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The Aryl hydrocarbon receptor (AhR) is a ligand-activated transcription 

factor and member of the basic helix-loop-helix Per/ARNT/Sim (bHLH/PAS) 

family of chemosensors and developmental regulators. As a member of the PAS 

domain family of transcription factors responsive to exogenous signals, the AhR 

exerts influence on many processes relating to cellular fate.   

The activation of AhR is widely associated with toxic endpoints related to 

dioxin exposure.  However, the AhR also activates endogenous gene programs 

related to development, cellular growth, and differentiation.  The AhR is able to 

bind a variety of ligands, leading to a wide range of biological outcomes.  Recent 

reports have shown that the AhR can mediate tumor suppressive effects.    As a 

ligand-activated transcription factor, the AhR has the potential to actuate a 

variety of transcriptional programs that are dependent on the AhR ligand. 

 Our central hypothesis is that AhR ligands can be identified that are 

capable of initiating tumor suppressive functions of the AhR.   



 We utilized complementary cell-based and in silico virtual screening 

approaches to identify potential AhR ligands.  We developed homology models of 

the AhR ligand-binding domain (LBD) for virtual ligand screening (VLS) of small 

molecule libraries. This led to the identification of new AhR ligands 5,7-

dihydroxyflavanone!and 5-hydroxy-7-methoxyflavone. Additional small molecule 

libraries were screened in parallel that led to identification of flutamide as a 

putative AhR ligand.  Flutamide is clinically approved for the treatment of prostate 

cancer due to its ability to antagonize androgen receptor mediated transcription.  

We investigated the biological effects of flutamide in AhR positive cancer cells 

that do not express the androgen receptor and found that flutamide inhibited the 

growth of HepG2 cells. Suppression of AhR expression reversed the anti-

proliferative effects of flutamide.  

We tested 15 structural analogs of flutamide, including the flutamide 

metabolite 2-hydroxyflutamide for activation of AhR transcriptional activity.  

Flutamide is unique in its ability to activate the AhR, and suppresses hepatoma 

cell growth.  These data suggests that flutamide-induced AhR transcriptional 

activity is required to initiate the tumor suppressive effects.  We examined 

changes in cell cycle checkpoint proteins after flutamide treatment and 

discovered increased expression of cell cycle inhibitory proteins  p27Kip1 and 

p15INK.  We also found that transforming Growth Factor !1 (TGF!1), which 

regulates both p27Kip1 and p15INK, is upregulated by flutamide. We demonstrate 

that TGF!1 is upregulated by flutamide in an AhR-dependent manner and is 

required for suppression of proliferation by flutamide. We identify specific and 



unique transcriptional signatures of the AhR upon activation by flutamide, that 

are distinct from the potent AhR agonist 2,3,7,8-Tetrachlorodibenzo-p-dioxin 

(TCDD).     

In summary, we characterize flutamide as an AhR ligand and demonstrate 

its AhR-dependent tumor suppressive effects in hepatoma cells.  We provide the 

first direct evidence that AhR regulates TGF! signaling in a ligand dependent 

manner.  We demonstrate that the AhR-induced downstream transcriptional 

signature and subsequent biological effects are specific to the AhR ligand.  Our 

studies have broad impact for characterizing the AhR as a new therapeutic target 

in hepatocellular carcinoma. 
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In 1949, workers at a Monsanto trichlorophenol manufacturing plant were 

accidentally exposed to halogenated aromatic hydrocarbons, including 2,3,7,8-

tetrachlorodibenzo-p-dioxin (TCDD), more commonly known as dioxin.  The 

exposure led to several cases of chloracne, liver toxicity, and tumors (Zack and 

Suskind 1980).  In 1976, a more severe accident occurred in Seveso, Italy where 

a tricholophenol plant explosion exposed the surrounding residential population 

to high levels of TCDD (Warner, Eskenazi et al. 2002).  Retrospective studies on 

the exposed population, as well as animal studies led to classification of TCDD 

as a carcinogen by the International Agency for Research on Cancer  (IARC) in 

1997 (Mocarelli, Marocchi et al. 1986, Cerlesi, Didomenico et al. 1989, Merlo, 

Puntoni et al. 1989, Bertazzi, Zocchetti et al. 1997, Kogevinas 2001, Yoshimura, 

Kaneko et al. 2001, Warner, Eskenazi et al. 2002, Steenland, Bertazzi et al. 

2004). 

 
Figure 1.1 Structure of 2,3,7,8-Tetrachlorodibenzo-p-dioxin. C12H4Cl4O2 
(F.W. 321.97; [1746-01-6]).  TCDD, commonly known as dioxin, is a planar small 
molecule and member of the dioxin subclass of polycyclic aromatic 
hydrocarbons.  TCDD is the most potent non-genotoxic carcinogen of the class 
known to date. 
 

TCDD is a historical use polycyclic aromatic hydrocarbon (PAH) and trace 

byproduct of herbicide and chlorophenol synthesis.   The use of these herbicides 
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has been phased out, and currently the major source for TCDD exposure is as a 

byproduct of backyard burning. TCDD does not bind to DNA and is non-

genotoxic.  Despite this, TCDD is a potent tumor-promoting compound in several 

mouse models.   TCDD is resistant to metabolism and exhibits a long half life, 

leading to a persistent presence of the compound (Hankinson 1995). Efforts to 

understand how carcinogenesis is initiated by the non-genotoxic TCDD led to the 

identification of the aryl hydrocarbon receptor (AhR) as the mediator of TCDD-

induced effects.  TCDD is recognized as the most potent AhR agonist to date, 

resulting in constitutive and aberrant AhR mediated transcriptional activation.  

Understanding the biological consequences of TCDD exposure has dominated 

the context in which AhR signaling has been characterized.   

The AhR is a ligand-activated orphan receptor and member of the 

PER/ARNT/Sim (PAS) domain family of transcription factors responsive to 

exogenous signals. Latent AhR is compartmentalized in the cytosol complexed 

with p23, hepatitis B virus X-associated protein 2 (XAP2), and heat shock protein 

90 (HSP90) whose association is required for ligand binding (Perdew 1988, 

Perdew and Bradfield 1996, Carver and Bradfield 1997, Meyer, Pray-Grant et al. 

1998, Felts and Toft 2003).  When AhR agonists bind to the PASB domain of the 

AhR, dissociation from HSP90 and nuclear translocation occurs (Beischlag, 

Morales et al. 2008).  Upon nuclear localization, the AhR heterodimerizes with 

the AhR nuclear translocator (ARNT) forming an active transcription factor 

complex (AhRC) (Fig 1.2).  The activated AhRC binds to specific responsive 

elements (AhREs), whereupon it recruits the transcriptional machinery necessary 
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for target gene transcriptional activation.  Thus, the ligand-bound AhR responds 

to the initiating signal, and directly influences consequent transcriptional 

activation of target genes.  These changes in the transcriptome ultimately 

translate to biological effects, which can be ligand dependent.  

 
 
Figure 1.2 AhR Signaling. Schematic representation of AhR signaling.  The 
latent AhR resides in the cytosol complexed with a HSP90 dimer.  Upon ligand 
binding (L), the AhR dissociates from HSP90 and translocates to the nucleus 
where its heteromeric partner ARNT resides.  The proteins heterodimerize to 
form the active transcription factor complex (AhRC).  The AhRC recognizes 
AhRE elements in the promoter region of target genes and initiates transcription. 
 

Classical AhR target genes have been characterized by response to 

2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) exposure and include the 

cytochrome P450 family of drug metabolizing enzymes (Jones, Durrin et al. 

1986, Whitlock, Denison et al. 1989). In murine models, TCDD has been 

characterized as a potent carcinogen (Safe 2001, Puga, Ma et al. 2009), and 
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exposure and can also lead to a wide variety of toxic responses mediated by the 

AhR (Fernandez-Salguero, Pineau et al. 1995, FernandezSalguero, Hilbert et al. 

1996, Kolluri, Weiss et al. 1999, Matikainen, Perez et al. 2001, Vorderstrasse, 

Steppan et al. 2001, Bock and Kohle 2006, Funatake, Marshall et al. 2008, Lai, 

Dhakal et al. 2012).  However, many of the molecular interactions that lead to 

these complex toxic responses remain unclear (Gasiewicz, Henry et al. 2008).   

The endogenous ligand for the AhR has yet to be identified, and therefore 

the endogenous role of the AhR remains in question.  The AhR is evolutionarily 

conserved in vertebrates, and therefore potential roles for the AhR are not limited 

to TCDD induced responses.  Although many insights into AhR signaling have 

resulted from careful studies of TCDD and AhR interactions, the AhR mediates 

many other processes related to cellular growth, development, and 

differentiation.    

 

1.2 Functional domains and heteromeric partners of the AhR 

 Cloning of the AhR became possible with the synthesis of a dioxin based-

photoaffinity ligand able to bind covalently to the AhR (Poland, Glover et al. 

1986), allowing direct detection of the AhR (Beischlag, Morales et al. 2008).  This 

breakthrough allowed the purification of the AhR (Perdew and Poland 1988, 

Bradfield, Glover et al. 1991) which in turn resulted in the generation of AhR 

polyclonal antibodies.  The purification techniques, antibodies against the AhR, 

and several strains of inbred mice characterized with the photoaffinity ligand 

resulted in the AhR N-terminal sequence identification (Bradfield, Glover et al. 
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1991).  The use of degenerate primers allowed for the eventual cloning of the 

AhR (Dolwick, Schmidt et al. 1993). 

 The AhR is a 95 kilodalton polypeptide with gene locus mapped to 

chromosomes 12 and 7, in mice and humans, respectively.  The AhR contains 

several distinct regions including a basic helix-loop-helix (bHLH) domain near the 

N-terminus, a nuclear localization sequence (NLS), two PAS domains, A and B, 

and a glutamine rich region included in a transactivation domain near the C 

terminus (Fig 1.3).  

Figure 1.3 Secondary structures of the AhR and ARNT. The AhR contains a 
number of structural motifs including a basic DNA binding element within the 
bHLH motif.  The NLS is required for importation into the nucleus.  As a member 
of the Per/ARNT/Sim family, the AhR contains two PAS domains, A and B, with 
the PASB domain responsible for ligand binding.  Near the C-terminus the 
transactivation domain facilitates recruitment of transcriptional machinery 
required for transcription.  The ARNT heterodimeric partner contains many of the 
same motifs and is also a member of the PAS family. 
 

The latent AhR is part of a multimeric complex including HSP90, p23, and 

XAP2 residing in the cytosolic compartment.  The phosphoprotein p23 is 

associated with HSP90 and helps confer stability to HSP90-interactions with its 
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clients (Felts and Toft 2003).  The XAP2 association with the latent AhR complex 

is enigmatic with several confounding observations (Beischlag, Morales et al. 

2008).  It is thought that XAP2 is associated with both the C-terminal end of the 

HSP90 chaperone and the NLS of the AhR, thereby preventing the latent AhR 

complex from nuclear translocation (Carver and Bradfield 1997, Ma and Whitlock 

1997, Petrulis and Perdew 2002).  A dimeric HSP90 is bound to the AhR at the 

bHLH and PAS A domain.  Recent studies indicate that HSP90-client recognition 

preferentially binds to structurally unstable clients, and HSP90 serves to 

structurally stabilize its heterodimeric partners (Taipale, Krykbaeva et al. 2012).   

The stabilization of the AhR by HSP90 enhances ligand recognition of the AhR at 

the PAS-B domain, which is responsible for ligand binding (Burbach, Poland et 

al. 1992, Fukunaga, Probst et al. 1995, Heid, Pollenz et al. 2000).  Although 

previous studies have demonstrated that the HSP90 can also interact with the 

AhR in the nucleus, recent evidence indicates that HSP90 has less affinity for 

stabilized protein clients (Taipale, Krykbaeva et al. 2012), as would be the case 

in ligand-bound AhR.  However, it is likely that the unmasking of the nuclear 

localization sequence occupied by HSP90/XAP2 complex is needed for 

recognition by importin, and concomitant nuclear localization.    

After agonist ligand binding, the AhR translocates to the nucleus where it 

hetrodimerizes with the aryl hydrocarbon nuclear translocator to form the active 

transcription factor complex known as the AhRC (Hoffman, Reyes et al. 1991, 

Johnson 1991).  ARNT is also a member of the PAS family, and interacts at the 

same domains that HSP90/XAP2 previously occupied, making the proteins 
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mutually exclusive for association with the AhR (Burbach, Poland et al. 1992, 

Huang, Edery et al. 1993, Kewley, Whitelaw et al. 2004).  The basic region of the 

bHLH domain is involved in DNA recognition, and the HLH regions and PAS 

domains contained in both proteins facilitate the interactions of the two proteins 

comprising the AhRC (Jain, Dolwick et al. 1994). 

Once the AhRC is formed, it binds to consensus sequences called AhR-

Responsive Elements (AhREs), determined to be 5!-T/GCGTG-3!.  Upon binding 

to DNA, the AhRC is able to recruit the transcriptional machinery required for 

gene activation through the transactivation regions located on both heteromeric 

partners of the AhRC and initiate target gene transcriptional activation.  One of 

the most well studied target gene of the TCDD-activated AhRC is the cytochrome 

P-450 CYP1A1 gene, although additional AhR responsive genes have been 

identified (Gasiewicz, Henry et al. 2008).     

 

1.3 Generation of AhR knockout mice 

To elucidate potential endogenous roles of the AhR, independent groups 

have generated multiple knockout mice.  In 1995 the Gonzalez group introduced 

a neomycin resistance gene replacing exon 1, resulting in deletion of the 

translational start site (Fernandez-Salguero, Pineau et al. 1995).  The Bradfield 

group independently generated another AhR knockout mouse in 1996, where 

they replaced exon 2 with the neomycin resistance gene.  This replacement 

leaves both the transcriptional and translational start sites intact, but removes the 

bHLH region encoded by exon 2 (Schmidt, Su et al. 1996).  The Bradfield mice 
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could still presumably encode a short AhR transcript that could be translated into 

a 23 amino acid peptide, which could possibly explain the few differences 

between the models (Lahvis and Bradfield 1998, Esser 2009).  The Fujii-

Kuriyama group generated AhR knockout mice encoding a b-galactosidase gene 

fused to a NLS sequence (Mimura, Yamashita et al. 1997).     

Phenotypic consequences of AhR deletion in these mice include 

significantly decreased whole animal size, and drastically reduced liver volume 

(Lahvis and Bradfield 1998, Esser 2009).  The AhR knockout mice exhibit lower 

splenocyte populations, and have impaired differentiation potential for Th17 cells 

(Kerkvliet, Shepherd et al. 2002, Funatake, Marshall et al. 2005, Quintana, Basso 

et al. 2008).  These mouse models do not upregulate cytochrome P450 drug 

metabolizing enzymes in response to TCDD, illustrating that AhR mediates 

TCDD induced transcriptional programs (Gonzalez, Fernandez-Salguero et al. 

1995, Lahvis and Bradfield 1998).   

For AhR expressing murine models, responses to acute TCDD exposure 

include thymic atrophy and altered hepatic histopathology.  In the AhR deficient 

mice the regression of the thymic cortex is not observed in response to TCDD 

treatment.  In mice that express the AhR, response to TCDD includes increased 

cellular hypertrophy and increased liver size, inflammatory cell infiltration, and 

scattered centrilobular necrosis (Jones and Butler 1974, Fernandez-Salguero, 

Pineau et al. 1995, FernandezSalguero, Hilbert et al. 1996).  In the AhR deficient 

mice, these responses to TCDD are not observed (FernandezSalguero, Hilbert et 

al. 1996).  These studies provide compelling in vivo data that the AhR is the 
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meditor of TCDD induced effects.  However the activation of the AhR by 

exposure to historically recent xenobiotic ligands such as TCDD cannot have 

played a role in the evolutionary conservation of the AhR in vertebrates, and the 

endogenous roles of AhR may be dissimilar to TCDD activation.  The AhR 

knockout models have been instrumental in elucidating the AhR-dependent 

effects of TCDD, and characterization of AhR developmental phenotypes.   

 

1.4 Role of the AhR in development 

The reduced liver size, smaller whole animal, and limited lymphocyte 

development in AhR knockout mice suggests a role for the AhR in development.  

Normal development of the anterior prostate and seminal vesicle is impaired in 

AhR knockout mice.(Lin, Ko et al. 2002) AhR mRNA is detected in pre-

implantation embroyonic mice, and knockdown of AhR inhibits blastocyst 

formation, suggesting an active role of the AhR in embryonic development 

(Abbott and Probst 1995, Peters and Wiley 1995, Wu, Ohsako et al. 2002). 

Transgenic mice containing an AhR controlled lacZ reporter revealed AhR 

activity as early as embryonic day 13 (Willey, Stripp et al. 1998). The active role 

of the AhR early in development suggests an ability to influence multiple gene 

programs related to cellular fate.   

AhR expression was shown to maintain the population of specialized 

intraepithelial lymphocytes (IELs), which mediate the immune response to the 

microbial load in the gut.  The IEL cells exhibit high expression of AhR, which can 

be activated by AhR ligands present in cruciferous vegetables.  Activation of AhR 
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maintains the IEL cell population, while AhR deficiencies compromise the IEL 

population, leading to immune activation and tissue damage. Loss of AhR or 

absence of dietary AhR ligands was also shown to result in increased severity of 

colitis in murine models (Innocentin, Withers et al. 2011).  TCDD is known to 

change the differentiation fate of developing T cells, and results in immune 

suppression in an AhR dependent manner (Vorderstrasse, Steppan et al. 2001, 

Funatake, Marshall et al. 2008). These studies suggest the AhR is a key 

mediator of cellular fates such as development and differentiation. 

 

1.5 De-regulated AhR as a tumor promoter 

Several studies have also implied that AhR can act as a tumor promoter.  

For example, AhR levels are highly expressed in rat and mouse 2,4-

dimethylbenzwaxanthracene (DMBA) induced tumors when compared to normal 

mammary glands, suggesting that high levels of AhR may be a biomarker for 

breast cancer (Currier, Solomon et al. 2005, Schlezinger, Liu et al. 2006).   

CYP1B1 abundance is upregulated in many human mammary tumors 

(Schlezinger, Liu et al. 2006).  CYP1B1 is a well-established transcriptional target 

of the AhR, and is responsible for metabolizing estrogen to its toxic and 

mutagenic metabolite, 4-hydroxy estradiol.  In 7,12-dimethylbenz["]anthracene 

(DMBA)-induced tumors, AhR expression is elevated and constitutively active, 

suggesting a de-regulated activation status of the AhR (Trombino, Near et al. 

2000).   The de-regulated AhR constitutively upregulates CYP1B1 in DMBA-

induced rat tumors, long after the DMBA ligand has been eliminated.  However, 
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CYP1A1 is not upregulated unless treated with TCDD, suggesting that even 

deregulated AhR responds to ligand activation (McDougal, Wilson et al. 1997).  

Supporting evidence shows that other AhR agonists also inhibit tumor growth in 

DMBA-induced mammary tumors (McDougal, Wilson et al. 1997).  

In transgenic mice expressing a constitutively active AhR, results in 

stomach tumors (Andersson, McGuire et al. 2002). Therefore, modulating 

aberrant constitutive activation of the AhR with a ligand that restores the AhR 

tumor suppressive roles remain a promising possibility (Currier, Solomon et al. 

2005, Yang, Liu et al. 2005).  

  Further evidence for AhR deregulation and influence on immune 

response involves the AhR ligand and tryptophan metabolite L-kynurenine (Kyn).  

Kyn is constitutively generated by human tumor cells via tryptophan-2,3-

dioxygenase (TDO).  Kyn suppresses anti-tumor immune responses, promotes 

tumor survivability and mobility in an AhR dependent manner (Opitz, 

Litzenburger et al. 2011).  In this context, tumor cells produce consistently high 

levels of the AhR ligand Kyn, leading to persistent activation of the AhR.   

 

1.6 The AhR mediates cell cycle progression 

The AhR has also been shown to inhibit progression through the cell 

cycle.  The cell cycle consists of several phases, and normal cycling cells 

progress through each phase in sequence.  The first gap phase is called G1 and 

is considered a resting phase where the cell prepares for duplicating DNA.  The 

following S phase involves duplicating the DNA.  The S phase is followed by the 
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second gap phase (G2), where the cells prepare for division and monitors DNA 

integrity.  The following M phase involves cell division, and the cell cycle begins 

again.   

The retinoblastoma protein (RB) regulates entry into the S phase at the 

restriction point by repressing transcription of S phase specific genes.  The 

hypophosporylated RB is bound to E2F until activated by cyclin-dependent 

kinases (CDKs). CDKs hyperphosphorylate the RB causing dissociation from 

E2F.  E2F then stimulates transcription of S-phase specific genes. Thus, 

hyperphosphorylation of the RB by CDKs is required for clearance through the 

restriction point and passage from the G1 to S phase in the cell cycle.   

Cyclin-dependent kinase inhibitors (CDKIs) are proteins that bind to and 

inhibit the activity of CDKs and in this capacity are able to suppress cell growth.  

There are two major classes of CDKIs. The p16 family (p15, p16, p18 and p19) 

binds to and inhibits the activities of CDK4 and CDK6 through inhibition of cyclin 

binding. The p21 family (p21, p27, p28 and p57) can bind to broad range of CDK 

complexes and inhibit their activities.   

The AhR has been shown to directly bind to the RB and helps coordinate 

suppression for entry into the S phase (Ge and Elferink 1998, Puga, Barnes et al. 

2000).  The AhR is also able to control cell cycle progression through its 

transcriptional activity. TCDD has been shown to upregulate p27KIP1, a CDK 

inhibitor (CDKI), illustrating an alternate AhR mediated pathway converging on 

the RB protein to regulate and inhibit progression of normal cell growth (Kolluri, 

Weiss et al. 1999). 
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1.7 Linking Transforming growth factor beta signaling and AhR expression 

Recent studies have shown that the AhR can modulate the cell cycle 

through interactions with the transforming growth factor beta (TGF#) pathway.  

TGF# is a secreted cytokine that initiates SMAD signaling cascades, ultimately 

leading to differential gene expression across the genome, guided by tissue-

specific expression of master transcription factors (Mullen, Orlando et al. 2011). 

Mouse embryonic fibroblasts (MEF) cells that do not express the AhR show 

increased proliferation when compared to the wild type.  In these cells, the loss of 

AhR was associated with increased levels of secreted TGF# (Chang, Fan et al. 

