fig. 2D, top). To examine whether TCDD-activated AHR is
actually recruited to the DRE, we performed chromatin immunoprecipitation (ChlP) assay.
The recruitment of AHR to the DRE site was detected and in parallel, RNA polymerase Il, a
positive control for transcriptional activation, also interacted with the DRE, indicating that
AHR plays a role in transcriptional activation of MALAT1 via the DRE site (Fig. 2D,
bottom). These results demonstrated that AHR is essential for the TCDD-induced MALT1
induction.

3.3 Role of AHR-MALATL1 signaling in the regulation of EZH2 activity.

3.4 Effects

Previous report showed that MALAT1 interacted with EZH2 and regulated its function in
pancreatic cancer cells [27, 28]. However, overarching effects of MALAT1 knockdown on
EZH2 level and activity remain elusive. Therefore, we transfected cells with SiIRNAs
targeting MALAT1 (siMalatl I and 1) or control siRNA (siCT) in Panc-1 cells and
determined effects of MALAT1 depletion on EZH2 and H3K27me3 levels. We observed
decreased levels of EZH2 and H3K27me3 (Fig. 3A, top). The MALAT1 depletion efficiency
was determined by RT-qPCR (Fig 3A, bottom). Next, using nuclear extracts from the control
and MALAT1-depleted cells, we performed the enzymatic assay for measuring H3K27
trimethylation activity since H3K27me3 is a substrate of EZH2 (EpiGenteck, Inc.).
Consistently, there was greatly reduced H3K27me3 enzymatic activity observed with the
MALAT1-depleted nuclear extracts (Fig. 3B).

Next, we examined effects of TCDD with or without AHR antagonist treatment on
MALAT1 and EZH2 levels, and H3K27me3 enzymatic activities by employing the same
approaches above. TCDD increased MALAT1, EZH2, and H3K27me3 levels whereas co-
treatment of TCDD with AHR antagonist either CH223191 or resveratrol inhibited the
increases (Fig. 3C, top and bottom). Similarly, the TCDD-enhanced H3K27me3 enzymatic
activities and its inhibition by CH223191 or resveratrol were observed (Fig. 3D).
Collectively, these results indicated that TCDD increased MALAT1, EZH2, and H3K27me3
levels as well as the enzymatic activity of EZH2.

of TCDD on Malat1l-EZH2 signaling axis in vivo

In order to determine effects of TCDD on the Malat1-EZH2 signaling activation in vivo,
TCDD was administered to mice with or without pre-treatment of resveratrol. After 24
hours, pancreatic tissues were collected and then immunostaining with anti-EZH2 or anti-
H3K27me3 antibody was performed. Significantly increased EZH2 and H3K27me3 staining
were observed in the TCDD-treated pancreatic tissues while pre-treatment of resveratrol
prevented them (Fig. 4A). The result from RT-gPCR analysis consistently showed that
TCDD treatment markedly induced MALAT1 expression however pre-treatment of
resveratrol inhibited it (Fig. 4B). Representative images of haemotoxylin and eosin (H&E)
staining were shown (Supplementary Fig. 2A). The induction of CYP1A1 by TCDD and its
inhibition by resveratrol in the pancreatic tissues were confirmed by RT-gPCR
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(Supplementary Fig. 2B). Similarly, results from immunoblotting showed that TCDD
treatment increased EZH2 and H3K27me3 levels while resveratrol counteracted them (Fig.
4C). The H3K27me3 enzymatic assay was performed with tissue nuclear extracts. TCDD
treatment enhanced H3K27me3 enzymatic activities whereas the pre-treatment of resveratrol
prevented the enhancement (Fig. 4D). Lastly, to determine effects of the enhanced EZH2
activity on downstream target gene expression, we examined expression levels of miR-200b,
a known EZH2 target gene [29, 30]. We found out that miR-200b was significantly
downregulated by TCDD but restored its expression level by resveratrol, validating effects of
TCDD-mediated MALAT1-EZH2 signaling activation on downstream target gene
expression. Taken together, results clearly demonstrated that AHR-activated MALAT1-
EZH2 signaling pathway in vivo.

4. Discussion

Accumulating epidemiological evidences have indicated that environmental exposure is a
main risk factor in pancreatic inflammation and cancer. Our results in this study
demonstrated that environmental exposure-activated AHR induced a IncRNA MALAT1 and
this induction subsequently increased epigenetic silencing function of EZH2. Overarchingly,
these results showed a novel molecular mechanism of how environmental exposure leads to
epigenetic alteration in pancreatic cancer cell and tissue context, which, in part, occurs via
AHR-MALAT1-EZH2 signaling activation.

