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Abstract

The ability of the aryl hydrocarbon receptor (AHR) to alter hepatic expression of cholesterol
synthesis genes in a DRE-independent manner in mice and humans has been reported. We have
examined the influence of functionally distinct classes of AHR ligands on the levels of Niemann-
Pick C1-like intracellular cholesterol transporter (NPC1L1) and enzymes involved in the
cholesterol synthesis pathway. NPC1L1 is known to mediate the intestinal absorption of dietary
cholesterol and is clinically targeted. AHR ligands were capable of attenuating cholesterol uptake
through repression of NPC1L1 expression. Through mutagenesis experiments targeting the two
DRE sequences present in the promoter region of the NPCIL 1 gene, we provide evidence that the
repression does not require functional DRE sequences; while knock-down experiments
demonstrated that this regulation is dependent on AHR and sterol-regulatory element-binding
protein-2 (SREBP-2). Furthermore, upon ligand activation of AHR, the human intestinal Caco-2
cell line revealed coordinate repression of both mRNA and protein levels for a number of the
cholesterol biosynthetic enzymes. Transcription of NPCI1L 1 and genes of the cholesterol synthesis
pathway is predominantly regulated by SREBP-2, especially after treatment with a statin.
Immunoblot analyses revealed a significant decrease in transcriptionally active SREBP-2 levels
upon ligand treatment, whereas the precursor form of SREBP-2 was modestly increased by AHR
activation. Mechanistic insights indicate that AHR induces proteolytic degradation of mature
SREBP-2 in a calcium-dependent manner, which correlates with the AHR ligand-mediated
upregulation of the transient receptor potential cation channel subfamily VV member 6 (7RPV6)
gene encoding for a membrane calcium channel. These observations emphasize a role for AHR in
the systemic homeostatic regulation of cholesterol synthesis and absorption, indicating the
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potential use of this receptor as a target for the treatment of hyperlipidosis-associated metabolic
diseases.
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Coronary heart disease (CHD) is the leading cause of death worldwide with atherosclerosis
being the major cause of initiation and progression of the disease.! Several processes
regulate blood cholesterol levels, which include cholesterol de novo synthesis mainly in the
liver and to a lesser extent in the intestine, dietary cholesterol absorption in the intestine, and
biliary clearance and excretion. Dysregulation of any of these components is thought to be
key to the development of hypercholesterolemia.? Statins are known to inhibit cholesterol
biosynthesis by targeting the rate-limiting enzyme 3-hydroxy-3-methylglutaryl coenzyme A
reductase (HMGCR) and have been shown to be very effective in reducing blood
cholesterol, making them a standard therapy for the treatment of hypercholesterolemia.3
Another class of drugs has been developed to target the intestinal absorption of cholesterol
in order to decrease its plasma levels.* The most commonly used drug in this class is
Ezetimibe (Zetia, Merck/Schering-Plough), capable of blocking both dietary and biliary
cholesterol absorption.®> Although the drug was developed and marketed in the absence of
any known molecular target, later studies revealed its ability to specifically block Niemann-
Pick C1-like intracellular cholesterol transporter (NPC1L1).8 This protein contains a sterol-
sensing domain and is abundantly expressed in the small intestine and localized along the
brush border in both human and mouse. In fact, targeted deletion of NPC1L1 in mice results
in a drastic reduction of dietary cholesterol absorption.” However, unlike mice, the protein is
also significantly expressed in the canalicular membrane of human hepatocytes, the site of
bile acid secretion, where it is believed to play a role in the reabsorption of cholesterol into
the liver.2 Upon cholesterol loading in the intestine, NPC1L1 is transiently internalized
through clathrin-coated vesicles to release the cholesterol at the cell interior. Ezetimibe has
been shown to block the endocytosis of NPC1L1 induced by cholesterol loading.? In
addition to mediating intestinal cholesterol uptake, a transgenic mouse model overexpressing
NPC1L1 in the liver exhibited a dramatic decrease in biliary cholesterol concentration and
an increase in plasma cholesterol levels, indicating a role of the protein in mediating biliary
cholesterol reabsorption.10 These observations suggest a key role for this protein in dietary
and biliary cholesterol absorption both in the liver and the intestine.

The aryl hydrocarbon receptor (AHR) is a ligand activated basic-helix-loop-helix/Per-Arnt-
Sim PAS transcription factor that resides in the cytoplasm bound to heat shock protein 90,
p23 and X-associated protein 2.11 Upon ligand binding, the complex undergoes a
conformational transformation, which facilitates translocation to the nucleus, where AHR
dimerizes with AHR nuclear translocator (ARNT). The AHR:ARNT heterodimer is capable
of binding to dioxin-response elements (DRE) in the promoter of AHR target genes, such as
cytochrome P-4501A1 (CYP1A1)and cytochrome P-4501B1(CYP1BI), to modulate gene
expression. The AHR is activated by a wide array of chemicals but is best known as the
receptor that mediates the toxicity of 2, 3, 7, 8-tetrachorodibenzo-p-dioxin (TCDD). Rodents
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exposed to TCDD exhibit a myriad of effects such as wasting syndrome, altered lipid
homeostasis and impaired immune responses.12 Genome-wide experiments examining the
effect of TCDD on liver gene expression and promoter occupancy have revealed hundreds of
genes either repressed or induced through the AHR.13:14 We have shown through the use of
an AHR DNA-binding mutant that a number of genes are transcriptionally repressed by the
AHR through a DRE-independent mechanism.1516 There are three distinct classes of AHR
ligands, namely agonists, antagonists and selective ligands. Agonists induce the canonical
AHR signaling pathway through binding of the AHR/ARNT heterodimer to dioxin
responsive elements while antagonists repress such DRE-mediated responses. Selective
AHR modulators (SAhRM) are defined as being capable of altering transcriptional activities,
at least in part independent of DRE binding.17.18

