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ABSTRACT

We have characterized previously a class of aryl hydrocarbon recep-
tor (AHR) ligand termed selective AHR modulators (SAhRMs).
SAhRMs exhibit anti-inflammatory properties, including suppression
of cytokine-mediated acute phase genes (e.g., Saa7), through disso-
ciation of non-dioxin-response element (DRE) AHR activity from
DRE-dependent xenobiotic gene expression. The partial AHR ago-
nist a-naphthoflavone («NF) mediates the suppressive, non-DRE de-
pendent effects on SAAT expression and partial DRE-mediated
CYP1AT1 induction. These observations suggest that aNF may be
structurally modified to a derivative exhibiting only SAhRM activity. A
screen of aNF derivatives identifies 3’,4’-dimethoxy-aNF (DIMNF) as
a candidate SAhRM. Competitive ligand binding validates DIMNF as
an AHR ligand, and DRE-dependent reporter assays with quantitative
mRNA analysis of AHR target genes reveal minimal agonist activity
associated with AHR binding. Consistent with loss of agonist activity,

DIMNF fails to promote AHR binding to DRE probes as determined
through electromobility shift assay. Importantly, mRNA analysis indi-
cates that DIMNF retains the suppressive capacity of aNF regarding
cytokine-mediated SAAT expression in Huh7 cells. Interestingly, pre-
dictive docking modeling suggests that DIMNF adopts a unique
orientation within the AHR ligand binding pocket relative to oNF and
may facilitate the rational design of additional SAhRMs. Microarray
studies with a non-DRE binding but otherwise functional AHR mutant
identified complement factor C3 as a potential SAhRM target. We
confirmed this observation in Huh7 cells using 10 wM DiIMNF, which
significantly repressed C3 mRNA and protein. These data expand the
classes of AHR ligands exerting DRE-independent anti-inflammatory
SAhRM activity, suggesting SAhRMs may have application in the
amelioration of inflammatory disorders.

Introduction

The acute-phase response (APR) represents an adaptive
response that occurs upon exposure to a variety of stimuli,
including infection, burn injury, trauma, and chronic inflam-
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matory diseases (Kushner and Rzewnicki, 1994). The release
of cytokines into circulation activates the APR in the liver,
leading to dramatic change in the expression and secretion of
a wide variety of acute phase proteins (APPs). Proteins clas-
sified as an APP include C-reactive protein, serum amyloid A
(SAA), haptoglobin, al-antitrypsin, and complement C3.
These proteins in turn help the organism respond to the
stress through a number of mechanisms. However, persistent
inflammatory disease states, such as cancer or autoimmune
disease (e.g., Crohn’s disease, multiple sclerosis, rheumatoid
arthritis), can lead to APP actually participating in inflam-

ABBREVIATIONS: APR, acute-phase response; AHR, aryl hydrocarbon receptor; APP, acute phase protein; SAhRM, selective aryl hydrocarbon
receptor modulator; DRE, dioxin-response element; DIMNF, 3’,4’-dimethoxy-a-naphthoflavone; aNF, a-naphthoflavone; BNF, B-naphthoflavone;
SAA, serum amyloid associated; PAL, photo-affinity ligand; TCDD, 2,3,7,8-tetrachlorodibenzo-p-dioxin; CDTA, 1,2-diaminocyclohexane-
N,N,N’,N’-tetraacetic acid; EAE, experimental acute encephalitis; SGA360, 1-allyl-7-trifluoromethyl-1H-indazol-3-yl-4-methoxyphenol; WAY-
169916, 4-[1-allyl-7-(trifluoromethyl)-1H-indazol-3-ylloenzene-1,3-diol; ARNT, aryl hydrocarbon receptor nuclear translocator; siRNA, small inter-
fering RNA; PCR, polymerase chain reaction; DMSO, dimethyl sulfoxide; ELISA, enzyme-linked immunosorbent assay; IL, interleukin; MOPS,
3-(N-morpholino)propanesulfonic acid; Tricine, N-[2-hydroxy-1,1-bis(hydroxymethyl)ethyl]glycine.
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matory processes. Sustained levels of APP predominantly
secreted from the liver can lead to altered immune signaling,
cachexia, and amyloidosis. Indeed, in one report, amyloidosis
mediated by high levels of SAA expression has been deter-
mined to be responsible for the deaths of up to half of patients
with juvenile rheumatoid arthritis (Savolainen and Isoméki,
1993). Two APR genes, SAAI and SAA2, largely mediate the
expression of SAA, which is capable of inducing inflamma-
tion through binding to Toll-like receptor 2, receptor for ad-
vanced glycation end-products, and formyl peptide receptor-
like 1 receptors (Cheng et al., 2008). These observations
suggest that attenuation of APR in patients with advanced
chronic inflammatory diseases may be useful in disease
management.

The Aryl hydrocarbon receptor (AHR) is a member of the
Per-ARNT-Sim family of transcription factors that are in-
volved in responding to external stimuli (Gu et al., 2000). The
AHR is found in the absence of ligand bound to a dimer of
90-kDa heat shock protein and the cochaperone X-associated
protein 2 (Petrulis and Perdew, 2002). After binding a ligand,
the AHR complex translocates into the nucleus, in which
ARNT displaces 90-kDa heat shock protein/X-associated pro-
tein 2 and heterodimerizes with AHR. The AHR/ARNT het-
erodimer is capable of binding to a dioxin-response element
(DRE), which can mediate changes in gene transcription.
Historically, the AHR target genes that have been most often
studied are involved in phase I xenobiotic metabolism. How-
ever, an expanding list of AHR target genes involved in a
wide range of pathways is emerging (Beischlag et al., 2008).
AHR-null mice have revealed that AHR also plays important
roles in immune system function, development of liver vas-
culature, and reproductive success. Furthermore, a survey of
the literature indicates that the ligand-activated AHR can
enhance and repress specific aspects of inflammatory signal-
ing. For example, the AHR has been shown to control regu-
latory T cell and Ty17 cell differentiation (Quintana et al.,
2008). The use of an AHR antagonist can block Ty17 cell
development in vitro, highlighting the possibility that AHR
antagonists may have therapeutic potential in chronic in-
flammatory disease in which T17 cells play a key role in
disease development (Veldhoen et al., 2009). We have dem-
onstrated that the AHR can attenuate gene expression of a
number of acute phase genes in the liver and in hepatic cell
lines in the presence of inflammatory signaling (Patel et al.,
2009). In addition, this repressive activity occurs in the ab-
sence of binding to a DRE, probably through protein-protein
interactions.

Nuclear receptors are considered an important therapeutic
target for a variety of diseases and in particular have been
viewed as targets to inhibit inflammation. The glucocorticoid
receptor is commonly activated by corticoid steroids as a
means of inhibiting inflammation. The mechanism of this
repression is the ability of glucocorticoid receptor ligands to
block activator protein-1 and nuclear factor-xB-mediated
transcription at the promoters of target genes. However,
activation of the glucocorticoid receptor also leads to gluco-
corticoid response element-driven transcription, which is re-
sponsible for the long-term side effects of glucocorticoid re-
ceptor agonist exposure. This has led to the development of
selective ligands for the glucocorticoid receptor that induce
the transrepression response without a response element-
mediated induction of gene expression (Schécke et al., 2004).