2007). Wild type MEFs treated with TGF#3 accumulate at the G2/M phase of the 

cell cycle, suggesting that the AhR influences production of TGF# (Elizondo, 

Fernandez-Salguero et al. 2000).   

These studies show that AhR can modulate the levels of TGF#, which can 

in turn lead to cell cycle perturbation, and inhibit cellular growth.  In A549 human 

lung cancer cells, reduced AhR transcriptional activity is observed in response to 

TGF#, while in contrast the HEPG2 human liver cancer cells show an increase in 

AhR-mediated transcription in response to TGF# (Gomez-Duran, Carvajal-

Gonzalez et al. 2009).  TGF# has also been shown to inhibit mammary tumor 

growth and TCDD can result in increased TGF# expression (Elizondo, 

Fernandez-Salguero et al. 2000, Guo, Sartor et al. 2004, Karyala, Guo et al. 

2004).  Mounting evidence shows that the TGF# pathway and the AhR pathway 

may be linked, and their interacting pathways can modulate and inhibit 
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progression through the cell cycle.  However, ligand-activation of the AhR has 

not yet been associated with induction of TGF# expression.   

Mouse embryonic fibroblasts (MEFs) that do not express the AhR show 

increased proliferation and increased expression of TGF# (Chang, Fan et al. 

2007). However, it is not clear if increased TGF# due to loss of AhR is directly 

causal, or if the general absence of endogenous cell cycle regulation by the AhR 

and as yet to be identified endogenous functions by the AhR result in the 

observed increases in TGF#.  The relationship between the AhR and TGF# 

regulation is an area of active research, and TGF# expression is associated with 

a legion of signaling pathways.  If the AhR were able to influence TGF# 

expression, this would provide a unique opportunity to find AhR ligands that 

perturb TGF# signaling, and could lead to a host of tissue-specific effects that 

may be relevant to the treatment of cancers. 

It is clear that the AhR can mediate or initiate tumor suppressive biological 

endpoints.  Several studies have shown that the AhR can influence progression 

through the cell cycle, and loss of AhR can have a variety consequences related 

to cellular fate and development.   Of particular interest is the role of AhR in 

TGF# signaling.  As a ligand activated transcription factor, it is plausible that 

specific AhR ligands could perturb TGF# signaling, which can exhibit a variety of 

tissue specific effects.   Increases in TGF# are observed in AhR KO MEFs, 

suggesting that AhR does play an active role in regulating TGF# expression.  

Given that the AhR can mediate cellular fate, it is attractive to consider the 

relationship of AhR and TGF# for potential therapeutic treatment of cancers. 
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1.8 The AhR in carcinogenesis 

In a study generating the human cancer cell line encyclopedia, 947 human 

cancer cells were characterized by gene expression and massively parallel 

sequencing techniques.  To examine predictors of drug sensitivity, 479 cell lines 

were exposed to a set of 24 drugs, resulting in identification of three previously 

uncharacterized mediators of anticancer drug response.  RAS is a proto-

oncogene that has elevated expression and/or mutations in many tumors.  The 

mitogen activated kinase cascade (Ras-Raf-MEK-ERK) is activated by RAS and 

activation of this pathway is associated with cellular growth.  In NRAS mutant 

cancer cells, MEK inhibition prevents the kinase cascade from further 

downstream signaling.  One of the key findings of the human cancer cell line 

encyclopedia was that elevated levels of AhR are associated with MEK inhibitor 

efficacy in NRAS mutant cancer cell lines (Barretina, Caponigro et al. 2012).   

The AhR can regulate c-MYC, a potent oncogene that promotes 

carcinogenesis in many cell types (Felsher and Bishop 1999, Shachaf, Gentles et 

al. 2008, Lin, Loven et al. 2012). Recent studies have revealed that c-MYC is a 

universal transcriptional amplifier of active gene programs (Lin, Loven et al. 

2012, Nie, Hu et al. 2012). The AhR transcriptionally represses expression of c-

myc in breast cancer cells, suggesting that the AhR has endogenous tumor 

suppressive functions (Yang, Liu et al. 2005). In neruoblastomas, knockdown of 

miR-124, which targets the 3’UTR of AhR, promotes neuroblastoma cell 
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differentiation, cell cycle arrest and apoptosis; suggesting a tumor suppressive 

role for AhR in neuroblastomas (Huang, Chang et al. 2012).  

 

1.9 Tumor suppressive roles for the AhR in breast cancer 

AhR knockdown in breast cancer cell lines result in increased proliferation, 

indicating that AhR has inherent anti-tumor functions in breast cancer 

(Abdelrahim, Smith et al. 2003). The pluripotent potential of cancer cells is 

important for tumor progression, and differentiation reduces that potential.  The 

ligand-induced activation of AhR promotes differentiation in breast cancer cells 

(Hall, Barhoover et al. 2010).  AhR can also exert influence on cell invasion and 

metastasis in breast cancer cell lines through upregulation of micro RNA miR-

335 (Zhang, Kim et al. 2012). 

A well-studied mechanism of AhR tumor suppression is its interaction with 

estrogen receptor (ER) signaling, an important pathway that is active in many 

breast cancers. The ER is a ligand activated nuclear receptor responsive to 

estrogen signaling.  The ER forms a homodimer that binds to estradiol, and 

translocates to the nucleus where the ER stimulates transcription of target genes. 

Overexpression of ER often observed in many human breast cancers, and 

promotes unregulated cellular growth.  The AhR ligand 3-methylcholanthrene 

(3MC) activated AhR/ARNT complex directly binds to the ER-alpha and ER-beta 

isoforms and can lead to inappropriate estrogen response element (ERE) 

activation (Ohtake, Takeyama et al. 2003). Activated AhR also promotes 

recycling of steroid receptors and inhibition of estrogen dependent c-fos gene 
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transcription, thereby inhibiting cell cycle proliferation (Duan, Porter et al. 1999, 

Ohtake, Baba et al. 2007).  

The AhR can increase levels of BRCA1, an important breast cancer tumor 

suppressor.  The non-ligand bound AhR can reside in the promoter region of 

BRCA1, and enhances the transcription of the tumor suppressor gene.  When 

treated with PAHs or TCDD, the AhR is activated and recruited to other AhRE 

elements and its absence at AhREs within the BRCA1 promoter, consequently 

decreasing levels of the BRCA1 tumor suppressor (Jeffy and Chen 2000, 

Hockings, Thorne et al. 2006).  This suggests that an endogenous ligand may 

confer AhR DNA binding affinities disparate from the more potent exogenous 

ligands, and that activation of drug metabolizing enzymes such as CYP1A1 may 

not be an appropriate indicator for the tumor suppressive activity of the AhR.  

Identification of tumor suppressive transcriptional programs initiated by the AhR 

would be of broad value as biomarkers and prognostic indicators for efficacy in 

therapeutic targeting for the AhR.   

 

1.10 The unliganded AhR as a tumor suppressor 

The AhR has also been implicated as having tumor suppressive functions 

in prostate cancers.  In a study using C57BL/6J transgenic adenocarcinoma of 

the mouse prostate (TRAMP) mice crossed with AhR null mice, loss of the AhR 

leads to earlier tumor onset, and higher frequency of mice with tumors (Fritz, Lin 

et al. 2007). Similarly, the presence of AhR was able to suppress 

diethylnitrosamine (DEN)-induced liver tumor formation in mice, when compared 
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to AhR null counterparts (Fan, Boivin et al. 2010). Reduced AhR expression is 

also observed in DEN-induced tumors, suggesting that the AhR expression 

inhibits DEN-induced tumor progression (Peng, Mayhew et al. 2008). 

These studies suggest that an endogenous tumor suppressive role for the 

AhR in the absence of xenobiotic ligands.  AhR activation by exogenous ligands 

will reassign the AhR activity to differential endpoints, such as the induction of 

CYP1A1.  The AhR must respond to ligand activation, and the contribution of 

absconding from its unknown endogenous roles may contribute to any ligand-

induced effects.   

 

1.11 Role of the AhR in hepatocellular carcinoma  

As mentioned previously, DEN-induced liver tumors are more prevalent in 

the AhR knockout mice (Fan, Boivin et al. 2010), suggesting a tumor suppressive 

role for AhR in hepatocellular carcinoma (HCC). Additional studies have shown 

that precision cut rat livers cultured ex vivo have increased formation of 

Benzo[a]pyrene (BaP) DNA adducts when pretreated with TCDD (Harrigan, 

Vezina et al. 2004).  Thus, activation of AhR-mediated transcription by TCDD 

limits the potential tumor suppressive functions of the AhR.   

TCDD treatment of mice also results in enlarged livers (hepatomegaly) 

and has been shown to be AhR dependent (Jones and Butler 1974, Fernandez-

Salguero, Pineau et al. 1995, FernandezSalguero, Hilbert et al. 1996).  In 

conditional transgenic mice where the DNA binding domain is deleted 

hepatomegaly does not occur.  This indicates that AhR transcriptional activation 
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is required for TCDD-induced hepatomegaly (Walisser, Glover et al. 2005).  

Immune surveillance is critical in hepatocytes for clearance of apoptotic cells.  

The expression of AhR has been shown to sensitize rat liver hepatocytes to 

extrinsic apoptotic signals suggesting that AhR is also involved in regulating 

apoptotic programs (Park, Mitchell et al. 2005).  This suggests that TCDD 

induced hepatomegaly is due, at least in part, to removal of the AhR from its 

endogenous roles by TCDD.  Taken together, these studies suggest that the AhR 

functions as a tumor suppressor in HCC.  The ability to activate the tumor 

suppressive functions of the AhR by certain ligands has broad implications in 

identifying novel AhR-based therapeutics for the treatment of HCCs. 

 

Central hypothesis 

The AhR is a ligand activated transcription factor and member of the 

evolutionarily conserved PAS-domain family of transcription factors able to 

regulate cellular responses to exogenous signals.  Biological endpoints of AhR 

activation have been well studied in the context of TCDD-binding and 

concomitant activation of transcriptional responses.  Recent studies have 

characterized potential endogenous roles of the AhR as a tumor suppressor.   

 

 Our central hypothesis is that AhR ligands can be identified that are capable of 

initiating tumor suppressive functions of the AhR.   
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Our approach has included several screens for identification of selective 

AhR ligands.  We utilized an in silico model of the AhR ligand-binding domain to 

predict new ligands.  We also screened chemical libraries to identify compounds 

that specifically activate AhR-mediated transcriptional response.  Using these 

methods we identified a number of transcriptional agonists of the AhR, and we 

characterized thier AhR-dependent tumor suppressive effects.  Furthermore, we 

link these biological endpoints with initiation of ligand-selective transcriptional 

programs. 

We provide compelling evidence that the AhR can mediate ligand-specific 

biological endpoints such as inhibition of hepatoma cell growth.  Our studies 

provide proof-of-principal that the AhR is a therapeutic target for the treatment of 

hepatocellular carcinoma.  We further identify a distinct transcriptional profile of 

AhR downstream target genes that mediate the AhR-dependent anti-cancer 

effects.  We also demonstrate that the biological effects of AhR ligands and the 

downstream transcriptional signature of AhR activation are ligand specific.   
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Abstract: 

 

 

The Aryl Hydrocarbon Receptor (AhR) is a ligand-activated transcription factor; 

the AhR Per-AhR/Arnt-Sim (PAS) domain binds ligands. We developed 

homology models of the AhR PAS domain to characterize previously observed 

intra- and inter-species differences in ligand binding using Molecular Docking. In 

silico structure-based virtual ligand screening using our model resulted in the 

identification of pinocembrin and 5-hydroxy-7-methoxyflavone that promoted 

nuclear translocation and transcriptional activation of AhR and AhR-dependent 

induction of endogenous target genes. 
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Introduction 

 The aryl hydrocarbon receptor (AhR) is a ligand-activated member of the 

basic-helix-loop-helix (bHLH) family of transcription factors1-3. The AhR is 

activated by a variety of compounds, both synthetic and natural, including 

halogenated aromatic hydrocarbons such as 2,3,7,8-tetrachlorodibenzo-p-dioxin 

(TCDD), and mediates their biological activity1-3. The AhR is a cytosolic 

transcription factor bound to several co-chaperones. Upon ligand binding, the 

AhR translocates from the cytoplasm to the nucleus and regulates genes, 

including several drug metabolizing enzymes that can influence the therapeutic 

activity of a number of compounds1-3.  The AhR regulates proliferation and 

differentiation of cells4-6.  The AhR also induces immunosuppressive regulatory T 

cells with therapeutic implications in hyperimmune disorders7-9. The PAS (Per-

AhR/Arnt-Sim) domain of the AhR is the ligand binding domain (LBD)1-3. In the 

present study, homology models of the AhR-LBD were built to study the inter and 

intra-species differences in ligand binding and to identify AhR ligands by virtual 

ligand screening. 

 To construct the homology models, a multiple sequence alignment of the 

AhR-LBD domain from mouse, human, rat, guinea pig, rabbit and zebrafish 

(Figure 1a) was performed.  The sequence alignment produced sequence 

identities of greater than 85% between the different species, with the exception of 

zebrafish isoform 2, which shared a consensus sequence identity of 

approximately 70% (Table 1). The AhR-LBD of mouse and rat had the highest 

sequence identity at nearly 98% (Table 1), suggesting a common evolutionary 
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path and a recent species splitting as depicted by the evolutionary tree in Figure 

1b. The mouse AhR-LBD residues His285, Cys327, Ile332, Met334, Ala375 and 

Gln377, which have been characterized by mutagenesis studies and are known 

to influence TCDD binding,10 are highlighted in red in Figure 1a. These residues 

are well conserved with the exception of the guinea pig and human homologues 

of mouse Met334 and Val375 residues, respectively; these amino acid residues 

are replaced with Ile and Ala in all other species (Figure 1a). 

 Several PAS domain structures are currently available in the Protein Data 

Bank (Pdb). The sequence similarity between the structures of the PAS domain 

containing-protein family is low; however, within the family there is a high 

structural conservation of the ! and " folds. We selected the PAS domain 

structure of hypoxia-inducible factor 2! (Hif-2!) (pdb 1p97)11 for generating a 

homology model of the mouse AhR-LBD based on its closest similarity in this 

region. The model was built using the primary amino acid sequence [241-384] of 

the AhR-PASB domain, producing a sequence identity of 30% from the alignment 

with Hif-2!. The backbone geometry was preserved while loops were rebuilt 

using a database search for matching loop geometries12. The side chain 

conformations of amino acids different in the alignment were globally optimized 

using the biased probability monte carlo procedure13.  The human, rat, zebrafish 

1 and 2 AhR-LBD homology models were built starting from the mouse model 

and using the respective sequences of the other species homologous to that of 

the mouse primary sequence [241-384].   
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 Each of the AhR ligand binding domains were built using the homology 

modeling protocol described in detail by Cardozo et al.14 According to this 

protocol, the initial model was built by using the template backbone and side-

chains in their most likely conformation. Then the side chains were globally 

optimized using the modified ECEPP/3 energy function described by Abagyan et 

al.15 This energy function includes the following energy terms: van der Waals, 

hydrogen bonding, torsion energy, distance dependent electrostatic term, 

disufide bond constraints, side-chain entroy, and the implicit solvent accessible 

surface dependent solvation term. Refer to Cardozo et al.14 for further details. 

After the side chain placement the whole model was energy optimized using all 

the above energy terms but with strong positional restraints. The refined 

homology models were then geometrically corrected such that all of the residues 

were in sterically allowed regions of the Ramachandran plot. Following 

development and refinement of the model, we first analyzed the mouse AhR-LBD 

homology model to characterize the ligand binding pocket. Using ICM Pocket 

Finder (Molsoft ICM v3.5-1p),16 a binding pocket was identified (volume of 201.5 

Å3, area of 178.3 Å2, and a radius of 3.637 Å) in the region of the protein 

surrounded by "-sheets H" and I" (Ala375 and Gln377) at the bottom, by the 

helix-connector F! (Cys327and Met334) on the left, by A" on the right (His285), 

and at the top by the loop connecting A" and B" (Figure 2a). In the helix 

connector F!, the backbone NH of Ile332 established an intra H-bond with the 

backbone carbonyl oxygen of Ala328, keeping the helical secondary structure 

stable. Replacing Ile332 with a Proline in our mouse AhR-LBD homology model 
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resulted in a loss of intra H-bond interactions. These results suggested that the 

decrease of TCDD binding in the I332P mutant10 is due to an indirect effect 

caused by the disruption of the F! helix connector in the vicinity of the binding 

pocket region. Thus, our AhR-LBD homology model provides a structural 

explanation for the decreased TCDD binding observed with the I332P 

substitution in the AhR10. 

We should note that while other groups have attempted modeling of the 

AhR-LBD,10, 17 there are noteworthy differences with our characterized binding 

pocket. The ligand binding pocket in our model is more compact, surrounded 

mainly by the residues Cys327, Gln377, His285, Met334 and Ala375. The side 

chains of these amino acids are all pointing towards the binding pocket, 

indicating structurally their direct involvement in TCDD binding (Figure 2a). The 

model by Pandini et al10 is more spread, involving the region between residues 

Gln377 and His285 surrounded by D! and E! helices in addition to the area 

characterized in our model. Similar to Pandini et al., we observed that the side 

chain of residues Thr311 and Lys350 point outside the modeled LBD and do not 

affect AhR ligand binding10. The side chain of residues Ile319 and His320 also 

pointed towards the pocket cavity confirming their key role in ligand binding 

specificity17.  

 To study TCDD binding capacity across species and to provide a 

structural explanation for the biological data reported in the literature1-3, TCDD 

was docked into mouse, human and zebrafish isoform 2 AhR-LBD models. 

TCDD docked similarly in all three species binding pockets (Figure 2b-d) and the 
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binding energy calculations (see methodology) were in agreement with previous 

inter-species biological characterizations1-3. Briefly, lower binding energy values 

indicate a higher binding affinity of a particular ligand in our model. The values 

obtained for TCDD binding in mouse and zebrafish isoform 2 were -3.796 

kcal/mol and -3.972 kcal/mol, respectively, confirming that TCDD has similarly 

high binding affinity in mice and zebrafish18. In contrast, the value obtained with 

the human model was  -2.33 kcal/mol, which was significantly higher than for the 

mouse and zebrafish models, indicating a decreased binding affinity compared 

with the other two species investigated. TCDD docking orientation was similar in 

all three species. Further, the residues that were important for ligand binding and 

facing the ligand pocket cavity were conserved in mouse and zebrafish isoform 2. 

In the human AhR, one of the residues, Ala375 was replaced by a Valine; the 

presence of this bulkier residue would likely sterically impair TCDD binding 

ability.   

 The mouse AhR-LBD homology model was used to structurally 

characterize some of the intra-species experimental biological data available for 

the AhR. The C57BL/6J mouse strain exhibits a 10-fold higher TCDD 

susceptibility compared to the DBA/2 mouse strain1-3. Both the mouse DBA/2 

AhR and human AhR-LBD share the A375V substitution (Figure 1a). Hence, the 

effect of this amino acid substitution on TCDD docking was analyzed in our 

mouse homology model by mutating A375 into a Valine or a Leucine. In the WT 

and A375V model TCDD was able to dock into the binding pocket, whereas in 

the A375L model TCDD failed to dock completely. Thus, the residue at position 
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375 located in the middle of the ligand binding area appears to directly impact 

TCDD binding. The replacement of the amino acid Alanine with bulkier residues 

like Valine (as present in mouse DBA/2 and human sequences) or Leucine 

decreased the volume of the binding pocket (195 Å3 (WT), 186.1 Å3 (A375V) and 

148.6 Å3 (A375L)) (Figure 2e) with the consequence of partially (Valine) or totally 

(Leucine) sterically blocking TCDD binding. By changing the tautomerization of 

one of the key residue for binding His285 in both WT (194.4 Å3) and the A375V 

mutant (185.9 Å3) models and by re-docking TCDD, the binding energy 

calculations generated values of -3.617 kcal/mol and -3.413 kcal/mol, 

respectively. Decreased volume of the binding pocket might result in weaker 

binding energy that contributes to decreased affinity of TCDD to AhR from 

human or mouse DBA/2 strain. Indeed, substitution of Alanine at 375 with 

Leucine has been reported to affect TCDD binding10. 

 We next used homology modeling to study AhR in zebrafish. Interestingly,  

zebrafish have three AhR isoforms, namely, AhR1a, AhR1b and AhR2, with 

AhR2 being the dominant isoform that binds TCDD, whereas AhR1a (zfAhR1a) 

exhibits impaired TCDD binding18, 19.  The sequence identity between zfAhR1- 

and zfAhR2-LBD is 65%. The amino acid residues His285, Ala375 and Gln377 

(Figure 2f), which are highly conserved in most species (Figure 1a) and 

contribute to ligand binding are present in zfAhR2; however, in zfAhR1, these 

amino acids are substituted with Threonine, Histidine, and Tyrosine, respectively 

(Figure 2g). Thus, the difference between zfAhR1 and zfAhR2 in TCDD binding 

may be attributed to these dissimilarities in the ligand binding pocket region. To 
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understand the differences in the ligand binding pockets of zfAhR1 and zfAhR2, 

homology models for the zfAhR1- and zfAhR2-LBD were built and energetically 

minimized using the ICM method. TCDD docking was attempted with both 

zebrafish AhR isoforms models; however, TCDD was able to dock only into 

zfAhR2-LBD. By analyzing the binding pockets of zfAhR1 and zfAhR2 identified 

with ICM Pocket Finder,16 (Figure 2f and 2g) zfAhR1 was found to have a 

decreased binding area that may contribute to its lower affinity for TCDD. 

Substitution of zAhR2 residues Gln377 and His285 with a Histidine and Tyrosine 

respectively (as present in zfAhR1) modified the type of electrostatic interactions 

established between the protein and TCDD, resulting in decreased binding 

affinity. Thus, these specific amino acid replacements (Ala375Thr, Gln377His 

and His285Tyr) in the zfAhR1-LBD appear to play a direct role in the 

considerable decrease of TCDD binding by modifying the electrostatic 

environment of the binding pocket region and the volume of the binding pocket 

itself. Indeed, electrostatic and van der Waals forces are the driving force in the 

total binding energy of many halogenated aromatic hydrocarbons towards the 

AhR20. 

