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ABSTRACT
Aryl hydrocarbon receptor (AHR) is a ligand activated transcription factor that
belongs to the family of basic helix-loop-helix PER/ARNT/SIM proteins. The AHR was
originally identified based on its ability to bind to environmental contaminants, such as
polycyclic aromatic hydrocarbons (PAH) or halogenated polycyclic aromatic
hydrocarbons (HPAH). Persistant ligand-mediated AHR activation has shown toxic
effects via binding of AHR to the dioxin response elements (DREs) present in the
promoters of various functionally diverse target genes, including genes involved in
xenobiotic metabolism (eg. CYP1A1). Evolutionary conservation of the receptor
insinuates its role beyond toxicity. Epidemiological studies have identified a positive
correlation between exposure to environmental contaminants and/ or tobacco smoking
(rich sources of AHR agonists) and aggressive rheumatoid arthritis (RA). RA is a chronic
systemic autoimmune disease of unknown etiology, which is prevalent in females. It is
the leading musculo-skeletal disorder, affecting more than 1% of the world’s population.
RA commonly affects the articular joints of the hands and feet leading to systemic joint
inflammation. Under the inflammatory milieu in the RA-synovium, resident fibroblastlike synoviocytes (FLS) undergo hyperplasia, a hallmark event in RA. Sustained joint
inflammation and further activation of FLS leads to joint destruction. The studies
presented here build upon our previously published data in cancer cell lines suggesting
activation of AHR can induce expression of pro-inflammatory genes, and several growth
factors that are critical in cellular hyperplasia. We have also characterized the
instrumental role of AHR in migratory and invasive phenotypes. Since higher levels of
AHR protein have been observed in synovial tissues from RA patients, and the phenotype
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of RA-FLS is reminiscent to that of metastatic cancer cells; we hypothesized that
antagonism of AHR by the potent AHR antagonist GNF351 could mitigate cytokineinduced expression of pro-inflammatory genes and growth factors. We also wished to
study the role of AHR in primary RA-FLS proliferation, migration, and RA-FLSmediated protease-dependent matrix degradation.
Microarray analysis on RA-FLS exposed to proinflammatory interleukin 1B
(IL1B) suggests the involvement of genes in multiple pathways responsible for RA
pathogenesis. Based on the microarray data, certain cytokines, chemokines and growth
factors that possess DREs in their promoter regions were picked using SCOPE v 2.1.0.
Subsequent analysis of mRNA levels suggests AHR antagonist GNF351 can significantly
repress such proinflammatory mediators as IL1B, IL6, prostaglandin-endoperoxide
synthase 2 (PTGS2), C-C chemokine ligand 20 (CCL20) and growth factors such as
vascular endothelial growth factor (VEGF)-A, epiregulin (EREG), amphiregulin (AREG)
and basic fibroblast growth factor (FGF)-2. We further identified that the suppressive
effects of GNF351 were AHR-dependent. In order to elucidate the molecular
mechanism(s) behind GNF351-mediated mitigation, we performed promoter analysis and
chromatin-immunoprecipitation (ChIP) assays. Our mechanistic data demonstrate that the
occupancy of AHR on the promoters of IL1B, VEGF-A, EREG and AREG facilitates
cytokine-mediated induction of these genes. AHR antagonist GNF351 treatment can
inhibit AHR translocation into the nucleus and thus prevent promoter occupancy by the
AHR/ARNT heterodimer and thus attenuating the cytokine-mediated gene transcription.
Due to enhanced levels of proinflammatory mediators and growth factors, FLS in
RA-synovium can undergo transformation resulting in FLS-hyperplasia and pannus
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formation. GNF351 suppressed cytokine-induced RA-FLS hyperplasia. Once activated,
these FLS become highly invasive and migratory, and the AHR plays a critical role in
such phenotypes. GNF351 not only inhibited migration of RA-FLS but also suppressed
mRNA expression of matrix metalloproteinases (MMP-2 and 9) and gelatin matrix
degradation. Numerous attempts have been made in RA research to block these
aforementioned pathways individually with limited success. However, a suppressive
effect of GNF351 on all these pathways collectively reveals that targeting the AHR is a
viable combinatorial therapeutic strategy for the amelioration of RA.

vi

TABLE OF CONTENTS
LIST OF FIGURES………………………………………………………………... ..…xi
LIST OF TABLES……………………………………………………………………..xiii
ABBREVIATIONS .......................................................................................................xiv
ACKNOWLEDGEMENTS..........................................................................................xvii
Chapter 1 INTRODUCTION
1.1 HISTORICAL BACKGROUND OF AHR……...………………………………... 2
1.2 AHR AS LIGAND ACTIVATED TRANSCRIPTION FACTOR……....………... 6
1.2.1 AHR Functional Domains……………………………………….................... 6
1.2.2 Role of Chaperon Proteins……………………………………………....….. 10
1.3 AHR ACTIVATION PATHWAY………………………………………………... 11
1.3.1 Unliganded AHR Complex……………………………………..................... 11
1.3.2 Ligand Dependent AHR Activation……......................................................... 11
1.3.3 AHR and E3 Ubiquitin Ligase Activity…………..……………..................... 13
1.4 LIGAND-MEDIATED EFFECTS OF AHR…………………………………….... 15
1.4.1 AHR Agonists…………………………………………………..................... 15
1.4.2 AHR as a Mediator of Xenobiotic Toxicity…………………..…….………. 17
1.4.3 AHR Antagonists……………………………………………..………..……. 17
1.5 AHR AND OTHER PROTEIN-PROTEIN INTERACTIONS………………….... 20
1.5.1 AHR Interaction with Co-regulators…………………………........................ 20
1.5.2 AHR Interaction with Other Receptors and Transcription Factors…….…… 21
1.6 PHYSIOLOGICAL ROLE OF AHR……………………………………………... 24
1.6.1 AHR in Reproduction and Organ Development………………............... 25

vii

1.6.2 Role of AHR in Barrier Function……………………………………………….. 26
1.7 AHR AND IMMUNE REGULATION………………………………................... 30
1.7.1 Role AHR in Innate Immune Cells……………………………........................... 31
1.7.2 Role of AHR in Adaptive Immune Cells……………………….......................... 32
1.8 RHEUMATOID ARTHRITIS (RA)……………………………………….……... 35
1.8.1 Epidemiology of RA…………………………………………………….…... 36
1. Genetic Factors………………………………………….………................

36

2. Environmental Risk Factors……………………………….…..…………..

37

3. Other Risk Factors……………………………………..……....………….. 39
1.8.2 PATHOGENESIS OF RA…………………………………………….………..

41

1 Role of Innate and Adaptive Immune Cells in RA………..……..... 41
2 Role of Fibroblast-like Synoviocytes (FLS) in RA……………...... 46
1.9 OVERVIEW AND SIGNIFICANCE……………………………………………..

53

1.9.1 Implication of AHR in RA…………………………………..…….………… 53
Chapter 2: ARYL HYDROCARBON RECEPTOR ANTAGONISM MITIGATES
CYTOKINE-MEDIATED INFLAMMATORY SIGNALLING IN PRIMARY HUMAN
FIBROBLAST-LIKE SYNOVIOCYTES.
2.1 ABSTRACT……………………………………………………….......................... 57
2.2 INTRODUCTION…………………………………………………………….…... 59
2.3 MATERIALS AND METHODS
Chemicals……………………………………………………………………………… 61
Cell Culture……………………………………………………………………………. 61
Microarray Analysis…………………………………………………………………… 61

viii

Lactate Dehydrogenase Assay…………………………………………………..…….. 62
Gene Silencing……………………………………………………………………..….. 62
ELISA………………………………………………………………………………..... 62
Plasmids……………………………………………………………….………………. 63
NF-κB Reporter Activity………………………………………………………............ 63
Cytoplasmic and Nuclear Extract Preparation………………………………………… 64
Western Blot Analysis………………………………………………………..……….. 64
Transient Transfection and Luciferase Assay…………………………………………. 65
RNA Isolation and Reverse Transcription…………………………………………….. 66
Quantitative PCR…………………………………………………………………..….. 66
Promoter Scans for Presence of DREs…………………….………………………….. 66
Chromatin Immunoprecipitation…………………………………………………….... 66
Data Analysis………………………………………………………………………….. 68
2.4 RESULTS………………………………………………………..………………... 69
AHR Antagonism Suppresses Cytokine-Induced Gene Expression………………..…. 69
GNF351 suppresses diverse cytokine-induced inflammatory signaling………………. 73
KA- and IL1B-Mediated Induction of Inflammatory Mediators is Repressed by GNF351
Treatment…………………………………………………………………………..….. 75
GNF351-Mediated Anti-Inflammatory Effects in RA-FLS Cells are AHRDependent……………………………………………………………………………... 76
GNF351 Represses Expression of Inflammatory Target Genes at The Protein
Level…………………………………………………………………………………... 79
GNF351 Inhibits Occupancy of AHR at The Promoters of Inflammatory