The sterol regulatory element binding protein 2 (SREBP-2) is the predominant
transcriptional regulator of enzymes involved in the cholesterol synthesis pathway. Sterol
levels in cells, determined by either de novo synthesis or cellular cholesterol uptake, regulate
the transcriptional activity of SREBPs. The precursor form of SREBP-2 resides in the
endoplasmic reticulum membrane. When sterol levels are low, SREBP-2 cleavage-activating
protein (SCAP) transports SREBP to the Golgi via vesicles. In the Golgi, SREBP-2
undergoes sequential proteolytic cleavage, and the transcriptionally active N-terminal of
SREBP-2 is released and translocates to the nucleus. Mature SREBP-2 (mSREBP-2) is then
capable of transcriptionally activating the genes that encode the enzymes involved in the
cholesterol synthesis pathway. Conversely, under high intracellular sterol levels, precursor
SREBP-2 (pSREBP-2) is retained in the endoplasmic reticulum membrane, and de novo
cholesterol synthesis is diminished.1® Lovastatin and other statins mediate their cholesterol-
lowering activity through inhibition of HMGCR activity. However, lower levels of
cholesterol lead to cleavage and activation of SREBP-2, which in turn increases expression
of genes in the cholesterol synthesis pathway. This in effect is an autoregulatory mechanism
that attempts to increase cholesterol production in the context of cholesterol lowering statin
exposure.

Previously, we have identified the ability of the AHR to repress the hepatic expression of
cholesterol synthesis genes in mice and humans.16 NPC1L1 expression within both the liver
and intestine has been shown to involve SREBP2 activity.20 In this work we wanted to
determine the AHR-mediated mechanism(s) that leads to repression of the expression of
genes regulated by SREBP2. Interestingly, the use of the agonist TCDD or the selective
ligands SGA360, and SGA315 reduced the levels of NPC1L1 coupled with attenuated
expression of cholesterol synthesis genes and reduced cholesterol absorption in human
Caco-2 cells, particularly after co-administration with lovastatin. This effect was shown to
be regulated by SREBP-2. Furthermore, we investigated the mechanism behind the
repressive effect of AHR and demonstrated that selective ligand activation leads to
attenuation of mMSREBP-2 protein levels and transcriptional activity. These results, in
conjunction with our previous studies, clearly indicate a role for AHR in the regulation of
cholesterol homeostasis.
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MATERIALS AND METHODS

Reagents

Caco-2 cells were obtained from American Type Culture Collection (Manassas, VA).
Lovastatin was obtained from A.G. Scientific (San Diego, CA). Cell viability assay was
conducted using the CellTiter 96® Non-Radioactive Cell Proliferation Assay (Promega,
Madison, WI). pM vector was purchased from Clontech Laboratories, Inc. (Mountain View,
CA). The reporter plasmid pFR-Luc was obtained from Agilent Technologies (La Jolla,
CA). SGA360 and SGA315 were synthesized as previously described 17. Primary antibodies
used for immunoblot analysis are listed in Supplementary Table 1. [1,2-3H(N)]-cholesterol
was purchased from Perkin Elmer (Waltham, MA). Sodium taurocholate hydrate, 1-oleyl-
rac-glycerol, and MG132 were obtained from Sigma Aldrich (St. Louis, MO). p-
Naphthoflavone (BNF) was purchased from Indofine Chemical Company (Hillsborough,
NJ). BAPTA/AM and AEBSF were purchased from Cayman Chemicals (Ann Arbor, MI).
Lovastatin was purchased from A.G. Scientific (San Diego, CA).

Cell Culture

Caco-2 cells, a human epithelial colorectal adenocarcinoma cell line, were maintained in a-
minimal essential medium (Sigma, St. Louis, MO), supplemented with 15% fetal bovine
serum (HyClone Labs, Logan, UT), 100 units/mL penicillin, and 100 pg/mL streptomycin
(Sigma) in a humidified incubator at 37°C, with an atmospheric composition of 95% air and
5% COs». In treatment experiments cell culture medium contained 10% delipidated serum.
Lipid was removed from serum by incubation with fumed silica powder (0.007 tm) as
described by the manufacturer (Sigma, St. Louis, MO). Cells were exposed to Lovastatin (10
4M), BNF (10 M), TCDD (10 nM), SGA360 (10 M), SGA315 (10 M) or carrier solution
dimethyl sulfoxide (DMSO) for indicated time points. Enriched normal primary human
hepatocytes were obtained through the Liver Tissue Cell Distribution System (University of
Pittsburgh, PA). The isolated hepatocytes were seeded at ~90% confluence in 24-well
collagen-coated dishes and cultured as previously described.20

RNA Isolation and Reverse Transcription

RNA samples were isolated from cell cultures using TRI Reagent according to the
manufacturer’s instructions (Sigma Aldrich). cDNA was generated using a High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystems™, Foster City, CA).

Real-time Quantitative PCR

Real-time quantitative PCR was performed as previously described.22 PerfeCTa™ SYBR®
Green SuperMix for iQ (Quanta Biosciences, Gaithersburg, MD) was used and analysis was
conducted using MyIQ software (Bio-Rad Laboratories, Hercules, CA). The PCR primers
utilized are listed in Supplementary Table 2.