 In addition to characterization of the prototypical AhR ligand TCDD, we 

also used our homology models to study the binding of structurally diverse 

molecules to the AhR. Recently, formylindolo [3,2-b]carbazole (FICZ) and 2-(1’H-

indole-3’-carbonyl)-thiazole-4-carboxylic acid methyl ester (ITE) have been 

described as potent AhR agonists both in vitro and in vivo8, 9.  These two ligands 

were docked into human and mouse AhR-LBD models to investigate any inter-
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species differences in their respective binding modes. The two molecules docked 

into both the human and mouse binding pockets in a similar orientation (Figure 

3a-d), establishing H-bond interactions with protein residues facing the binding 

cavity. FICZ made two H-bonds between the formyl carbonyl oxygen and the 

side chain of Ser359 (mouse) and Ser 365 (human) and between the nitrogen of 

the carbazole group and the side chain of Gln377  (mouse) and Gln383 (human) 

(Figure 3b and 3d). On the other hand, ITE made a single H-bond between its 3’-

carbonyl group and the side chain of Ser359  (mouse) and Ser365 (human) 

(Figure 3a and 3c). The binding affinity of FICZ and ITE is higher for mAhR than 

hAhR as estimated by the binding energy calculations of the ligand and protein 

complexes. The binding energies for the ligand-mAhR-LBD complex formation 

for FICZ and ITE were -4.714 kcal/mol and -4.214 kcal/mol respectively. The 

estimated values for hAhR-LBD-ligand binding were -4.12 kcal/mol for FICZ and -

3.46 kcal/mol for ITE. The H-bond pattern established between FICZ and ITE 

with mouse Ser359 and its human homologue, which are not present for TCDD, 

may play an important role in increasing AhR binding of these two ligands. 

Interestingly, among the AhR agonists FICZ, TCDD and ITE, FICZ possesses the 

highest binding affinity (Ki = 0.07 nM) for AhR8, 9. 

 To further validate and apply our AhR-LBD homology model, a database 

of 498 natural compounds was docked into mouse AhR-LBD model binding 

pocket for the purpose of identifying new ligands of the AhR by virtual ligand 

screening (VLS)21. After the docking results were obtained we arbitrarily set a 

binding energy cutoff of !-2.5 kcal/mol, which resulted in the selection of 25 
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compounds that docked into the binding pocket in an allowable orientation; these 

25 compounds were then tested in cell based experiments. The list of the 25 

docked structures and their respective AhR transcriptional activation results are 

provided in supplemental table 1. A total of 6 out of 25 compounds were able to 

activate AhR transcription resulting in a prediction rate of 24% (Table 2). The top 

two AhR activators that we identified by VLS were 5-hydroxy-7-methoxyflavone 

and pinocembrin, both of which are flavonoids. Both compounds strongly 

activated the AhR transcription in a dose-dependent manner (Figure 4a). The 

docking orientation of the two potent AhR activators identified was similar, with 

the 2-phenyl ring allocated in the small hydrophobic cleft surrounded by residues 

Phe281, Leu309 and Leu347 (Figure 4b). The 1,4-benzopyrone structure of 

these two flavonoids bound instead in the middle of the binding pocket 

surrounded by residues Cys327, His285, Met334 and Ala375 (Figure 4b). Both 

ligands shared H-bond interaction between the carbonyl group of the 

benzopyrone template and the side chain of residue Ser359 (Figure 4b). 

Furthermore, 5-hydroxy-7-methoxyflavone established a second H-bond between 

its hydroxyl group adjacent to the carbonyl group and the side chain of Ser359 

(Figure 4b). We further tested the ability of 5-hydroxy-7-methoxyflavone and 

pinocembrin to activate endogenous target genes of AhR.22 Both the compounds 

activated CYP1A1 and NADPH quinone reductase in an AhR dependent manner 

(Figure 4c). Furthermore, both the compounds promoted nuclear translocation of 

endogenous AhR from cytosol after one hour of exposure, confirming their status 

as AhR agonists (Figure 5).  
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 In summary, homology models of AhR-LBD in the agonist bound 

conformation were built using the ICM method14, 15.  Using these models, 

differences in ligand binding across various species was structurally 

characterized.  The mouse AhR-LBD homology model was also utilized 

successfully to identify new AhR agonists by insilico structure based VLS21. 

 

Experimental Section 

Multiple Sequence Alignment. The AhR-LBD sequences in FASTA format for 

mouse, human, rat, guinea pig, rabbit and zebrafish were retrieved from NCBI 

database. Multiple sequence alignment was performed online with the freely 

available ClustalW program. 

Homology Modeling. We used the Nuclear Magnetic Resonance (NMR) 

structure of the human PAS domain of the hypoxia-inducible factor 2! (HIF-2!)11 

available in the Protein Data Bank (Pdb) 1P97 as the 3D coordinate template for 

the homology modeling of mouse, human, and zebrafish isoforms 1 and 2 AhR-

LBD. All models were energetically refined using the internal coordinate space 

with Molsoft ICM v3.5-1p14, 15. 

Molecular Docking. The receptor model is represented by five types of 

interaction potentials, namely,  (i) the van der Waals potential for a hydrogen 

atom probe; (ii) the van der Waals potential for a heavy-atom probe (generic 

carbon of 1.7 Å radius; (iii) an optimized electrostatic term; (iv) hydrophobic 

terms; and (v) loan-pair-based potential, which reflects directional preferences in 

hydrogen bonding.  The energy terms were based on the all-atom vacuum force 
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field ECEPP/3 with appended terms from the Merck Molecular Force Field to 

account for solvation free energy and entropic contribution15. Modified inter-

molecular terms such as soft van der Waals and hydrogen-bonding as well as a 

hydrophobic term are added.  Conformational sampling was based on the biased 

probability Monte Carlo (BPMC) procedure, which randomly selects a 

conformation in the internal coordinate space and then makes a step to a new 

random position independent of the previous one according to a predefined 

continuous probability distribution.  It has also been shown previously that after 

each random step, full local minimization greatly improves the efficiency of the 

procedure. In the ICM-VLS (Molsoft ICM v3.5-1p) screening procedure the ligand 

scoring was optimized to obtain maximal separation between binders and non-

binders.  Each compound was assigned a score according to its fit within the 

receptor, which accounts for continuum and discreet electrostatics, 

hydrophobicity, and entropy parameters15, 22, 23. 

Binding energy calculations. The free binding energy of a ligand was 

estimated according to the protocol described24.  In this method, the estimate 

consists of three essential terms and an additional constant term: DGbinding = DGH 

+DGEL + DGS + C.   Every term (except for the constant) is a difference between 

the corresponding energy in bound and unbound states.  The hydrophobic, or 

cavity term DGH, accounts for the change in solvent accessible area upon 

complexation is calculated as the solvent accessible area, calculated with a 1.4Å 

water probe, and multiplied by 30cal/Å2. The electrostatic term DGel, was 

composed of the coulombic interactions and electrostatic energy of solvation 
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estimated with the continuum dielectric model using the boundary element 

method with MMFF94 partial charges, a protein dielectric constant of eight, water 

dielectric constant of 80 and probe radius of 1.4Å. The entropic term was a sum 

of the side chain and ligand entropic terms. The contribution of each rotatable 

bond frozen upon binding was estimated as 0.5 kcal/mole.  The constant value of 

3kcal/mole was used. 

Library of compounds. A database of 498 natural compounds from TimTec 

LLC (Newark, DE) was used for in silico VLS. All compounds were dissolved in 

DMSO and tested at a final concentration of 20 #M. The purity of the compounds 

in the library was  > 97%. 

Cell Culture All cells were cultured in Dulbecco's Modified Eagle Medium 

(DMEM) with L-glutamine (Mediatech Inc., VA) supplemented with 10% FBS 

(Tissue Culture Biologicals, CA), 100 IU/mL penicillin, and 100 #g/ml 

streptomycin (Mediatech Inc., VA) in a humidified 5% CO2 atmosphere. Cells 

were typically passaged every three days at a dilution of 1:5.  

Semi-quantitative Polymerase Chain Reaction (PCR). For analysis of AhR 

target gene induction, a pair of Hepa1c1c7 derived cell lines were used, one with 

significantly reduced AhR expression (C12) and the same cell line stably 

expressing a WT AhR construct (Hepa1 C12+AhR).  Cells were plated in 6-well 

dishes, treated with the indicated compounds for 18 hours and RNA was isolated 

using the RNeasy Mini kit (Qiagen) and were frozen at -800C until needed.  RNA 

concentrations were analyzed using a NanoDrop ND-1000 UV-Vis 

Spectrophotometer. For Reverse Transcriptase PCR reactions we used a 
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SuperScript First Strand Synthesis System with oligo-DT primers and an RNA 

input of 1 #g according to the manufacturers recommended instructions 

(Invitrogen, CA). Semi-quantitative PCR was performed following cDNA 

synthesis.  For reactions, 1 #L of cDNA template and 1 uL each of 20 #M forward 

and reverse primers were added to 45 #L PCR supermix (Invitrogen, CA) and 

brought to a final volume of 50 #L. The primer sequences used are as follows: 

GAPDH FP, 5’-ACCACAGTCCATGCCATCAC -3’; GAPDH RP, 5’-

TCCACCACCCTGTTGCTGTA -3’; CYP1A1 FP, 5’-CTGGTAACCAACCCTAGG-

3’; CYP1A1 RP, 5’-CAGGAAGAGAAAGACCTCC-3’; NADPH-QO FP, 5’-

GCCATTCTGAAAGGCTGG-3’; and NADPH-QO RP, 5’-

CGTTTCTTCCATCCTTCCAG-3.’ For reactions, the PCR conditions were as 

follows: denaturation for 5 minutes at 94°C, followed by cycles of 94°C for 30 

seconds, 58°C for 40 seconds and 72°C for 45 seconds and a final extension of 

5 min. The initial round of PCR consisted of 17 cycles, and was followed by 3 

cycle amplification rounds thereafter; 10 #L aliquots were removed at the 

indicated cycle numbers and aliquots were analyzed by 1.8% agarose gel 

electrophoresis and visualized with ethidium bromide under UV.  
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Figure Legends 
 
Figure 1. (A) Interspecies multiple sequence alignment of the AhR-LBD 

performed with the program ClustalW. (B) Evolutionary tree of different species.  

Figure 2. (A) Homology model of the mouse AhR-LBD with the protein backbone 

displayed as ribbon and colored by secondary structure (ICM v3.5-1n, Molsoft). 

The residues are displayed as sticks and colored by atom type with the carbon 

atoms in white. The binding pocket volume is colored in green and was 

calculated using the program ICM Pocket Finder (ICM v3.5-1n, Molsoft)16. (B-D) 

TCDD docking orientation into mouse (B), human (C), zebrafish isoform 2 (D) 

AhR-LBD binding pocket. The protein backbone is displayed as ribbon and 

colored by secondary structure. The residues are displayed as sticks and colored 

by atom type with the carbon atoms in white. TCDD is displayed as sticks and 

colored by atom type (carbon atoms in yellow). (E) mouse AhR-LBD binding 

pocket volume is colored in green and was calculated using the program ICM 

Pocket Finder16. The protein backbone is displayed as ribbon and colored by 

secondary structure. The residues are displayed as sticks and colored by atom 

type with the carbon atoms in orange (wild type) and white (A375L mutant). (F-G) 

binding pocket region identified by ICM Pocket Finder of the zebrafish AhR-LBD 

of isoform 218 (F) and isoform 1a (G) colored in translucent blue and dark blue 

respectively. The protein backbone is displayed as ribbon and colored by 

secondary structure. Residues are displayed as sticks and colored by atom type 

with carbon atoms in white. Docked TCDD is displayed as sticks and colored in 

red. 
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Figure 3. ITE (A, C) and FICZ (B, D) docking orientation respectively into mouse 

(A, B), human (C, D) AhR-LBD homology model. The protein backbone is 

displayed as ribbon and colored by secondary structure. The residues are 

displayed as sticks and colored by atom type with the carbon atoms in white. 

FICZ and ITE are displayed as sticks and colored by atom type with carbon 

atoms in yellow. H-bonds are represented by white dashed lines. 

Figure 4. (A) Mouse Hepa1 cells transfected with the AhR response element 

(AhRE)/ xenobiotic response element (XRE)-luciferase reporter were treated with 

compounds at the indicated concentrations for 6 hours and assayed for reporter 

gene activity. (B) Docking orientation of 5-hydroxy-7-methoxyflavone and 

pinocembrin into mouse AhR-LBD binding pocket (ICM v3.5-1n, Molsoft). The 

protein backbone is displayed as ribbon and colored by secondary structure. The 

residues are displayed as sticks and colored by atom type with the carbon atoms 

in green. The ligands are displayed as sticks, colored by atom type with carbon 

atoms in yellow. H-bonds are represented as black dashed lines. (C) Western 

blot showing the expression of AhR in the mouse Hepa1 derivative cell line C12, 

which has a significantly decreased abundance of AhR, and the C12+AhR, 

wildtype AhR re-expressing cells. The blot shows 30 #g of whole cell lysate from 

each line (upper panel). Semi-quantitative RT-PCR for AhR target genes22 

following exposure to vehicle (0.1% DMSO), TCDD (1 nM), 5-hydroxy-7-

methoxyflavone  (20 #M) and pinocembrin  (20 #M) for 18 hours.  GAPDH 

expression control was used to indicate similar amount of RNA usage (lower 
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panel). CYP1A1 (Cytochrome p450 1A1), and NADPH-QO (NADPH quinone-

oxidoreductase). PCR cycle numbers are indicated.  

Figure 5. Nuclear localization of AhR in Hepa1 cells.  Cells were treated with the 

indicated compounds for 60 minutes, fixed and then immunostained with AhR 

followed by fluoresceinisothiocyanate(FITC)-conjugated secondary antibody. 

Cells were stained by 4,6-diamino-2-phenylindole (DAPI) to visualize nucleus 

and were imaged on a Zeiss Axiovert S100TV microscope. 
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  M     241-HGQNKKGKDG ALLPPQLALF AIATPLQPPS ILEIRTKNFI FRTKHKLDFT-290  
  R     245-HGQNKKGKDG ALLPPQLALF AIATPLQPPS ILEIRTKNFI FRTKHKLDFT-294  
  H     247-HGQKKKGKDG SILPPQLALF AIATPLQPPS ILEIRTKNFI FRTKHKLDFT-296  
  RB    245-HGQNKKGKDG SLLPPQLALF AIATPLQPPS ILEIRTKNFI FRTKHKLDFT-294  
  GP    246-HGQNKKGKDG SVLPPQLALF AIATPLQSPS ILELRTKNFL FRTKHKLDFT-295  
  Z2    252-HGQNKLAEDG TLAHPQLALF IIATPLQPPS ILEIRSKTLL FQTKHKLDFT-301  
   
 
  M     291-PIGCDAKGQL ILGYTEVELC TRGSGYQFIH AADILHCAES HIRMIKTGES-340 
  R     295-PIGCDAKGQL ILGYTEVELC NKGSGYQFIH AADMLHCAES HIRMIKTGES-344  
  H     297-PIGCDAKGRI VLGYTEAELC TRGSGYQFIH AADMLYCAES HIRMIKTGES-346  
  RB    295-PTGCDAKGQI VLGYTEAELC MRGSGYQFIH AADMLYCAES HIRMIKTGES-344  
  GP    296-PIGCDAKGQI VLGYTEAELC AKGSGYQFIH AGDMLHCAEY HMRMIKTGES-345  
  Z2    302-PMGIDTRGKV VLGYTEIELC MRGSGYQFIH AADMMYCADN HIRMIKTGES-351  
 
 
  M     341-GMTVFRLLAK HSRWRWVQSN ARLIYRNGRP DYIIATQRPL TDEE-384 
  R     345-GMTVFRLLAK HSRWRWVQSN ARLIYRNGRP DYIIATQRPL TDEE-388 
  H     347-GMIVFRLLTK NNRWTWVQSN ARLLYKNGRP DYIIVTQRPL TDEE-390 
  RB    345-GLAVFRLLTK DNRWAWVQSN ARFIYKNGRP DFIIATQRPL TDEE-388 
  GP    346-GMTVFRLLTK HNRWIWMQSN ARVVYKNGRP DYIIATQRAL TDEE-389 
  Z2    352-GLTVFRLLSK GGTWIWVQAN ARLVYKAGRP DFIIARQRAL TNEE-395 
  
    
  M, mouse; R, rat; H, human; RB, rabbit; GP, guinea pig; Z2, zebrafish isoform 2. 
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Figure 2.1.2 
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Figure 2.1.3 
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      Figure 2.1.5
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Supplemental Figure 2.1.S1.  6-hydroxy-7-methoxyflavone is an AhR 
antagonist.  Mouse Hepa1 cells expressing the AhR response element 
(AhRE)/xenobiotic response element (XRE)-luciferase reporter were either left 
untreated or treated with 20 #M 6-hydroxy-7-methoxyflavone.  After 1.5 hours, 
cells were co-treated with different concentrations of TCDD or 5-hydroxy-7-
methoxyflavone as indicated.  Cells pre-treated with 6-hydroxy-7-methoxyflavone 
completely suppressed induction of AhR transcriptional activation by TCDD and 
5-hydroxy-7-methoxyflavone. 
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Supplemental Table 1. Binding energy calculations from Molecular 
Docking of natural compounds database into mouse AhR-LBD and 
AhR transcriptional activation. 
 
 

COMPOUND NAME STRUCTURE BINDING 
ENERGY 

AhR 
TRANSCRIPTIONAL 

ACTIVITY 
5-HYDROXY-7-METHOXYFLAVONE 
 

 -4.3 +++ 
11.3 FOLD 

EPIANDROSTERONE 
 

 -4.25 - 

LINOLENIC ACID 
 

 -4.09 - 

(±)-ABSCISIC ACID  -4.06 - 

6-HYDROXY-7-METHOXYFLAVONE  -4 - 

BAICALEIN  -3.96 - 

QUERCETIN DIHYDRATE 
 

 -3.8 - 

7-METHOXYISOFLAVONE, 98% 
 

 -3.75 + 
2.7 FOLD 

5-HYDROXY-15-
METHYLTETRACYCLO[8.7.0.0<2,7>.0<11,15>] 
HEPTADECA-2(7),3,5-TRIEN-1 4-ONE 
 

 -3.74 - 

HEMATEIN  -3.63 - 

(-)-BILOBALIDE FROM GINKGO BILOBA LEAVES 
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MONOCROTALINE  -3.56 - 

4'-HYDROXY-7-METHOXYFLAVONE 
 

 -3.55 - 

6-METHYLFLAVONE 
 

 -3.52 ++ 
4.8 FOLD 

N-[(1R,2R)-2-HYDROXY-1-(HYDROXYMETHYL)-
2-(4-NITROPHENYL)ETHYL]-2,2-DICHLOROACE 
TAMIDE 
 

 -3.5 - 

(9AR)-4,8-DIACETYL-1,3-DIHYDROXY-2,9A-
DIMETHYL-7,9-DIOXO-8,9A-DIHYDROBENZO[2,1 
-D]BENZO[B]FURAN 
 

 -3.48 - 

8-(TERT-BUTYL)-6,17-DIHYDROXY-16-METHYL-
2,4,14,19-TETRAOXAHEXACYCLO[8.7.2.0<1, 
11>.0<3,7>.0<7,11>.0<13,17>] 
NONADECANE-5,15,18-TRIONE 

 -3.4 - 

3-HYDROXY-6-METHYLFLAVONE 
 

 -3.37 + 
2.5 FOLD 

(2R)-7,15-
DIAZATETRACYCLO[7.7.1.0<2,7>.0<10,15>] 
HEPTADECANE, IODIDE 
 

 -3.36 - 

(3S,2R)-2-(3,4-
DIHYDROXYPHENYL)CHROMANE-3,5,7-TRIOL 
 

 -3.34 - 

RESVERATROL, 99% 
 

 -3.26 - 

3,7,4'-TRIHYDROXYFLAVONE 
 

 -3.05 - 

PINOCEMBRIN 5,7-DIHYDROXYFLAVANONE, R -
FORM 
 

 -2.97 +++ 
8.0 FOLD 

MELATONIN 
 

 -2.97 - 

7,8,2'-TRIHYDROXYFLAVONE 
 

 -2.74 + 
2.8 FOLD 
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Chapter 2.2 
 
 
 
 

Screening Approaches to Identify New AhR Ligands. 
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Introduction 

 We are interested in finding novel small molecules that have therapeutic 

potential in the treatment of cancer.  Specifically, we hypothesized that AhR 

ligands can be found that activate tumor suppressive functions of the AhR.  To 

find novel AHR ligands several small molecule chemical libraries were obtained 

for screening.   The natural products library (NPL480) assembled by Timtech 

contains 480 naturally occurring compounds.  We also obtained several unique 

compounds through collaborations at the Sanford Burnham Institute.  Dr. Mark 

Zabriske has collected a small library of unique compounds and mixtures from 

ocean flora that were screened for capacity to activate the AhR. 

We utilized Gal4 reporter assays previously developed in our lab to detect 

AhR-dependent transcriptional activity (Fig. 2.2.1B).  A Gal4-responsive 

luciferase reporter was co-transfected into HEK293T cells with plasmids 

encoding a AhR-Gal4 DNA binding domain, Gal4-TAD containing ARNT, and a 

constitutively active !-galactosidase reporter.  As the mammalian genome does 

not encode a Gal4 enhancer, activation of the reporter system cannot be 

attributed to endogenous activation.  The independent !-galactosidase reporter 

served as an internal standard for transfection efficiency, and also monitored 

reduced cell populations in response to treatment.    

Using this system, we manually screened for Gal4-dependent activation of 

the reporter in response to treatment with library compounds.  We also 

developed an in silico model to predict potential AhR ligands (chapter 2.1).  We 



! "%!

confirmed the AhR hits from the ex vivo screen, and compared the results with 

the in silico model virtual ligand screen.   

Figure 2.2.1 Gal4 reporter system.  A) Secondary structure of the AhR and its 
partner protein ARNT.  When both proteins are expressed and the AhR is 
activated by a xenobiotic ligand, the basic HLH motifs facilitate AhR recognition 
to responsive elements located in enhancer regions (AhREs), and initiate 
transcriptional upregulation of target genes such as CYP1A1.  B) The Gal4 
reporter system.  The bHLH DNA binding domain on the AhR is replaced with a 
Gal4 recognition motif.  The TAD domain of the ARNT is replaced with a GAL4-
TAD domain.  The ligand-binding domain of the AhR is intact and ligand 
recognition results in the heterodimerizaiton of the two constructs.  The 
constructs localize to GAL4 recognition sequences located on the reporter 
plasmid, but not in the endogenous genome, resulting in upregulation of the 
luciferase reporter. 