DiMNF Is a Selective AHR Modulator 509

This concept has led to the development of a selective estro-
gen receptor ligand, 4-[1-allyl-7-(trifluoromethyl)-1H-inda-
zol-3-yl]benzene-1,3-diol (WAY-169916), which exhibits po-
tent anti-inflammatory activity and has been demonstrated
to effectively treat adjuvant induced arthritis (Steffan et al.,
2004). We have established that WAY-169916 is also a selec-
tive AHR modulator (SAhRM) that is capable of repressing
acute-phase gene expression (e.g., SAAI, CRP, HP) without
inducing significant DRE-mediated transcriptional activity
(Murray et al., 2010b). These results have led to a search for
other chemicals that exhibit selective AHR activity. Here,
evidence is presented that identifies 3',4'-dimethoxy-a-naph-
thoflavone (DiMNF) as a SAhRM and demonstrates through
structure-activity studies that substitutions on the phenyl
ring are determinants for the exhibition of selective AHR
activity. DIMNF is capable of repressing APR gene expres-
sion without DRE-mediated transcription.

Materials and Methods

Materials. The flavonoid compounds 3’,4’-dimethoxy-a-naphthofla-
vone (2-(2,3-dimethoxyphenyl)-2,3-dihydro-4H-benzo[i]chromen-4-one)
(DIMNF), 4'-hydroxy-a-naphthoflavone (2-(4-hydroxyphenyl)-2,3-dihydro-
4H-benzo[h]chromen-4-one), 2'-methoxy-a-naphthoflavone (2-(2-methoxy-
phenyl)-2,3-dihydro-4H-benzolh|chromen-4-one), 4'-methoxy-a-naphtho-
flavone (2-(4-methoxyphenyl)-2,3-dihydro-4H-benzo[h]chromen-4-one),
a-naphthoflavone (2-phenyl-2,3-dihydro-4H-benzolh]chromen-4-one), and
B-naphthoflavone (3-phenyl-2,3-dihydro-1H-benzo[flchromen-1-one) were
obtained commercially (Indofine Chemical Co., Hillsborough, NdJ). 3'-
Methoxy-a-naphthoflavone (2-(3-methoxyphenyl)-2,3-dihydro-4H-
benzo[h]chromen-4-one) was synthesized in-house as described in the
chemical synthesis section (Supplemental Fig. S1). The AHR photoaf-
finity ligand 2-azido-3-[*?°Iliodo-7,8-dibromodibenzo-p-dioxin (PAL)
was synthesized as described previously (Poland et al., 1986). Human
recombinant interleukin-18 was obtained commercially (PeproTech,
Rocky Hill, NJ). The chemical structures of compounds used in this
study are provided in Supplemental Fig. S5.

Cell Culture. Huh7, HepG2, and Hep3B human hepatoma cell
lines were routinely maintained in a-modified essential media (Sigma-
Aldrich, St. Louis, MO) supplemented with 8% fetal bovine serum
(Hyclone Laboratories, Logan, UT) and 100 IU/ml penicillin/100
pg/ml streptomycin (Sigma-Aldrich). HepG2 (40/6) human hepatoma
stable cell line (Long et al., 1998) containing the stably integrated
pGudluc 6.1 luciferase reporter construct under the control of the
murine Cyplal enhancer were cultured under the same conditions
as Huh7 cells. Cells were cultured at 37°C in a humidified atmo-
sphere comprising 95% air and 5% CO,.

Chemical Characterization. Melting point was recorded on a
Fisher-Johns melting point apparatus (Thermo Fisher Scientific,
Waltham, MA) and is uncorrected. 'H NMR spectrum was recorded
using a Bruker Avance 500 MHz spectrometer (Bruker, Newark,
DE). Chemical shifts (8) are reported in parts per million downfield
from the internal standard. The signals are quoted as d (doublet), t
(triplet), m (multiplet) and br s (broad singlet). Mass spectrometry
(electron ionization) was determined at the Macromolecular Core
facility of Penn State College of Medicine (Hershey, PA). Thin-layer
chromatography was developed on aluminum-supported precoated
silica gel plates (EM Industries, Gibbstown, NJ).

3’-Methoxy-a-naphthoflavone Synthesis. To a solution of 3’-
hydroxy-a-naphthoflavone (1.44 g, 5.0 mmol) in acetone (50 ml) were
added potassium carbonate (1.38 g, 10 mmol) and dimethyl sulfate
(0.95 g, 7.5 mmol) and the reaction was refluxed for 2 h. The reaction
mixture was filtered, the filtrate was concentrated, and methylene
chloride (100 ml) was added. It was then washed with sodium bicar-
bonate and water, and the organic layer was dried over MgSO, and
concentrated under reduced pressure. The crude solid thus obtained
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was triturated with diethyl ether and filtered to yield 3'-methoxy-a-
naphthoflavone (1.4 g, 93%) as a white solid; melting point, 181 to
182°C; 'H NMR (500 MHz, CDCl,), § 3.98 (m, 3H), 7.19 (dd, J = 8.0
and 2.5 Hz, 1H), 7.45 (br s, 1H), 7.55 (t, J = 8.5 Hz, 1H), 7.63 (d, J =
1.5 Hz,1H), 7.71(d, J = 8.0 Hz, 1H), 7.78 to 7.83 (m, 2H), 7.98 (d, J =
8.5 Hz), 8.03 (dd, J = 7.0 and 2.5 Hz), 8.22 (d, J = 8.5 Hz, 1H), 8.69
(d, J = 8.5 Hz, 1H); mass spectrometry, m/z (electrospray ionization)
303 (M* + 1).

Luciferase-Based Reporter Assays. HepG2 (40/6) reporter
cells were seeded in six-well plates and cultured to ~80% conflu-
ence. Cells were treated as indicated for 4 h and then lysed in 200
wl of lysis buffer [256 mM Tris-phosphate, pH 7.8, 2 mM dithio-
threitol, 2 mM CDTA, 10% (v/v) glycerol, and 1% (v/v) Triton
X-100]. Lysate (20 pl) was combined with 80 ul of Luciferase
Reporter Substrate (Promega, Madison, WI) and luciferase activ-
ity measured with a TD-20e luminometer (Turner Systems,
Sunnyvale, CA). Luciferase activity was normalized with respect
to protein concentration.

RNA Isolation and Reverse Transcription. Total RNA was
isolated from cells cultured in six-well plates using TRIzol (Invitro-
gen, Carlsbad, CA). RNA concentration was determined via spectro-
photometry at A 260 and 280 nm. Total RNA (2 ug) was reverse-
transcribed to c¢cDNA using High-Capacity ¢cDNA Archive Kit
(Applied Biosystems, Foster City, CA).