Gene silencing

AHR and SREBP-2 levels were decreased in Caco-2 cells using siRNA through
electroporation as previously described!®, or Lipofectamine 3000 transfection reagent
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(Invitrogen, Carlsbad, CA) according to manufacturer’s instructions. 72 h post-
electroporation or transfection, RNA and protein samples were isolated.

Expression vector constructs

The hNPC1L1 promoter (—1741/+56)-pGL2 luciferase reporter vector and SRE mutant
constructs were kindly provided by Waddah A. Alrefai (Univ. of lllinois).?! Primers were
designed to incorporate a mutation in the two DRE core sequences (GCGTG) found in the
proximal promoter of hNPC1L1. A QuikChange XL Site-Direct Mutagenesis kit (Agilent
Technologies, Cedar Creek, TX) and primers in Supplementary Table S2 were used to
incorporate these mutations into pGL2-hNPC1L1-promoter vector. Luciferase activity was
normalized to protein content.

Generation of Stable Reporter Cell line

Caco-2 cells were transfected with pcDNA3 (Invitrogen) and pGL2-hNPC1L1-promoter
vector at a ratio of ¥ using Lipofectamine Plus essentially as described by the manufacturer.
Clones were isolated after exposure to 400 pg/ml G418 for 10 days and screened for the
ability of lovastatin to induce luciferase activity. Two clones were selected for further
analysis.

GAL4-mammalian one hybrid assay

Transcriptionally active hSREBP-2 was sub-cloned from pcDNA3.1-2xFLAG-SREBP-2
into a pM vector. Caco-2 cells were seeded in 12-well plates 24 h before transfection. Cells
were transfected with 20 ng of either pM vector or pM-hSREBP-2, along with their pFR-
Luc target reporter plasmid (200 ng) and pSV-p-Gal vector (200 ng) using Lipofectamine
3000 reagent (Invitrogen, Carlsbad, CA) according to manufacturer’s instructions. The
luciferase activity of each sample was measured using a TD-20e luminometer (Turner
Systems, Sunnyvale, CA) using Luciferase Assay Substrate (Promega, Madison, WI) as
suggested by the manufacturer. p-galactosidase activity was measured using a Thermo
Scientific Pierce mammalian B-galactosidase assay kit.22

Protein Lysate Preparation

Caco-2 cell extracts were prepared in MENG (25 mM MOPS, 2 mM EDTA, 0.02% sodium
azide and 10% glycerol), 1% Igepal CA-630 + protease inhibitor cocktail (Roche) +
PhosSTOP phosphatase inhibitors (Roche, Indianapolis, IN). Cell homogenates were then
centrifuged at 14,000 x g for 10 min and proteins were analyzed. For detection of SREBP-2,
Caco-2 cells were lysed in RIPA buffer (10 mM Tris-HCI pH 8.0, 1 mM EDTA, 1 mM
EGTA, 140 mM NacCl, 0.1% sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS), 1%
Igepal CA-630) + protease inhibitor cocktail + PhosSTOP phosphatase inhibitors. Lysates
were cleared by centrifugation at 14,000 x g for 15 min and protein concentration was
determined by Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific).

Immunoblot analysis

Caco-2 cell extracts were resolved on 8-10% SDS-tricine polyacrylamide gels. Proteins
were transferred to PVDF membrane and detected using specific antibodies. Primary
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antibodies were visualized with biotin-conjugated secondary antibodies (Jackson
Immunoresearch, West Grove, PA) and a subsequent incubation with 123|-streptavidin
followed by autoradiography. Quantification was performed with the ImageJ software. For
immunoblot protein assessment of NPC1L1, SREBP-2, sterol regulatory element-binding
protein cleavage (SCAP), and insulin-induced gene 1 (INSIG1), the Wes capillary system
was utilized (Protein Simple, San Jose, CA). The Wes system was used with certain
antibodies in order to minimize background.

Preparation of cholesterol micelle solution

Cholesterol micelles were prepared as described previously.23 Briefly, 3 mM sodium
taurocholate, 30 uM monoolein, 1 pM cholesterol and 4 nM [1,2-3H(N)]-cholesterol were
mixed thoroughly by vortex in M199 media (Life Technologies, Carlsbad, CA) and kept in
37°C for at least 2 h.

Cholesterol Uptake Assay

Caco-2 cells were cultured to complete confluency in 6-well plates in a-MEM
supplemented with 15% FBS and 1% penicillin/streptomycin. After 48 h treatment with
SGA 360 (10 M) or SGA315 (10 M) in a-MEM containing 5% delipidated FBS and 1%
penicillin/streptomycin, cells were washed twice with M199 media and incubated with
M199 media containing cholesterol micelles for 30 min. Cells were then washed twice with
cold PBS and lysed in 0.5 ml of 0.2 N NaOH. 0.4 ml of the lysate was used to measure
radioactivity by scintillation counter. The results were optimized to protein concentration
and expressed as dpm/mg protein.

RNA-Sequencing Analysis

Total RNA was isolated and libraries were prepared from Caco-2 cells as previously
described.22 Briefly, RNA samples were Poly-A selected and barcoded libraries were made
from each sample using the Illumina TruSeq Stranded mRNA Library Prep Kit, according to
the manufacturer’s protocol. gPCR (Kapa kit) was then performed on all libraries to
determine concentration. The equimolar pool of all barcoded libraries was sequenced on the
Illumina HiSeq 2500 in Rapid Run mode using 100 nt single read sequencing at the The
Pennsylvania State University Genomics Core Facility. RNA-Seq reads were aligned to the
Homo sapiens genome (hg19, RefSeq genes) using TopHat version 2.0.13 with default
parameters.24 Alignment results are given in Table S1. Reads mapping to genes were
counted using HTseg-count version 0.5.4p3 with parameters *-s no -a 10 —nonunique all’.2>
Significance of expression change was calculated in the R programming environment
(http://r-project.org) using the ‘limma’ package. The GEO accession number is GSE130234.