ix

Cytokines IL1B and IL6………………………………………………………………. 82
2.5 DISCUSSION……………………………………………………………………... 87
Chapter 3: ARYL HYDROCARBON RECEPTOR ANTAGONISM ATTENUATES
GROWTH FACTOR EXPRESSION, PROLIFERATION, AND MIGRATION IN
FIBROBLAST-LIKE SYNOVIOCYTES FROM PATIENTS WITH RHEUMATOID
ARTHRITIS.
3.1 ABSTRACT………………………………………………………………….……. 91
3.2 INTRODUCTION………………………………………………………………… 92
3.3 MATERIAL AND METHO
Materials………………………………………………………………………………. 95
Cell Culture………………………………………………………………………..…... 95
Gene Silencing…………………………………………………………………..…….. 95
Western Blot…………………………………………………………………………... 96
RNA Isolation and Reverse Transcription…………………………………………….. 96
Quantitative PCR…………………………………………………………………..….. 96
Promoter Scans for Presence of Dioxin Response Elements………………………….. 97
Plasmid Construct……………………………………………………………………... 97
Transient Transfection and Luciferase Assay…………………………………….….... 98
ELISA………………………………………………………………………….……… 99
Bromodeoxyuridine Staining………………………………………………………….. 99
Ki-67 Staining………………………………………………...……………………… 100
Zymography………………………………………………………………………….. 100
Real-Time Cell Migration Assay…………………….……………………………….. 101

x

Scratch Assay………………………………………………………………….……… 101
Data Analysis………………………………………………………………………… 102
3.4 RESULTS
GNF351 Inhibits IL1B-Induced Expression Of Growth Factors From Primary FLS.. 103
GNF351-Mediated Repression In Growth Factor Expression Is AHR-Dependent...... 105
The Promoters of Growth Factor Genes Contain Functional DREs…………………. 108
Antagonism of the AHR Attenuates Secretion of VEGF-A and EREG……………... 113
GNF351 Inhibits IL1B-Induced RA-FLS Proliferation……………………………… 115
GNF351 Inhibits FLS Migration……………………………….……………..……... 117
GNF351 Inhibits Cytokine-Induced MMP-2 and -9 Expression in RA-FLS………... 119
3.5 DISCUSSION……………………………………………………………………. 121
SUMMARY AND CONCLUCIONS………………………………………………... 126
BIBILOGRAPHY……………………………………………………………….…… 132
APPENDIX……………………………………………………………….………....... 172

xi

LIST OF FIGURES
Figure 1.1 Mouse Ahrb-1 allele domain structures………………..…………………….. 9
Figure 1.2 Canonical AHR activation pathway……………………………………….. 12
Figure 1.3 Structure of exogenous and endogenous AHR agonists…………………… 16
Figure 1.4 Structure of AHR antagonists...………………………………………......... 19
Figure 2.1 GNF351-mediated AHR antagonism represses IL1B-induced cytokine mRNA
expression in dose dependent manner………………………………………. 65
Figure 2.2 GNF351 inhibits cytokine-induced inflammatory signaling in RA-FLS
Cells…..……………………………………………………………………. 66
Figure 2.3 GNF351 inhibits cytokine-mediated inflammatory gene expression in FLS
isolated from non- RA patients (FLS-N)………..………………………… 67
Figure 2.4 GNF351 suppresses diverse inflammatory mediators-induced inflammatory
signaling RA-FLS...………………………………………………………... 69
Figure 2.5 KA- and IL1B-mediated induction of inflammatory mediators is repressed by
GNF351 treatment...................…………………………………………….. 70
Figure 2.6 GNF351-mediated anti-inflammatory effects in HFLS-RA cells are AHRdependent…………………………………………………………………... 72
Figure 2.7 GNF351-mediated anti-inflammatory effects in HFLS-RA cells are AHRdependent…………………………………………………………………... 73
Figure 2.8 GNF351 represses expression of inflammatory target genes at the protein
level………………………………………………………………………..... 75
Figure 2.9 GNF351 represses expression of inflammatory target genes at the protein
level………………………………………………………………………..... 76

xii

Figure 2.10 The DREs predictions on the promoters.………………………………… 78
Figure 2.11 TCDD promotes AHR-mediated IL1B activation…………..……………. 80
Figure 2.12 GNF351 inhibits occupancy of AHR at the promoters of inflammatory
cytokines IL1B and IL6…………...……………………………………... 81
Figure 3.1 GNF351 inhibits IL1B-induced expression of growth factors from primary
FLS………………………………………………………………………… 99
Figure 3.2 GNF351-mediated repression of growth factor expression is AHR-dependent
in primary FLS-N………………………………………………………… 101
Figure 3.3 GNF351-mediated repression of growth factor expression is AHR-dependent
in primary RA-FLS………………………………………………………. 102
Figure 3.4 Growth factor promoter sequences.............................................................. 105
Figure 3.5 The positioning of putative DREs relative to the transcription start site.... 106
Figure 3.6 AHR occupancy at the growth factor promoters drives their expression… 107
Figure 3.7 Antagonism of the AHR Attenuates Secretion of VEGF-A and EREG…. 109
Figure 3.8 GNF351 inhibits cytokine-induced primary FLS proliferation from RApositive cells…………………………..………………………………….. 111
Figure 3.9 GNF351 inhibits migration of primary FLS from patients who tested positive
for RA…………………………………………………………………….. 113
Figure 3.10 GNF351 inhibits cytokine-induced MMP-2 and -9 expression in primary
FLS……………………………………………………………………… 115

xiii

LIST OF TABLES
Table 2.1 Primary antibodies for western blot………………………………………… 60
Table 2.2 Primers used for real time RT-PCR………………………………………… 62
Table 2.3 Primary antibodies for ChIP………………………………………………... 62
Table 2.4 ChIP primers used for real time RT-PCR…………………………………... 62
Table 2.5 Genes induced by human IL1B cytokine treatment in primary RA-FLS cells 65
Table 2.6 The exact locations and sequences of consensus DRE-like elements……… 79
Table 3.1 Primary antibodies for western blot……………………………………….... 91
Table 3.2 Primers used for real time RT-PCR………………………………………… 92

xiv

ABBREVIATIONS
3-MC;
ACPA;
AD;
AHH;
AHR;
Ahr-/-;
AHRC;
AIA;
AIP;
AP;
AP-1;
APC;
AR;
ARA9;
AREG;
ARNT;
B[a]P;
bHLH;
BMDC;
BrdU;
BSA;
CBP;
CCL20;
CCR6;
CD;
ChIP;
CHIP;
CIA;
CSF;
CTLA4;
CUL4B;
CXCL10;
CYP1A1;
CYP450;
DAPI;
DC;
DMARD;
DRB1;
DRE;
DSS;
EAE;
ER;
ERAP140;

3-Methylchloranthrene
Anti-citrullinated protein antibody
Atopic dermatitis
Aryl hydrocarbon hydroxylase
Aryl hydrocarbon receptor
AHR knockout
AHR/ARNT complex
Antigen-induced arthritis
AHR-interacting protein
Antigen presenting
Activator protein 1
Antigen presenting cells
Androgen receptor
AHR-associated protein
Amphiregulin
Ah receptor nuclear translocator
Benzo[a]pyrene
Basic helix-loop-helix
Bone marrow derived dendritic cells
Bromodeoxyuridine
Bovine serum albumin
CREB-binding protein
C-C chemokine ligand 20
C-C chemokine receptor type 6
Crohn’s disease
Chromatin-immunoprecipitation
HSP-70-interacting protein
Collagen type II-induced arthritis
Colony-stimulating factors
Cytotoxic T-lymphocyte antigen 4
AHR Cullin 4B ubiquitin ligase complex
C-X-C motif chemokine 10
Cytochrome p450 1A1
Cytochrome P1-450
4,9,6-diamidino-2-phenylindole
Dendritic cells
Disease modifying antirheumatic drugs
DR beta 1
Dioxin response elements
Dextran sodium sulphate
Experimental autoimmune encephalomyelitis
Estrogen receptor
Estrogen receptor associated protein 140