Quantitative PCR. PCR was performed on a MyiQ (Bio-Rad Lab-
oratories, Hercules, CA) system using PerfeCTa SYBR Green reagent
(Quanta Biosciences, Gaithersburg, MD). Quantitative real-time PCR
primers (Integrated DNA Technologies, Coralville, IA) used in this
study were as follows: L13A: forward, CCTGGAGGCGAAGCGGAAA-
GAGA, reverse, GAGGACCTCTGTGTATTTGTCAA; CYPI1A1I: for-
ward, TCTTCCTTCGTCCCCTTCAC, reverse, TGGTTGATCTGC-
CACTGGTT; SAAI: forward, AGGCTCAGACAAATACTTCCATGC,
reverse, TCTCTGGCATCGCTGATCACTTCT; C3: forward, CTCAAT-
GTTGACCATGACCG, reverse, AAGTGGTGGAGAAGGTGGTG; C4:
forward, GGACCCCTGTCCAGTGTTAG, reverse, GTTTGCCTTT-
GAGATGGAGG; C1S: forward, AAGAGCGTTTTACGGGGTTT, reverse,
GTCAGCTGCTTCCACATCAA; CIR: forward, ATAGAGGGGACCCAG-
GTGCT, reverse, TGGTGGTGTAACGGAAGTCA; CYPI1B1: forward,
TGCCTGTCACTATTCCTCATGCCA, reverse, ATCAAAGTTCTC-
CGGGTTAGGCCA; CYP1A2: forward, CGGCACTTCGACCCTTACAA,
reverse, CACATGGCACCAATGACG; AHRR: forward, GTGCGAATCG-
GAACTGCATGGAAA, reverse, TCAGTCTGTTCCCTGAGCACCAAA,;
and UGTIAI: forward, AACAAGGAGCTCATGGCCTCC, reverse,
GTTCGCAAGATTCGATGGTCG. In all cases, melting point analysis
revealed amplification of a single product. Data acquisition and
analysis were achieved using MyiQ software (Bio-Rad Laborato-
ries). Quantification was achieved through comparison against
target-specific standard curves, and data represent mean fluores-
cence normalized to that of the control gene ribosomal protein
L13A to yield a relative mRNA level.

siRNA-Mediated Knockdown. siRNA-mediated knockdown of
AHR expression in Hep3B cells was performed using the Amaxa
nucleofection system (Lonza Walkersville Inc., Walkersville, MD)
with the AHR-specific oligonucleotide sequence (GCACGAGAGGCU-
CAGGUUA) ON-TARGETplus siRNA (Dharmacon RNA Technolo-
gies, Lafayette, CO) or control green fluorescent protein-specific
siRNA oligonucleotide. In brief, cells were washed, and 2 X 10° cells
were suspended in 100 pl of nucleofection solution, followed by
electroporation using program T16. Transfected cells were sus-
pended in 12 ml of complete media and seeded into six-well plates at
2 ml/well. Cells were cultured for 48 h before the addition of indi-
cated treatments. Verification of AHR knockdown was achieved
through protein immunoblotting.

Photoaffinity Competitive Ligand Binding Assay. Hepatic
cytosol extracts were isolated from B6.Cg-Ahrt™3-1 Bra Tg (Alb-cre,
Ttr-AHR)1GHP “Humanized” AHR mice (Flaveny et al., 2009) by
homogenization in 25 mM MOPS, 2 mM EDTA, 0.02% NaNj;, and
10% glycerol, pH 7.4, containing 20 mM sodium molybdate and

protease inhibitor cocktail (Sigma-Aldrich) followed by centrifuga-
tion at 100,000g for 1 h. All binding experiments were conducted in
the dark until photocross-linking of the PAL. In brief, a saturating
amount of PAL (0.21 pmol, i.e., 8 X 10° cpm/tube) was added to 150
ug of cytosolic protein. Samples were then incubated with test com-
pounds as indicated for 20 min at room temperature. Samples were
photolyzed (402 nm, 8 cm, 4 min), and 1% dextran-coated charcoal
was added followed by centrifugation at 3000g for 10 min to remove
unbound PAL. Labeled samples were resolved on 8% Tricine poly-
acrylamide gels, transferred to polyvinylidene difluoride membrane,
and visualized by autoradiography. Radioactive AHR bands were
excised and quantified by y-counting.

Electromobility Shift Assay. Gel-shift analyses were performed
essentially as described previously (Flaveny et al., 2009). In brief,
pCI-AHR and pCI-ARNT were in vitro-translated with the TNT-
coupled rabbit reticulocyte lysate system (Promega) supplemented
with 1.5 mM sodium molybdate. AHR and ARNT (4 ul) were com-
bined in the presence of 1.5 ul of buffer containing 25 mM HEPES,
1 mM EDTA, 10 mM sodium molybdate, and 10% glycerol, pH 7.5,
together with indicated treatments for 30 min at room temperature.
32P-Labeled DRE probe was added to each reaction and incubated for
a further 15 min. Lysates were resolved on 6% DNA-retardation gel
(Invitrogen) and visualized by autoradiography.

Cytotoxicity Assays. Short-term cytotoxicity was assessed
using the 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-
(4-sulfophenyl)-2H-tetrazolium assay and is based on the mitochon-
drial reduction of a substrate by viable cells. Huh7 cells were seeded
at 2 X 10% cell/well, and after overnight incubation, the cells were
treated as indicated for a further 48 h. Viability was assessed by
adding 40 pl/well 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxy-
phenyl)-2-(4-sulfophenyl)-2H-tetrazolium reagent and determining
the absorbance at 490 nm after 2 h. Data represent viable cell
number as a percentage of vehicle (DMSO)-treated cells = S.E.M.
Longer-term cytotoxicity was determined using a colony-forma-
tion assay. For this assay Huh7 cells were seeded at 1 X 102
cells/plate, and after overnight incubation, cells were treated as
indicated. After 24 h, cells were washed and cultured for an
additional 14 days, after which time cells were stained with Coo-
massie Brilliant Blue for 2 min, and colonies were counted. Data
represent the percentage colony number = S.E.M. compared with
vehicle (DMSO)-treated controls.

Anti-human C3 ELISA. Huh7 cells were seeded in six-well
plates and cultured under standard conditions to 70% confluence; at
this point cells were transferred to serum-free media supplemented
with 5 mg/ml bovine serum albumin. After overnight incubation,
cells were treated as indicated for 24 h. Huh7-conditioned media was
collected, and aliquots diluted 100-fold in ELISA sample dilution
buffer. Diluted samples were analyzed using an anti-human C3
ELISA kit (GenWay Biotech, San Diego, CA) following the manufac-
turer’s instructions. C3 levels were quantified against standard
curves (R? = 0.99) and concentrations were corrected for the dilution
factor and are expressed as mean nanograms per milliliter (n = 3 per
treatment).

Molecular Docking Prediction and Binding Energy Calcu-
lations. Binding of o-NF and DiMNF within the ligand pocket of
human and mouse AHR was performed as described previously
(Bisson et al., 2009).