Statistical analysis

All experiments were repeated between 2—4 times, and were performed with at least
triplicate experimental samples for each treatment. Statistical results were essentially the
same on each replicate experiment. Data were analyzed using one-way ANOVA (Tukey’s
test) in GraphPad Prism (v.6.01) software to determine statistical significance between
treatments. P-values < 0.05 were considered statistically significant (*P<0.05; **P<0.01;
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***pP<(0.001; ****P<0.0001). The “letter” without an asterisk is the reference data while the
“letter” with an asterisk are being compared to the reference data.

RESULTS

AHR attenuates NPC1L1 expression and cholesterol absorption in human cells

We chose to use the AHR ligands SGA360 and SGA315 for these studies. SGA360 fails to
induce AHR translocation into the nucleus or heterodimerization with ARNT.22 While
SGA315 exhibits partial agonist activity.1’ Lovastatin treatment effectively lowers cellular
cholesterol levels leading to activation of SREBP-2. To determine the ability of AHR ligands
to repress NPC1L1 levels induced by lovastatin, we used the intestinal human cell line
Caco-2 co-treated with lovastatin and AHR ligands. Lovastatin led to a significant increase
in NPC1L1, and selective ligands SGA360 and SGA315 attenuated lovastatin-induced
NPC1L1 at both the mRNA and protein levels (Figure 1A, 1B), whereas TCDD did not yield
a statistically significant change. We also examined the effects of AHR ligands on hepatic
NPCI1L 1 expression in primary human hepatocytes. Similar to Caco-2 gene expression data,
exposure of primary human hepatocytes to SGA360 or BNF led to a significant repression of
NPCIL1ImRNA levels, both basally and in response to lovastatin exposure. (Figure S1).

To demonstrate that attenuation of NPC1L1 expression is mediated by the AHR, we utilized
SiRNA to decrease the AHR levels in human Caco-2 cells. Reduction of AHR levels was
associated with enhanced mRNA levels of NPCIL 1, while SGA360 or SGA315 exhibited
diminished efficacy in lowering MPCIL 1 transcripts in AHR-specific siRNA-transfected
cells compared to control siRNA-transfected cells (Figure 1C). AHR knockdown efficiency
was validated by immunoblot analysis (Figure S2). Consistent with reduced NPC1L1
expression upon AHR activation, SGA360 or SGA315 treatment significantly diminished
cholesterol absorption by ~30% in Caco-2 cells, as evidenced by quantification of [3H]-
cholesterol levels in cell lysates (Figure 1D).

Regulation of NPC1L1 expression by AHR is dependent on SREBP-2

To gain mechanistic insight into the AHR-mediated regulation of NPCIL 1 transcription, we
established a human reporter Caco-2 stable cell line expressing luciferase under the control
of the human NPCI1L 1 promoter, which allows interpretation of the results to be restricted to
between —1741/+56 bp relative to the transcriptional start site. Two clones obtained after
selection exhibited a dose-dependent increase in luciferase activity dependent on the
concentration of lovastatin (Figure 2A). Both clones yielded maximal luciferase activity at
10 uM lovastatin for 48 h. Clone 2 exhibited higher responsiveness to lovastatin compared to
Clone 7, thus, Clone 2 was used in the subsequent study. Next, we determined the optimal
time point for a maximal lovastatin response. The maximum NPC1L1-driven luciferase
activity was achieved at 36 h in the presence of 10 uM lovastatin, and was maintained until
the longest time point examined, 72 h (Figure 2B).

Upon determination of exposure time and a dose of lovastatin, we then assessed the
responsiveness of this stable cell line to SGA360 and TCDD. Lovastatin significantly
increased NPC1L1-mediated luciferase activity (~6-fold), and SGA360 and TCDD
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repressed this lovastatin-induced luciferase activity, below control levels (Figure 3A).
SGA360 exhibited ~55% repression at 10 uM, while TCDD displayed ~45% repression at
10 nM after 48 h co-treatment with lovastatin (Figure 3A). In addition, AHR activation by
the selective ligand SGA360, was able to significantly decrease the NPCIL 1 levelsin a
dose-dependent manner (Figure 3A). To further confirm that this regulation is independent
of DRE sequences in the human NPC1L1 promoter, we searched for core DRE sequences in
the human NPC1L 1 gene promoter and found two putative core DRE sequences within 2000
bp from the transcriptional start site (Figure S3A). Upon mutation of those two sites,
SGA360 was still able to repress the lovastatin-induced AMVPC1L 1 reporter gene expression in
transient transfections (Figure S3B), indicating a DRE-independent mechanism through
which the AHR suppresses NPC1L 1 expression.

To demonstrate the AHR-specificity of MPCIL 1 repression, stable Caco-2 cells were
transfected with siRNA specific to AHR. Ligand treatment with TCDD failed to attenuate
lovastatin-induced NPCIL1 levels (Figure 3B). Previous studies suggested that SREBP-2
transcriptionally regulates N/PC1L 1 gene expression.21:26 Thus, we examined whether
SREBP-2 is critical for AHR-mediated repression of NPCIL 1 expression. Upon siRNA
knockdown of SREBP-2, lovastatin treatment failed to induce MPC1L I-driven luciferase,
indicating the transcriptional response mediated by lovastatin is SREBP-2-specific.
Diminished SREBP-2 levels also rendered the AHR ineffective in further lowering NPC1. 1
gene expression, suggesting the involvement of SREBP-2 in this regulation (Figure 3B).
AHR and SREBP-2 knockdown efficiency was validated by immunoblot analyses (Figure
3C). To determine the effect of AHR ligands on SREBP-2 transcriptional activity, Caco-2
cells were transfected with the mature transcriptionally active form of SREBP-2 and a
reporter plasmid construct. GAL4-SREBP-2 mammalian one hybrid assay demonstrated that
SGA360 and SGA315 were able to attenuate SREBP-2-induced luciferase activity (Figure
3D).