xv

EREG;
Eepiregulin
FBS;
Fetal bovine serum
FDC;
Follicular DCs
FGF2;
Fibroblast growth factor
FICZ;
6-formylindolo[3,2-b]carbazole
FLS;
Fibroblast-like synoviocytes
Fox3+;
Forkhead box P3
GR;
Glucocorticoid receptor
HAH;
Halogenated aromatic hydrocarbons
HFLS;
Human fibroblast-like synoviocytes
HLA;
Human leukocyte antigen
HNSCC; Head and neck squamous cell carcinoma cell lines
HSP90;
Heat shock protein-90
I3A;
Indole-3-alehyde
IBD;
Inflammatory bowl disease
ICAM1; Intracellular adhesion molecule-1
ID;
Inhibitory domain
IDO;
Indoleamine 2,3-dioxygenase
IFN-γ;
Interferon-γ
IgG;
Immunoglobulin G
IL-1Ra; Interleukin-1 receptor antagonist
IL1B;
Interleukin 1B
ILC;
Intraepithelial lymphocytes
ILC22;
IL22-producing lymphoid cells
JAK;
Janus kinase
K4IM;
Immortalized normal human synoviocytes cell line
KA;
Kynurenic acid
LPS;
Lipopolysaccharide
MAPK; Mitogen-activated protein kinase
MMP;
Matrix metalloproteinases
Mφ;
Macrophages
NF-κB;
Nuclear factor kappa-light-chain-enhancer of activated B cells
NOCA1; Nuclear receptor co-activator 1
PAH;
Polycyclic aromatic hydrocarbons
PAS;
PER/ARNT/SIM
PCB;
Polychlorinated-biphenyls
PCDD;
Polychlorinated-dibenzo-p-dioxins
PCDF;
Polychlorinated-dibenzofurans
PCNA;
Proliferating cell nuclear antigen
pDC;
Plasmacytoid DCs
PDGF;
Platelet-derived growth factors
Per;
Period
PI;
Protease inhibitor
PKC;
Protein kinase C
PMA;
12-myristate 13-acetate

xvi

PPAR;
PTGS2;
PTPN22;
RA;
RA factor;
RelA;
SCID;
SE;
Sim;
siRNA;
SMRT;
SR1;
SRC1;
STAT;
factors
TA;
TCDD;
TF;
TGF-β;
TH;
Th cells;
TLR;
TMF;
TNBS;
TNF-α;
Treg;
UV;
VCAM1;
VEGFA;
XAP2;
XRE;

Peroxisome proliferator-activated receptor
Prostaglandin-endoperoxide synthase 2
Protein tyrosine phosphatase, non-receptor type 22
Rheumatoid arthritis
Rheumatoid factor
p-65
Severe combined immunodeficiency
Shared epitope
Single-minded protein
Small interfering RNA
Silencing mediator for retinoic acid and TH receptor
Stemregenin-1
Steroid receptor co-activaor-1
Signal transducers and activators of transcription family of transcription
Transactivation domains
2,3,7,8-Tetrachloro-dibenzo-p-dioxin
Transcription factors
Transforming growth factor-beta
Thyroid hormone
T helper cells
Toll-like receptors
6,2′,4′-trimethoxyflavone
2,4,6-trinitrobenzenesulfonic acid
Tumor necrosis factor-α
Regulatory T cells
Ultraviolet
Vascular cell adhesion molecule-1
Vascular endothelial growth factor
X-associated protein
Xenobiotic-response element

xvii

ACKNOWLEDGEMENTS
I would like to express my deep and sincere gratitude to my advisor, Dr. Gary
Perdew, for his understanding, encouragement and guidance. His perpetual energy,
willingness to let me learn on my own and his innovative ways of thinking have been of
immense value for this thesis. Thank you for not only being an excellent mentor, but also
a good friend. His accessibility and willing me to help at every crucial juncture of my
graduate life was important for me in my research. As a result, research life became
enjoyable and rewarding. I believe that one of the greatest accomplishments of my
graduate study was gaining his trust and friendship. Thank you Gary!
I am also sincerely grateful to Drs. Andrew Patterson, Connie Rogers and Chris
Mullin for agreeing to be on my thesis committee. Thank you for critically reviewing my
thesis work and valuable discussions during the course of my projects. Drs. Jeffrey Peters
and Curt Omiecinski are acknowledged for providing me with valuable research
experience and laboratory rotation opportunities at The Pennsylvania State University.
My research journey would have been monotonous if it were not for the people
who I was fortunate to meet in Gary’s laboratory. They made it a warm place to work. I
am sincerely grateful for the advice, friendship, support and love I received from Drs.
Iain Murray, Ann Kusnadi, Kaarthik John, Jennifer Schroeder, Brett DiNatale, Colin
Flaveny and Rachel Tanos and fellow graduate students Kayla Smith, Nate Girer, Troy
Hubbard and Elif Muku. It was the laughter and good times we shared, the arguments,
discussions, and disagreements we had that helped us grow not only as friends but also as
independent learners while working together. I convey special acknowledgement to Kelly
Wagner and Cherish McAulay for being good friends and their indispensable help in
ordering, research and administrative assistance. I would also like to thank Marcia
Perdew for her editorial help during the writing of my published manuscripts. Thank you
all!
I would also like to pay my deepest gratitude to my family for their unflagging
love and support throughout my life. This dissertation is simply impossible without them.
I am indebted to my parents, Suresh and Pramila, for the care and love. They have always
shown faith in me and always trusted in what I am doing. And thanks to my sister Priya
and brother-in-law Deepak for being supportive and caring.
I am highly indebted to my wife Rupangi for her sincere support and
understanding during my thick and thin times. I do not have suitable words that can fully
describe her sacrifices during my graduate career. Without her, all of my graduate
journey would not have been possible. I love you!
Last but not least, thanks to the almighty God for being generous with me
throughout all the steps towards success.

1

Chapter 1
INTRODUCTION
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1.1

BACKGROUND

AND

HISTORICAL

PERSPECTIVE

OF

ARYL

HYDROCARBON RECEPTOR (AHR)
The overall purpose of this section is to provide a historical perspective regarding
the important milestones in AHR research. The twentieth century witnessed an
exponential growth in industrialization, which has challenged organisms to potentially
hazardous environmental pollutants and has led to public health concerns. Occupational
or accidental releases of halogenated or polycyclic-halogenated aromatic hydrocarbons
(HAH or PAHs) have shown a broad spectrum of diverse health effects [1]. In 1949,
accidental release of HPAH such as 2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD)
exposed the workers at Monsanto’s chemical plant led to increased incidence of
chloracne, liver diseases and exposure-associated deaths [2]. At that time, the exact
mechanism behind such effects could not be attributed.
In 1957, Allen Conney observed that PAHs such as 3-Methylchloranthrene (3MC) or benzo[a]pyrene (B[a]P) could increase the activity of benzpyrene (BP)
hydroxylase which was later renamed by Nebert as aryl hydrocarbon hydroxylase (AHH)
activity [3],[4]. Nebert reported that PAHs-mediated induction in AHH activity was not
confined to the mouse liver but could also be observed in other organs in vivo or in ex
vivo models [5]. In early 1970s, multiple reports observed HAH or PAH-mediated
increases in AHH activity was also associated with an increase in cytochrome P1-450
(formally known as CYP1A1) activity. Nebert reported a four to six fold discrepancy in
AHH inducibility between C57BL/6N and DBA/2N mouse strains. Based on its ability to
respond to aromatic hydrocarbons, they designated the Ah locus as ‘highly responsive’
Ahb allele to the C57BL/6N mice and ‘non-responsive’ Ahd allele to the DBA/2N mice
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[6]. This discovery proposed a classic genetic inheritance approach of AHH regulation.
Cross breeding (C57BL x DBA/2) studies done in his laboratory suggested that the Ah
locus separated primarily in to autosomal dominant Ahb allele and recessive Ahd allele.
These genetic differences were responsible for differential sensitivity in mice to PAHs
[6]. A plausibility of induction in AHH activity by HAHs or PAHs could be a receptormediated event was first postulated from the observations made in collaboration by Allen
Poland with Nebert. A ‘non-responsive’ DBA/2N mouse strain when exposed to TCDD,
showed an increase in AHH activity as compared to previously reported minimal increase
in AHH activity by 3-MC. This observation also proposed a possibility of mutation or a
receptor with reduced affinity for non-HAHs [7]. The hypothesis could only be
confirmed when Bradfield and colleagues cloned the AHR in 1992 [8]. 	
  