Data Analysis. In all cases, studies were performed in triplicate.
Statistical analyses of data were performed using Prism 5 graphing
and statistical analysis software (GraphPad Software Inc., San Di-
ego, CA). Data were analyzed using one-way analysis of variance and
Tukey’s multiple comparison and Student’s ¢-tests. All cases in which
P < 0.05 was deemed statistically significant are indicated by an
asterisk (*). Statistical comparisons between different groups are
indicated by alphabetical characters.
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Results

Substitution of the B-Ring of aNF Affects AHR-Me-
diated Gene Transcription. Previous observations using a
non-DRE binding mutant of AHR (AHRA7®P) indicate that
ligands for the AHR have the capacity to promote suppres-
sion of proinflammatory gene expression in an AHR-depen-
dent, yet DRE-independent, fashion (Patel et al., 2009; Mur-
ray et al., 2010b,c). Interestingly, both pure AHR agonists
(e.g., BNF) and the partial agonist/competitive antagonist
aNF elicit the same degree of suppression. These observa-
tions prompted us to examine the notion that «NF may be
chemically modified to render it devoid of partial agonist
activity, with regard to stimulating DRE-mediated transcrip-
tion while still retaining its capacity to suppress proinflam-
matory gene expression in an AHR-dependent manner (i.e.,
an SAhRM). Previous studies have highlighted the impor-
tance of the flavone B-ring in determining AHR agonist po-
tential of flavone-based AHR ligands (Gasiewicz et al., 1996).
Therefore, we performed a preliminary quantitative PCR
screen of DRE-mediated CYPIAI induction in Huh?7 cells
with aNF and B-ring derivatives of aNF: 2'-methoxy-aNF,
4'-methoxy-aNF, 3’, 4’-dimethoxy-aNF, and 4'-hydroxy-aNF
(Fig. 1). Exposure of Huh7 cells to 10 uM BNF or oNF for 4 h
prompted comparable (6- and 5-fold, respectively) increases
in the level of CYP1A1 mRNA compared with vehicle-treated
cells alone. Similar treatment of Huh7 cells with B-ring de-
rivatives of aNF resulted in divergent responses with regard
to CYP1A1 mRNA induction. Substitution for a hydroxyl
moiety at the 4’-position ablated CYP1A1 induction to a level
60% less than that of vehicle-treated cells. Loss of induction
was also observed with derivatives substituted with a hy-
droxyl at the 2’ and with the double 3',4’-dimethoxy substi-
tution (Fig. 2). The lack of induction with these derivatives is
in contrast to the effect observed with 4'-methoxy-aNF,
which induced CYP1A1 mRNA to a level 60% of the parent
compound, alNF. The inductive capacity of 4’-methoxy-aNF
indicates that this derivative is an AHR agonist and thus
effectively eliminates this compound as a potential SAhRM.

Ry Ra: Ry Rs: Re:
a-NF H H H H H
2'-methoxy-o.-NF OCH; H H H H
4'-methoxy-o-NF H H OCH; H H
3', 4'-dimethoxy-a.-NF H OCH; OCH; H H
4'-hydroxy-a.-NF H H OH H H

Fig. 1. Chemical structures of aNF derivatives. Schematic representation of the
flavone B-ring derivatives used in this study: DiMNF, 4'-hydroxy-a-
naphthoflavone (2-(4-hydroxyphenyl)-2,3-dihydro-4H-benzolh]chromen-4-one),
2'-methoxy-a-naphthoflavone (2-(2-methoxyphenyl)-2,3-dihydro-4H-benzolh-
lchromen-4-one), 4’'-methoxy-a-naphthoflavone (2-(4-methoxyphenyl)-2,
3-dihydro-4H-benzo[h]chromen-4-one), 3'-methoxy-a-naphthoflavone (2-(3-
methoxyphenyl)-2,3-dihydro-4H-benzo[h]chromen-4-one), and a-naph-
thoflavone (2-phenyl-2,3-dihydro-4H-benzol/|chromen-4-one).
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The diverse responses observed suggest that minor modifi-
cations of the parent compound can exert a profound effect on
AHR function and associated CYPIAI transcription.
B-Ring Derivatives of aNF Antagonize DRE-Medi-
ated Gene Expression. CYPIAI expression is predomi-
nantly driven in response to ligand-transformed AHR bind-
ing in conjunction with ARNT to its cognate response
elements (DRE) located in the CYPIAI upstream enhancer
region. We therefore examined whether the inhibitory effect
of the 2'-methoxy-, 4’-hydroxy-, and 3',4’-dimethoxy-aNF de-
rivatives is a consequence of diminished AHR/ARNT/DRE
binding, a defining characteristic of the SAhRMs character-
ized previously. Consistent with the CYP1A1 mRNA expres-
sion analysis, electromobility shift studies using in vitro
translated components revealed a marked decrease in AHR/
ARNT heterodimer binding to a DRE oligonucleotide probe,
relative to that observed with the positive binding controls
aNF and BNF (Fig. 3). The complementary lack of AHR/
ARNT/DRE complex formation and CYP1A1 mRNA induc-
tion may indicate the potential for these derivatives to exert
SAhRM activity or may reflect an inability to bind the AHR.
To discriminate between these two possibilities, we per-
formed a series of DRE-mediated reporter ligand competition
assays. HepG2 (40/6) cells, stably integrated with the DRE
containing Cyplal enhancer upstream of a luciferase re-
porter, were treated for 4 h with vehicle, 2 nM TCDD, or in
conjunction with 1 uM substituted aNF derivatives, and
luciferase activity was determined (Fig. 4). Each of the test
compounds was able to elicit an antagonistic effect with
regard to AHR-dependent, DRE-mediated reporter expres-
sion; however, the magnitude of the inhibition varied with
the aoNF derivative used. 4'-Hydroxy-aNF inhibited TCDD-
induced reporter activity by 93%, whereas 2'-methoxy-aNF
exhibited 97% repression. The highest level of antagonism
was displayed by DiMNF, achieving 98% repression. The
ability of these derivatives to compete with TCDD and an-
tagonize DRE-mediated reporter expression suggests that
substitution on the flavone B-ring may alter AHR-binding

0.8 =

kk

Relative mRNA level
CYPIAI/LI3A

0.4 <
a, b

b b b

*kk *kk

vehicle +

B-NF +

o-NF +

4’-hydroxy-o-NF +

4’-methoxy-0-NF +
2’-methoxy-0-NF +

DiMNF +

Fig. 2. Derivatives of aNF exhibit differential AHR agonist activity at the
CYPIAI promoter. Huh7 cells were exposed to vehicle (DMSO),
10 uM BNF, aNF, 4'-hydroxy-aNF, 4'-methoxy-aNF, 2'-methoxy-aNF, or
DiMNF for 4 h, and CYP1A1 mRNA expression was analyzed by quan-
titative PCR. Data represent mean CYP1A1 mRNA =+ S.E.M. normalized
to the constitutively expressed ribosomal L13A mRNA. Statistical signif-
icance is indicated by an asterisk (x, P < 0.05, #*, P < 0.01, and =, P <
0.001). Intertreatment statistical comparisons are indicated by lowercase
letters.
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affinity and indicates that failure of these derivatives to
stimulate AHR/ARNT/DRE binding and CYPIA1 induction
is possibly a consequence of competition for the ligand bind-
ing pocket of the AHR. With the exception of 4'-methoxy-
aNF, all of the derivatives demonstrated no CYPIAI induc-
tion; however, DIMNF seemed to be the most promising
SAhRM candidate because of its greater antagonistic activity
and thus was examined in further detail.