AHR attenuates the expression of cholesterol synthesis genes

Considering that intestinal epithelial cells play a critical role in cholesterol homeostasis, we
wanted to examine the ability of SGA360 and SGA315 to alter the cholesterol biosynthesis
pathway upon lovastatin treatment. We decided to focus on the ability of AHR ligands to
attenuate lovastatin-induced expression of cholesterol biosynthetic genes due to the low
basal expression level of these genes. Caco-2 cells were co-treated with lovastatin and
SGA360 or SGA315 for 48 h in media containing delipidated serum, mRNA was isolated
and sequenced. Based on the RNA-Seq data, Gene Ontology analysis revealed that SGA360
and SGA315 significantly inhibited expression of a number of genes located in cholesterol
and sterol biosynthetic processes, as well as regulation of these pathways (Figure 4A-C).
Several genes directly involved in the synthesis of cholesterol were found to be
downregulated by AHR ligand treatment (Figure 4D). On the other hand, the transcriptional
regulator of these genes, encoded by the SREBFZ2 gene, as well as the genes encoding for the
factors involved in the proteolytic activation of SREBP-2, namely SCAP, site-1 protease
(S1P), and site-2 protease (S2P) did not exhibit a similar repression pattern upon ligand
treatment. In addition, we determined that two direct AHR target genes, CYP1AZ and
CYP1B1 were significantly repressed by SGA360 exposure and induced by SGA315
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exposure (Figure 4D). In contrast to SGA360, SGA315 has previously been shown to exhibit
partial agonist activity.1’

We confirmed these findings by gRT-PCR analysis using Caco-2 cells co-treated with AHR
ligands and lovastatin for 48 h. Ligand activation of AHR target gene CYP1AI revealed that
the full agonist TCDD dramatically induced expression, while 10 uM SGA315 exhibited
~20% of the CYP1AZ induction level observed with TCDD. In contrast, 10 uM SGA360
failed to induce CYP1AI (Figure 5A). Eleven of the genes that comprise the cholesterol
synthesis pathway were also examined by qRT-PCR and the results confirmed a significant
level of repression by TCDD, SGA360, and SGA315. In particular, SGA360 and SGA315
exhibited a greater capacity towards repression compared to the agonist TCDD (Figure 5A).
Furthermore, SGA360 and SGA315 exhibited a dose-dependent repression of farnesyl-
diphosphate farnesyltransferase (FDFTI), isopentenyl-diphosphate delta isomerase (/D/1),
and mevalonate decarboxylase (MVD) genes after 24 h (Figure 5B).

Similar to NPC1L1 data (Figure 3B), siRNA knockdown of AHR resulted in an increase in
constitutive mRNA levels of HMGCR, the rate-limiting enzyme of the cholesterol synthesis
pathway. Significantly, the magnitude of transcriptional repression of HMGCR by SGA360
and SGA315 was attenuated when AHR levels were diminished, and there was a statistically
significant decrease with HMGCR (Figure 5C).

Next, we determined the ability of AHR ligands to alter the protein levels of enzymes in the
cholesterol synthesis pathway in Caco-2 cells co-treated with lovastatin. Immunoblot
analyses demonstrated that SGA360 and SGA315 mediated a statistically significant
decrease in protein levels of the cholesterol synthesis enzymes examined, namely HMGCR,
MVD, IDI1, farnesyl diphosphate synthase (FDPS), FDFT1, squalene monooxygenase
(SQLE) (Figure 6). The repressive effect of AHR ligands on this pathway was not due to
cytotoxicity in Caco-2 cells (Figure S4).

AHR attenuates transcriptionally active SREBP-2 levels by inducing proteolytic
degradation of the mSREBP-2

To investigate the mechanism of AHR-mediated repression of cholesterol synthesis, we
opted to examine the effect of AHR ligands on SREBP-2, the principal transcriptional
regulator of genes in the cholesterol synthesis pathway. TCDD, SGA360 and SGA315 did
not alter the mRNA levels of SREBP-2 in Caco-2 cells (Figure 7A). However, selective
ligands SGA360 and SGA315 significantly reduced the protein levels of the transcriptionally
active mSREBP-2, while precursor SREBP-2 levels were modestly increased by ligand
treatment in the presence of lovastatin (Figure 7B, 7C). Interestingly, the expression of
factors involved in SREBP-2 processing, namely SCAP and INSIG1 were not significantly
altered at the protein level upon ligand treatment (Figure S5).

This prompted us to examine the effect of AHR ligands on the half-life of mMSREBP-2
protein levels. Cycloheximide administration led to a decrease in protein over time, as
expected when protein synthesis is inhibited. However, the rate of protein turnover of the
cleaved SREBP-2 was significantly enhanced in ligand treated samples compared with the
control group (Figure 8A). Addition of the protease inhibitor peptide MG132 significantly
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reversed the ratio of cleaved SREBP-2 to total SREBP-2 protein in ligand treated cells,
whereas no change was observed in the control group (Figure 8B). Similarly, serine inhibitor
AEBSF reversed the AHR-mediated decrease in the mSREBP-2 protein levels to a greater
extent than MG132 (Figure 8C), indicating that SGA360 and SGA315 decrease the level of
cleaved SREBP-2 protein at least partly through inducing proteolytic degradation.