   

We examined the compounds from the Sanford Burnham Institute for AhR 

activity using the Gal4 reporter system, and also screened the compounds using 

the hepa1.1cR cells which express an XRE-luciferase reporter.  We compared 

the results from the two screens, and identified several AhR ligands.  We then 

screened the Zabriskie collection using the stable XRE-luc containing hepa1.1cR 

cells, and also identify several putative AhR ligands.   
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In all, we utilized three separate screening strategies to discover novel 

AhR ligands.  In these studies, we identify strengths and limitations of each 

independent screening approach, and discover and confirm 48 AhR agonists, 

across three small libraries. 

Results 

Gal4-AhR reporter system and mAhR-LBD homology model 

 We screened the NPL480 compound library for AhR ligands using the 

Gal4 system for AhR activation (Fig 2.2.1).  We also screened the same library 

as previously described in chapter 2.1, using our in silico homology model.  The 

in silico model identified 47 potential ligands able to dock into the LBD of the 

AhR.  The in vitro Gal4 system identified 26 ligands that stimulated AhR-

dependent transcription of the reporter at 20 "M. 

Comparison of the screening approaches reveal that seven ligands 

appear in both initial screens (Fig 2.2.2-2.2.7).  Validation of the Gal4 screen 

positive hits revealed 2 false positives, which did not consistently activate the 

transcriptional activity of the AhR (Fig 2.2.8-2.2.10).  Thus, we identified 24 AhR 

transcriptional agonists of the AhR within the NPL480 library (Table 2.2.1), and 

validate the VLS screen for potential refinements to the homology model. 

 

Gal4-AhR reporter system and hepa1.1cR screening comparison 

 We examined ten compounds synthesized at the Sanford Burnham 

Institute.  We began by utilizing the Gal4 reporter system and dosed the 

HEK293T cells at several concentrations.  The Gal4 system revealed six ligands 
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that activate the luciferase reporter for AhR transcriptional activity (Fig 2.2.14).  

At the time, we had recently acquired hepa1.1cR cells from the Denison 

laboratory.  These mouse hepatoma cells have stable expression of a luciferase 

reporter for AhR transcriptional activity at the xenobiotic responsive element 

(XRE).  The hepa1.1cR screen revealed eight compounds able to activate the 

AhR reporter system (Fig 2.2.12).  Notably, the hepa1.1cR cells have much more 

robust reporter activity than the transient system, although it is limited to AhR 

ligands able to activate CYP1A1 promoter regions.  We also screened the small 

compound library provided by Dr. Mark Zabriskie for potential AhR ligands using 

the hep1.1cR cell lines.  We discovered 16 compounds or mixtures that 

transcriptionally activated the AhR reporter from this library, and verified several 

of the potential AhR ligands, based on compound availability (Fig. 2.2.18).   

 

AhR-dependent biological effects of BI compounds 

 We asked whether or not the compounds obtained from the Sanford-

Burnham Institute (BI) have any AhR-dependent effects on cellular growth.  

Using the compounds exhibiting the greatest AhR activation we examined the 

proliferative status of AhR positive 5L cells compared to the non-AhR-expressing 

BP8 clones.   We determined that BI 11045, 11049, and BI 11051 exhibit AhR 

dependent anti-proliferative effects (Fig. 2.2.2A).  A comparative plot of AhR 

dependency summarizes the AhR dependent effects (Fig 2.2.2B), although 

compounds that no effect in 5L cells but increase proliferation in BP8 cells create 

false positives through this analysis (Fig 2.2.2C).   
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Figure 2.2.2 AhR dependent effects of BI compounds. A) Using the 5L AhR 
expressing cell and comparing to the non-AhR expressing BP8 cells we 
examined dependent effects on proliferation.  Cells were seeded at 5000 cell per 
well in 96 well format.  The next day cells were treated for 48 hours, and pulsed 
for the last 4 hours of treatment with the BrdU label.  BrdU incorporations were 
detected through ELISA based methods (Calbiochem), and values were 
normalized to respective Vehicle controls.  B) Comparative analysis of AhR 
dependency.  5L cell values for BrdU incorporations were subtracted from BP8 
values for a relative AhR dependency of anti-proliferative effects.  C) The relative 
AhR dependency dot plots do not take into account situations where 5L cells are 
un-responsive and BP8 cells showing increased proliferation as shown for BI 
11047 and 11048 
 
Discussion 

Our lab has three main screening strategies for identifying AhR ligands, 

and each screening strategy has limitations and advantages.  The Gal4 reporter 

is attractive as it is independent of any endogenous activation.  In addition, AhR 

transcriptional agonists will activate the AhR-Gal4-DBD/TAD-ARNT complex and 

lead to reporter response independent of the xenobiotic responsive element.  
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However, sensitivity is variable with positive controls routinely activating only six 

fold over vehicle control.  Furthermore, the experiment is material and temporally 

expensive.  The VLS screen is advantageous in screening large libraries very 

quickly, and does not require purchase of the library for screening.  However, the 

VLS is unable to distinguish between agonist and antagonist ligands, and the 

true hit rate is modest.  The hepa1.1cR cells are sensitive indicators of AhR 

transcriptional activity.  These cells also have stable expression of the reporter, 

making the assay relatively fast compared to the Gal4 system.  This approach 

was able to identify compounds that the Gal4-system is not sensitive enough to 

identify.  For example, BI 1049 activates the Gal4-reporter at 15.6% of the 

positive control TCDD, which is below the arbitrary 2.1 fold activation cutoff for 

AhR agonists in the assay (Fig. 2.2.14).  The same compound activates the 

hepa1.1cR reporter at the comparable 18.9% of the positive control TCDD 

(Fig.2.2.15).  However, the sensitivity of the reporter to TCDD is 38 fold over the 

vehicle, compared to 13.4 fold activation over the vehicle in the Gal4 system.  

The increase in sensitivity reveals that SBI 1049 activates the reporter at 7.3 fold 

over the vehicle, a clear AhR agonist.  However, the more sensitive assay is 

limited to AhR agonists that activate the xenobiotic responsive element, which 

may not be relevant to the tumor suppressive functions of the AhR.  Thus, it is 

important to recognize the limitations of screening strategies. Multiple screening 

approaches are ideal, although not often practical for large libraries.  Our 

combined screening approaches identified and confirmed 48 ligands from three 

small libraries able to activate the transcriptional activity of the AhR.   
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Figure 2.2.3 Gal4 screening results and VLS predicted hits.  HEK293T cells 
were transfected with the Gal4 reporter system.  24 hrs post-transfection cells 
were directly treated from library plates at 20 "M.  The positive control is an 
unreported compound identified in our lab that strongly induces AhR dependent 
transcriptional activity at 10 "M.  24 hrs post-treatment cells were lysed and 
assayed for luciferase activity, and normalized to the independent !-
galactosidase reporter.  Threshold values were set at 2.1 fold activation over 
Vehicle.  Shown are plate 1 results, orange points indicate a predicted ligand 
from the mAhR-LBD virtual ligand screen.   
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Figure 2.2.4 Gal4 screening results and VLS predicted hits.  HEK293T cells 
were transfected with the Gal4 reporter system.  24 hrs post-transfection cells 
were directly treated from library plates at 20 "M.  The positive control is an 
unreported compound identified in our lab that strongly induces AhR dependent 
transcriptional activity at 10 "M.  24 hrs post-treatment cells were lysed and 
assayed for luciferase activity, and normalized to the independent !-
galactosidase reporter.  Threshold values were set at 2.1 fold activation over 
Vehicle.  Shown are plate 1 & 2 results, orange points indicate a predicted ligand 
from the mAhR-LBD virtual ligand screen.   
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Figure 2.2.5 Gal4 screening results and VLS predicted hits.  HEK293T cells 
were transfected with the Gal4 reporter system.  24 hrs post-transfection cells 
were directly treated from library plates at 20 "M.  The positive control is an 
unreported compound identified in our lab that strongly induces AhR dependent 
transcriptional activity at 10 "M.  24 hrs post-treatment cells were lysed and 
assayed for luciferase activity, and normalized to the independent !-
galactosidase reporter.  Threshold values were set at 2.1 fold activation over 
Vehicle.  Shown are plates 2 & 3 results, orange points indicate a predicted 
ligand from the mAhR-LBD VLS screen.   
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Figure 2.2.6 Gal4 screening results and VLS predicted hits.  HEK293T cells 
were transfected with the Gal4 reporter system.  24 hrs post-transfection cells 
were directly treated from library plates at 20 "M.  The positive control is an 
unreported compound identified in our lab that strongly induces AhR dependent 
transcriptional activity at 10 "M.  24 hrs post-treatment cells were lysed and 
assayed for luciferase activity, and normalized to the independent !-
galactosidase reporter.  Threshold values were set at 2.1 fold activation over 
Vehicle.  Shown are plate 3 results, orange points indicate a predicted ligand 
from the mAhR-LBD VLS screen.   
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Figure 2.2.7 Gal4 screening results and VLS predicted hits.  HEK293T cells 
were transfected with the Gal4 reporter system.  24 hrs post-transfection cells 
were directly treated from library plates at 20 "M.  The positive control is an 
unreported compound identified in our lab that strongly induces AhR dependent 
transcriptional activity at 10 "M.  24 hrs post-treatment cells were lysed and 
assayed for luciferase activity, and normalized to the independent !-
galactosidase reporter.  Threshold values were set at 2.1 fold activation over 
Vehicle.  Shown are plate 4 results, orange points indicate a predicted ligand 
from the mAhR-LBD VLS screen.   
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Figure 2.2.8 Gal4 screening results and VLS predicted hits. HEK293T cells 
were transfected with the Gal4 reporter system.  24 hrs post-transfection cells 
were directly treated from library plates at 20 "M.  The positive control is an 
unreported compound identified in our lab that strongly induces AhR dependent 
transcriptional activity at 10 "M.  24 hrs post-treatment cells were lysed and 
assayed for luciferase activity, and normalized to the independent !-
galactosidase reporter.  Threshold values were set at 2.1 fold activation over 
Vehicle.  Shown are plate 5 results, orange points indicate a predicted ligand 
from the mAhR-LBD VLS screen.   
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Figure 2.2.9 Gal4 screening results and VLS predicted hits.  HEK293T cells 
were transfected with the Gal4 reporter system.  24 hrs post-transfection cells 
were directly treated from library plates at 20 "M.  The positive control is an 
unreported compound identified in our lab that strongly induces AhR dependent 
transcriptional activity at 10 "M.  24 hrs post-treatment cells were lysed and 
assayed for luciferase activity, and normalized to the independent !-
galactosidase reporter.  Threshold values were set at 2.1 fold activation over 
Vehicle.  Shown are plate 6 results, orange points indicate a predicted ligand 
from the mAhR-LBD VLS screen.   
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Figure 2.2.10 Confirmation of NPL480 hits. HEK293T cells were transfected 
with the Gal4 reporter system.  24 hrs post transfection cells were treated from 
library plates at 20 "M.  The positive control is an unreported compound 
identified in our lab that strongly induces AhR dependent transcriptional activity 
at 10 "M.  24 hrs post-treatment, cells were lysed and assayed for luciferase 
activity, and normalized to the independent !-galactosidase reporter.  Threshold 
values were set at 2.1 fold activation over Vehicle.  Orange points indicate a 
predicted ligand from the mAhR-LBD VLS screen.   
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Figure 2.2.11 Confirmation of hits. HEK293T cells were transfected with the 
Gal4 reporter system.  24 hrs post transfection cells were treated from library 
plates at 20 "M.  The positive control is an unreported compound identified in our 
lab that strongly induces AhR dependent transcriptional activity at 10 "M.  24 hrs 
post-treatment, cells were lysed and assayed for luciferase activity, and 
normalized to the independent !-galactosidase reporter.  Threshold values were 
set at 2.1 fold activation over Vehicle.  Orange points indicate a predicted ligand 
from the mAhR-LBD VLS screen.   
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Figure 2.2.12 Confirmation of hits. HEK293T cells were transfected with the 
Gal4 reporter system.  24 hrs post transfection cells were treated from library 
plates at 20 "M.  The positive control is an unreported compound identified in our 
lab that strongly induces AhR dependent transcriptional activity at 10 "M.  24 hrs 
post-treatment, cells were lysed and assayed for luciferase activity, and 
normalized to the independent !-galactosidase reporter.  Threshold values were 
set at 2.1 fold activation over Vehicle.  Orange points indicate a predicted ligand 
from the mAhR-LBD VLS screen.   
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Figure 2.2.13 Confirmation of hits. HEK293T cells were transfected with the 
Gal4 reporter system.  24 hrs post transfection cells were treated from library 
plates at 20 "M.  The positive control is an unreported compound identified in our 
lab that strongly induces AhR dependent transcriptional activity at 10 "M.  24 hrs 
post-treatment, cells were lysed and assayed for luciferase activity, and 
normalized to the independent !-galactosidase reporter.  Threshold values were 
set at 2.1 fold activation over Vehicle.  Orange points indicate a predicted ligand 
from the mAhR-LBD VLS screen.   
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Table 2.2.1  NPL AhR agonists 
Plate/well   compound name 
p1b8 7-hydroxy-3-(4-methoxyphenyl)chromen-4-one 
p1h12 3-HYDROXY-6-METHYLFLAVONE 
p1a8 Sissotrine 
p1a12 7-HYDROXY-4'-METHOXYFLAVONE 
p1f11 7,8-Benzoflavone 
p2g2 3,6-DIMETHOXYFLAVONE 
p2g3 6-HYDROXY-7-METHOXYFLAVONE 
p2f2 2',4'-DIHYDROXYFLAVONE 
p2h3 2'-HYDROXY-b-NAPHTHOFLAVONE 
p2a4 4'-HYDROXY-5-METHOXYFLAVONE 
p3d10 5-HYDROXY-7-METHOXYFLAVONE 
p3g10 Biochanin A 
p4A12 Primuliten, 5-Hydroxyflavone 
p4 f2 9,10-dimethoxy-8-benzyl-5,6,7,8,13,13a-hexahydro-2H-1,3-

dioxoleno[4,5-g]isoqui nolino[3,2-a]isoquinoline 
p4f6 Pinocembrin 5,7-Dihydroxyflavanone, R -form 
p4g10 Alizarin 
p4a4 4'-Methoxyflavonol [6889-78-7] 
p4b4 7-Methoxyisoflavone, 98% 
p4h10 1,2,4-trihydroxyanthracene-9,10-dione 
p4h3 Acacetin 
p5g3 Chrysin 

p5d9 

(1S,5S,10S,11S,14S,15S,2R)-14-acetyl-2,15-
dimethyltetracyclo[8.7.0.0<2,7>.0<11 ,15>]heptadec-7-en-5-yl 
acetate 

p6g2 

2,3,7-trihydroxy-5-methyl-4-(methylethyl)-6-[1,2,4-trihydroxy-6-
methyl-7-(meth ylethyl)-3-oxo(2,4,7-trihydroinden-5-yl)]-2,3,4,7-
tetrahydroinden-1-one 

p6h2 6-Methylflavone 
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Figure 2.2.14 BI compounds activate Gal4 reporter.  Several unique 
compounds were obtained from the Sanford Burnham Institute and screened for 
AhR activation using the Gal4 reporter system at various concentrations.  
HEK293T cells were transfected with the Gal4 reporter system.  The positive 
control is an unreported compound identified in our lab that strongly induces AhR 
dependent transcriptional activity at 10 "M.  24 hrs post-transfection cells were 
directly dosed at the indicated concentrations ("M).  24 hrs post-treatment cells 
were lysed and assayed for luciferase activity, and normalized to the 
independent !-galactosidase reporter.  Threshold values were set at 2.1 fold 
activation over Vehicle.  Six compounds exceeded the 2.1 fold over vehicle 
threshold for AhR activation in a dose dependent manner. 
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Figure 2.2.15 BI compounds activate XRE-luc reporter.  Several unique 
compounds were obtained from the Sanford Burnham Institute and screened for 
AhR activation using hepa1.1cR cells.  Cells were plated at 10,000 cells per well 
in 96 well format and treated at the indicated concentrations ("M) for 24 hrs.  The 
positive control is an unreported compound identified in our lab that strongly 
induces AhR dependent transcriptional activity at 10 "M.  Eight compounds were 
identified to activate the XRE-luc reporter for AhR activation in a dose dependent 
manner. 
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Figure 2.2.16 Screening the Zabriskie collection in hepa1.1cR.  The Zabriskie 
collection was screened for AhR activation using hepa1.1cR cells.    Cells were 
plated at 10,000 cells per well in 96 well format and dose at the indicated 
concentrations ("M) for 24 hrs. Sixteen compounds were identified to activate the 
XRE-luc reporter for AhR activation. 
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Figure 2.2.17 Confirmation of Zabriskie collection hits in hepa1.1cR.  The 
Zabriskie collection positive hits for AhR activation were confirmed for available 
compounds using hepa1.1cR cells.  Cells were plated at 10,000 cells per well in 
96 well format and dose at the indicated concentrations ("M) for 24 hrs.  The 
positive control is an unreported compound identified in our lab that strongly 
induces AhR dependent transcriptional activity at 10 "M.  Five compounds were 
confirmed to activate the XRE-luc reporter for AhR activation. 
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Figure 2.2.18 Dose response for Zabriskie compounds C9 and D10.  Two 
positive hits for AhR activation from the Zabriskie collection were tested for AhR 
transcriptional activity in a detailed dose response experiment.  Compounds were 
selected by availability.   Hepa1.1cR cells were plated at 10,000 cells per well in 
96 well format and dose at the indicated concentrations ("M) for 24 hrs.  
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Methods 

Cell Culture  

All cells were cultured in Dulbecco's Modified Eagle Medium (DMEM) with 

L-glutamine (Mediatech Inc., VA) supplemented with 10% FBS (Tissue Culture 

Biologicals, CA), 100 IU/mL penicillin, and 100 "g/ml streptomycin (Mediatech 

Inc., VA) in a humidified 5% CO2 atmosphere. Cells were typically passaged 

every three days at a dilution of 1:5.  

Gal4 reporter assays 

293T cells were seeded at 15,000 cells per well in 96 well format.  24 

hours post-seeding, cells were transfected with the AhR gal reporter system 

(70ng gal-luciferase, 10ng B-gal, 10ng gal AhR, 10ng GAD-ARNT).  24 hours 

post-transfection cells were treated as indicated.  24 hours post-treatment cells 

were lysed and lysates probed for luciferase activity, and normalized to B-

galactosidase reporter levels. TR717 microplate luminometer (TROPIX) was 

used to detect luciferase activity. Positive hits were characterized at greater than 

2-fold induction. 

 

hepa1.1cR reporter assays  

hepa1.1cR cells were seeded in 96 well format at 10,000 cells per well in 

100uL in DMEM and 10% fetal bovine serum.  24 hours post seeding cells were 

treated as indicated. Cells were lysed after 24 hours of treatment and reporter 

activity was measured.  Values were presented as fold inductions relative to 
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vehicle treated cells. TR717 microplate luminometer (TROPIX) was used to 

detect luciferase activity.   

 

BrdU incorporation assays 

5L and BP8 cells were seeded at 5,000 cells per well in 96-well format.  

Cells were then treated with indicated compounds for the indicated time point.  

Cells were pulsed with BrdU for 4 hours and fixed.  Plates was typically stored 

overnight at 4°C followed by detection of incorporated BrdU with primary and 

secondary antibodies.  BrdU was then detected with spectramax 250 (Molecular 

Devices) at 450 and 540 nm.  The difference (450-540) of the two wavelengths 

were used as raw data and values were normalized to the vehicle treated wells.   
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Abstract  
 
The Aryl hydrocarbon receptor (AhR) is a ligand activated transcription factor and 

member of the basic helix-loop-helix Per/ARNT/Sim (bHLH/PAS) family of 

chemosensors and developmental regulators. AhR is widely known as a 

mediator of dioxin toxicity. However, AhR also suppresses cancer cell 

proliferation and recent findings implicate AhR as a tumor suppressor. We set out 

to identify AhR ligands with anti-cancer effects. We conducted chemical library 

screening and discovered flutamide as a putative AhR ligand.  Flutamide is an 

androgen receptor antagonist and is FDA approved for the treatment of prostate 

cancer. We investigated the biological effects of flutamide in cancer cells that do 

not express the androgen receptor and found that flutamide inhibited the growth 

of HepG2 cells. Suppression of AhR expression reversed the anti-proliferative 

effects of flutamide. We examined changes in cell cycle checkpoint proteins after 

flutamide treatment and discovered that Transforming Growth Factor !1 

(TGF!1), which regulates both p27Kip1 and p15INK, is upregulated by flutamide. 

We demonstrate that TGF!1 is upregulated by flutamide in an AhR-dependent 

manner and is required for suppression of proliferation by flutamide. In HepG2 

cells TGF-!1 signaling is activated by flutamide, but not by the potent AhR 

agonist 2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD), indicating ligand specificity 

of AhR activation. Flutamide may be effective not only in AR positive prostate 
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cancers, but also in AhR positive cancers such as hepatoma that are also 

sensitive to TGF!1 signaling. 

 
Introduction 
 
The aryl hydrocarbon receptor is a ligand activated transcription factor belonging 

to the PAS (PER/ARNT/SIM) domain containing family of transcription factors 

and developmental regulators.  Exogenous ligands for the AhR include polycyclic 

aromatic hydrocarbons, flavones, and dioxins such as 2,3,7,8-

Tetrachlorodibenzo-p-dioxin (TCDD).  Latent AhR is compartmentalized in the 

cytosol complexed with p23, XAP2, and HSP90 whose association is required for 

ligand binding1-5.  When AhR agonists bind to the PASB domain of the AhR, 

dissociation from HSP90 and nuclear translocation occurs6.  Upon nuclear 

localization the AhR heterodimerizes with the AhR nuclear translocator (ARNT) 

forming the active transcription factor complex (AhRC).  The activated AhRC 

binds to specific responsive elements (AhREs) whereupon it recruits the 

transcriptional machinery necessary for target gene transcription. Classical AhR 

target genes have been characterized in response to TCDD exposure and 

include the cytochrome P450 family of drug metabolizing enzymes7.  Activation 

of the P450 CYP1A1 is used as a biomarker of AhR transcriptional activation.  In 

vivo, TCDD exposure can induce toxic effects such as immune suppression8, 9, 

chloracne10, oxidative stress11, severe weight loss, reproductive12 and 

developmental toxicity13 and tumorigenicity, although the molecular interactions 

that lead to these complex toxic responses remain unclear14.  In murine models, 

TCDD has been characterized as a potent carcinogen15, 16, although there is no 
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clear evidence between TCDD exposure and increased incidences of cancer in 

humans17-19.  