DiMNF Is an AHR Ligand. The capacity of DiMNF to
competitively antagonize TCDD-mediated AHR transactiva-
tion is indicative but not conclusive evidence that DIMNF is
a direct AHR ligand. To definitively characterize the ligand
status of DIMNF, in vitro competitive ligand binding assays
were performed against the AHR photoaffinity ligand PAL.
Hepatic-derived cytosolic extracts isolated from “humanized”
AHR C57/BJ6 mice were incubated with 200 pM [*2°T]PAL in
combination with increasing concentrations of either the par-
ent compound aNF or its substituted derivative DiIMNF and
the magnitude of competition assessed radiometrically (Fig. 5).
The data obtained revealed nearly identical ligand competition
profiles for aNF and DiMNF, with IC;, at 25 and 21 nM,
respectively (Fig. 5, A and B). Such data corroborate the ob-
served antagonism of TCDD-mediated reporter gene expression
by both oNF and DiMNF. In addition, competition for PAL
binding indicates that DIMNF interacts with the ligand binding
pocket of AHR and thus represents an AHR ligand. Further-
more, the similar IC;, values for «NF and DiMNF indicate that
the differential effects with regard to agonist/antagonistic DRE-
mediated expression are unlikely to be a consequence of relative
binding affinities.

The establishment of DIMNF as an AHR ligand with ap-
parent antagonistic activity with regard to DRE-mediated
gene expression raised the issue of whether DiMNF is acting
directly as an intrinsic antagonist or rather whether it is
metabolized to an intermediate, which also has AHR ligand
status and is the actual source of antagonism. To address the
issue of DIMNF metabolism, DRE-mediated reporter dose-
response and competitive time course assays were conducted
(Fig. 6, A and B). HepG2 (40/6) cells were incubated for 4 h
with vehicle, 2 nM TCDD, or TCDD plus increasing concen-
trations of DiMNF, and reporter activity was quantified.
Exposure to TCDD yielded a 90-fold increase in activity over

<

<

no treatment
vehicle

B-NF

o-NF
2’-methoxy-o.-NF
4’-methoxy-o-NF
DiMNF
4’-hydroxy-o.-NF

10 uM

vehicle-treated control. Coincubation with TCDD and in-
creasing concentrations of DiMNF prompted a significant
dose-dependent decrease in reporter activity (Fig. 6A).
HepG2 (40/6) cells were incubated with 2 nM TCDD or TCDD
in combination with 10 uM DiMNF, and reporter activity
was determined over 4, 8, and 16 h. Increasing exposure to
TCDD resulted in a time-dependent decrease in reporter
activity, consistent with the well characterized TCDD-medi-
ated turnover of AHR protein. Extended incubation with
TCDD and DiMNF again demonstrated the competitive an-
tagonist response with regard to TCDD-mediated reporter
induction (Fig. 6B). However, a time-dependent increase in
reporter activity was observed, suggesting a loss of DIMNF
competition, perhaps signifying metabolic conversion of
DiMNF into a noncompetitive intermediate. These observa-
tions argue against the notion that DiMNF may undergo
spontaneous or metabolic conversion to generate a product
responsible for AHR antagonism.

The AHR Gene Battery Is Minimally Influenced by
DiMNF. Among the cohort of gene targets that comprise the
DRE-mediated AHR battery, induction of CYP1A1 is consid-
ered the predominant biomarker of AHR activation. How-
ever, there are limited data indicating differential induction
of the AHR battery depending on the AHR ligand used. We
therefore examined whether the failure of DiIMNF to stimu-
late DRE-mediated expression is restricted to CYPIAI or
universal with regard to the DRE-mediated AHR battery.
Huh?7 cells were exposed to vehicle or 10 uM DiMNF for 3 h,
and the expression of CYP1A1, CYP1B1, CYP1A2, AHRR,
and UGT1A1 mRNA was examined by quantitative PCR
(Fig. 7). For each gene examined, treatment with DiIMNF
failed to significantly induce mRNA expression above the
vehicle-treated control baseline. Indeed, DIMNF prompted a
decrease in basal expression levels, which was particularly
evident with CYPI1A1 and UGTI1A1; although decreases in
basal expression were observed with the other AHR target
genes examined, these proved to be statistically insignificant.
Cytotoxicity assays revealed a slight inhibitory effect of
DiMNF upon cell survival, which fails to account for the
absence of DRE-mediated induction in response to DIMNF
(Supplemental Fig. S2). The mechanism by which DiIMNF
exerts this modest cytotoxic effect remains to be explored.

AHR/ARNT Fig. 3. The agonist activity of B-ring derivatives of aNF
DRE complex  correlates with AHR binding to its cognate response ele-

ment. Ligand-mediated DRE binding by the AHR/ARNT
non-specific heterodimer was assessed by electromobility shift assay

using in vitro-translated components. Equal volumes of
translated human AHR and ARNT were combined and
incubated for 30 min at room temperature with vehicle
(DMSO) (lane 2), 10 uM BNF and oNF as positive controls
(lanes 3 and 4), or 10 pM 2'-methoxy-aNF (lane 5), 4'-
methoxy-aNF (lane 6), DiMNF (lane 7), and 4’'-hydroxy-
aNF (lane 8). Samples were then incubated for 15 min with
[*?P]DRE probe encompassing the murine Cyplal DRE
enhancer before resolving on 8% nondenaturing DNA re-
tardation gels. Gels were fixed and dried under vacuum
and exposed to autoradiographic film. AHR/ARNT/DRE
and nonspecific complexes are as indicated.
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These data indicate that the lack of induction elicited by
DiMNF is not restricted to CYPIAI and probably will apply
to the majority of DRE-mediated gene targets.

DiMNF Effectively Suppresses Cytokine-Mediated
Inflammatory Gene Expression. Transcriptional regula-
tion by AHR is not limited to mechanisms involving its cog-

1000 = b
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500 =

Relative luciferase units

250 5

vehicle
TCDD + + + + + + +
B-NF +

o-NF +

4’-hydroxy-o-NF +

4’-methoxy-0i-NF +
2’-methoxy-o-NF +
DiMNF +

Fig. 4. Derivatives of aNF are antagonistic toward TCDD-mediated gene
expression in the context of a heterologous DRE reporter construct.
HepG2 (40/6) cells were exposed to vehicle (DMSO), 10 uM BNF, aNF,
4'-hydroxy-aNF, 4'-methoxy-aNF, 2'-methoxy-aNF, or DiMNF just be-
fore addition of 10 nM TCDD. Cells were incubated for 5 h, and luciferase
activity was assayed. Data represent mean relative luciferase units =+
S.E.M. Statistical significance is indicated by an asterisk (+, P < 0.05, #*,
P < 0.01, and ##*, P < 0.001). Intertreatment statistical comparisons are
indicated by lowercase letters.