Overall, these studies set the stage for identification of ligand-bound Ah receptor.
With the development of radioactive TCDD in late 70s, and its potent ability to induce
AHH activity, the search for a receptor that bound TCDD was pursued. Using [3H]
TCDD Poland and colleagues published a seminal paper proposing that TCDD bound to
a receptor in the hepatic cytosolic extracts that was responsible for the induction of AHH
activity. They also observed a diminished hepatic accumulation of [3H] TCDD in
DBA/2J mice supporting a previously postulated hypothesis of a mutation in ‘nonresponsive’ mice resulting in an altered receptor with reduced affinity for AHH activity
inducing compounds [9]. Nebert using sucrose density gradient and ion exchange
chromatography also obtained similar results [10]. This receptor was named the Aryl
hydrocarbon receptor (AHR). The ligand binding studies were also helpful in determining
the polymorphism in AHR molecular weights. It was determined that the receptor
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identified in inbred C57 mice had a molecular weight of 95 kDa (Ahb-1), the one observed
in C3H strain was 104 kDa (Ahb-2), the protein encoded in Mus Spretus had 105 kDa
molecular weight (Ahb-3), and the Ahd allele encoded in DBA mice had a molecular
weight of 105 Kda [8, 11]. The reduced affinity of receptor to bind to PAHs in nonresponsive mice was later determined to be due to mutation in amino acid sequence in the
Ah receptor. The amino acid comparison between the C57BL and DBA/2 indicated that
the later has a valine substituted for alanine at position 375 (381 in case of human AHR)
and the mutation in the stop codon resulted in elongated carboxyl terminus in Ahd allele
mice resulting in reduced affinity for 3-MC and [3H] TCDD [12].	
  
Poland and colleagues were one of the first to propose that the induction in AHH
activity by HAHs or PAHs can promote sequence of events leading to translocation of
AHR-ligand complex into the nucleus in a similar manner to the steroid hormone
receptors. Such an occurrence can modulate transcription and translation of genes. This
hypothesis was further tested by work done in Poland and Nerbert’s laboratories,
demonstrating the ligand-mediated nuclear translocation of AHR [10, 13]. Overall these
studies along with others who published similar observations using advanced molecular
biology techniques available at that time strongly supported the previously postulated
model for ligand-activated AHR translocation mimicking the steroid hormone receptors
[14, 15]. 	
  
Though it was clear that the ligand-activated receptor translocates into the
nucleus, it was not known at the time whether, the receptor can directly bind to DNA or
indirectly regulated gene expression through nuclear protein-protein interactions.
Hankinson observed differential level of inducibility in AHH activity by ligands in series
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of mutant cell lines. This data corroborated a possibility of AHR forming a complex with
previously unknown protein in the nucleus responsible for regulation of AHH activity
[16, 17]. Jim Whitlock also demonstrated similar observations, in which mutant
hepatoma cell line failed to translocate ligand-activated receptor complex into the nucleus
resulting in suppressed AHH activity and diminished B[a]P metabolism [18].
By then, it was evident that the cytoplasmic and nuclear fractions of AHR had
different physico-chemical properties. Analogous to the steroid hormone receptors,
Poland and others had predicted an ability of ligand-activated Ah receptor to form a
complex with cis-acting regulatory elements within or near the specific TCDDtransduced genes, leading to their enhanced expression. Gustafsson and colleagues were
one of the first to demonstrate the DNA-binding properties of TCDD-bound Ah receptor
using DNA cellulose column chromatography. Though DNA binding by TCDD-bound
receptor was observed, the authors admitted to the necessity for more conclusive
experiments. The data from their study implied that DNA could be one of the constituent
making up for the nuclear target for the receptor [19]. This observation helped Whitlock
and colleagues to determine the DNA recognition site for TCDD-AHR complex. They
were able to determine the cis-acting genomic control element responsible for TCDD-Ah
receptor mediated induction in Cyp1a1 gene transcription [20]. They were further able to
determine the specific consensus TCDD-AHR binding site (5’-TA/TGCGTGA/C-3’) or
dioxin-response element (DRE) or xenobiotic-response element (XRE; as coined by FujiKuriyama) within the mouse Cyp1a1 cis-acting enhancer element [21]. This was one of
the milestone discoveries in AHR research as it opened up the avenue for other
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researchers in determining the ligand-activated AHR inducible genes in other species,
including humans.
The ability of ligand-activated AHR to attach to DREs, and due to the similarity
in the sequence of events analogous to the steroid hormone receptor activation; it was
proposed that the ligand-bound receptor upon translocation into the nucleus, binds to
some other proteins along with DREs. Elferink originally tested this hypothesis [22].
Gasiewicz had found that transformation of receptor to DNA binding form was
accompanied by increase in the molecular weight [23]. Elferink applied gel retardation
studies using bromodeoxyuridine-substituted DNA to determine the proteins that can
covalently bound to DREs. This provided the biochemical evidence for the DNA-binding
form of receptor to form a heterodimer in the nucleus [22]. The identification of DREs
and findings from Elferink’s studies further helped Hankinson in determination of that
unidentified protein critically responsible for retention of ligand-activated AHR in the
nuclear compartment of cells. Hankinson and colleagues had developed mutant cell lines
that failed to translocate ligand-bound AHR into the nucleus. With that knowledge, in
1991 they reported the cloning of coding sequence from human cells for a protein
responsible for retention of AHR in the nucleus. They named the protein Ah receptor
nuclear translocator (ARNT) [24, 25]. This was by far the second most critical discovery
in AHR research. Overall, these milestone findings paved the road for AHR research that
exploded exponentially.
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1.2 AHR AS LIGAND ACTIVATED TRANSCRIPTION FACTOR
1.2.1 AHR and ARNT Functional Domains
With the cloning of human ARNT cDNA, the characterization of ARNT
functional domains became easy. ARNT had amino acid sequence similarity for proteins
encoding period (Per) and single-minded protein (Sim) from Drosophila. ARNT was also
found to have basic helix-loop-helix (bHLH) motif [24]. Such motifs are commonly
found in transcription factors that are responsible for formation of either homo or
heterodimers and DNA binding [26]. The identification of ARNT as a nuclear
counterpart of ligand-activated Ah receptor made it plausible to think that ARNT can
heterodimerizes with AHR via the bHLH structure [24]. To further determine the protein
sequence and functional domains of AHR, numerous attempts were made in AHR protein
purification. Until then it was presumed that the receptor was member of steroid hormone
superfamily. Perdew and colleagues were one of the first to partially purify (20,000 fold)
receptor from the C57BL liver cytosolic fractions labeled with photoaffinity ligand [27].
Bradfield attempted to further purify the receptor and could achieve 150,000 fold
purification of receptor and was able to sequence the N-terminal domain of the receptor
using antibodies raised against the corresponding peptides [28]. Bradfield also cloned
human AHR from hepatoma cell line Hep-G2 [29, 30]. The comparison of murine AHR
(Ahb-1) with human AHR suggest, the later is 6 Kb heavier in molecular weight [29].
Highest level of sequence homology between ARNT and human AHR was
observed at N-terminus half of these proteins. The amino acid sequence encoded by
human AHR cDNA showed highest degree of sequence similarity to previously identified
Per, and Sim proteins from Drosophila and human ARNT protein. Due to the
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biologically significant sequence similarity between AHR and ARNT, and the presence
of bHLH domains on both, it was plausible for the ligand-activated Ah receptor to form a
hetromeric complex with DNA and ARNT in the nucleus [28]. Similar to N-terminal
region, both AHR and ARNT also have some level of sequence similarities on C-terminal
domain. Both the C-termini are glutamine rich. The glutamine rich regions have
previously been identified as transactivation domains (TAD) [31]. The presence of TAD
supports the possibility of AHR and ARNT to play role in ligand-mediated transcriptional
gene activation. Though it was originally proposed that AHR to be the member of steroid
hormone receptor superfamily, cloning of AHR and ARNT cDNAs, and the presence
bHLH motif along with the absence of zink finger domains, which are primarily present
in thyroid hormone receptors, disproved the hypothesis of AHR being a member of
steroid hormone receptors [8, 24, 25, 28]. Overall this made AHR a ligand-activated
transcription factor that belongs to basic helix-loop-helix PER/ARNT/SIM homology
(bHLH-PAS) family (Figure 1.1) [8, 32]. The bHLH motif is highly critical; it allows the
AHR to interact with DREs via basic residues and heterodimerize with ARNT via HLH
motif. The two PAS domains (PAS-A and PAS-B) of AHR are involved in dimerization
with two molecules of heat shock protein-90 (HSP90) at amino acid residues 1–166 and
289–347 [33], and hepatitis B virus X-associated protein, an immunophilin-related
protein (XAP2). It also contributes to ligand binding and interaction with ARNT in the
nucleus [34, 35]. The C-terminal region of AHR contains TAD rich of acidic,
serine/threonine and glutamine residues. The receptor also contains inhibitory domain
responsible for repression in transcriptional activity in absence of agonist [36].