Calcium chelation prevents AHR-mediated SREBP-2 inhibition

Calpains are calcium-dependent intracellular proteases. Thus, we opted to examine the
involvement of calcium signaling in AHR-mediated repression of SREBP-2 activity. Co-
treatment with the specific calcium chelator BAPTA/AM and selective AHR ligands
SGA360 or SGA315 resulted in the loss of the repressive effect mediated by AHR ligands
(Figure 9A). However, BAPTA/AM alone led to a significant decrease in the basal level of
the MSREBP-2, indicating a regulatory function of intracellular calcium in the level of
MSREBP-2. Interestingly, RNA-seq analysis revealed that selective AHR activation led to a
10-fold increase in the expression of transient receptor potential cation channel subfamily V
member 6 (7TRPVE) gene (Figure 9C). A comparable increase in 7RPV6 transcripts was
obtained by qRT-PCR analysis (Figure 9D). Taken together, these results suggest a role for
increased intracellular calcium flux through upregulation of 7/RPV6in AHR-mediated
attenuation of SREBP-2 transcriptional activity.

DISCUSSION

Currently, statins represent the mainstay of cholesterol-lowering drugs used to treat high
blood cholesterol levels. Although they significantly reduce blood cholesterol levels and
mortality associated with cardiovascular diseases, the optimal target levels for LDL in the
blood are rarely attained in high-risk populations with a statin monotherapy. In addition,
high-dose statins have been associated with serious side effects such as rhabdomyolysis and
renal failure as well as drug-drug interactions.2” Furthermore, the suppression of cholesterol
synthesis by statin therapy is compensated for in part by a rise in intestinal cholesterol
absorption.28 Consistent with this concept, statin treatment was associated with an increase
in the intestinal expression of NPC1L1 by 19% along with cholesterol synthesizing genes.2°
On the other hand, ezetimibe treatment blocks intestinal cholesterol absorption while
reciprocally increasing synthesis.30 Ezetimibe being the only cholesterol absorption inhibitor
known to target NPC1L1 has shown a substantial inter-individual variation in responsiveness
to treatment. Although the mechanism is still not clear, variability might be partly accounted
for by NPC1L1 polymorphisms.3! In some patients, ezetimibe treatment dramatically
decreased plasma cholesterol concentration while in others it was barely effective,
highlighting the need for the development of cholesterol uptake inhibitors.32

Interestingly, the combination therapy targeting cholesterol synthesis and absorption by
using statins and ezetimibe has already established a more pronounced decrease of LDL
levels in the blood. Addition of ezetimibe to statin treatment resulted in a mean decrease in
LDL of 25.8% (n = 2,020) compared to 2.7% with statin alone (n = 1,010) after 6 weeks
(p<0.001). Likewise, patients suffering from homozygous familial hypercholesterolemia
showed a 14-21% additional decrease in their plasma LDL when ezetimibe was added to
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their statin regimen.33 Zetia was also efficient in CHD patients with 71% of the patients
attaining their LDL goal compared to 21% with statin alone.34 Additionally, ezetimibe
treatment was proven to inhibit the development and progression of atherosclerosis in
apolipoprotein E knockout mice.3° Given the major effect of cholesterol absorption on
plasma cholesterol levels as seen in patients using a combination treatment of statins and
ezetimibe, finding new molecular targets for cholesterol absorption and synthesis is of great
interest.36

The involvement of AHR in cholesterol and lipid metabolism has been extensively described
in rodents exposed to the high-affinity exogenous AHR ligand TCDD. Early studies
demonstrated TCDD to reduce serum triglyceride levels, adipose tissue and body weight.
More recently, TCDD-mediated genome-wide AHR enrichment and differential gene
expression analysis identified gene groups related to fatty acid and lipid metabolism in mice
and rats.37:38 Oral administration of TCDD resulted in a ~25% decrease in total cholesterol
in mouse serum.39 Ligand activation of AHR has been demonstrated to induce spontaneous
onset of hepatic steatosis in mouse models.40 In addition, transgenic mice that express
constitutively active hepatic AHR had increased accumulation of triglycerides in their liver.
41 Consistent with these findings, inhibition of AHR by its antagonists was demonstrated to
be protective against Western diet-stimulated obesity and hepatic steatosis.#2 Similarly,
AHR-deficient mice were found to be less susceptible to high-fat diet-induced obesity, liver
steatosis, insulin resistance and inflammation.#3 Furthermore, our laboratory has previously
demonstrated that AHR activation attenuated the hepatic expression of genes involved in
cholesterol and fatty acid synthesis in a DRE-independent manner.16:44

We examined here the ability of SAhRMs to influence mSREBP-2 proteins levels and
transcriptional activity over a 48 h time frame in Caco2 cells. This long-term treatment
conditions were necessary due to the time that it takes to reduce intracellular cholesterol
levels leading to an increase level of mMSREBP-2 levels. Under long-term treatment
conditions TCDD induces rapid AHR translocation into the nucleus and dramatic down-
regulation of AHR levels through enhanced protein turnover. In contrast, SGA360 actually
enhanced AHR levels after 24 h exposure. The precise mechanism of how SAhRM/AHR
complex leads to mSREBP-2 turnover remains to be determined. However, we have
previously shown that SGA360 actually causes cytoplasmic retention of the AHR.22 Thus,
suggesting that the AHR ligand-mediated decrease in mMSREBP-2 levels likely occurs
through protein-protein interaction events in the cytoplasm.