A 150
1257
10071

o-NF

757
501
2511C,,=25nM

% Specific Binding

01
-4 -12 -10 -8 -6 -4 -2
Log (Competitor)

3', 4'-dimethoxy-o-NF

% Specific Binding

0
-14 -12 -10 -8 -6 -4 -2
Log (Competitor)

Fig. 5. DiMNF is a competitive ligand for the human AHR with binding
characteristics similar to those of aNF. Competitive ligand binding as-
says were performed using hepatic cytosol from “humanized AHR”
C57B/6J mice. Cytosolic extracts were incubated with increasing concen-
trations of either aNF (A) or DIMNF (B) in the presence of the AHR
photoaffinity ligand. After exposure to UV radiation to facilitate covalent
cross-linking, samples were resolved by Tricine SDS-polyacrylamide gel
electrophoresis and transferred to membrane. After exposure to film,
AHR bands were excised and quantified through y-counting. Data repre-
sent direct mean counts per million + S.E.M.
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nate response element. Previous data have demonstrated
that IL1B-mediated induction of the acute phase protein
SAA1 can be significantly diminished in an AHR-dependent,
DRE-independent manner. Moreover, such suppression can
be evoked selectively (i.e., in the absence of DRE-mediated
gene expression) with the SAhRM class of AHR ligands. We
therefore examined the potential of DIMNF to inhibit SAAT
expression in response to a proinflammatory challenge (Fig. 8A).
Huh7 cells exposed to 2 ng/ml IL1B for 3 h prompted a signifi-
cant increase in SAA1 mRNA expression compared with vehicle
alone, as determined through quantitative PCR analysis. Pre-
incubation with 10 uM DiMNF for 1 h before challenging with
IL1B resulted in a significant suppression of SAA1 mRNA ex-
pression. The establishment of DIMNF as an effective suppres-
sor of cytokine-mediated SAA I expression led us to examine the
structure-activity relationship associated with the 3’ and 4’
methoxy moieties with regard to SAAI expression. The 3'-
methoxy derivative was synthesized as described under Mate-
rials and Methods and was tested against its 4’-methoxy and
3',4'-dimethoxy counterparts. Huh7 cells exposed to 2 ng/ml
IL1B for 3 h prompted a 20-fold increase in SAA1 mRNA
(Fig. 8B). Treatment with each of the three methoxy de-
rivatives for 1 h before IL1B resulted in a marked and
significant suppression of SAA1 mRNA associated with
each derivative (Fig. 8B).
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Fig. 6. Competitive antagonism of ligand-mediated DRE activity by
DiMNF is dose- and time-dependent. A, HepG2 (40/6) cells were exposed
to vehicle (DMSO) or 1, 2, or 10 uM DiMNF just before the addition of 2
nM TCDD. Cells were incubated for 5 h, and luciferase activity was
assayed. B, HepG2 (40/6) cells were exposed to vehicle (DMSO) or 10 uM
DiMNF just before the addition of 2 nM TCDD. Cells were incubated, and
luciferase activity was assayed after 4, 8, and 16 h. Data represent mean
relative luciferase units = S.E.M. Statistical significance is indicated by
an asterisk (x, P < 0.05, =#, P < 0.01, and #**, P < 0.001). Intertreatment
statistical comparisons are indicated by lowercase letters.
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Previous microarray studies using the A78D non-DRE
binding AHR mutant identified additional inflammatory
gene targets suppressed in response to ligand activation,
including members of the complement cascade [i.e., comple-
ment factor 3 (C3) or acylation-stimulating protein cleavage
product, complement factor 4 (C4), complement component
C1, s subcomponent (C1S), and complement component C1, r
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Fig. 7. Lack of DRE-dependent agonist activity by DiMNF is conserved
across the AHR gene battery. Huh7 cells were incubated with vehicle
(DMSO) or 10 uM DiMNF for 4 h and CYP1A1l, CYP1B1, CYP1A2,
AHRR, and UGT1A1 mRNA expression was analyzed by quantitative
PCR. Data represent mean target mRNA + S.E.M. normalized to the
constitutively expressed ribosomal L13A mRNA.

subcomponent (C1R)] (Patel et al., 2009). We therefore inves-
tigated the capacity of DIMNF to influence inflammatory
targets other than SAA1. Huh7 cells exposed to 2 ng/ml IL13
for 3 h stimulated the transcription of C4, C1S, CIR, and C3
above vehicle-treated controls by 6-, 7-, 2-, and 10-fold, re-
spectively (Fig. 9A). The magnitude of IL1B3-mediated mRNA
induction of each of the complement factors was significantly
reduced in response to 1-h preincubation with 10 uM
DiMNF; in all cases, mRNA expression was diminished by
more than 50%. Suppression of IL1B-mediated C3 mRNA
expression by DiMNF was also examined at the protein level.
Huh7 cells were incubated with vehicle, 2 ng/ml IL1B, or
IL1B in combination with 10 uM DiMNF. After 24 h, cell
culture media samples were analyzed for secreted C3 protein
content by ELISA (Fig. 9B). The basal level of C3 protein in
vehicle-conditioned media was determined to be 123 ng/ml,
which increased 328% to 403 ng/ml in IL1B-conditioned me-
dia. Exposure to DIMNF before IL1g significantly decreased
the level of secreted C3 protein in conditioned media by 40%
to 247 ng/ml relative to IL1B alone. Thus, these data validate
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Fig. 8. DIMNF exhibits repressive activity toward cytokine-mediated
SAA1 induction. Huh7 cells were incubated with vehicle (DMSO) or 10
uM DiMNF (A) or 10 uM 3'-methoxy-aNF, 4'-methoxy-aNF, or DIMNF
(B) for 1 h before stimulation with 2 ng/ml human IL1B. Cells were
incubated for an additional 4 h, and SAA1 mRNA expression was ana-
lyzed by quantitative PCR. Data represent mean SAA1 mRNA * S.E.M.
normalized to the constitutively expressed ribosomal L13A mRNA. Sta-
tistical significance is indicated by an asterisk (¥, P < 0.05, =%, P < 0.01,
and *#*, P < 0.001). Intertreatment statistical comparisons are indicated
by lowercase letters.
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the microarray observation that ligand-activation of AHR the context of C3, these data also demonstrate that transcrip-
results in the attenuation of cytokine-mediated SAAI and tional repression of mRNA is reflected at the level of protein
complement component mRNA expression. Furthermore, in  secretion and thus may have biological implications. Despite
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Fig. 9. Complement gene expression is a target for AHR-dependent DiMNF-mediated suppression. A, Huh7 cells were incubated with vehicle (DMSO)
or 10 uM DiMNF for 1 h before stimulation with 2 ng/ml human IL1. Cells were incubated for an additional 4 h, and C3, C4, C1S, and C1R mRNA
expression was analyzed by quantitative PCR. Data represent mean C3, C4, C1S, and C1R mRNA = S.E.M. normalized to the constitutively expressed
ribosomal L13A mRNA. B, Huh7 cells were incubated with vehicle (DMSO) or 10 uM DiMNF for 1 h before stimulation with 2 ng/ml human IL13.
After 24-h incubation, conditioned media were analyzed for C3 protein content by ELISA, and C3 concentrations were extrapolated from the standard
curve. Data represent mean media C3 concentration (nanograms per milliliter) = S.E.M. C, Hep3B cells targeted with scrambled or AHR-specific
siRNA were incubated with vehicle (DMSO) or 10 uM DiMNF for 1 h before stimulation with 2 ng/ml human IL1B. Cells were incubated for an
additional 4 h, and C3 mRNA expression was analyzed by quantitative PCR. Data represent mean C3 mRNA = S.E.M. normalized to the constitutively
expressed ribosomal L13A mRNA. Statistical significance is indicated by an asterisk (+, P < 0.05, ##, P < 0.01, and ##*, P < 0.001). Intertreatment
statistical comparisons are indicated by lowercase letters.
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demonstrating through competitive ligand binding assays
that DiMNF represents a bona fide AHR ligand, we wished to
examine AHR-dependence with regard to DiMNF-mediated
C3 mRNA suppression. To achieve this aim, sSiRNA-mediated
knockdown of AHR expression was performed in Hep3B cells
before exposure to DiMNF. Confirmation of AHR ablation
was demonstrated through AHR immunoblot analysis, which
revealed an 80% decrease in AHR protein expression relative
to scrambled siRNA controls (Supplementary Fig. S3A). To
validate that a functional level of knockdown was achieved,
TCDD-mediated CYP1A1 induction was determined in AHR-
targeted siRNA-treated cells. Ablation of AHR protein
expression significantly diminished both basal and TCDD-
mediated CYP1A1 mRNA induction, thus indicating a func-
tional suppression of AHR activity (Supplementary Fig.
S3B). Exposure of scrambled siRNA and AHR-depleted
Hep3B cells with 2 ng/ml IL1g for 4 h prompted an induction
of C3 mRNA. Although basal and induced C3 mRNA levels in
AHR-depleted cells were lower than in their scrambled
siRNA counterparts, the relative induction after IL1p treat-
ment remained similar (Fig. 9C). Preincubation of scrambled
siRNA Hep3B cells for 1 h with 10 uM DiMNF before 4-h
IL1B exposure resulted in a marked and significant suppres-
sion of C3 mRNA expression. However, the same DiMNF/
IL1B treatment in AHR-depleted Hep3B cells failed to result
in significant suppression of C3 mRNA expression (Fig. 9C).
Such data indicate that DiIMNF-mediated suppression of cy-
tokine-dependent C3 induction requires the functional ex-
pression of AHR.