9

Figure 1.1 Mouse Ahrb-1 allele domain structures.
N and C, amino and carboxy terminus; bHLH, basic helix-loop-helix; PAS, PERARNT-SIM homology; ID, inhibitory domain; TA, transactivation domain; Q, glutaminerich; P/S, proline- and serine-rich.
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1.2.2 Role of Chaperone Proteins
The PAS domains in AHR play a critical role in binding to HPS90. Perdew and
Gustafsson independently showed that the 9S receptor complex binds with HSP90 [37,
38]. With the availability of HSP-90 antibody, and advancement in chemical crosslinking approach, Perdew determined the molecular weight and total number of proteins
in the 9S tetrameric AHR complex [39]. Two of the three unknown proteins were later
determined to be HSP86 and HSP84, the two isoforms of HSP90. The third unknown
protein was found to possess molecular weight of 43-KDa. Apart from AHR, HSP90 also
chaperone steroid hormone receptors [40]. In the absence of ligand, AHR forms a stable
complex with HSP90. However, the complex is not as stable in every other species as the
one formed in Ahb-1 allele mouse. Molybdate has been shown to stabilize the unliganded
AHR-complex by binding to the ATP binding site on HSP90, suggesting the stability of
AHR is highly dependent on presence of HSP-90 [41]. In absence of HSP90, the receptor
is highly susceptible to proteolytic degradation [42].
The identity of the third protein in the AHR-complex was not known but was
clearly part of the core unliganded AHR complex [39]. To further investigate the role of
this protein in the AHR complex, scientists utilized yeast two hybrid assays, reverse
genetics or protein purification. Three independent groups identified the previously
characterized hepatitis B virus X-associated protein 2 (XAP2), an immunophilin-related
protein also named AHR-interacting protein (AIP) and AHR-associated protein (ARA9)
[35, 43, 44]. To further illustrate the fact that whether the XAP2 is directly bound to
AHR or HSP-90, scientists performed in vitro translation studies in absence of AHR. The
data suggests that in absence of AHR, XAP2 had minimal affinity to HSP-90, and that
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implies to the possibility of direct binding of XAP2 to the AHR [45]. However, studies
performed in cell lines suggested that XAP2 could bind to HSP90 [43]. Thus it was
hypothesized that XAP2 and HSP90 forms a stable complex in presence of AHR. Apart
from HSP90 and XAP2, co-chaperone p-23 is also a part of AHR-complex in the
cytoplasm [46].

1.3 AHR ACTIVATION PATHWAY
1.3.1 Unliganded AHR Complex
AHR is a ligand activated transcription factor still classified under orphan
receptors since a putative high-affinity endogenous ligand(s) was yet to be identified.
Though tryptophan metabolites can activate AHR signaling [47, 48]. It has been well
established that in absence of exogenous ligands, the receptor forms a 9S ~280-KDa
oligomeric protein complex that is highly stable in the cytoplasm. In the unliganded
complex, AHR directly binds with the two molecules of HSP90, and one molecule of
XAP-2. Co-chaperone protein p23 has been shown to bind to HSP90 and possess
minimal role in AHR function [49, 50]. The dimerization of HSP90 along with p-23
protects AHR from proteolysis. An interaction of AHR and HSP90 with XAP2 blocks the
nuclear localization signal inhibiting nuclear-cytoplasmic shuttling of unliganded AHR
[44, 51, 52].

1.3.2 Ligand-Dependent AHR Activation
Though the AHR was cloned and characterized as a ligand activated transcription
factor in 1991 [28], the nuclear translocation phenomenon upon treatment to [3H] TCDD
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in C57BL/6J mice and in cell lines was observed a decade before [10, 13]. It was
postulated that such translocation would lead to DNA binding [19, 20]. Subsequent
studies using mice and mutant cell lines lacking nuclear localization signal proved that
shuttling of receptor from cytoplasm to nucleus follows activation of AHR by structurally
diverse ligands [53]. All these studies helped in determining the now known AHR
canonical pathway (Figure 1.2).

Figure 1.2 Canonical AHR activation pathway.
Agonist-mediated AHR activation causes nuclear translocation of the receptor and
heterodimerization with ARNT. The AHR/ARNT then binds to the DREs leading to
activation of AHR-target genes. The receptor eventually undergoes proteosomal
degradation.
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Binding of ligand to the PAS-B region of the receptor in cytoplasm causes
conformational change in ligand binding domain of AHR. This change exposes the
nuclear localization signal and causes nuclear translocation of the ligand-bound AHR and
HSP90 complex. Upon translocation, receptor sheds off the HSP-90 complex in the
nucleus. The HLH motif of the receptor and PAS domain allows the receptor to
heterodimerize with ARNT. The resulting AHR-ARNT complex then binds to the DREs
in the promoters of AHR-target genes via a basic residue (e.g. CYP1A1). This allows
binding of other co-activators such as p300/ CREB-binding protein (CBP) and nuclear
receptor co-activator 1 (NOCA-1), followed by binding of chromatin modifying proteins
BRG-1 and recruitment of transcription machinery leading to AHR-target gene
transcription [47, 54].

1.3.3 AHR and E3 Ubiquitin Ligase Activity
Though AHR is a ligand-activated transcription factor, reports suggest an ability
of AHR to induce protein degradation via ligand-dependent ubiquitin ligase activity. The
levels of AHR itself are tightly regulated by proteolytic degradation. The unliganded
AHR resides in the cytoplasm as HSP90/XAP2/p23 tetrameric complex and therefore
resistant to protein degradation. However, Perdew showed that carboxyl terminus of
HSP70-interacting protein (CHIP) ubiquitin ligase could promote proteolysis of HSP90,
while other unknown factors promote ubiquitination of unliganded AHR complex. They
also identified that XAP2 partially protected AHR complex from CHIP-dependent
proteolytic degradation, suggesting the possibility of AHR degradation in the cytoplasm
[55]. Baldwin showed TCDD-mediated activation of AHR promoted AHR protein
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turnover. Deletion of the TAD of the AHR or mutation in ligand-binding domain of AHR
suppressed the turnover. Inhibition of proteosomal activity by MG-132 super-induced
Cyp1a1 levels, suggesting the regulatory role of ubiquitin ligase upon AHR-mediated
initiation of transcription [56, 57]. The translocated receptor complex interacts with cullin
4B ubiquitin ligase complex (CUL4BAHR) [58, 59]. si-RNA-mediated CUL4B protein
ablation studies demonstrate that the nuclear degradation of AHR is CUL4B-dependent
along with the role of some other unknown ubiquitin ligases [60]. Overall the reports
provide evidence that the receptor is susceptible to proteolytic degradation in both
cytoplasm and nucleus.
Though it was believed that AHR activation only has effects on gene expression
via genomic pathway, it is also established that ligand-activated AHR can modulate gene
expression via non-genomic pathways such as proteolysis of other transcription factors
(eg. androgen receptor (AR) [58-60] and estrogen receptor (ER) [61, 62]). Such
interaction was originally identified while studying the cross-talk between AHR and ER
or AR. TCDD exposure revealed a marked decrease in ER-α protein levels suggesting
role for the AHR in stability of ER-α protein [63]. Ligand-activated AHR promotes
proteosomal degradation of ER and AR by CUL4BAHR [58, 59]. Wherein, activated AHR
recruits CUL4BAHR to ER-α and AR and thus act as E3 ubiquitin ligase to promote
proteosomal degradation. Ablation of AHR mitigated ER-α and AR proteolysis [58, 60].
The evidence supporting activation of AHR has E3 ubiquitin ligase activity comes from
the reports showing first; AHR-immunoprecipitated complex exert self ubiquitination
activity [55], second; the ligand-dependent recognition of ER and AR by AHR [58, 60],
and third; self degradation of AHR upon ligand-dependent activation [56, 57]. Overall,
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this suggests the non-genomic regulatory role of AHR.
1.4 LIGAND-MEDIATED EFFECTS OF AHR
1.4.1 AHR Agonists
Since the discovery of ligand-activated AHR in 1976, over four decades,
scientists have been identifying and characterizing a diverse array of AHR ligands. The
high-affinity ligands initially identified for the AHR included planer hydrophobic, nonhalogenated PAHs and HAHs, which are widespread environmental contaminants [1].
However, apart from these environmental exogenous agonists, numerous other natural,
synthetic and endogenous agonists for AHR have been identified (Figure 1.3) [64]. This
suggests the promiscuity in AHR ligand binding.
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Figure 1.3 Structure of exogenous and endogenous AHR agonists.
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1.4.2 AHR as a Mediator of Xenobiotic Toxicity
HAHs such as polychlorinated-dibenzo-p-dioxins (PCDDs), polychlorinatedbiphenyls (PCBs) and polychlorinated-dibenzofurans (PCDFs) have shown predominant
toxic effects through activation of AHR. The prototypical AHR agonist TCDD is well
studied for its ability to induce CYP1A1 expression at levels as low as picomolar
concentration. However, most of the toxic effects of HPAHs do not require cytochrome
P-450 activation; however, it does require AHR-mediated DRE binding. Toxic effects of
TCDD are very well studied in laboratory animals for over five decades, effects observed
include wasting syndrome, lymphoid atrophy, developmental effects, hepato- neuro- and
cardio-toxicity, tumor promotion and lethality [65, 66]. AHR agonists have shown a
plethora of toxic effects in either sex in multiple species due to high hydrophobicity,
bioaccumulation, and/or resistance to metabolism or metabolic activation into reactive
intermediates. The toxic effects have been shown to be predominantly via AHR, as most
of these effects were unobserved in mice lacking Ahr gene (Ahr-/-) [67, 68]. Though
reports suggest teratogenic effects of TCDD [69], Peters could not see the TCDDmediated developmental effects to be AHR-dependent [70]. Overall, this led to
formulation of policies to regulate and control production and environmental disposal of
HAH, PAHs in numerous countries due to possible high risk of human health concerns
[71, 72].