In this study, we described the involvement of the AHR in the regulation of NPC1L1
expression and demonstrated the ability of AHR agonist TCDD or the selective ligands
SGA360 and SGA315 to attenuate the expression of cholesterol transporter NPC1L1 as well
as cholesterol synthesis genes and subsequently decrease cholesterol uptake in human
Caco-2 cells. Our data indicates that this regulation depends on SREBP-2, the principal
transcriptional regulator of cholesterol biosynthesis (Figure 10). Furthermore, SiRNA-
mediated reduced AHR levels correlated with enhanced mRNA levels of NPC1L1. These
results suggest a constitutive role for AHR in the regulation of NPC1L1 levels in the human
intestine. Mechanistically, we demonstrated that SAhRM activation of AHR represses the
expression of cholesterol synthesis genes by attenuating the levels of transcriptionally active
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MSREBP-2. The degree of AHR-mediated SREBP-2 inhibition appears to be significantly
higher in the presence of lovastatin compared with the decrease in basal SREBP-2 levels
upon AHR ligand exposure in the absence of lovastatin. AHR ligands, at least in part, induce
the proteolytic degradation of the cleaved endogenous SREBP-2, and perhaps obstruct the
processing of SREBP-2 without altering the expression of SCAP or INSIG1 protein.
Previously reported E3 ubiquitin ligase activity of AHR might partly explain the observed
decrease in the cleaved SREBP-2 levels.*>46 In the absence of lovastatin, selective AHR
ligand elicit a moderate but statistically significant decrease in the basal level of cleaved
SREBP-2, which was reversed by the inhibitor of calcium-activated calpains. Interestingly,
we determined through RNA-seq analysis that AHR ligands markedly upregulated 7RPV6E
gene expression, encoding for a membrane calcium channel protein, which is consistent with
the previously reported increase in intracellular calcium by polycyclic aromatic
hydrocarbons.#”-50 However, whether the increase in 7TRPV6 expression observed here is a
DRE-dependent or -independent mechanism will require further investigation. Upon
chelation of calcium, AHR ligands were no longer able to repress the mSREBP-2 protein
levels. It is plausible that elevated intracellular calcium activates calpains or other proteases,
which then lead to proteolytic degradation of mMSREBP-2 protein. However, calcium
chelation alone decreased the basal expression of SREBP-2, suggesting that intracellular
calcium might be involved in the regulation of SREBP-2 expression. Thus, AHR-induced
repression of SREBP-2 transcriptional activity appears to be complex and likely involves the
cross-communication of multiple pathways. Nevertheless, future studies are needed to
elucidate the main factor(s) involved in this process.

It is important to remember that the toxicity resulting from sustained AHR activation is
mediated through DRE-binding. Unlike the potent agonist TCDD, SGA360 exhibits no
DRE-mediated activity. Thus, the ability of this compound to cooperatively attenuate the
expression of cholesterol biosynthesis genes and subsequent cholesterol synthesis and
absorption is likely in a DRE-independent manner pointing to the AHR as a potential
therapeutic target in hypercholesterolemia. Our work provides the molecular basis for
developing new cholesterol absorption drugs. The attenuation of SREBP-2 activity by
selective activation of the AHR would overcome the compensatory upregulation of both
cholesterol absorption and synthesis pathways, and thereby variability in the patient
response to statin and ezetimibe treatments. Thus, the combination of statins or other
cholesterol-lowering treatments such as a SAhRM holds considerable potential to further
decrease total blood cholesterol. Whether these ligands exhibit the same efficiency in
lowering cholesterol levels in vivo as observed in cell culture will require further
investigation.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

AHR attenuates the expression of NPC1L1 and cellular cholesterol uptake. Caco-2 cells in
the presence of 10% delipidated FBS were treated for 48 h with AHR ligands and lovastatin
as indicated. NPC1L1 mRNA levels were assessed by gRT-PCR (A), and protein levels by
WES (B). (C) Caco-2 cells were transfected with siRNA targeting AHR or control siRNA
for 48 h, and then treated with ligands (10 uM) for an additional 24 h. NPC1L1 expression
was assessed by qRT-PCR. (D) After 48 h of ligand treatment, Caco-2 cells were incubated
with [1,2-3H(N)]-cholesterol for 30 min and radioactivity was measured in the cell lysate.
Data are presented as mean +/-S.D., n = 3; significance was determined by one-way
ANOVA (A, B, D) or two-way ANOVA (C), p-value < 0.01 (**), p-value < 0.001 (***) or p-
value < 0.0001 (****),
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o

20 40 60 80
Time after lovastatin treatment (h)

Characterization of stable Caco-2 reporter cell line expressing NPC1L 1 promoter. (A) Dose-
dependent effect of lovastatin on reporter activity in Clone 2 and Clone 7 after 48 h
treatment. (B) Lovastatin (10 pM) mediated transcriptional activity was assessed over time

in Clone 2.
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Figure 3.

Ligand activation of AHR represses NPC1L1-driven luciferase activity. (A) Stable Caco-2
reporter line was treated with lovastatin (10 pM), and TCDD (10 nM), SGA360 or SGA315
(10 uM) for 24 h, and luciferase activity was measured. (B) Stable Caco-2 reporter cells
were transfected with siRNA targeting AHR, SREBP-2 or control siRNA by electroporation
for 24 h, and then treated with lovastatin (10 uM) and TCDD (10 nM) for another 24 h. (C)
Knockdown efficiency of AHR and SREBP-2 was validated by immunoblot analysis. The
right-hand column depicts the specific sSiRNA knockdown samples. (D) Caco-2 cells were
transfected with a GAL4-SREBP-2 construct by Lipofectamine 3000, and treated with
ligands for 24 h. Data are presented as mean +/-S.D., n = 3; significance was determined by
one-way ANOVA (D), or two-way ANOVA (A, B), p-value < 0.01 (**), p-value < 0.001
(***) or p-value < 0.0001 (****),
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RNA-sequencing identified a set of genes differentially expressed upon combination
treatment with lovastatin and SGA360 or SGA315 in Caco-2 cells. Caco-2 cells were treated

with lovastatin (10 pM) and SGA360 or SGA315 (10 uM) for 48 h and RNA isolated and

sequenced. (A) Gene Ontology Analysis revealed top canonical pathways altered upon
SGA360 and SGA315 treatment in the presence of lovastatin. For a given pathway, blue bars
indicate the number of downregulated genes, and the orange line indicates -log(p-value).