DiMNF Adopts a Unique Orientation within the Li-
gand Binding Pocket of AHR. Despite nearly identical
AHR binding affinity, the divergent SAhRM activity exhib-
ited by DiMNF, compared with its partial agonist/competitive
antagonist parent compound oNF, attests to a fundamental dif-
ference that influences and directs AHR functionality. Using
an in silico modeling approach based on a lowest energy
ligand docking algorithm validated previously with other
AHR ligands (Bisson et al., 2009), we examined the spatial
and energy profiles of aNF and DiMNF within the ligand
binding pocket of human and mouse AHR (Fig. 10 and Sup-
plemental Fig. S4). Under the parameters of the model, «NF
docked into the binding pocket with a binding energy of
—4.26 kcal/mol (mouse AHR) and —4.06 kcal/mol (human
AHR), establishing a hydrogen bond between the A-ring car-
bonyl oxygen (C=0) and the hydroxyl hydrogen (OH) of res-
idue Ser359 (mouse)/Ser365 (human). DiMNF docked into
the binding pocket with a higher binding energy than aNF in
both species of AHR, —6.1 kcal/mol (mouse) and —5.44 kcal/
mol (human). The stronger binding energy exhibited by
DiMNF seems to be a consequence of the introduction of an
additional hydrogen bond spanning the oxygen of the 3'-
methoxy (OCHj,) moiety and the hydroxyl hydrogen (OH) of
residue Thr283 (mouse)/Thr289 (human). These docking
analyses predict a stronger, more energetically favorable in-
teraction between DiMNF and the ligand binding pocket of
AHR compared with that observed with its parent compound
aNF. We also examined the docking parameters associated
with 4’-methoxy-aNF, which, unlike its dimethoxy counter-
part DiMNF, exhibited a marked degree of agonist activity in
the initial quantitative PCR CYP1A1 and electromobility
shift assay screens (Figs. 2. and 3). The docking model pre-
dicted a binding orientation similar to that observed with

DiMNF but with a reduced binding energy of —5.15 kcal/mol
(mouse)/—5.14 kcal/mol (human). The energy reduction ob-
served with 4'-methoxy-aNF may be due to the absence of the
3’-methoxy/Thr283/289 hydrogen bond found with DiMNF.

Discussion

Both naturally occurring and synthetic polyphenolic fla-
vonoid classes of compounds are recognized as abundant
sources of ligands for the AHR (Ashida et al., 2008). Fla-
vonoid AHR ligands exhibit divergent responses with regard
to canonical DRE-mediated AHR activity; some [e.g., B-naph-
thoflavone (Gillner et al., 1985) and quercetin (Ciolino et al.,
1999)] demonstrate agonist activity; others [e.g., a-naphtho-
flavone (Gillner et al., 1985), 6,2',4'-trimethoxyflavone (Mur-
ray et al., 2010a), and kaempferol (Ciolino et al., 1999)] are
partial agonists or competitive antagonists (Lu et al., 1995,
1996; Zhang et al., 2003). A large body of evidence describes
the anti-inflammatory, tumor-suppressing, and general ben-
eficial activity of flavonoids, typically attributed to their free-
radical scavenging antioxidant activity or through blockade
of mitogenic kinase signaling (Cho et al., 2003; Van Dross et
al., 2005; Garcia-Lafuente et al., 2009). However, despite the

\/ T289

Predicted binding of a:NF in the
binding pocket of the human AHR

Binding Energy: - 4.06 kcal/mol
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in the binding pocket of the human AHR
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I
Fig. 10. In silico ligand docking algorithm predicts differential orienta-
tions between aNF and the SAhRM DiMNF in the ligand binding pocket
of AHR. Predicted docking orientations of o-NF (A) and DiMNF (B)
within the proposed ligand binding pocket of human AHR, highlighting
common interaction with 365 but divergent interaction with Thr289 and
3’,4'-dimethoxy-aNF.

2T0Z ‘T Jeqwiadaq uo 1sanb Aq 6o sjeuinofjadse weydjow wol} papeojumod


http://molpharm.aspetjournals.org/

aspet’

AHR binding status of many flavonoids, it is unclear whether
some of the positive aspects are in any way mediated through
the AHR (Zhang et al., 2003). Recent evidence has expanded
the repertoire of physiological processes influenced by the
AHR to include hematopoietic development, inflammatory
cytokine and acute phase reactant expression, T;1/2 balance,
and Ty17 and Ty, development. Thus, it is intriguing to
hypothesize that some of the positive anti-inflammatory ef-
fects of flavonoids are mediated through the AHR and its
emerging role in modulating immunological processes (Veld-
hoen et al., 2008; Jux et al., 2009; Kerkvliet et al., 2009; Patel
et al., 2009; Sekine et al., 2009; Singh et al., 2009; Boitano et
al., 2010).