1.4.3 AHR Antagonists
The agonist-mediated activation of AHR has been associated with DREdependent activity (e.g. expression of xenobiotic metabolizing enzymes via binding to
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DNA regulator regions) or DRE-independent activity (e.g. non-genomic E3 ubiquitin
ligase activity). Though, the AHR has been extensively studied for the agonist-mediated
toxicities, whether the physiological roles of AHR are mediated either via DRE-driven or
via independent mechanisms is still an area of active research. Understanding the
physiological role of AHR was further facilitated by development of Ahr-/- mice [73, 74].
It helped establish the underlining role of the AHR in immune system, reproductive
success, and in development of liver vasculature [74, 75]. Apart from those observed
phenotypes, AHR also plays a major role in regulating innate inflammatory gene
signaling and T-cell differentiation [76, 77]. Thus it was hypothesized that AHR
antagonists could be used to better understand the underlining mechanism behind the
physiological role of AHR and can be used to target AHR in dioxin-like compoundmediated toxicities.
Safe and Gasiewicz identified 6-methyl-1,3,8-trichlorodibenzofuran, and αnaphthoflavone as initial AHR antagonists, which inhibited TCDD-mediated Cyp1a1
induction in vivo respectively. It was also identified that these chemicals had inhibitory
effects on TCDD-mediated AHR activation at concentrations less than 1 µM, but had
agonistic activity at higher concentrations [78-80]. Exposure to 4’-amino-3’methoxyflavone and 3′-methoxy-4′-nitroflavone also inhibited TCDD-mediated nuclear
translocation of AHR [81]. In 2000, Safe identified 3ʹ′,4ʹ′-Dimethoxyflavone to be the
most potent AHR antagonist of that time as it not only inhibited AHR-mediated CYP1A1
induction but also inhibited AHR agonist-mediated anti-estrogenic activity in breast
cancer cell lines [82]. These studies set a stage for a search to identify novel yet highly
specific AHR antagonists. Over the course, numerous laboratories identified novel AHR-
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antagonists

(Figure

1.4)

such

as

1-Methyl-N-[2-methyl-4-[2-(2-methylphenyl)

diazenyl]phenyl-1H-pyrazole-5-carboxamide, 2-Methyl-2H-pyrazole-3-carboxylic acid
(2-methyl-4-o-tolylazo-phenyl)-amide

(CH223191),

N-(2-(3H-Indol-3-yl)ethyl)-9-

isopropyl-2-(5-methyl-3-pyridyl)-7H-purin-6-amine-N-(2-(1H-Indol-3-yl)ethyl)-9isopropyl-2-(5-methylpyridin-3-yl)-9H-purin-6-amine (GNF351) and Stemregenin-1
(SR1), which were more potent and highly specific AHR antagonists that can inhibit
AHR activity at the low nanomolar concentration range [83-85].

Figure 1.4 Structure of AHR antagonists.

20

1.5 AHR AND OTHER PROTEIN-PROTEIN INTERACTIONS
As established earlier, AHR is a ligand activated transcription factor that requires
the translocation of the receptor into the nucleus, dimerizes with ARNT and binds to
cognate response elements or DREs present in the cis acting element of genes regulated
by AHR. Such activation also requires binding of co-regulators that would facilitate
chromatin remodeling for transcription machinery to bind and initiate the transcription
[86]. The proteins that bind to such transcription factors co-regulate the gene expression
depending upon recruitments of positively or negatively acting co-factors. Certain
nuclear receptors interact with co-repressors in absence of ligands; while upon binding
with a ligand, dissociates co-repressors and recruit co-activators to initiate gene
transcription.

1.5.1 AHR Interaction with Co-regulators
Though the transcriptional activation of Cyp1a1 or other AHR target genes
require binding of AHR/ARNT to DRE elements, it was not clear if this recruitment was
sufficient by itself to drive the transcription. Fujii-Kuriyama observed that TCDDmediated induction in gene transcription was inhibited by adenovirus E1A, suggesting
underlining role of p300/CBP coactivators in transactivation of AHR/ARNT. They found
that CBP/p300 only interacts with CREB-binding domain on ARNT TA domain but not
in AHR TA domain. This suggest CBP/p300 play a role of transcriptional co-activator via
ARNT binding [87]. Gustafsson had shown that steroid receptor co-activaor-1 (SRC-1)
and RIP-140 binds to peroxisome proliferator-activated receptor (PPAR) and thyroid
hormone (TH) receptor and promote the receptor-mediated gene transcription [88].
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Parallel to those studies, Perdew using co-immunoprecipitation and co-localization assays
showed that RIP-140 interacts with AHR TAD by binding to a Q-rich sub-domain
between amino acid residues 154-355. They also saw enhanced interaction between SRC1 in ligand-activated AHR in TAD only, suggesting both SRC-1 and RIP-140 interactions
with AHR leading to transcriptional activation. Studies performed in ARNT-deficient
mutant Hepa-1 c4 cells suggest that the AHR TA domain was sufficient for SRC-1
binding [89, 90].
Safe investigated physical and functional interactions of the ligand-activated AHR
complex with prototypical co-activator estrogen receptor associated protein-140 (ERAP140) and the co-repressor silencing mediator for retinoic acid and TH receptor (SMRT).
In transactivation assays, they identified recruitment of ERAP-140 to AHR complexes
leading to transcriptional activation. However, trans-repression was observed when
SMRT was interacting with the AHR complex [91]. Apart from these primary coactivators, secondary co-activator proteins such as coiled coil co-activators also
physically interact with bHLH-PAS domains of AHR and ARNT leading to
transcriptional activation [92]. Overall, this suggests multiple factors can bind to either
AHR or ARNT and induce transcriptional activation of the AHR gene battery. Thus the
AHR/ARNT complex (AHRC) can bind to numerous co-activators that are also involved
in transcriptional activation of other nuclear receptor target genes. Similar to ligand
promiscuity, AHR also shows co activator promiscuity leading to differential expression
of AHR gene battery.
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1.5.2 AHR Interaction with Other Receptors and Transcription Factors
Though transcriptional regulation of AHR gene battery is predominantly via
conventional recruitment of AHR/ARNT complex to DREs, several studies have
demonstrated the intrinsic ability of AHR to modulate gene transcription via noncanonical mechanisms such as interacting with other transcription factors. The hypothesis
that transcription factors interacting with other proteins came from the observations from
Gunther Schutz’s laboratory, which had developed DNA binding/dimerization of
glucocorticoid receptor (GR) mutant mice. Though complete loss of GR is embryonically
lethal, the mice with mutation in the DNA binding/dimerization domain were viable [93,
94]. This helped in determining the interaction between GR to bind to AP-1 leading to
trans-repression of human intestinal collagenase I gene [95, 96]. Observations such as
these led to study the interaction of AHR with other proteins as well as transcription
factors. The early evidence of AHR interacting with other transcription factors came from
studies showing activation of AHR by TCDD or TCDD-like compounds that would
down-regulate the expression of PPARγ and adipogenesis. Similar effects were also
observed in mouse embryonic fibroblasts from Ahrb-1 mice in absence of AHR activation.
The effects were absent in Ahr-/- mice, indicating the constitutive role of AHR as an
inhibitor of triglyceride synthesis and a regulator of adipocyte differentiation [97]. During
the Vietnam War, Agent Orange (which contains a trace amount of TCDD) was
extensively used as chemical warfare. TCDD-mediated activation of AHR was associated
with significantly altered thyroid function in Vietnam War veterans, thereby linking AHR
and TH receptor interactions [98, 99].
Of the most commonly studied AHR-protein interactions, ERα-AHR cross talk is
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by far the most extensively studied. One of the early observations made by the Safe
laboratory suggests HPAHs and PAHs possess antiestrogenic properties [100, 101]. At
that time the exact mechanism behind the suppression in the activity was not clear. These
studies provided the early spark to study the mechanism behind AHR-mediated
regulation of ER and its downstream gene battery. The early theories included TCDDmediated AHR activation of CYP1A1 results in increased microsomal hydroxylation of
17β-estradiol (E2) and thus interfere with the ER activity [102]. The follow up studies
provided evidence of other theories such as, 1) TCDD-mediated activation of AHR
results in proteolysis of ER [61, 62]; 2) Activated AHR binds to inhibitory DREs present
in ER-regulated genes [103]; or 3) AHR can physically interact with ER-α and leads to
ER-α sequestration, thus inhibits its accessibility on ER-α regulated gene promoters [62,
104]. Similar cross talk was also observed between AHR and other nuclear receptors.
Apart from that, AHR was also shown to affect AR as it plays an important role in
development of prostate and seminal vesicles. Lactational or in utero exposure to TCDD
modulated androgenic activity and hampered the normal prostate growth in an AHRdependent manner [105].
Recent reports also suggest an important role of AHR in inflammation. Cross-talk
between the AHR and pleiotropic nuclear factor kappa-light-chain-enhancer of activated
B cells (NF-κB), activator protein 1 (AP-1), signal transducers or activators of
transcription family of transcription factors (STAT1) has been reported. Evidences show
that the interaction of AHR and NF-κB transcriptionally modulates each other. Gallo first
reported the physical interaction between AHR and NF-κB subunit p-65 (RelA) [106].
TCDD mediated induction in Cyp1a1 was mitigated by activation of NF-κB pathway by
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suppressing histone H4 acetylation leading to latent chromatin [107]. However, Vogel
recently has shown that lipopolysaccharide (LPS)-mediated activation of dendritic cells
induces expression of AHR and AHR-dependent increases in Cyp1a1 [108]. Though the
precise mechanism behind this discrepancy is not been established, it could be cell type
specific. TCDD-mediated activation of AHR and NF-κB or protein kinase C (PKC) by
inflammatory cytokines such as IL1B or 12-myristate 13-acetate (PMA) in MCF-7 breast
cancer cells synergistically induced expression of proinflammatory IL6 [109]. In contrast
to its role in activation of NF-κB, TCDD-mediated activation of AHR was also involved
in suppression of NF-κB activity in dendritic cells. AHR sequestered RelA from its
heterodimerization partner p-50, and could inhibit its DNA binding, resulting in
suppression in immune response [110]. Overall, this suggests AHR and NF-κB cross talk
is quite complex and context specific, resulting into either activated or repressed immune
signaling.