The red asterisks denote pathways related to lipid biosynthesis. (B, C) MA plot

050 0510

-log(fold change)

representation of the gene expression data. The plots were obtained using Graphpad Prism,
where M (Y-axis) represents the intensity ratio of [SGA360+L0OV] to [LOV] treatment, and
(C) the intensity ratio of [SGA315+L0OV] to [LOV] treatment; fold change (log10), and A

(X-axis) represents the average intensity of two treatment groups; mean normalized counts

(log10). Red dashed lines represent the 1.5-fold change in gene expression. (D) Heatmap

and histogram for a subset of genes involved in the cholesterol synthesis pathway that were
downregulated by SGA360 and SGA315. Each cell represents the fold change relative to the
lovastatin treatment group (log10), for a given gene (row) in the specified treatment group
(column). Cell colors indicate fold change level; red: upregulation, green: downregulation.
All genes in this list have a significance greater than a p value <0.05.
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Figure5.
AHR activation inhibits the expression of a number of genes directly involved in cholesterol

synthesis. (A) Caco-2 cells were treated with lovastatin (10 uM) and TCDD (10 nM),
SGA360 or SGA315 (10 uM) for 48 h or (B) at indicated doses for 24 h in the presence of
delipidated FBS, and mRNA levels were determined by gRT-PCR. (C) Caco-2 cells were
transfected with siRNA targeting AHR or control siRNA using Lipofectamine 3000 for 48 h,
and then treated with ligands (10 uM) for another 48 h. RNA was isolated and expression
levels of specific genes were determined. Data are presented as mean +/-S.D., n = 3;
significance was determined by one-way ANOVA (A) or two-way ANOVA (B, C) p-value <
0.01 (**), p-value < 0.001 (***) or p-value < 0.0001 (****).
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AHR ligands are capable of diminishing the levels of cholesterol synthesis enzymes. Caco-2
cells were treated with lovastatin (10 pM) and TCDD (10 nM), SGA360, or SGA315 (10
uM) for 48 h in the presence of 10% delipidated FBS, and protein levels were assessed by

immunoblot analysis. Data are presented as mean +/=S.D., n = 3; significance was

determined by one-way ANOVA, p-value < 0.01 (**), p-value < 0.001 (***) or p-value <
0.0001 (****).
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AHR activation leads to a decrease in transcriptionally active SREBP-2 levels. After 48 h of
treatment with lovastatin (10 uM) and AHR ligands (10 pM), SREBP-2 mRNA levels were
examined by gRT-PCR analysis (A), and protein levels examined by WES analysis (B). (C)
Data in panel B is quantified. p: precursor, m: mature. Data are presented as mean +/-S.D., n
= 3; significance was determined by one-way ANOVA, p-value < 0.01 (**), p-value < 0.001
(***) or p-value < 0.0001 (****).
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AHR interferes with the stability of mSREBP-2. (A) Cycloheximide (1 pg/ml) was
administered to Caco-2 cells for the indicated time points, and SREBP-2 was examined by
WES. Caco-2 cells were treated with SGA360 (10 uM) or SGA315 (10 puM), and MG132 (5
uM) (B) or AEBSF (10 pg/ml) (C) for 24 h in the absence of lovastatin, and SREBP-2 was
examined by WES. p: precursor, m: mature. Data are presented as mean +/-S.D., n = 3;
significance was determined by one-way ANOVA, p-value < 0.01 (**), p-value < 0.001

(***) or pval

Ue < 0.0001 (****).
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Figure9.

Calcium chelation prevents AHR-mediated attenuation of SREBP-2. (A) BAPTA/AM (20
uM) was administered to Caco-2 cells in combination with carrier solvent, SGA360 (10 uM)
or SGA315 (10 pM) for 24 h, and SREBP-2 protein level was assessed by WES. (C)
Previous RNA-seq analysis described in figure 4 revealed altered expression of 7RPVE. (D)
Caco-2 cells were treated with lovastatin (10 uM) and SGA360 or SGA315 (10 uM) for 48 h
and RNA isolated. 7RPV6 expression was validated by gRT-PCR. p: precursor, m: mature.
Data are presented as mean +/-S.D., n = 3; significance was determined by one-way
ANOVA, p-value < 0.01 (**), p-value < 0.001 (***) or p-value < 0.0001 (****).
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Figure 10.
Proposed model of AHR-mediated inhibition of lovastatin-induced compensatory

upregulation of cholesterol synthesis and uptake genes. Lovastatin inhibits the HMGCR
enzyme, decreasing de novo cholesterol synthesis. However, a decrease in sterol levels leads
to activation of SREBP-2 and subsequent upregulation of SREBP-2 target genes. Selective
ligand-mediated modulation of the AHR attenuates this compensatory upregulation of
NPC1L1 and cholesterol synthesis genes by diminishing the transcriptionally active
MSREBP-2 protein levels.
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