Moreover, given that higher expression or dysregulated activities of EZH2 or MALAT1
played an important roles in cancer stem cell property and malignancy [31, 32], these results
provide the possibility for a pro-oncogenic role of AHR in the epigenetic dysregulation.
AHR can function as a linchpin molecule that connects environmental exposure to the
EZH2-mediated epigenetic dysregulation via MALAT1 induction in pancreatitis and
pancreatic cancer. In addition, as shown in Fig. 4D, low levels of miR-200b, one of
downstream target gene of MALAT1-EZH2 signaling pathways, is highly correlated with
epithelial-mesenchymal transition, cancer stem cell features, and drug resistance in
pancreatic cancer [33, 34].

It is also of interest that AHR can selectively be activated or inhibited, depending on ligand-
type. Our results demonstrated that either AHR antagonist or depletion inhibited the
MALAT1 induction and prevented the increased EZH2 enzymatic activity in both in vitro
and in vivo (Fig. 3 and 4), suggesting that AHR antagonism has a potential to be a novel
prevention strategy. However, it is highly conceivable that depending on environmental
toxicant- or ligand-type, AHR induced other IncRNAs that differentially regulates EZH2
function. Therefore, environmental toxicant- or ligand-dependent regulation of IncRNAs via
AHR need to be further systematically investigated. Lastly, in line with our results as shown
in this study, it is highly interesting to investigate a role of AHR-MALAT1-EZH2 signaling
under experimental settings of pancreatitis and pancreatic cancer in the future.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. TCDD increased MALAT1 expression via AHR activation.
. AHR antagonists inhibited AHR-mediated MALAT1 induction.

. MALAT1 interacted with EZH2 and increased its epigenetic silencing
function.

. The AHR-MALAT1-EZH?2 signaling linked environmental exposure to
epigenetic alteration.
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Figure 1. MALAT1-EZH2 interaction and environmental toxicant-induced MALAT1 induction.
A schematic diagram for RIP assay. EZH2-associated IncRNAs were pulled down with

EZH2 antibody (A). To measure the strength of binding interactions between EZH2 and the
pull-downed IncRNAs, a RT-gPCR assay was performed with each IncRNA primer set (B).
TCDD-mediated IncRNA induction in Panc-1 and AsPC-1 human pancreatic cancer cells
(C). BaP-mediated MALAT1 induction in Panc-1 and AsPC-1 cells (D). Values are
represented as mean + SD. *Significant difference or induction P < 0.05.
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Figure 2. AHR-mediated MALAT1 induction.

TCDD treatment induced MALAT1 while co-treatment of AHR antagonist, either
CH223191 or resveratrol, inhibited the MALAT1 induction (A). Transfection of sSiRNAs
targeting AHR (siAHR I and I1) reduced AHR protein and mRNA levels but not with
scrambled control siRNA (siCT) (B). AHR depletion with siAHR I and Il significantly
decreased the MALATL1 induction (C). A schematic diagram of human MALAT1 gene
proximal promoter region. A DRE site is shown as square. Black bar indicated the location
of ChIP primer in the MALAT1 gene promoter region (D, top). A ChIP assay showed that
TCDD treatment facilitated recruitment of AHR and RNA polymerase 1l to the DRE site (D,

bottom). *Significant induction or **repression P < 0.05.
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Figure 3. MALAT1 depletion or AHR-mediated MALAT1 induction on EZH2 level and activity.
Cells were transfected with siRNAs targeting MALAT1 (siMALAT1 | & Il) or control

SiRNA (siCT). Effects of MALATL1 depletion on the EZH2 protein levels (A, top). The
MALAT1 depletion was confirmed by RT-gPCR (A, bottom). Effects of MALAT1 depletion
on H3K27me3 marks (B, top) and H3K27me3 enzymatic activities (B, bottom). Effects of
TCDD £ CH223191 (5 uM) or resveratrol (20 uM) for 24 hours on the levels of EZH2
protein and H3K27me3 (C) and H3K27me3 enzymatic activities (D).
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Figure 4. Effects of TCDD-activated AHR on MALAT1-EZH2 signaling in vivo.
Immunostaining analysis of control-, TCDD-, and TCDD plus Resveratrol-treated pancreatic

tissue sections (N = 4-5 per treatment) with EZH2 and H3K27me3 antibodies. Scale bar, 50
pum (A). TCDD-mediated induction of MALAT1 and its inhibition by resveratrol in
pancreatic tissues (B, top). Immunoblotting analysis of pancreatic tissues treated with
TCDD, TCDD plus Resveratrol, or control with EZH2 or H3K27me3 antibody. Beta-Actin
(Actin) or histone 3 were used as controls (B, bottom). The H3K27me3 enzymatic assay was
performed with the pancreatic tissue nuclear lysates treated with TCDD, TCDD plus
Resveratrol, or control (C). The RT-gPCR with TCDD, TCDD plus Resveratrol, or control
pancreatic tissue RNA lysates was performed to determine the miR-200b level changes (D).
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