1.6 PHYSIOLOGICAL ROLE OF AHR
The role of AHR in dioxin-mediated toxicity as well as in xenobiotic metabolism
is well documented over the past six decades. However, evolutionary conservation of
AHR across the animal taxa suggests a role for AHR beyond xenobiotic metabolism and
the driver of toxicity [111, 112]. The quest to recognize the importance of the
physiological role of AHR did not begin until after the development of Ahr-/- mice [73,
74, 113, 114]. The Ahr-/- mice provided phenotypic and functional consequences of the
absence of AHR from physiological standpoints. Though, no specific physiological
function can be associated to AHR, it was determined that AHR plays an underlying role
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in processes such as reproduction, organ development, immune regulation, and
carcinogenesis. Except the common liver phenotype, all three Ahr-/- lines had no other
common phenotypes.
1.6.1 AHR in Reproduction and Organ Development
As mentioned, the observations from the Ahr-/- mice suggest a critical role for the
AHR in reproduction. In addition, environmental contaminant activation of the AHR has
been shown to affect embryonic and fetuse development in female Ahrb-1 mice [115]. The
Ahr-/- male mice show equal potency as the Ahrb-1 male cohorts in reproductive success.
Surprisingly the loss of receptor does not mirror similar fertility in female knockout mice.
The loss of receptor in female mice was associated with lack of maintaining the
pregnancy, surviving pregnancy and lactation, and nurturing pups to weaning [116].
Others have also reported the association between loss of Ahr gene in female mice to
abnormal ovarian development and maturation of ovarian follicles [117]. Similar to its
role in reproduction, all three Ahr-/- deficient mice lines showed a common liver
phenotype, suggesting a role for AHR in development of the liver and vasculature. The
loss of receptor was associated with small liver sizes compared to littermate Ahrb-1
controls. The Ahr-/- mice liver at one-week age also appeared to be pale and spongy in
texture, although this phenotype was not present in newborns and disappeared by twothree weeks of age. [74]. The Ahr-/- mice generated by Gonzalez, developed fibrosis in
the portal tract, while some old mice showed hepatic tumors by age eleven-thirteen weeks
[73]. Overall, these observations from Ahr-/- mice suggest a pivotal role of the receptor in
liver development. Similar to abnormalities identified in the liver of null mice, scientists
also observed alterations in liver vasculature. 56% of portal blood flow bypassed the liver
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sinusoid in Ahr-/- mice. The comparison of liver angiograms using contrast medium
between Ahrb-1 and Ahr-/- mice revealed an abnormal blood flow in the livers of
knockouts. The Ahr-/- mice showed the movement of blood from portal vein into suprahepatic inferior vena cava, bypassing the filling of major branching veins [118]. Apart
from these, AHR also plays an important role in angiogenesis, and placental
development.

1.6.2 Role of AHR in Barrier Function
Apart from its regulatory role in inflammation, the AHR also plays a critical role in
maintenance of healthy barrier function of skin, lung, and intestine [119]. Epithelial barrier is a
combination of terminally differentiating stratified squamous epithelial cells that are essential for
life. Some of the critical functions of an epithelial barrier are to prevent loss of water and
nutrients as well as protection against invading microorganisms. Intercellular tight junctions and
plasma membranes are essential to maintaining epithelial barrier function. The most common
mechanisms through which these cells maintain the threat perception to invading microorganisms
to low level include: i) providing mechanical barrier; ii) initiation of inflammatory signaling and
chemotaxsis that would attract host defense cells; iii) release of antimicrobial substances such as
lysozyme, lactoferrin, defensins, peroxidases and bactericidal permeability-increasing protein
[120]. However, mutation in proteins, enhanced inflammation at the barrier epithelia or exposure
to chemicals can induce the disruption of tight junction structures [121]. An abnormal barrier
function in the above-mentioned organs is commonly associated with diseases such as atopic
dermatitis (AD), idiopathic pulmonary fibrosis, inflammatory bowel disease (IBD), and Crohn’s
disease (CD) [122-124]. Though the precise role of AHR in maintaining the barrier function in
each of these organs is still an area of active research, the available data clearly demonstrates its
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positive impact on maintenance of barrier function via numerous mechanisms such as regulation
of tight junction proteins, mucosal immune cells and luminal microbiota.
A) Role of AHR in intestinal barrier function
It is well established that interplay between the genetic and environmental factors
contributes to ulcerative colitis, IBD and CD. A constant interaction between intestinal microflora
and dietary signals is required for intestinal homeostasis. Dysregulation in such interactions is
commonly associated with gut inflammation and bowel diseases. Epidemiological studies have
shown low levels of AHR in intestinal T cells and natural killer cells from patients with CD
compared to healthy cohorts [125, 126]. Though the deregulation of immune system is associated
with IBD or CD, T-cell mediated excessive production of cytokines in the intestine plausibly
predisposes to these diseases [127]. Studies performed in Ahrb and Ahr-/- mice clearly demonstrate
the role of agonist-mediated AHR activation in immune response such as expansion Th17 cells.
Th17 cells are capable of producing increasing levels of IL22 in AHR-dependent manner [128].
Studies performed by Sugimoto and Zenewicz independently shown that IL22 can enhance innate
and adaptive immune response, attenuating damaging effects of inflammation in experimental
models of IBD [129, 130] This led Monteleone to study the role of AHR ligands in IL22
production and its effect on IBD. Their study reports beneficial effects of AHR activation in
maintenance and expansion of intraepithelial lymphocytes (ILC) and IL22-producing lymphoid
cells (ILC22) in gut [131]. Ahr-/- mice lack ILCs and ILC22 cells in the intestine and are highly
susceptible to experimental models of colitis by 2,4,6-trinitrobenzenesulfonic acid (TNBS) and
dextran sodium sulphate (DSS). Activation of AHR by FICZ attenuated proinflammatory
cytokine release, mitigated TNBS, DSS and T-cell mediated colitis by suppressing IL17A release
and by enhancing the release of IL22. However, mice exposed to AHR antagonist worsened the
TNBS or DSS-induced colitis suggesting a novel role of AHR ligands in intestinal inflammatory
conditions [125].