 Recently, an endogenous role for AhR has emerged in the context of 

carcinogenesis. Mice lacking AhR develop aggressive early onset of prostate 

tumors in the TRAMP mouse model20.  AhR has also been shown to suppress 

diethylnitrosamine (DEN) induced liver tumors21.  Recently, the cancer cell line 

encyclopedia identified that the AhR expression is associated with MEK inhibitor 

efficacy in NRAS mutant lines22. Modulation of AhR activity by its ligands can 

result in inhibition of endocrine signaling and cancer cell proliferation23-28.  

We screened for compounds that activate the tumor suppressive functions 

of the AhR29 and identified flutamide (Eulexin") as a putative AhR ligand, 

consistent with published reports7. Flutamide is an FDA approved drug known to 

antagonize the androgen receptor (AR), resulting in blockade of testosterone 

signaling30. Flutamide is used in the treatment of AR positive prostate cancers.  

We confirmed that flutamide is an AhR ligand and modeled its docking 

orientation into the AhR ligand-binding pocket31.  We determine that flutamide 

brings AhR into a transcriptionally active state. We further demonstrate that 

flutamide, but not its metabolite is responsible for AhR activation. We tested 

flutamide effects on androgen receptor non-expressing cells and found that it 

suppressed cellular growth. We demonstrate that the anti-proliferative effects of 

flutamide are mediated by the AhR. We further demonstrate flutamide-induced 

AhR activation leads to upregulation of TGF!1 and activation of TGF!1-

dependent signaling. Suppression of AhR expression or TGF-!1 expression 
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abrogated the anti-proliferative sensitivity of cells to flutamide treatment. We 

conclude that selective AhR ligands such as flutamide promote tumor 

suppressive functions of AhR by activation of TGF! signaling.  

 

Methods   

Cell culture 

Human HepG2 hepatoma cells, mouse hepa1.12cR, mouse hepa1c1c7, 

Rat hepatomal 5L and BP8 cells  were cultured in DMEM with L-glutamine 

(Mediatech) supplemented with 10% fetal bovine serum (Tissue Culture 

Biologicals) with 10,000 U/mL penicillin streptomycin (mediatech) in a humidified 

5% CO2 atmosphere. LNCaP cells were cultured in RPMI 1640 (mediatech). 

Cells were typically passaged every three days at a dilution of 1:4.  

 

Chemicals 

 Flutamide was purchased from Sigma (Cat#F9397-1G), and all other 

compounds were obtained from Sigma, unless otherwise noted.  All stock 

solutions were prepared in DMSO and stored at -20°C 

 

Reporter gene assays 

Cells were seeded in 96 well format at 10,000 cells per well in 100uL in 

DMEM and 10% fetal bovine serum.  24 hours post seeding cells were treated as 

indicated. Cells were lysed after 24 hours of treatment and reporter activity was 

measured.  Values were presented as fold inductions relative to vehicle treated 
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cells. TR717 microplate luminometer (TROPIX) was used to detect luciferase 

activity.  Each experiment included at least three replicate wells, and three 

independent experimental replicates. 

  

Gene inductions studies 

HepG2 cells were seeded in 6-well format. Cells were treated as indicated after 

24 hours of seeding. RNA was prepared by using GenElute Mammalian total 

RNA miniprep kit (Sigma).  First strand synthesis of cDNA was generated using 

Superscript III reverse transcriptase kit (Invitrogen).  Transcript levels were 

monitored using primers of the following sequences: CYP1A1 FP: 

GTCCCCTTCACCATCCC, RP: CAGGAAGAGAAAGACCTCC, IGFBP3: FP 

CACTGAATCACCTGAAGTTCCTC, RP AGGGCGACACTGCTTTTTCTT; BMP6: 

FP AGCGACACCACAAAGAGTTCA, RP GCTGATGCTCCTGTAAGACTTGA; 

LTBP2: FP AGCACCAACCACTGTATCAAAC, RP 

CTCATCGGGAATGACCTCCTC; PLAU: FP GGGAATGGTCACTTTTACCGAG, 

RP GGGCATGGTACGTTTGCTG; GAPDH: FPACCTTTGACGCTGGGGCTGG, 

RP CTCTCTTCCTCTTGTGCTCTTGCTGG; p27: FP 

AAGAGGCGAGCCAGCGCAAG, RPACCGGCATTTGGGGAACCGTC; p15: FP 

GCCCCAAGCCGCAGAAGGAC, RP GCCCATCATCATGACCTGGATCGC; 

TGF!1: FP CAAGCAGAGTACACACAGCAT, RP 

TGCTCCACTTTTAACTTGAGCC; TGF!2: FP CCCCGGAGGTGATTTCCATC, 

RP CAGACAGTTTCGGAGGGGA; TGF!3: FP TCAGCCTCTCTCTGTCCACTT, 
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RPCATCACCGTTGGCTCAGGG.  Three experimental replicates were each 

normalized to GAPDH and normalized to the vehicle treated samples. 

 

AhR localization immunostaining 

HepG2 cells were seeded at 20,000 cells/well in 8-well chamber slide 

format.  The following day cells were treated with the indicated compounds for 90 

minutes.  At the end of the treatment cells were fixed with 3.7% 

paraformaldehyde, followed by a 10-minute incubation with 0.1% Triton X-100. 

After fixing, 1% BSA (Fraction V) was used as the blocking reagent overnight at 

4°C.  Primary staining was performed with an AhR antibody (1:600 (ENZO)).  

Cells were washed 3X with PBS, and re-blocked for 1 hour at room temperature.  

Cells were then stained with a FITC conjugated goat-anti-rabbit secondary 

antibody (Southern Biotech) for 1 hour at RT.  Slides were then washed with PBS 

three times and stained with Pro-Fade staining reagent with DAPI (Molecular 

Probes, Invitrogen), and slides were sealed. Cells were imaged with an Axiovert 

200 IM (Zeiss) equipped with Metamorph image capture software. 

 

BrdU incorporation assays 

HepG2 and HepG2"TGF!1 cells were seeded at 7,000 cells per well in 96 

well format.  5L and BP8 cells were seeded at 5,000 cells per well in 96-well 

format.  Cells were then treated with indicated compounds for the indicated time 

point.  Cells were pulsed with BrdU for 4 hours and fixed.  Plates was typically 

stored overnight at 4°C followed by detection of incorporated BrdU with primary 
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and secondary antibodies.  BrdU was then detected with spectramax 250 

(Molecular Devices) at 450 and 540 nm.  The difference (450-540) of the two 

wavelengths were used as raw data and values were normalized to the vehicle 

treated wells.   

For the immunostaining experiments cells were seeded at 25,000 cells per 

well.  Treatments began the next day for 20 hours and BrdU (10#M) labeled for 

an additional 4 hours.  Cells were fixed using the BrdU fixative/denaturing 

solution (Calbiochem) for 20 minutes RT.  Cells were then washed with PBS and 

blocked with 1% BSA (fraction V) for four hours RT.  Fixed samples were 

incubated with alexaflor 488 labeled anti BrdU for 2 hours RT.  Cells were 

washed with PBS three times and stained with Pro-Fade staining reagent with 

DAPI (Molecular Probes, Invitrogen), and slides were then sealed. Cells were 

imaged with an Axiovert 200 IM (Zeiss) equipped with Metamorph image capture 

software. 

 

AhR knockdown experiments 

For AhR knockdown experiments HEPG2 cells were seeded at 20,000 

cells per well in 8 well slide format.   The next morning after seeding, cells were 

subjected to AhR knockdown with 400ng siRNAs (Dharmacon, cat# D-004990-

01-0050) against AhR target sequence GAACAGAGCAUUUACGAA, or 400ng 

siRNAs against Luciferase (Dharmacon cat# D-001400-01-50) using Dharmafect 

as transfecting reagent.  Approximately 30 hours after transfection with siRNAs, 

cells were treated as indicated.  Twenty four hours post treatment, cells were 
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pulsed with BrdU (Calbiochem) for 4 hours, fixed with BrdU fixative/denaturing 

solution (Calbiochem), and incubated overnight with 1% BSA (fraction V) at 4°C.  

Cells were immunostained with BrdU antibody conjugated with alexaflour 488 

(Invitrogen) for 1.5 hours at room temperature.  Slides were washed with PBS 

five times, stained with DAPI prolong gold antifade reagent (Invitrogen, Molecular 

Probes) and sealed. Cells were imaged with an Axiovert 200 IM (Zeiss) equipped 

with Metamorph image capture software. 

 

Homology Modeling. The homology model of human and mouse AhR-LBD 

bound to agonist TCDD were initially built as described in our previous work31. 

Then, the complexes were submitted to ligand-protein side chain optimization 

through Monte Carlo simulations in the internal coordinate space with Molsoft 

ICM v3.5-1p.32. The resulting best energy conformer of mouse and human 

models was used for Molecular Docking. 

 

Molecular Docking. Molecular Docking has been performed as previously 

reported 31. 

 
CFSE staining.  CFSE staining was performed as previously described33 

 

Statistical analysis. 

Data were analyzed with Prism software Version 5.0, Graphpad La Jolla, using 

the one-way ANOVA Bonferroni’s post-test.  Values of P<0.05 were considered 

statistically significant. 
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Results 
 
Flutamide is an AhR ligand 

We conducted a small molecule screen for transcriptional activators of the 

AhR29, and identified flutamide as a potent activator of AhR transcription.  We 

determined that flutamide stimulated AhR dependent transcriptional activity in a 

dose dependent manner (Fig. 3.1.1A). The AhR target gene CYP1A1 was 

strongly upregulated in flutamide treated human hepatoma HepG2 cells (Fig. 

3.1.1B). We recently characterized AhR ligand binding domain (AhR-LBD) by 

homology modeling and employed it to identify novel AhR ligands31. Molecular 

docking studies with the AhR-LBD model show that flutamide can dock into the 

ligand binding pocket of the human and mouse AhR (Fig. 3.1.1C and Fig. 

3.1.S1). As a member of the AhR transcription factor complex (AhRC), the AhR 

translocates from cytosol to the nucleus upon agonist ligand binding.  The 

compartmentalization of AhR was monitored in HepG2 cells upon flutamide 

treatment. Potent nuclear localization of the AhR was observed within two hours 

of flutamide treatment (Fig. 3.1.1D). This nuclear translocation was also 

observed in mouse hepatoma cells (Fig. 3.1.S2).  

Flutamide is subject to first pass metabolism in vivo, and is converted to 2-

hydroxyflutamide (2HFL) by CYP1A2 with the addition of a hydroxyl group.  We 

examined whether the parent compound flutamide or its metabolite, 2HFL, was 

responsible for the induction of AhR transcriptional activity. We observed no 

significant change in AhR mediated transcription upon treatment with 2HFL (Fig. 

3.1.1E).  Using immunostaining to track AhR compartmentalization, we observed 
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2HFL does not alter cytosolic localization of the AhR (Fig. 3.1.1D and Fig. 

3.1.S2). These observations indicate that flutamide, but not its metabolite, is an 

AhR ligand that it induces AhR nuclear translocation and transcriptional activity in 

both human and murine hepatoma cells. 

 

Flutamide suppresses cell growth independent of the Androgen Receptor 

We tested if AhR activation by flutamide contributes to the anti-cancer 

effects of flutamide independent of the AR.  Using HepG2 human liver carcinoma 

cells that do not express AR, but express high levels of AhR (Fig. 3.1.2A), we 

observed strong dose-dependent reduction in cell growth in HepG2 cells similar 

to that observed in AR positive LNCaP lines (Fig. 3.1.2B, 3.1.2C).  We examined 

whether the reduction of the viable cell population in flutamide-treated cells was 

due to apoptosis or decreased proliferation.   Nuclear fragmentation, a hallmark 

of cells undergoing apoptosis, was investigated by nuclear staining.  Flutamide 

did not induce apoptosis in HepG2 cells (Fig. 3.1.2D). Bromodeoxyuridine (BrdU) 

incorporation assays revealed that flutamide strongly decreased the proliferation 

of cells (Fig. 3.1.2E). These observations were further confirmed by flow 

cytometry using carboxyfluorescein succinimidyl ester (CFSE) and ethidium 

monoazide (EMA) staining to monitor proliferation and apoptosis respectively 

(Fig. 3.1.2F).  Taken together, these data indicate AR-independent effects of 

flutamide on cellular growth and proliferation. 
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AhR-dependent anti-proliferative responses of flutamide  

We next investigated whether AhR mediates the growth inhibitory effects 

of flutamide in hepatoma cells. We utilized 5L hepatoma cells that express high 

levels of AhR and 5L derived BP8 cells that do not express the AhR (Fig. 3.1.2A).   

The AR is not expressed in 5L or BP8 cells (Fig. 3.1.2A).  Flutamide treatment 

resulted in potent growth inhibition of 5L cells in a dose dependent and temporal 

manner (Fig. 3.1.3A). Flutamide treatment had minimal effect in BP8 cells.   

In order to directly determine the role of AhR in flutamide-induced growth 

inhibition, we utilized siRNAs to suppress AhR expression HepG2 cells (Fig. 

3.1.3B). In control siLuc transfected cells, flutamide treatment resulted in a potent 

decrease in incorporation of BrdU (Fig. 3.1.3C and Fig. 3.1.3D).  Suppression of 

AhR with siAhR strongly reversed the growth inhibitory effects of flutamide (Fig. 

3.1.3C and 3.1.3D).  These data implicate AhR as the mediator of AR-

independent growth inhibitory effects of flutamide. 

 

AhR activation by flutamide results increased levels of p27Kip, p15INK, and 

TGF!1. 

Previous studies have shown that p27Kip1 is upregulated in TCDD treated 

5L cells in an AhR-dependent manner25.  We examined if flutamide also 

upregulated p27Kip1 in these cells.  Flutamide treatment increased the protein 

levels of p27Kip1, similar to TCDD (Fig. 3.1.4A).  The increase in p27Kip1 levels 

was AhR dependent, as the BP8 cells do not exhibit increased p27Kip1 in 
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response to flutamide treatment (Fig. 3.1.4A).  We next determined if p27Kip1 

expression is increased in HepG2 cells treated with flutamide.  We also 

examined expression of proteins that are known to influence cellular proliferation 

for changes in response to flutamide.  Western blotting identified increased 

protein levels of p27Kip1 and p15INK cells after flutamide treatment (Fig. 3.1.4B).  

We then examined regulation of p27Kip1 and p15INK at the transcript level in 

HepG2 cells. QPCR analysis determined that p15INK but not p27Kip1 is 

transcriptionally upregulated (Fig. 3.1.4C) by flutamide.   

TGF! is known to regulate both p27Kip1 and p15INK expression34. TGF-! is 

processed and secreted with its latency associated peptide (LAP) as an 

extracellular cytokine that can influence cell proliferation, differentiation, and 

apoptosis35. TGF! binds to membrane bound serine-threonine kinase receptors, 

which phosphorylate Smad family member proteins. The activated Smad 

complexes compartmentalize to the nucleus where they stimulate expression of 

target genes, which can result in a variety of responses including decreased 

proliferation.  We examined the expression of TGF! mRNA and we determined 

that TGF!1 is upregulated by flutamide (Fig. 3.1.4D).  TGF! has three isoforms 

and we observed that only TGF!1, but not TGF!2 or TGF!3 was upregulated in 

flutamide treated HepG2 cells (Fig. 3.1.4D).  

We examined whether the increase in p15INK and TGF!1 mRNA initiates 

cell growth arrest, or a consequence of cells undergoing growth arrest upon 

flutamide treatment.  HepG2 cells were growth arrested by serum starvation for 

48 hours before treatment with flutamide for additional 16 hours. Flutamide 
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significantly increased p15INK and TGF!1 mRNA levels in HepG2 cells cultured 

0% DMEM (Fig. 3.1.4E) strongly suggesting that TGF! upregulation is not a 

consequence of a halt in cell proliferation by flutamide. Western blotting revealed 

increased levels of TGF! in flutamide treated cells for up to 48 hours when 

compared to the vehicle and TCDD treatments (Fig. 3.1.4F). Examination of the 

protein levels by immunostaining experiments also show a strong increase in 

TGF! detection upon flutamide treatment (Fig. 3.1.4G). We further confirmed this 

result by immunofluorescent detection of TGF! by flow cytometry and found that 

TGF! is upregulated only in the cells exposed to flutamide (Fig. 3.1.4H). These 

studies reveal that flutamide, but not TCDD, upregulate TGF!1, suggesting 

ligand specific regulation of downstream target genes by the AhR. 

 

TGF! signaling is activated by flutamide in an AhR-dependent manner. 

We postulated that flutamide activates the AhR, leading to increased 

levels of TGF!, which in turn upregulates p15INK and other TGF! regulated 

genes, leading to suppression of cell growth.  We examined the temporal 

transcriptional profile of TGF!1 and p15INK.  We observed highest induction of 

TGF!1 after 18 hours of flutamide treatment (Fig. 3.1.5A). The largest increases 

in p15INK, a downstream target gene of TGF!1, were observed at 36 hours (Fig. 

3.1.5A).  In accordance with expectations, TGF!1 upregulation preceded the 

induction of the target gene p15INK. We next examined whether activation of the 

AhR by flutamide is required for upregulation of TGF!1. Suppression of AhR 

expression by AhR-specific siRNAs resulted in reduced TGF!1 induction by 
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flutamide (Fig. 3.1.5B and Fig. 3.1.5C).  We also examined induction of p15INK by 

flutamide in the absence of AhR.  The flutamide-induced p15INK mRNA 

upregulation was abrogated upon suppression of the AhR (Fig. 3.1.5C). These 

results indicate that flutamide upregulates the TGF! signaling in an AhR-

dependent fashion in HepG2 cells. 

As a secreted cytokine that initiates a SMAD signaling cascade, TGF-! 

activation can result in upregulation of a variety of downstream target genes 

governed by SMAD interactions with tissue specific master transcription factors.  

In order to determine other target genes that are perturbed by TGF!1 induction, 

we examined 84 known TGF! regulated genes by QPCR. We observed 9 TGF! 

gene targets that were either up or down-regulated after flutamide treatment. The 

upregulation of TGF!1 and p15INK were independently confirmed by the TGF! 

gene target screen.  Several TGF! downstream genes including latent-

transforming growth factor beta-binding protein 2 (LTBP2), urokinase-type 

plasminogen activator (PLAU), bone morphogenic protein-6 (BMP6), and insulin-

like growth factor-binding protein 3 (IGFBP3) (Fig. 3.1.5D) were upregulated by 

flutamide. Taken together, these data indicate that AhR activation by flutamide 

results in upregulation of TGF!1, and consequent activation of TGF! regulated 

gene targets such as p15INK.  The AhR induced transcriptional signature is 

unique to flutamide treatment, and AhR is essential for induction of this 

transcriptional pathway. It is important to note that the TGF-! signaling pathway 

is activated by flutamide in the absence of AR expression. 
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Disruption of TGF!1 expression attenuates the biological effects of 

flutamide in the absence of AR. 

The result of increased secretion of TGF! has proven to be enigmatic in 

the context of cellular growth.  Increases in TGF! can result in tumor promoting 

effects as well as tumor suppressive effects, depending on the tissue and tumor 

profile35.  To determine the outcome of TGF!1 upregulation in HepG2 cells, we 

treated these cells with TGF!1 and monitored the proliferation status of the cells. 

We observed that HepG2 cells are indeed sensitive to TGF!1-induced growth 

suppression (Fig. 3.1.6A).  In order to directly link increased TGF!1 expression 

with increased levels of p27Kip1, we treated HepG2 cells directly with TGF!1 and 

monitored p27Kip1 expression. We observed increases of p27Kip protein levels in 

both the TGF!1, and flutamide treated cells (Fig. 3.1.6B). We hypothesized that 

the flutamide-activated AhR upregulates TGF!1, which in turn leads to the 

observed anti-proliferative effects. We generated stable TGF!1 shRNA 

expressing clones of HepG2 cells to suppress TGF!1 expression. We utilized 5 

different shRNA constructs and generated three independent lines with 

substantially reduced levels of TGF!, designated as HepG2"TGF! (Fig. 3.1.6C).  

We monitored flutamide-induced TGF! protein levels in these HepG2"TGF! 

clones by western blot. Flutamide increased TGF! protein levels after 24 and 48 

hours of treatment in control HepG2 cells (Fig. 3.1.6D). Flutamide did not induce 

TGF! in HepG2"TGF! clones expressing TGF! shRNA (Fig. 3.1.6D). We then 

determined the response of the HepG2"TGF! lines to flutamide and found that 

these clones have significantly reduced sensitivity to flutamide (Fig. 3.1.6E) after 
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48 hours of treatment in 10% DMEM.  Due to the high concentration of TGF! in 

the FBS supplemented media, we treated two clones in the absence of growth 

factor supplement (0%) DMEM.  The vector control HepG2"TGF! #4 showed 

complete sensitivity to flutamide after 96 hours of treatment (Fig. 3.1.6F).  Under 

the same conditions clone HepG2"TGF! #3 showed proliferative capacity 

comparable to the vehicle.  These data indicate that flutamide induces TGF!1 

expression in an AhR-dependent manner and TGF!1 mediates the anti-

proliferative effects of flutamide in HepG2 cells. 

 

Discussion 

Flutamide is an androgen receptor antagonist and an FDA approved drug 

for the treatment of androgen responsive prostate cancers.  We show that 

flutamide is also an AhR transcriptional activator. We observed nuclear 

translocation of AhR from the cytosol in response to flutamide treatment and 

induction of AhR target gene CYP1A1. Flutamide undergoes first pass 

metabolism, so we examined whether the main metabolite was responsible for 

AhR activation.  Those studies revealed that 2HFL did not cause nuclear 

translocation or increased transcriptional activity of the AhR. These data suggest 

that the parent compound flutamide, but not its metabolite 2HFL, is an AhR 

agonist. 

 Flutamide is known to reduce cellular growth in AR positive cells (Fig. 