The recent characterization of an anti-inflammatory
SAhRM, which represents a novel subset of AHR ligands
with the capacity to dissociate non-DRE dependent anti-
inflammatory action of AHR from potentially undesirable
DRE-mediated transactivation points to the amelioration of
inflammatory conditions through pharmacological modula-
tion of AHR (Murray et al., 2010c). The modulation of AHR
and resultant beneficial effects has also been demonstrated
with AHR agonists such as TCDD in diminishing inflamma-
tory parameters associated with a genetic model of diabetes
(Kerkvliet et al., 2009). However, systemic toxicity is proba-
bly with full agonists but will not be as evident with weak
agonists such as 6-methoxychlorodibenzofuran, which exhib-
its antitumor properties in models of breast and prostate
cancer (Zhang et al., 2009). It is probable that AHR agonists
are exerting some of these effects through non-DRE depen-
dent mechanisms akin to the dissociative SAhRMs. The anti-
inflammatory properties of flavonoids and their propensity to
bind AHR have led us to examine whether flavonoids can
exhibit the dissociated transcriptional characteristics of an
SAhRM. The observation that the partial AHR agonist aNF
can suppress cytokine-mediated inflammatory gene expres-
sion (e.g., SAA1) suggests that its structure may be modified
to diminish agonist activity while retaining its AHR-medi-
ated anti-inflammatory properties, thus generating a fla-
vonoid-based SAhRM. Previous data have indicated that sub-
stitution of the flavone B-ring at the 3’ and 4’ positions
contributes significantly to enhanced AHR affinity in con-
junction with increased antagonism of DRE-mediated re-
sponses (Gasiewicz et al.,, 1996; Henry et al., 1999). The
screens used in this study confirm that targeted substitution
can alter AHR responsiveness, thus diminishing the agonist
potential of aNF. The initial screen with hydroxyl- and me-
thoxy-derivatives of alNF revealed a marked reduction in
CYPI1A] induction relative to the parent compound aNF and
full agonist BNF. Loss of agonist activity together with com-
petitive inhibition of TCDD-mediated induction was also ob-
served in a DRE-mediated reporter gene context. These as-
says used the CYP1A1 enhancer, which is restricted to AHR
response elements, suggesting that the lack of induction by
aNF derivatives is unlikely to be a consequence of suppres-
sion through additional non-AHR response elements, such as
antioxidant or estrogen receptor response elements, which
are reported to be sensitive to various flavonoids (Kuiper et
al., 1998). The diminished induction of AHR target genes
(e.g., CYPIAI and AHRR) elicited by the inhibitory B-ring
derivatives in general and DiMNF in particular correlates
with a loss of binding of the AHR/ARNT heterodimer to its
cognate response element, as evidenced through gel retarda-
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tion assays. Inhibition of the AHR/ARNT/DRE complex for-
mation is observed with the previously characterized
SAhRMs WAY-169916 and 1-allyl-7-trifluoromethyl-1H-in-
dazol-3-yl-4-methoxyphenol (SGA360) and thus may be a
defining characteristic of an SAhRM (Murray et al., 2010b,c).
The mechanism by which WAY-169916, SGA360, and other
putative SAhRMs (e.g., DIMNF) fail to mediate AHR/ARNT
DRE binding has not been elucidated. AHR turnover studies
in the presence of WAY-169916, DiMNF, and other weak
agonists/antagonists reveal that AHR is more resistant to
ligand-mediated receptor degradation compared with TCDD
or other potent agonists (I. Murray, unpublished data). Such
data argue against AHR turnover to account for diminished
DRE interaction and associated gene induction. The absence
of DRE binding suggests that DIMNF will restrict the expres-
sion of all DRE-regulated gene targets within the AHR bat-
tery and that inhibition is not limited to those targets cur-
rently examined. Loss of DRE complex formation may arise
as a consequence of diminished affinity of SAhRM-bound
AHR for ARNT, either through a direct nonpermissive con-
formational change in ligand-bound AHR or indirectly
through inefficient nuclear translocation that could limit in-
teraction with ARNT. We are investigating these possibilities
to assess how DIMNF and other putative SAhRMs differen-
tially influence AHR activity relative to typical AHR ligands
to ablate DRE-mediated transactivation. Evidence for a spe-
cific repressive AHR conformation is contradictory, prelimi-
nary ligand modeling data predict the formation of a novel
hydrogen bond between DiMNF (and WAY-169916, together
with other putative SAhRMs being investigated) and Thr283/
289 (mouse/human), which is absent with oNF and typical
AHR ligands. Such an interaction may impart a unique con-
formational change in AHR and be the basis for non-DRE
selectivity. Mutational analysis may verify the importance of
this residue in determining selectivity with the caveat that
mutation around the ligand binding pocket is often detrimen-
tal to binding affinity (Pandini et al., 2009). Typical AHR
agonists also have the capacity to suppress those inflamma-
tory gene targets repressed by SAhRMs; thus, non-DRE me-
diated suppression may be a function of ligand binding itself
rather than a specific mode of interaction. Should this be the
case, the basis for selectivity is a loss of function (i.e., non-
DRE binding phenomenon) rather than a gain of function
(i.e., pharmacological acquisition of repressive potential).
Such loss of function may explain the reported physiological
suppressive effects of AHR with regard to immune signaling,
because any putative endogenous AHR ligand should also
elicit DRE-independent repression (Jux et al., 2009; Sekine
et al., 2009). Thus, the direction of AHR action becomes
context-specific, defined not by ligand binding alone but re-
quiring additional as-yet-unidentified components. However,
the various B-ring derivatives examined here indicate pro-
found effects on AHR selectivity (e.g., 4'-methoxy- versus
4'-hydroxy-aNF) despite having similar binding affinities to
the parent compound, with the conclusion that differences
are being transmitted through ligand binding. Refinement of
the predictive ligand binding model using additional com-
pounds that exhibit SAhRM characteristics or the realization
of a crystal structure for the AHR may yet illuminate subtle
conformational differences evoked by different classes of
AHR ligand.
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The capacity of DiIMNF to suppress SAAI expression is
consistent with the suppression observed with other func-
tionally diverse AHR ligands (Patel et al., 2009; Murray et
al., 2010b,c) and indicates that repression is not ligand-spe-
cific. Furthermore, this study demonstrates that repressive
SAhRM activity elicited by DIMNF can be extended to addi-
tional inflammatory components beyond SAAI1. C3 expres-
sion has been demonstrated to be pivotal in inflammatory
diseases, including rheumatoid arthritis, as exemplified by
C3(—/—) mouse models, which are resistant to experimen-
tally induced arthritis (Ji et al., 2001). Likewise, the devel-
opment and severity of experimental autoimmune encepha-
litis (EAE), a model for multiple sclerosis, has been shown to
be dependent on an intact C3-mediated complement system
(Szalai et al., 2007). Interestingly, C3(—/+) mice have serum
C3 concentrations 50% of their wild-type counterparts and
exhibit diminished EAE severity through a mechanism likely
to involve reduced migration and activation of T-cells within
the spinal cord (Szalai et al., 2007). Here, we reveal that
DiMNF, acting as an SAhRM, has the capacity to suppress
C3 levels by 40% in vitro, suggesting that DIMNF may be
effective therapeutically. However, the efficacy of DIMNF
remains to be established with in vivo models, such as EAE.
The absence of agonist (i.e., DRE-binding associated with
DiMNF) indicates that AHR is not binding to the C3 pro-
moter directly but may tether to a transcriptional complex
(e.g., the estrogen receptor, a known inducer of C3 to illicit
suppression). Chromatin immunoprecipitation may address
such questions and allow the mechanism of suppression to be
determined.

This study is the first to identify a flavone-based SAhRM
with the capacity to suppress cytokine-mediated inflamma-
tory gene expression in an AHR-dependent manner and in-
dicates that minor modifications of characterized AHR ago-
nists can profoundly influence the direction of AHR activity.
Furthermore, the characterization of 3’, 4’-dimethoxy-a-
naphthoflavone as a SAhRM expands the repertoire of chem-
ical classes that can dissociate the repressive capacity of
AHR away from its transactivation function, with the impli-
cation that more potent SAhRMs may become evident and
used therapeutically as anti-inflammatory agents.
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