3.1.2B)30. We examined the potential role of AhR in mediating the AR 

independent effects of flutamide in AR negative cells. In AR negative 5L rat 
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hepatomal cells, we observed potent growth suppression by flutamide in a time 

and dose dependent manner (Fig. 3.1.3B).   BP8 cells that do not express AhR 

are non-responsive to flutamide. Transient knockdown of AhR in HepG2 cells 

confirmed that AhR mediates the tumor suppressive effects of flutamide.  In 

contrast to flutamide effects, TCDD did not inhibit the growth of HepG2 cells after 

36 hours of treatment, illustrating the ligand dependent outcomes for AhR 

activation (Fig. 3.1.2F).   Although both ligands can result in upregulation of 

CYP1A1, only flutamide causes upregulation of TGF!1.  These data indicate 

ligand selective activation of AhR target genes.  

 We investigated the potential downstream mediators of flutamide-induced 

AhR-dependent growth inhibition.  Previous work has shown that AhR regulates 

expression of p27Kip1 levels, a cyclin dependent kinase inhibitor25.  We examined 

p27Kip1 levels in 5L treated cells and observed that flutamide treatment resulted in 

upregulation of p27Kip1, similar to TCDD25.  These observed increases are AhR 

dependent (Fig. 3.1.5A).  We examined whether HepG2 cells also exhibit 

increased p27Kip1 levels in response to flutamide treatment.  We determined that 

both p27Kip1 and p15INK levels are upregulated in flutamide treated HepG2 cells 

(Fig. 3.1.5B).  This led us to examine TGF! levels after flutamide treatment, as 

TGF! regulates both p15INK and p27Kip1. We discovered that TGF!1 is 

upregulated in flutamide treated HepG2 cells (Fig. 3.1.4D). 

TGF! is also known to stabilize p27Kip1 levels, so we examined the 

transcript and protein levels of p27Kip1.  In accordance with the known TGF! 

signaling, there is increased p27Kip1 protein levels, but no appreciable increase of 
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p27Kip1 at the transcript level upon flutamide treatment (Fig. 3.1.4C).  We 

determined that TGF!1 and p15INK upregulation upon flutamide treatment is not a 

consequence of halt in the cell proliferation (Fig. 3.1.4E). Loss of the AhR 

attenuated TGF!1 and p15INK upregulation, indicating that TGF!1 expression is 

downstream of AhR activation (Fig. 3.1.5B). Further investigation of the TGF! 

pathway revealed that other downstream TGF!1 target genes, such as IGFBP3, 

and BMP6, are also upregulated in response to flutamide treatment (Fig. 3.1.5D). 

Flutamide-induced TGF!1 induction preceded the upregulation of p15INK mRNA 

(Fig. 3.1.5A) and BMP6 (Fig. 3.1.S9).  Knockdown of AhR by AhR-specific siRNA 

revealed that AhR is required for induction of the TGF! signaling (Fig. 3.1.5B).  

Interestingly, there are reports implicating AhR in the regulation of TGF! 

signaling. AhR null fibroblasts grow slower and secrete TGF!1. Inhibition of the 

TGF!-Smad signaling rescued the growth rates of the AhR null fibroblasts36,37, 38. 

In our study, we determined that AhR upregulates TGF!1 levels in a ligand 

selective manner leading to suppression of cancer cell proliferation. 

Stable TGF!1 shRNA expressing HepG2 lines did not show appreciable 

levels of TGF!, even when treated with flutamide (Fig. 3.1.6C and Fig. 3.1.6D).  

The AhR-dependent anti-proliferative effect of flutamide was mediated by 

TGF!1, as stable TGF!1 shRNA expressing ("TGF!1 HepG2) cells were 

significantly less responsive to flutamide (Fig. 3.1.6E). The residual effects of 

flutamide in "TGF!1 HepG2 cells may due to other proteins such as BMP6, a 

member of the TGF! superfamily, which is also induced by flutamide (Fig. 

3.1.5D, Fig. 3.1.S9).  We also observed increased levels of IGFBP3 (Fig. 
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3.1.5D), which is also known to interact with TGF! signaling, and influence 

cellular growth39. These data indicate that the AhR indirectly regulates a number 

of genes related to the TGF! pathway. 

 The consequence of AhR activation is both ligand dependent and tissue 

specific.  In this study we identified the FDA approved drug flutamide as an AhR 

ligand, and showed that the AhR mediates its tumor suppressive effects in the 

absence of the known target, AR.  TGF! signaling can cause proliferative or 

growth suppression depending on tissue specific expression of master 

transcription factors. HepG2 cells are sensitive to TGF!1-induced growth 

inhibition (Fig. 3.1.6A). Flutamide upregulates TGF!1 via AhR and suppresses 

the growth of HepG2 human hepatoma cells. Therefore, flutamide may be 

effective not only in AR positive prostate cancers, but also in other AhR positive 

cancers such as hepatoma that are sensitive to TGF!1 signaling. 

 

Acknowledgments: This work was supported in part by the National Institute of 

Environmental Health Sciences (NIEHS) grant numbers ES016651 and 

ES019000, The Cell Imaging and Analysis Facility Cores of the Environmental 

Health Sciences Center, NIEHS grant number P30 ES00210. DCK is supported 

by a National Research Service Award (1F31CA144571-01) pre-doctoral 

fellowship form the National Cancer Institute. EFO is supported by a pre-doctoral 

fellowship from the Department of Defense Breast Cancer Research Program 

(W81XWH-10-1-0160). DCK and EFO were previously supported by NIEHS 



 110 

training grant (T32ES07060). The funders had no role in study design, data 

collection and analysis, decision to publish, or preparation of the manuscript.  

  

References 

 
1. Perdew GH, Bradfield CA. Mapping the 90 kDa heat shock protein binding 
region of the Ah receptor. Biochemistry and Molecular Biology International. 
1996;39: 589-593. 

2. Felts SJ, Toft DO. P23, a simple protein with complex activities. Cell Stress & 
Chaperones. 2003;8: 108-113. 

3. Perdew GH. Association of the Ah Receptor with the 90-Kda Heat-Shock 
Protein. Journal of Biological Chemistry. 1988;263: 13802-13805. 

4. Carver LA, Bradfield CA. Ligand-dependent interaction of the aryl hydrocarbon 
receptor with a novel immunophilin homolog in vivo. Journal of Biological 
Chemistry. 1997;272: 11452-11456. 

5. Meyer BK, Pray-Grant MG, Vanden Heuvel JP, Perdew GH. Hepatitis B virus 
X-associated protein 2 is a subunit of the unliganded aryl hydrocarbon receptor 
core complex and exhibits transcriptional enhancer activity. Molecular and 
Cellular Biology. 1998;18: 978-988. 

6. Beischlag TV, Morales JL, Hollingshead BD, Perdew GH. The aryl 
hydrocarbon receptor complex and the control of gene expression. Critical 
Reviews in Eukaryotic Gene Expression. 2008;18: 207-250. 

7. Hu W, Sorrentino C, Denison MS, Kolaja K, Fielden MR. Induction of cyp1a1 is 
a nonspecific biomarker of aryl hydrocarbon receptor activation: results of large 
scale screening of pharmaceuticals and toxicants in vivo and in vitro. Mol 
Pharmacol. 2007;71: 1475-1486. 

8. Funatake CJ, Marshall NB, Kerkvliet NI. 2,3,7,8-tetrachlorodibenzo-p-dioxin 
afters the differentiation of alloreactive CD8(+) T cells toward a regulatory T cell 
phenotype by a mechanism that is dependent on aryl hydrocarbon receptor in 
CD4(+) T cells. Journal of Immunotoxicology. 2008;5: 81-91. 

9. Fernandez-Salguero P, Pineau T, Hilbert DM, et al. Immune system 
impairment and hepatic fibrosis in mice lacking the dioxin-binding Ah receptor. 
Science. 1995;268: 722-726. 



 111 

10. Bock KW, Kohle C. Ah receptor: Dioxin-mediated toxic responses as hints to 
deregulated physiologic functions. Biochemical Pharmacology. 2006;72: 393-
404. 

11. Lai IK, Dhakal K, Gadupudi GS, et al. N-acetylcysteine (NAC) diminishes the 
severity of PCB 126-induced fatty liver in male rodents. Toxicology. 2012;302: 
25-33. 

12. Matikainen T, Perez GI, Jurisicova A, et al. Aromatic hydrocarbon receptor-
driven Bax gene expression is required for premature ovarian failure caused by 
biohazardous environmental chemicals. Nature Genetics. 2001;28: 355-360. 

13. Abbott BD, Probst MR. Developmental Expression of 2 Members of a New 
Class of Transcription Factors .2. Expression of Aryl-Hydrocarbon Receptor 
Nuclear Translocator in the C57bl/6n Mouse Embryo. Developmental Dynamics. 
1995;204: 144-155. 

14. Gasiewicz TA, Henry EC, Collins LL. Expression and activity of aryl 
hydrocarbon receptors in development and cancer. Critical Reviews in Eukaryotic 
Gene Expression. 2008;18: 279-321. 

15. Puga A, Ma C, Marlowe JL. The aryl hydrocarbon receptor cross-talks with 
multiple signal transduction pathways. Biochemical Pharmacology. 2009;77: 713-
722. 

16. Safe S. Molecular biology of the Ah receptor and its role in carcinogenesis. 
Toxicology Letters. 2001;120: 1-7. 

17. Bertazzi PA, Zocchetti C, Guercilena S, et al. Dioxin exposure and cancer 
risk: A 15-year mortality study after the ''Seveso accident''. Epidemiology. 1997;8: 
646-652. 

18. Warner M, Eskenazi B, Mocarelli P, et al. Serum dioxin concentrations and 
breast cancer risk in the Seveso Women's Health Study. American Journal of 
Epidemiology. 2002;155: s102-s102. 

19. Hsu EL, Yoon D, Choi HH, et al. A proposed mechanism for the protective 
effect of dioxin against breast cancer. Toxicological Sciences. 2007;98: 436-444. 

20. Fritz WA, Lin TM, Cardiff RD, Peterson RE. The aryl hydrocarbon receptor 
inhibits prostate carcinogenesis in TRAMP mice. Carcinogenesis. 2007;28: 497-
505. 

21. Fan YX, Boivin GP, Knudsen ES, Nebert DW, Xia Y, Puga A. The Aryl 
Hydrocarbon Receptor Functions as a Tumor Suppressor of Liver 
Carcinogenesis. Cancer Research. 2010;70: 212-220. 



 112 

22. Barretina J, Caponigro G, Stransky N, et al. The Cancer Cell Line 
Encyclopedia enables predictive modelling of anticancer drug sensitivity. Nature. 
2012;483: 603-607. 

23. Ohtake F, Baba A, Takada I, et al. Dioxin receptor is a ligand-dependent E3 
ubiquitin ligase. Nature. 2007;446: 562-566. 

24. Hall JM, Barhoover MA, Kazmin D, McDonnell DP, Greenlee WF, Thomas 
RS. Activation of the Aryl-Hydrocarbon Receptor Inhibits Invasive and Metastatic 
Features of Human Breast Cancer Cells and Promotes Breast Cancer Cell 
Differentiation. Molecular Endocrinology. 2010;24: 359-369. 

25. Kolluri SK, Weiss C, Koff A, Gottlicher M. p27(Kip1) induction and inhibition 
of proliferation by the intracellular Ah receptor in developing thymus and 
hepatoma cells. Genes & Development. 1999;13: 1742-1753. 

26. Ohtake F, Takeyama K, Matsumoto T, et al. Modulation of oestrogen 
receptor signalling by association with the activated dioxin receptor. Nature. 
2003;423: 545-550. 

27. Ge NL, Elferink CJ. A direct interaction between the aryl hydrocarbon 
receptor and retinoblastoma protein - Linking dioxin signaling to the cell cycle. 
Journal of Biological Chemistry. 1998;273: 22708-22713. 

28. Kharat I, Saatcioglu F. Antiestrogenic effects of 2,3,7,8-tetrachlorodibenzo-p-
dioxin are mediated by direct transcriptional interference with the liganded 
estrogen receptor. Cross-talk between aryl hydrocarbon- and estrogen-mediated 
signaling. J Biol Chem. 1996;271: 10533-10537. 

29. O'donnell EF, Saili KS, Koch DC, et al. The Anti-Inflammatory Drug 
Leflunomide Is an Agonist of the Aryl Hydrocarbon Receptor. Plos One. 2010;5: -
. 

30. Raghow S, Kuliyev E, Steakley M, Greenberg N, Steiner MS. Efficacious 
chemoprevention of primary prostate cancer by flutamide in an autochthonous 
transgenic model. Cancer Research. 2000;60: 4093-4097. 

31. Bisson WH, Koch DC, O'Donnell EF, et al. Modeling of the Aryl Hydrocarbon 
Receptor (AhR) Ligand Binding Domain and Its Utility in Virtual Ligand Screening 
to Predict New AhR Ligands. Journal of Medicinal Chemistry. 2009;52: 5635-
5641. 

32. Abagyan R, Totrov M, Kuznetsov D. Icm - a New Method for Protein 
Modeling and Design - Applications to Docking and Structure Prediction from the 
Distorted Native Conformation. Journal of Computational Chemistry. 1994;15: 
488-506. 



 113 

33. O'donnell EF, Kopparapu PR, Koch DC, et al. The Aryl Hydrocarbon 
Receptor Mediates Leflunomide-Induced Growth Inhibition of Melanoma Cells. 
Plos One. 2012;7. 

34. Robson CN, Gnanapragasam V, Byrne RL, Collins AT, Neal DE. 
Transforming growth factor-beta 1 up-regulates p15, p21 and p27 and blocks cell 
cycling in G1 in human prostate epithelium. Journal of Endocrinology. 1999;160: 
257-266. 

35. Mullen AC, Orlando DA, Newman JJ, et al. Master Transcription Factors 
Determine Cell-Type-Specific Responses to TGF-$ Signaling. Cell. 2011;147: 
565-576. 

36. Chang XQ, Fan YX, Karyala S, et al. Ligand-independent regulation of 
transforming growth factor beta 1 expression and cell cycle progression by the 
aryl hydrocarbon receptor. Molecular and Cellular Biology. 2007;27: 6127-6139. 

37. Fan Y, Boivin GP, Knudsen ES, Nebert DW, Xia Y, Puga A. The Aryl 
Hydrocarbon Receptor Functions as a Tumor Suppressor of Liver 
Carcinogenesis. Cancer Research.70: 212-220. 

38. Gomez-Duran A, Carvajal-Gonzalez JM, Mulero-Navarro S, Santiago-Josefat 
B, Puga A, Fernandez-Salguero PM. Fitting a xenobiotic receptor into cell 
homeostasis: How the dioxin receptor interacts with TGF beta signaling. 
Biochemical Pharmacology. 2009;77: 700-712. 

39. Fanayan S, Firth SM, Baxter RC. Signaling through the Smad pathway by 
insulin-like growth factor-binding protein-3 in breast cancer cells - Relationship to 
transforming growth factor-beta 1 signaling. Journal of Biological Chemistry. 
2002;277: 7255-7261. 
 
 



 114 

Figure Legends 

Figure 3.1.1 Flutamide is an AhR ligand.   
A) Flutamide activates AhR-dependent transcriptional activity.  AhRE-Luciferase 
reporter activity was measured in hepa1.12cR cells. Cells were lysed and 
luciferase activity was measured after 24 hours of treatment. TCDD treatment 
was included as a positive control.  Flutamide treatment resulted in a dose-
dependent upregulation of the reporter activity. Values in flutamide and TCDD 
treatments were statistically significant (P<0.05).  B) AhR endogenous target 
gene is activated in response to flutamide treatment.  qPCR analysis after 16 
hours of treatment reveal that flutamide upregulates CYP1A1 mRNA (black) in 
HepG2 cells.  TCDD (1nM) is included as a positive control (striped).   Values 
were normalized to GAPDH controls, and reported as fold change compared to 
vehicle.  C) Flutamide treatment results in AhR nuclear translocation.  Structures 
of TCDD, flutamide, and the metabolite 2-hydroxyflutamide are shown.  HepG2 
cells were treated for 90 minutes witheither vehicle, 1nM TCDD, 50#M flutamide, 
or 50#M 2-hydroxyflutamide.  Cells were fixed and stained for AhR (FITC) and 
DNA (DAPI). Flutamide treated cells showed strong nuclear 
compartmentalization. D) Flutamide docks into the human AhR-ligand binding 
domain (hAhR-LBD).  Docking orientation of flutamide into the homology model 
of the hAhR-LBD with the protein backbone displayed as ribbon and colored by 
secondary structure (ICM v3.5-1p). Flutamide is displayed as sticks and colored 
by atom type, with the carbon atoms in orange. Protein residues are labeled in 
black, colored by atom type with carbon atoms in green and displayed as sticks. 
E) 2-hydroxyflutamide (2HFL) does not activate AhR dependent transcription.  
AhRE-Luc activity was monitored in 2HFL-treated hepa1.12cR cells as described 
in (A).  TCDD was included as a positive control.  Several concentrations of 
2HFL were tested, although none significantly upregulated the AhR dependent 
reporter. 
 
Figure 3.1.2 Androgen Receptor independent effects of flutamide  
A) AhR positive HepG2 cells do not express the androgen receptor (AR).  
Immunoblotting of several cell lines to determine AhR expression in cells that do 
not express the androgen receptor.  Of the lines examined, only LNCaP cells 
express both the androgen receptor and the AhR.  The rat hepatomal cell line 5L 
express the AhR, while the 5L derived BP8 cells do not.  Both human prostate 
cancer cell lines PC3, and LNCaP express the AhR. Tubulin was used as a 
loading control. Full-length blots are presented in supplementary figure 3.  B) 
LNCaP cells are sensitive to flutamide. AR positive LNCaP cells exhibit dose 
dependent decrease in viability when exposed to the anti-androgen flutamide 
(black bars) after 24 hours of treatment. The effect of flutamide treatments (30#M 
and 50#M) was statistically different from vehicle control (P<0.05). 
C) AR negative HepG2 cells are sensitive to flutamide.  HepG2 cells treated with 
flutamide (black bars) showed a dose dependent decrease in viable cell 
populations as determined by MTS assay. Statistical significance was achieved 
in the 30#M and 50#M treatments (P<0.05).  D) Flutamide does not initiate 
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apoptosis in HepG2 cells.  DAPI staining for nuclear fragmentation didn’t show 
any increase in the number of apoptotic cells.  Staurosporine (striped bars, STS) 
was included as a positive control.  E) Flutamide causes a decrease in 
proliferating cell populations.  BrdU incorporations reveal that flutamide caused a 
potent dose dependent reduction in proliferation of HepG2 cells. The effect of 
flutamide treatments (30#M and 50#M) was statistically different from vehicle 
control (P<0.05).F) Flutamide halts proliferation, but does not induce death in 
HepG2 cells.  Ethidium monoazide (EMA) and carboxyfluorescein diacetate 
(CFSE) labeling was detected by flow cytometry to monitor apoptosis and 
proliferation respectively.  HepG2 cells were exposed to vehicle, 1nM TCDD, and 
30#M flutamide for 36 hours. None of the treatments resulted in increased EMA 
uptake (cell death).  Flutamide showed less dilution of the CFSE label, indicating 
its anti-proliferative effects. 
 
Figure 3.1.3 AhR-dependent anti-proliferative effects of flutamide.    
A) Flutamide causes growth suppression in AhR expressing 5L cells.  
Proliferation of the AhR expressing rat hepatoma 5L cells was monitored by BrdU 
incorporation.  A potent dose dependent reduction in BrdU incorporation was 
observed in cells treated with flutamide (grey bars). BP8 cells (black bars), which 
do not express the AhR were relatively insensitive to flutamide.  5L cells are 
sensitive to TCDD as reported25. Cells were treated either for 24 or 48 hours, 
followed by a 4 hour pulse with BrdU.  BrdU values for vehicle-treated cells was 
set to 100%. The effect of flutamide treatments was statistically different in 5L 
cells compared to BP8 cells (P<0.05).  B) Suppression of AhR expression in 
HepG2 cells. AhR specific siRNA or control luciferase siRNA transfected cells 
were analyzed for AhR expression by western blotting. Full-length blots are 
presented in supplementary figure 4.  C) AhR mediates the anti-proliferative 
effects of flutamide.  Proliferation of HepG2 cells treated with 50#M flutamide 
was monitored by BrdU incorporation by immunostaining.  HepG2 cells 
transfected with either AhR or luciferase control siRNA were treated with 
flutamide for 24 hours, followed by a 4 hour pulse with BrdU.  BrdU was detected 
with alexafluor-488 conjugated antibody against BrdU. Flutamide drastically 
reduced the number of cells incorporating the BrdU (FITC) in siLUC transfected 
control cells compared to AhR siRNA transfected cells.  D) Quantification of 
immunostaining experiment. Flutamide treatment resulted in drastic reduction of 
proliferating cells in the control siRNA treated cells (white bars).  Upon AhR 
knockdown, flutamide treatment has reduced effect (black bars), indicating the 
AhR dependency of flutamide-induced responses in HepG2 cells. The effect of 
flutamide in the AhR siRNA (siAhR) and Luciferase siRNA (siLUC) transfected 
samples is statistically significant (P<0.05). 
 
 
Figure 3.1.4 TGF! signaling is activated by flutamide.   
A) Flutamide increases p27kip protein levels in 5L cells.  Treatment of 5L cells 
with 1nM TCDD or 50 #M flutamide caused increased p27kip protein levels.  BP8 
cells show no appreciable increase in p27kip. Full-length blots are presented in 
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supplementary figure 4.  B) Flutamide increases p15ink protein levels. Flutamide 
treatment of HepG2 cells showed enhanced levels of p27kip, and p15INK over a 24 
hour time period. Full-length blots are presented in supplementary figure 5.  C) 
Flutamide increases mRNA levels of p15INK, but does not affect p27kip1 transcript 
levels. qPCR analysis revealed that 50 #M flutamide upregulated p15INK but not 
p27kip mRNA in HepG2 cells. TCDD 1nM does not significantly alter p15INK or 
p27kip after 24 hours of treatment. GAPDH expression was used for normalization 
across various treatments. Flutamide treatments were statistically different from 
vehicle control (P<0.05).  D) Flutamide increases mRNA levels of TGF!1. Three 
isoforms of TGF! were examined by qPCR analysis.  TGF!1 was upregulated in 
response to flutamide (50#M) treatment in HepG2 cells. TCDD (1nM) did not 
have any effect on mRNA levels of TGF! isoforms 1, 2, or 3. GAPDH expression 
was used for normalization across various treatments. Flutamide treatments 
were statistically different from vehicle control (P<0.05) for induction of TGF!1 
mRNA.  E) Growth arrest of HepG2 cells does not increase p15INK, or TGF!1 
mRNA levels.  HepG2 cells were cultured in 0% DMEM for 48 hours, treated with 
vehicle, 1nM TCDD, or 50#M flutamide for 24 hours.  Transcript levels were 
detected by qPCR analysis. Flutamide treatment resulted in upregulation of 
TGF!1 and p15INK, and is not a consequence of inhibition in cell cycle 
progression. Flutamide treatments were statistically different from vehicle control 
(P<0.05) for induction of p15INK and TGF!1 mRNA.  F) Flutamide treatment 
results in increased TGF!1 levels up to 48h hours.  Western blot detection of 
hLAP in HepG2 cells indicate that 50#M flutamide treatment resulted in 
increased protein levels when compared to the vehicle control.  This upregulation 
was observed throughout the indicated time points.  1nM TCDD at 36 hours 
showed no appreciable increase in the TGF!-hLAP protein levels.  GAPDH is 
included as a loading control. Full-length blots are presented in supplementary 
figure 6.   G) Flutamide increases TGF!1 levels in HepG2 cells.  Immunostaining 
for the latency associated peptide (hLAP) in HepG2 cells show that 50#M 
flutamide treated cells have increased levels of the TGF!-LAP complex.  Flow 
cytometric analysis of flutamide treated cells showed increased hLAP protein 
staining. Cells were treated for 24 hours with flutamide or TCDD as indicated. 
Vehicle treated cells (purple background); flutamide (green outline); TCDD 1nM 
(red outline).  H) Flow cytometric analysis of flutamide treated cells showed 
increased hLAP protein staining. Cells were treated for 24 hours with flutamide or 
TCDD as indicated. Vehicle treated cells (purple background); flutamide (green 
outline); TCDD 1nM (red outline). 
 
Figure 3.1.5 Activation of TGF!1 signaling by flutamide is AhR-dependent.   
A) TGF!1 upregulation precedes p15INK mRNA increase in response to 
flutamide.  HepG2 transcript levels for TGF!1 and one of its downstream targets, 
p15INK, were monitored by qPCR analysis. Flutamide (50 #M) treatment resulted 
in maximal induction of TGF! at 18 hours and mRNA levels decreased after that 
time-point.  TGF! target gene p15INK transcript levels are highest at the 36 hours. 
GAPDH expression was used for normalization across various treatments and 
fold induction was calculated relative to vehicle controls. The effect of flutamide 
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treatment was statistically significant compared to the vehicle control at all the 
time points (P<0.05).  B) Suppression of AhR expression in HepG2 cells.  
Western blot analysis of AhR knockdown cells used for qPCR experiments 
showing strong reduction in AhR protein expression in the siAhR treated HepG2 
cells compared to the siLuc control cells. Full-length blots are presented in 
supplementary figure 6.   C) AhR mediates flutamide induced increases of 
TGF!1 and p15INK mRNA. HepG2 cells were subjected to siRNA knockdown of 
either AhR (light grey) or control luciferase (dark bars) for 48 hours.  TGF!1 
transcript levels were highly upregulated in flutamide (50#M) treated cells 
compared to TCDD (1nM) and vehicle treated cells.  Upon AhR knockdown the 
upregulation of TGF!1 was strongly inhibited, indicating AhR dependency.  
Relative p15INK mRNA levels were upregulated in the control treated cells (dark 
bars) and severely abrogated in the AhR knockdown HepG2 cells. All flutamide 
treatments were statistically significant compared to the vehicle controls 
(P<0.05), and the flutamide-induced responses were statistically significant 
between AhR and Luc siRNA transfections.  D) TGF! signaling is activated in 
flutamide treated HepG2 cells. TGF! responsive genes were examined by qPCR 
after 36 hours of vehicle, 1nM TCDD, or 50#M flutamide treatment.  Several 
genes known to be regulated by TGF! were transcriptionally upregulated upon 
flutamide treatment in HepG2 cells. All mRNA inductions values after flutamide 
treatment were significant (P<0.05), and CYP1A1 induction after TCDD treatment 
was also statistically significant from the vehicle control. 
 
Figure 3.1.6 TGF! significantly mediates the anti-proliferative effect of 
flutamide.   
A) TGF!1 causes anti-proliferative effects in HepG2 cells. Incorporation of BrdU 
analysis revealed that HepG2 cells were responsive to TGF!1 treatment in a 
dose dependent manner. All treatments with TGF!1 achieved statistical 
significance from vehicle control (P<0.05).  B) TGF!1 treatment of HepG2 cells 
increases p27kip1 protein levels.  Western blotting revealed increases in p27kip1 
levels in HepG2 cells treated with 1ng/ml TGF!1, flutamide (50 #M). Full-length 
blots are presented in supplementary figure 7.  C) Generation of stable TGF!1 
knockdown lines.  Lentiviral transfection of TGF!1 shRNA constructs in HepG2 
cells resulted in generation of three independent HepG2"TGF! lines with low 
expression of TGF!1 as detected by western blotting.  Full-length blots are 
presented in supplementary figure 7.    D) HepG2"TGF! lines do not show 
appreciable increases of TGF!1 when treated with flutamide.  Western blot 
analysis indicates TGF!1 protein levels were not upregulated in HEPG2"TGF!1 
cell lines when treated with 50#M flutamide.  Control HepG2 cells showed potent 
increases in TGF!1 protein levels when treated with flutamide. Full-length blots 
are presented in supplementary figure 8.  E) HepG2"TGF! lines are less 
sensitive to flutamide treatment. Analysis of BrdU incorporation in HepG2"TGF! 
lines showed decreased sensitivity to flutamide (50#M) treatment after 48 hours. 
The effects in HepG2"TGF! lines after flutamide treatments (30#M and 50#M) 
were statistically significant compared to the control HepG2 cells (P<0.05). F)  
HepG2"TGF!1 clones 3 and 4 (vector control) were treated with vehicle or 50#M 
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flutamide for 96 hours in 0% DMEM.  BrdU incorporations show  the vector 
control HepG2"TGF!1 #4 do not have active proliferating populations when 
exposed to prolonged flutamide treatment.  HepG2"TGF!1 #3 lacking TGF!1 
expression are not sensitive to flutamide treatment, suggesting TGF!1 
dependency for flutamide-induced anti-proliferation. 
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Supplementary data 
 
 

Supplementary Figure 3.1.S1. Flutamide docks into the mouse AhR-ligand 

binding domain (mAhR-LBD).  Docking orientation of flutamide into the 

homology model of the mAhR-LBD with the protein backbone displayed as 

ribbon and colored by secondary structure (ICM v3.5-1p). Flutamide is displayed 

as sticks and colored by atom type, with the carbon atoms in orange. Protein 

residues are labeled in black, colored by atom type with carbon atoms in green 

and displayed as sticks.  

 

 

Supplementary Figure 3.1.S2.   Flutamide treatment results in AhR nuclear 

translocation. Hepa1cR1 cells were treated for 90 minutes with either vehicle, 

1nM TCDD, 30#M flutamide, or 30#M 2-hydroxyflutamide.  Cells were fixed and 

stained for AhR (FITC) and DNA (DAPI). Flutamide treated cells showed strong 

nuclear compartmentalization.  

 

Supplementary Figure 3.1.S3. Full length western blot results for Fig2A.  

AhR positive HepG2 cells do not express the androgen receptor (AR).  

Immunoblotting of several cell lines to determine AhR expression in cells that do 

not express the androgen receptor.  Of the lines examined, only LNCaP cells 

express both the androgen receptor and the AhR.  The rat hepatomal cell line 5L 

express the AhR, while the 5L derived BP8 cells do not.  Both human prostate 
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cancer cell lines PC3, and LNCaP express the AhR. Tubulin was used as a 

loading control.  

 

Supplemental Figure 3.1.S4. Full length western blots for figures 3B and 

4A.  A) Suppression of AhR expression in HepG2 cells. AhR specific siRNA or 

control luciferase siRNA transfected cells were analyzed for AhR expression by 

western blotting. Full-length blots are presented in supplementary figure 4.  B) 

Flutamide increases p27kip protein levels in 5L cells.  Treatment of 5L cells with 

1nM TCDD or 50#M flutamide caused increased p27kip protein levels.  BP8 cells 

show no appreciable increase in p27kip. 

 

Supplementary Figure 3.1.S5. Full length western blot for Fig.4B.  Flutamide 

increases p15ink protein levels. Flutamide treatment of HepG2 cells showed 

enhanced levels of p27kip, and p15INK over a 24 hour time period.  

 

Supplementary figure 3.1.S6.  Full length western blots for Fig.4F and 

Fig.5B.  A) Flutamide treatment results in increased TGF!1 levels up to 48h 

hours.  Western blot detection of hLAP in HepG2 cells indicate that 50#M 

flutamide treatment resulted in increased protein levels when compared to the 

vehicle control.  This upregulation was observed throughout the indicated time 

points.  1nM TCDD at 36 hours showed no appreciable increase in the TGF!-

hLAP protein levels.  GAPDH is included as a loading control.  B) Suppression of 

AhR expression in HepG2 cells.  Western blot analysis of AhR knockdown cells 
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used for qPCR experiments showing strong reduction in AhR protein expression 

in the siAhR treated HepG2 cells compared to the siLuc control cells.  

 

Supplementary Figure 3.1.S7. Full length western blots for Fig.6B and 

Fig.6C.  A) TGF!1 treatment of HepG2 cells increase p27kip1 protein levels.  

Western blotting revealed increases in p27kip1 levels in HepG2 cells treated with 

1ng/ml TGF!1, flutamide (50#M).  B) Generation of stable TGF!1 knockdown 

lines.  Lentiviral transfection of TGF!1 shRNA constructs in HepG2 cells resulted 

in generation of three independent HepG2"TGF! lines with low expression of 

TGF!1 as detected by western blotting. 

 

Supplementary Figure 3.1.S8.  Full length western blot for Fig.6D.  

HEPG2"TGF! lines do not show appreciable increases of TGF!1 when treated 

with flutamide.  Western blot analysis indicates TGF!1 protein levels were not 

upregulated in HEPG2"TGF!1 cell lines when treated with 50#M flutamide.  

Control HepG2 cells showed potent increases in TGF!1 protein levels when 

treated with flutamide.  

 

Supplementary Figure 3.1.S9.  Flutamide upregulates BMP6 transcript 

levels.  Flutamide (50#M) treatment resulted in maximal induction of BMP6 at 36 

hours and mRNA levels decreased after that time-point.  GAPDH expression was 

used for normalization across various treatments and fold induction was 

calculated relative to vehicle controls. 
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Chapter 3.2 
 
 
 

AhR Activation by Flutamide  
Initiates Senescence 

 
 
 
 
 
 
 
 
 

Daniel C. Koch 
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 In the previous chapter we identified flutamide as an AhR ligand that 

initiates AhR dependent TGF!1 signaling; ultimately resulting in anti-proliferative 

biological endpoints in HepG2 cells (chapter 3.1).  We wished to further 

characterize the anti-proliferative effects of flutamide.  We observed increased 

levels of two cyclin dependent kinase inhibitors, p27Kip1 and p15INK, in addition to 

several other genes involved in TGF! signaling (Fig. 3.1.5D).  Both CDKIs are 

normally associated with preventing hyperphosphorylation of the retinoblastoma 

protein, a necessary event for cell cycle clearance through the restriction point, 

and G1 to S phase progression.   

We examined the cell cycle phase profile of HepG2 cells when treated 

with flutamide.  Surprisingly, we observed accumulation of cells at the G2/M 

phase of the cell cycle when treated with flutamide (Fig. 3.2.1A) as detected by 

propidum iodide staining.  Although anti-proliferation is generally associated with 

halt at the restriction point in the G1 phase1, several studies have linked TGF! 

with a halt at G2/M phase2, 3.  Therefore, we examined whether or not the 

flutamide induced halt at G2/M was TGF! dependent.  Using the HepG2"TGF! 

clones containing shRNAs against TGF!1, we determined that the halt in G2/M 

due to flutamide treatment is mediated by TGF! (Fig. 3.2.1B).  Thus, we observe 

a TGF! dependent halt at the G2/M phase in response to flutamide treatment. 

We also noticed the senescence marker p16INK4A was transcriptionally 

upregulated in response to flutamide while we were screening for differential 

CDKI mRNA expression (Fig. 3.2.1C).  Again, we observed ligand dependent 
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activation of a unique transcriptional program for flutamide, but not TCDD, 

treated cells.   

Elevated p16INK4A transcript levels are associated with senescence4, and 

we observe that flutamide treatment results in elevated p16INK4A mRNA levels.  

Once initiated, senescence programs are irreversible.  To directly test for 

senescence, we treated HepG2 cells for 48 hours, and either re-dosed the cells 

or allowed recovery in 10% DMEM for another 48hours, and labeled the cells 

with BrdU to examine proliferating populations (Fig. 3.2.2).  We determined that 

96 hours of treatment with flutamide caused potent reductions in proliferating 

populations.  We also observed that TCDD caused a decrease in proliferation at 

96 hrs.  For the cells allowed to recover in the absence of treatment, we 

observed that TCDD populations recover and are actively proliferating.  For the 

flutamide treated cells, the anti-proliferative effect remains, strongly suggesting 

senescence.   
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Figure 3.2.1 G2/M phase population increase upon flutamide treatment.  A) 
Propidium iodide staining for DNA content with each cell for determination of cell 
cycle populations.  HepG2 cells were treated with Vehicle, 1nM TCDD or 50#M 
flutamide.  After 48 hours of treatment, cells were fixed and analyzed by flow 
cytometry.  Doughnut plots represent percentage of gated cells in each subgate 
for cell cycle.  We observed potent increase in G2/M phase populations for 
flutamide treated samples.  B) shRNA containing cells against TGF! expression 
were analyzed for cell cycle phase populations.  No appreciable increase in 
G2/M populations was observed in TCDD or flutamide treated samples, 
indicating TGF! dependent response to flutamide induced increase in G2/M 
phase populations.  C) QPCR monitoring of p16INK4A transcript levels.  HepG2 
cells were treated with vehicle, 1nM TCDD, or 50#M flutamide for 36 hours and 
monitored for differential mRNA expression.  Flutamide treatment, but not TCDD, 
exhibited increased mRNA levels of the CDKI and senescence marker p16INK4A. 
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Figure 3.2.2 Flutamide treatment results in senescence.  Treatment schedule 
diagram for detecting senescence effects in HepG2 cells.   HepG2 cells were 
treated with vehicle, 1nM TCDD, or 50#M flutamide for 48 hours.  Media was 
changed and cells were either re-dosed, or allowed to recover in absence of 
treatment.  After an additional 48 hours, cells were pulsed with BrdU, fixed and 
analyzed by flow cytometry.  Cells positive for BrdU have increased florescence.  
For cells exposed to a continuous hour treatment 96 (left panel), both TCDD and 
flutamide exhibit significant decrease in BrdU positive cells, indicating an anti-
proliferative effect.  For cells allowed to recover after 48 hours of treatment (right 
panel), TCDD treated cells have marked increase in proliferating cells.  However, 
flutamide treated cells have no appreciable increase in proliferating cells, 
indicating continued suppression of cellular growth long after flutamide is absent.  
These data strongly suggest senescence programs are initiated by flutamide 
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In the previous chapter we show that flutamide treatment results in AhR 

dependent anti-proliferative effects.  We link this biological effect with increased 

TGF!1 signaling.  Here we characterize the anti-proliferative arising from a halt in 

G2/M phase resulting from flutamide treatment.  We examined whether the halt 

in G2/M phase is TGF!1 dependent by utilizing the HepG2"TGF! cells 

generated in the previous chapters.  We see that the increase in G2/M phase 

due to flutamide treatment is absent in these cells and therefore TGF! 

dependent.  Elevated p16INK4A transcript levels are associated with senescence, 

and we observe flutamide treatment also results in elevated p16INK4A mRNA 

levels.   

Senescence is an irreversible cell program, so we examined whether the 

anti-proliferative effects of flutamide are also persistent.  Although TCDD does 

not appreciably reduce proliferation at the 24 hour time point, extended treatment 

of HepG2 cells with TCDD does initiate anti-proliferative endpoints.  However, 

flutamide induced effects are mediated by completely different gene programs, 

as described in the previous chapter.   To detect permanent anti-proliferative 

effects upon flutamide treatment we treated HepG2 cells with vehicle, TCDD, or 

flutamide.  After 48 hours of treatment, we either removed the drug, or repeated 

the treatments for another 48 hours.  We observed anti-proliferative effects for 

both TCDD and flutamide treated cells exposed for two successive 48-hour 

exposures.  However, if the treatments are replaced with fresh media, TCDD 

treated cells recover their proliferative potential.  For flutamide treated cells, the 

anti-proliferative effects remain even after removal of the drug, consistent with 
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our data describing a distinct AhR dependent program for flutamide.   This 

suggests that the AhR is able to initiate permanent senescence programs from 

transient activation by metabolizable drugs, and could have broad impacts as a 

new therapeutic target for the treatment of human cancers!"" 
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The AhR is known to recognize a very diverse set of endogenous and 

exogenous ligands.  Flutamide is a known androgen receptor (AR) agonist, and 

used in the treatment of prostate cancer.  Our previous studies identified 

flutamide as an AhR transcriptional agonist, and we characterized AR 

independent effects mediated by the AhR.  In order to determine the structural 

requirements of AhR activation, and in an effort to find more potent AhR ligands 

with tumor suppressive effects at clinically relevant concentrations, we identified 

a number of structural analogs of flutamide (Fig.  3.3.1).  The analogs were 

selected based on subtle chemical substitutions in the side groups.  Within the 

group of analogs are the known AR antagonists nilutamide and 2-

hydroxyflutamide (2HYFL, the main metabolite of flutamide).  We previously 

determined that 2HFL does not result in nuclear translocation of the AhR.  

Additionally, 2HFL does not activate AhR transcriptional reporters.  In these 

studies we characterize the analogs, and determine that flutamide is unique in its 

ability to activate the AhR.  We identify several AhR antagonists and compare the 

biological endpoints of ligand binding to the AhR.  We also compare AhR and AR 

interactions with the analogs, and identify potential AR antagonists.   
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Figure 3.3.1 Structural analogs of flutamide.  Fourteen structural analogs of 
flutamide were obtained.  Analogs were preferentially selected for subtle changes 
in side group chemistry.  Flutamide (FLU) and its primary metabolite 2-
hydroxyflutamide (#15) are shown.  The anti-androgen drug nilutamide (#12) is 
also included due to the structural similarities with flutamide. 
 
 
Structural analogs of flutamide do not activate the AhR  

We tested several flutamide analogs to determine if a structural template 

can be inferred for AhR activation, and if more potent biological effects could be 

exhibited through flutamide-like derivatives that exhibit agonist activity on the 

AhR.  Surprisingly, none of the analogs have agonist activity as measured by 

AhR dependent transcription (Fig 3.3.2A).   We next examined whether any of 

the compounds could bind to the AhR in an antagonistic manner.  We examined 

decreases in TCDD driven reporter response for cells initially treated with the 

analogs.  Decreased activity would suggest that the ligand binding domain is 

occupied by the analogs.  Initial treatment of the hepa1.12cR cells by the analogs 

followed by post treatment with 300pM TCDD revealed that several of the 
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flutamide derivatives reduced TCDD induced transcription.  These analogs do 

not show independent activation of the reporter as in the case of flutamide, 

thereby indicating antagonistic effects on the AhR (Fig 3.3.2B).  We also 

examined whether the AhR antagonists could exhibit biological effects similar to 

flutamide.  BrdU incorporation assays revealed that these analogs do not exhibit 

anti-proliferative responses in HEPG2 cells (Fig 3.3.2C).  This suggests that the 

transcriptional activity of the AhR is required for AhR mediated inhibition of 

proliferation.  However it is important to note the hepa1.1cR reporter is 

dependent on xenobiotic responsive elements, so we examined the flutamide 

induced transcriptional panel that we identified in chapter 3.1.  For this we also 

included analog #3 as a null control, as it does not interact with the AhR.  We did 

not observe activation of flutamide target genes for the analogs, although some 

activity was shown for the other AR antagonists nilutamide (#12) and 2-

hydroxyflutamide (#15).  Therefore, flutamide is a structurally distinct AhR ligand, 

and any changes to the side group result in loss of AhR transcriptional activity, 

which is required for AhR mediated inhibition of cell proliferation.   

 

Some flutamide analogs are AR antagonists 

Flutamide is an androgen receptor antagonist, therefore we asked 

whether any of the flutamide analogs could also be AR antagonists.  As in the 

testing for AhR antagonists, we pretreated with the analogs followed by post-

treatment with the AR activating testosterone.   As expected we see inhibition of 

the AR reporter by 2HF (also a partial agonist), nilutamide, and flutamide (Fig 
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3.3.2D).  Additionally we observed similar reduction in reporter signal by several 

of the flutamide analogs.  Thus, ligand crosstalk between the AR and AhR exists. 

 

Summary 

 We hypothesized that structural analogs of flutamide could be found that 

exhibit more potent AhR induced effects.  We identified and obtained 14 

structural analogs of flutamide, but determine that only flutamide activates the 

transcriptional activity of flutamide.  This was a puzzling result due to the close 

structural similarity of the analogs.  We tested to see if any of the analogs 

occupied the ligand-binding domain in an antagonistic manner, and identify 4 

transcriptional antagonists of the AhR.  These AhR transcriptional antagonists do 

not exhibit anti-proliferative effects, and do not activate the flutamide panel of 

upregulated genes, suggesting that the transcriptional activity of the AhR is a 

requirement for flutamide induced tumor suppressive effects.    
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Figure 3.3.2 Structural analogs of flutamide do not activate the AhR.  A) 
hepa1.1cR cells containing the stable XRE-luc reporter were treated with 
flutamide and flutamide analogs (20!M) for 18 hours.  Flutamide analogs do not 
activate the XRE driven luciferase reporter.  B) Some flutamide analogs are AhR 
antagonists.  Hepa1.1cR cells were pre-treated with analogs, and after a 4 hour 
time point were post-treated with either Vehicle, 300pM TCDD, or 20!M 
flutamide for an additional 8 hours.   Decreased reporter response to the known 
agonists TCDD and flutamide indicates antagonist occupancy of the receptor.  
Several analogs were shown to be antagonists by reduced reporter activation. 
Nilutamide, #2, #10, #13 exhibited reduced reporter response, indicating 
antagonism.  C) Flutamide analogs do not inhibit cellular proliferation.  HepG2 
cells were treated with analogs (30!M) for 24 hours and monitored for 
proliferative status by BrdU incorporations. D) Some flutamide analogs are 
androgen receptor antagonists.  Using a Gal4 reporter system for androgen 
receptor activation, we examined flutamide analogs for their ability to perturb 
androgen receptor signaling.  Several flutamide analogs are AR antagonists, as 
shown by reduced reporter activation upon co-treatment with 1nM testosterone.  
Nilutamide, #13, #14 were #8 were the most potent antagonists, and #1, #2, #10 
exhibited modest antagonism of the reporter.  
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Figure 3.3.3 Flutamide analogs do not up-regulate target genes of 
flutamide.  Flutamide has been shown to up-regulate a unique transcriptional 
profile.  We monitored relative mRNA levels for the flutamide gene panel in 
HEPG2 cells treated with 50!M of the flutamide analog for 36 hours.  We 
examined the identified AhR antagonists for potential non-classical AhR target 
gene activation.  We do not observe any significant increases in the flutamide 
panel of target genes by the analogs.    
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Chapter 4 
 

Conclusions 
 
 
 
 
 
 
 
 
 

Daniel Koch 
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We hypothesized that the aryl hydrocarbon receptor is a viable therapeutic 

target, and that we could discover ligands that initiate the tumor suppressive 

functions of the AhR.  To address this we identified several AhR ligands through 

several screening approaches. We attempted to characterize the potentially 

therapeutic endpoints for AhR activation, and to identify mechanisms and 

transcriptional programs initiated through ligand specificity.  

To test our hypothesis we screened for AhR transcriptional activators.  

The ideal screening method for expansive small molecule libraries should be 

fast, accurate, and cost effective.  Generally, any one screening approach will be 

expensive with at least one of those variables.   We utilized three separate 

screening methods, each with their own advantages and drawbacks.  We began 

by screening small libraries using the Gal4 reporter system (Chapter 2.2).  A 

Gal4 responsive luciferase reporter was co-transfected with AhR-Gal4 DNA 

binding domain, Gal4-TAD containing ARNT, and a constitutively active !-

galactosidase reporter.  As the mammalian genome does not encode a Gal4 

enhancer, activation of the reporter system will not be subject to endogenous 

AhR activation (Fig. 2.2.1).  The independent !-galactosidase reporter served as 

an internal standard for transfection efficiency, and also monitored reduced cell 

populations in response to treatment.   This approach was feasible for screening 

small libraries, and we identified a number of AhR transcriptional agonists.   

We sought to develop a parallel in silico screening approach by creating a 

homology model of the AhR ligand-binding domain.  This was confounded by no 

available crystal strucuture or NMR solution for the AhR.  Therefore, William 
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Bisson generated the homology model using a solved NMR PASB containing 

Hif2" as a scaffold (Fig. 2.1.2).  My contributions include screening of the 

NPL480 library using the Gal4 system, comparison of the independent screening 

approaches, validation of the true transcriptional agonists, and characterization of 

5-hydroxy-7-methoxyflavone and 5,7-Dihydroxyflavanone! for AhR dependent 

effects.  The homology model has since been successfully employed to identify 

new AhR ligands, and characterize their potential binding modes in the AhR 

ligand binding pocket1-3. 

 Through the use of cell-based screening and our complementary virtual 

ligand screening using AhR ligand binding pocket homology model, we identified 

a number of AhR transcriptional agonists, consistent with the discovery part of 

our central hypothesis (chapter 2.2).  Edmond O’Donnell screened the LOPAC 

library of small molecules and flutamide was identified as a positive hit for AhR- 

dependent transcription.  Flutamide was an attractive ligand for following studies, 

as it is a known anti-cancer drug in the context of androgen dependent prostate 

cancers.  We hypothesized that the AhR contributes to the anti-cancer effects of 

flutamide.   

 We confirm that flutamide is an AhR ligand, and initiates transcriptional 

activation of the AhR.  We show nuclear compartmentalization and target gene 

activation for the flutamide activated AhR (Fig. 3.1.1).  Flutamide is a known anti-

androgen and results in the blockade of testosterone signaling, a useful aspect in 

androgen dependent prostate cancer.  However, to investigate AhR-dependent 

effects of flutamide requires AR non-expressing cells.  We screened several cell 
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lines for AR and AhR expression, and focused on the human hepatoma HepG2 

cells that do not express the AR and have abundant levels of AhR (Fig. 3.1.2).  

HepG2 cells were sensitive to flutamide-induced growth inhibition similar to the 

androgen dependent prostate cancer LNCaP cell line.  We carefully examined 

the reduced cellular growth for potential apoptotic or necrosis effects, and 

observed no appreciable increases in cell death (Fig. 3.1.2).  We then examined 

potential anti-proliferative effects due to flutamide, and observed severe 

reductions in proliferating populations in response to flutamide treatment.  We 

confirmed both of these observations using simultaneous detection for cell 

permeability (apoptosis), and depreciation of a cellular protein stain (as cell 

proliferate and divide the stain) in flow cytometry experiments (Fig. 3.1.2).  Direct 

Suppression of AhR expression abrogated the anti-proliferative effect of 

flutamide, indicating AhR-dependent anti-proliferative capacity of flutamide in AR 

negative cells (Fig. 3.1.3).   

At this point, we tested whether AhR activation by flutamide was initiating 

known mechanisms of AhR mediated control of the cell cycle.  The 

retinoblastoma protein (RB) regulates cell cycle progression and entry into the S 

phase at the restriction point by repressing transcription of S phase specific 

genes. E2F is bound to the hypophosporylated RB until activated cyclin 

dependent kinases (CDKs) phosphorylate the RB causing dissociation of E2F, 

which then stimulates transcription of S-phase specific genes. Thus, 

phosphorylation of the RB is a necessary requirement for clearance through the 

restriction point and passage from the G1 to S phase in the cell cycle.  TCDD 
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activated AhR has been shown to directly bind to RB through conserved LXCXE 

motifs on the AhR and synergizes the RB dependent repression of E2F 

dependent transcriptional targets and concomitant halt in cell cycle progression.  

Cyclin-dependent kinase inhibitors (CDKIs) are proteins that bind to and inhibit 

the activity of CDKs and are capable of suppressing cell growth.  There are two 

major classes of CDK inhibitors. The p16 family (p15, p16, p18 and p19) is able 

to bind and inhibit the activities of CDK4 and CDK6.  The p21 family (p21, p27, 

p28 and p57) can bind to broad range of CDK complexes and inhibit their 

activities.  Cyclin dependant kinase inhibitor p27Kip1 has previously been shown 

to be upregulated in cells treated with TCDD, and is responsible for suppressing 

the activities of cyclin dependent phosphorylation of the retinoblastoma protein4.   

To determine whether RB/AhR interactions or the transcriptional activity of 

the AhR is responsible for the observed anti-proliferative effects we obtained 

several flutamide analogs.  We identified and examined 14 analogs of flutamide  

(Fig. 3.3.1) and determine that flutamide is the sole AhR transcriptional agonist in 

this class (Fig. 3.3.2).  This was a surprising result as several of the analogs had 

relatively subtle substitutions in structure, and we hypothesized that perhaps they 

were still interacting with the AhR, but as an antagonist.  We confirmed that 

several of these analogs were indeed AhR antagonists (Fig. 3.3.2).  We then 

tested the antagonists for anti-proliferative capacity and found no appreciable 

decrease in proliferating populations.  Later studies identified a unique 

transcriptional profile for the parent compound flutamide and the antagonists did 

not activate the flutamide specific gene panel.  Our data suggests that the 
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transcriptional activity of the AhR is essential for the tumor suppressive roles of 

flutamide, 

We examined expression of a panel of proteins known to exert influence 

on the cell cycle.  Previous work has identified p27Kip1 as upregulated in AhR 

positive 5L rat hepatoma cells, but not in the 5L-derived AhR negative BP8 cells4.  

We examined the expression of p27Kip1 in HEPG2 cells treated with flutamide 

and found that protein levels of p27Kip1 increase in a time dependant manner 

(Fig. 3.1.4).  In addition to p27Kip1, we discovered that p15INK also exhibited 

increased protein levels in flutamide-treated cells.  We then examined the 

regulation of both p27Kip1 and p15INK at the mRNA level.  We find that p15INK but 

not p27Kip1 is transcriptionally upregulated (Fig. 3.1.4).   This observation was 

unexpected as the AhR has been shown to transcriptionally upregulate p27Kip1 in 

response to TCDD4.   

We also demonstrated that p15INK upregulation is not an artifact of cell 

cycle arrest, as shown in growth arrested HEPG2 cells cultured in 0% DMEM.  

HEPG2 cells cultured under these conditions show p15INK upregulation only 

when treated with flutamide (Fig. 3.1.4).  The regulation of both distinct classes of 

CDKIs indicates that the AhR can play a central role in the cell cycle through its 

potential regulation of both classes of p27Kip1 and p15INK.  

 We attempted transient suppression of p27Kip1 and p15INK gene 

expression to determine whether or not these identified CDKIs were the 

downstream mediators of AhR dependent responses to flutamide.  This approach 

failed as we were unable to knockdown target protein levels (data not shown).  
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While mining the literature for other potential insights, and our attention was 

drawn to previous studies showing that the AhR can influence expression of 

TGF!1, which in turn has been shown to stabilize p27Kip1 and upregulate p15INK 

mRNA5.   TGF! is an extracellular cytokine that is able to regulate cell 

proliferation, differentiation, and apoptosis6, 7. TGF! is encoded, spliced, and 

secreted with its latency-associated peptide (LAP).  Dissociation form the LAP 

results in activated TGF!, which binds to membrane bound serine-threonine 

kinase receptors, which in turn phosphorylate Smad family member proteins.  

The activated Smad complexes translocate to the nucleus where they stimulate 

expression of target genes resulting in a broad range of tissue specific biological 

endpoints.  Recent exciting studies have shown that activated smad4 interacts 

with master transcription factors expressed in a tissue specific manner6.  

Essentially, each tissue is primed for response to TGF-! signaling through the 

type of master transcription factors dominant in that cell type, explaining why 

TGF! can elicit such varied responses. 

We examined TGF! mRNA expression in HepG2 cells treated with 

flutamide and discovered increased TGF!1 transcript levels. We also determined 

the TGF!1 upregulation is not an artifact of any halt in cell cycle as shown in 

growth-arrested serum starved HepG2 cells.  TGF! is known to have three 

isoforms: 1, 2, & 3.  Only TGF!1 was upregulated in response to flutamide 

treatment (Fig. 3.1.4).  Direct treatment with TGF!1 to HepG2 cells mimicked the 

anti-proliferative responses seen with flutamide treatment.  Although we 

observed transcript levels of TGF!1 increase in response to flutamide, I 
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experienced significant difficulties in detection of TGF!1 protein levels through 

ELISA based methods (data not shown).  An independent approach using an 

antibody for LAP to sequester TGF! and inhibit the anti-proliferative responses to 

flutamide treatment was not effective, presumably due to failure to achieve high 

enough ratios of antibody to TGF!1.  However, the hLAP peptide did prove 

useful in indirect detection of TGF! expression.  Using this peptide we confirmed 

that flutamide treatment increased protein levels of TGF!1 in whole cell lysates, 

immunostaining experiments, and convincing flow cytometry detection. (Fig. 

3.1.4)   

Since TGF! is known to influence a host of gene programs and biological 

endpoints, we monitored 84 known TGF! regulated genes.  We show that TGF! 

associated signaling is activated upon flutamide exposure.  In fact, BMP6, a 

member of the TGF! superfamily, is even more potently upregulated than TGF!, 

although further characterization of BMP6 as a target gene of AhR is needed. 

We also attempted to address whether or not the AhR directly regulates 

TGF! through the use of protein synthesis inhibitor experiments.  Cyclohexamide 

prevents new protein synthesis, and therefore responses dependent on 

intermediate protein expression will be abrogated.  We discovered that 50#g/mL 

cyclohexamide results in super-induction of the positive control for direct AhR 

activation, CYP1A1 mRNA (Fig 4.1.1).  Although the positive control does not 

allow us to make firm conclusions, the data suggests that protein synthesis is 

necessary for upregulation of TGF!1 and p15INK. These data are intuitively 

accurate for the following reasons.  Upon flutamide treatment we see early 
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nuclear translocation of AhR within 90 minutes (Fig. 3.1.1D).  The transcriptional 

activity of the AhR is required for flutamide induced anti-proliferative effects (Fig. 

3.3.2C).  Protein synthesis is needed for increased mRNA levels for TGF!1 in 

flutamide treated cells.  TGF! mRNA is not upregulated until 18 hours, long after 

the AhR has initiated transcriptional programs (Fig. 3.1.5A) in response to 

flutamide activation. The transcript levels of downstream TGF! target genes 

p15INK and BMP6 show the highest upregulation at 36 hours after flutamide 

treatment, and is preceded by increased levels of TGF! (Fig. 3.1.5A, Fig. 3.1.S9) 

 We tested the requirement of TGF!1 for flutamide-induced, AhR- 

dependent anti proliferative effects.  We generated stable TGF!1 knockdown 

clones by lentiviral-mediated shRNA transduction of HepG2 cells (Fig. 3.1.6).  

We confirm that three of the five constructs drastically reduced expression of 

TGF!, even when treated with flutamide.  We examined the anti-proliferative 

effect in these clones and observed significant attenuation of the flutamide- 

induced reduction in proliferating cells.  Although TGF! expression has been 

linked to AhR expression, our studies are the first to demonstrate an AhR ligand-

specific induction of TGF! signaling (Fig. 4.1.2).   
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Figure 4.1.1 Flutamide activate AhR requires protein synthesis to mediate 
transcriptional signature.  HepG2 cells were treated as indicated for 16 hours, 
either in conjunction with cyclohexamide (50#g/ml) or alone, and monitored for 
mRNA expression using QPCR.  CYP1A1, TGF! and p15INK mRNA levels are 
increased as expected upon flutamide treatment in the absence of 
cyclohexamide.  In the presences of cyclohexamide the direct transcriptional 
target of AhR activation CYP1A1 exhibited super-induction of mRNA levels.  
Neither TGF!1 or p15INK mRNA levels are increased in response to flutamide in 
cell co-treated with cyclohexamide, suggesting protein sythesis is required to 
activate that transcriptional panel of flutamide induced genes.  Values were 
normalized to GAPDH controls, and the non-cyclohexamide exposed vehicle 
values.   
 

A central theme of this dissertation is ligand-dependent tumor suppressive 

outcomes upon AhR activation.  We demonstrate that flutamide exhibits nuclear 

translocation and upregulation of CYP1A1 similar to the prototypical AhR ligand 

TCDD.  However, that is where the similarity of flutamide and TCDD end.  TCDD 

does not elicit the early anti-proliferative responses as flutamide-treated HepG2 

cells.  In a broader context, our data suggests that TCDD-induced AhR signaling 

may not be relevant to the tumor suppressive function of the AhR.  Although AhR 

biology has been dominated by TCDD-induced toxicity; the AhR can play a much 

more dynamic role in regulating phenotypic endpoints.  TCDD does not activate 
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the tumor suppressive functions of the AhR, as shown by transcriptional 

signature and several biological endpoints mediated by flutamide activated AhR. 

Additional exciting preliminary data also suggests that flutamide can 

initiate senescence programs in HepG2 cells (Chapter 3.2).  We were interested 

in examining the anti-proliferative responses of flutamide in more detail.   We 

examined cells in various cell cycle phases, expecting to observe an increase in 

G1 phase population of cells based on the observed increases in the CDKIs 

p27Kip1 and p15INK (Fig. 3.1.4).   Unexpectedly, we observed consistent increases 

in G2/M phase populations in flutamide treated cells (Fig. 3.2.1).  We examined 

the literature and found a report with AhR null MEFs show an increase in G2/M 

phase8.  Following studies using AhR-TET-off MEFs identified potential AhR and 

TGF! pathway interactions9.  Our results led us to investigate alternate biological 

programs that are controlled by ligand activated AhR.  Of the many effects of 

TGF! induced signaling, senescence is one potential endpoint10-12.  We had 

previously noted an increase in p16 mRNA levels, which has also been 

associated with cellular senescence.  
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Figure 4.1.2 Graphical abstract of AhR mediated endpoints.  AhR activation 
and biological endpoints are ligand specific.  Canonical AhR signaling involves 
ligand binding to the latent AhR complex residing in the cytosol.  Upon ligand 
binding the AhR translocates to the nucleus and heterodimerizes with its partner 
protein ARNT. The AhRC then seeks out recognition sequences located in 
enhancer regions of target genes.  In the case where TCDD is the initiating 
ligand, the AhR results in upregulation of the cytochrome P450, CYP1A1.  When 
flutamide is the initiating ligand, target gene induction includes, but is not limited 
to, CYP1A1.  TGF!1 is upregulated after 16 hours, and downstream targets are 
optimally upregulated after 36 hours of treatment.  This unique transcriptional 
signature results in anti-proliferative effects, characterized by G2/M phase cell 
cycle halt and senescence.   

 

We tried to monitor senescence through the use of !-galactosidase 

expression and were not able to resolve significant background concerns.  A 

separate approach utilized the irreversible non-proliferating status of cellular 

senescence to detect non-proliferating populations after the drug has been 
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removed.  We designed the experiment to include HepG2 cells treated for 48 

hours with the 50 #M flutamide and then re-dosed with flutamide for another 48 

hours.  In parallel we treated HepG2 cells with flutamide for 48 hours, and then 

cultured the cells for 48 more hours in the absence of flutamide (Fig. 3.2.2).  We 

discovered that flutamide induced anti-proliferative effects extend beyond initial 

activation of the AhR.  Using the TGF! shRNA clones, we were able to 

determine that the halt in G2/M phase is TGF! dependent.  This suggests that 

the AhR is able to initiate permanent senescence programs from ephemeral 

activation by metabolizable drugs, and could have substantial impact in 

characterizing the AhR as a therapeutic target for the treatment of human 

cancers. 

 

Confounding studies 

We feel that there are extensive untended findings involving the AhR and 

its role as a tumor suppressor.  As a transcription factor, the AhR has potential to 

influence a host of gene programs.  Recently, the cancer cell line profiled the 

response of nearly 500 cell lines to therapeutic treatments.  Of the major findings, 

the elevated levels of AhR were shown to be co-existent with MEK inhibitor 

efficacy in NRAS mutant cell lines.  In those studies, the authors posit that RAS 

mutant cells utilize the AhR as a tumor promoter, evidenced by high levels of 

AhR. These cells are sensitive to the MEK inhibitor PD-0325901, and the 

authors’ show that knockdown of AhR inhibits cellular growth in such cells.   
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However, those studies did not address the potential for the MEK inhibitor 

acting as an AhR ligand to initiate tumor suppressive effects.  It is possible that 

the de-regulated AhR is one mechanism that tumor cells can exploit for survival 

advantage.  Elevated levels of transcription factors are often observed in various 

cancer phenotypes.  These cells have the potential to become reliant on the 

result of elevated signaling through increased receptor expression, and elevated 

levels of AhR are correlated with constitutive activation.  For instance, in 

malignant Hs578T cells, the AhR is upregulated and constitutively activated. 

Chromatin immunoprecipitation (ChIP) experiments conclude that CYP1A1 is not 

a target of the constitutively active AhR until treatment with TCDD13, suggesting 

that AhR must respond to ligand control resulting in activation of its downstream 

target genes..  This could potentially lead to a two-pronged attack on tumors cells 

exhibiting high AhR expression, first the de-regulated AhR dependent endpoints 

are removed as the AhR is directed to a new ligand specific response.  Secondly, 

elevated AhR levels may amplify the ligand specific effects across the initial 

target transcriptome. Although the authors posit a different landscape for the role 

of AhR in NRAS mutant lines, expression of the AhR was independently 

characterized as important for drug sensitivity, in some tumor cell lines. 

Several studies also have implicated the AhR as tumor promoter, in 

contrast to the convincing studies characterizing the tumor suppressive roles of 

the AhR.  As a transcription factor, the AhR has the potential to influence a large 

array of gene programs, as is evidenced by the diversity of transcriptional profiles 

in differentiation and cellular fate.  Therefore, it is plausible that aberrant AhR 
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signaling could be a useful tool in tumor promotion.  However, the AhR signaling 

alters upon ligand activation, and in cells sensitive to signaling such as TGF!, 

even de-regulated AhR becomes a useful tool for tumor suppression.  For 

example AhR levels are highly expressed in rat and mouse DMBA (2,4-

dimethylbenzwaxanthracene) induced tumors when compared to normal 

mammary glands14.  However, CYP1A1 is not highly expressed, although 

treatment with TCDD induces the expected increase in transcript levels.  This 

data provides convincing evidence that even de-regulated AhR can respond to 

ligand-controlled transcriptional activation of its ligand-specific target genes.  

Additional studies show that AhR agonists can inhibit tumor growth in DMBA 

induced mammary tumors15. These studies also suggest that CYP1A1 is not 

involved with endogenous AhR signaling and may not be an appropriate 

biomarker for endogenous activation.  TCDD essentially “hard wires,” the AhR to 

one transcriptional profile within the cell and guarantees that endogenous AhR 

mediated gene programs are abandoned.    

The DMBA induced tumor studies also suggest that TCDD is not an 

appropriate model for activation of the AhR in an endogenous setting, as the AhR 

is constitutively active, but not in the same manner as TCDD treatment.  The 

preponderance of TCDD mediated AhR biology limits the scope for potential 

tumor suppressive function of the AhR.   
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Summary 

We were interested in understanding how the AhR mediates tumor 

suppressive effects. Our research approaches included development of 

screening techniques, identification of new AhR ligands and characterization of 

their biological endpoints, determination of AhR requirement for the observed 

effects, and AhR ligand specificity for a given endpoint. 

Our major contributions include creation of an in silico model providing 

structural insights for AhR ligand binding, and demonstrate the utility of this in 

silico model for virtual ligand screening. Cell-based screening approaches 

resulted in identification of several putative AhR ligands, including flutamide.  We 

determined that flutamide suppresses hepatoma cell proliferation in an AhR-

dependent manner. We also identified induction of TGF!1 signaling by flutamide-

activatied AhR is critical to suppress hepatoma cell proliferation. We provide 

compelling evidence that the AhR initiates cellular senescence through the 

induction of TGF!1 signaling. We are the first to link ligand activated AhR 

transcriptional activity with induction of the TGF! pathway.  We provide a new 

biomarker for AhR-mediated tumor suppressive effects. The body of work 

presented in this thesis contributes to the proof of principle that the AhR is a 

viable therapeutic target in hepatocellular carcinoma. 
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