28
Apart from the exogenous ligands improving TNBS and DSS-induced colitis, our body is
also capable of producing endogenous AHR agonists that can modulate mucosal microbiota. Such
modulation is associated with induced intestinal Th17 and Treg response. As mentioned earlier,
ILC are capable of inducing IL22 expression in AHR-dependent fashion, Zelante showed that
Firmicutes such as Lactobacilli convert tryptophan into indole-3-alehyde (I3A) in stomach and
vagina and activates AHR in ILCs via mucosal layer leading to the release of IL22. IL22 then
promotes secretion of anti microbial proteins (e.g. lipocalin 2) from epithelial cells [132]. Apart
from Zelante, Qui et al. also showed that AHR-mediated IL22 release from group 3 ILCs also
protects the host from segmented filamentous bacterial colonization and limit the expansion of
IL17 producing cells in the intestine maintaining the comensual flora and healthy barrier
functions. Similar to Zelante, Takamura showed that probiotic Lactobacillus bulgaricus
OLL1181 along with other Lactobacilli strains could activate the AHR pathway and inhibited
DSS-mediated colitis further linking the role of gut microbiota, production of endogenous AHR
ligands [133].
Commensal bacteria in the gut are capable of metabolizing tryptophan for energy source
and can produce AHR agonist as its metabolites (e.g. indole and I3A) [134]. Bansal showed that
high amount of indole detected in human faces are beneficial for intestinal health and are capable
of inhibiting E. Coli chemotaxis, motility and attachment to intestinal epithelial cells. They
identified that physiologically relevant concentrations of indole are capable of enhancing gene
expression that strengthens intestinal barrier function, reduces pathogenic bacterial colonization,
increased mucin production, reduced inflammatory gene signaling and augmented transepithelial
resistance. However, they did not study the effect of indole on AHR activation pathway [135].
Overall, the available data clearly demonstrates the beneficial role of endogenous as well as
exogenous AHR agonists and intestinal AHR activation from inflammatory bowel diseases
standpoint.
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B) Role of AHR in skin barrier function
The primary function of the skin is to provide a mechanical barrier against the
environment and protect an organism from chemical and physical damage. Similar to gut,
expression levels of AHR are high in skin. Apart from exogenous ligands such as TCDD
activating the AHR in the skin, AHR activation can also be associated with dietary ligands in the
skin (e.g. indole derivatives that can reach the skin). Exposure to ultraviolet (UV) light from the
Sun is also capable of generating transient endogenous AHR agonists (e.g. FICZ). Similar to UV,
skin microflora is also capable of producing AHR agonists. The stratum corneum can be a
breeding place for lipophilic yeast such as Malassezia furfur or Malassezia globosa. These are
capable of utilizing tryptophan and can convert into endogenous AHR ligands such as indirubin,
indolo[3,2-b]carbazole, tryptanthrin and malassezin [136, 137].
Though the AHR has been shown to play critical role in immune modulation;
understanding the role of AHR activation by endogenous as well as exogenous agonists within
the skin and its role in barrier function is still an active area of research. Dermal keratinocytes are
capable of producing an array of cytokines and chemokines. Many of these are AHR target genes
and thus can recruit host’s defense cells to the skin surface or activate immune response in AHRdependent fashion [138]. Occupational exposure to environmental contaminants or allergic
reactions is associated with enhanced skin inflammation. AD is commonly associated with Th2
helper-mediated chronic skin disease with enhanced skin inflammation. Loss of function mutation
in filaggrin protein (vital of skin barrier function) predispose to AD. Topical coal tar application
has been used for quite a some time to treat AD. Numerous constituents of coal tar are activators
of AHR and thus can suggest a classic role of AHR in attenuation of symptoms associated to AD.
Degree of damage to skin barrier is correlated with severity of AD. Van Den Bogaard first
validated the activation of AHR by coal tar. Their data demonstrate that the activation of AHR in
human skin patches or isolated human primary keratinocytes by coal tar was associated with
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improved skin barrier function. The application of coal tar augmented epidermal differentiation
by up-regulating filaggrin, loricrin, and hornerin (proteins involved in intact skin barrier)
expression and also enhanced the thickness of cornified layer in AHR-dependent fashion [139].
It is believed that expression of AHR protein in the skin can be beneficial during disease
states, such as AD and psoriasis. Similar to Van Den Bogaard’s study, Di Megilo also showed
that activation of AHR by agonists dampens the severity of inflammatory skin condition such as
psoriasis. The data suggest that activation of AHR by FICZ in skin biopsies from psoriasis
patients down regulated the expression of genes that are most commonly up regulated during
psoriasis. They also showed that Ahr-/- mice when exposed to imiquimod (topically) exacerbated
proinflammatory signaling and mimicked psoriasis-like skin lesions. Activation of AHR in Ahrb
mice with FICZ ameliorated imiquimod-induced psoriasis-like lesions and inflammatory
signaling [140]. The overall immerging pattern suggests activation of AHR to have radical effects
and is highly cell type specific. More research is needed to further understand the beneficial
effects of AHR agonists from disease and affected cell type stand point.

1.7 AHR AND IMMUNE REGULATION
Environmental factors can directly or indirectly modulate immune system, leading
to autoimmune diseases. Environmental toxicants such as TCDD can cause suppression
in humoral and cell-mediated immune responses in an AHR-dependent manner [141,
142]. Generation of AHR null mice was key to understanding the physiological role of
AHR in immune cells. Absence of receptor in mice did not lead to any major impairment
or functional phenotype in immune system; except in one of the AHR null mouse colony
developed by Gonzalez, which showed comparatively less total lymphocytes. This was
albeit surprising considering high sensitivity of immune system to environmental
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chemicals-mediated AHR activation. It is well documented that over activation of
receptor by TCDD affects immune cell differentiation and immune suppression in mice
[110, 143, 144]. Similar to mice, epidemiological studies suggest long-term exposure of
TCDD in workers led to impaired T helper (Th) cell responses [145]. It is crucial to bear
in mind that TCDD being the most potent AHR-ligand is minimally biodegradable. Thus
TCDD-mediated immune suppression cannot be generalized to other transiently
activating high affinity AHR agonists. At this moment, the knowledge of exogenous and
endogenous high affinity AHR agonists on immune regulation is limited. Therefore,
AHR provides an attractive link, to study the role of environmental pollutants or dietary
ligands in immune regulation. To further understand the role of AHR in immune
regulation, it is critical to determine how each innate or adaptive immune cell type
responds to AHR ligands, the level of receptor in those cells.

1.7.1 Role AHR in Innate Immune Cells
Differential expression of AHR protein has been observed in cells of innate
immune system such as dendritic cells (DC), macrophages (Mφ), and neutrophils. DCs
have shown uncharacteristically high levels of AHR protein amongst cells of innate
immunity and can respond to AHR-agonists such as TCDD and B[a]P [146]. Ligandmediated activation can modulate in vitro blood monocyte-derived DC’s maturation,
differentiation, and cytokine secretion [147] while the antagonist suppressed bone
marrow derived dendritic cells (BMDCs) maturation [148]. Exposure to AHR agonist did
not alter the ability of splenic DCs to process and present the antigen in vivo [149]. It is
believed that differentiation of DCs by TCDD-mediated AHR activation requires: i)
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AHR-mediated nuclear localization of RelB in precursor DCs, a hallmark event of DC
maturation [150], ii) induction of tolerogenic enzymes: indoleamine 2,3-dioxygenase
(IDO1) and indoleamine 2,3-dioxygenase-like 1 (IDO2) in immature DCs by AHR
activation along with enhanced expression of surface marker C-C chemokine receptor
type 6 (CCR6) [151, 152], and iii) DC maturation [153]. Similar to the role of AHR in
DCs maturations, AHR also plays a vital role in maturations of Langerhans cells, a subset
of DCs in the skin. This was evident, as Langerhans cells from Ahr-/- mice showed a
weak response to the contact hypersensitivity reaction [154].
AHR has also been implicated in Mφ associated immune regulation. AHR was
critical in Listeria monocytogenes bacteria clearance in Ahrb-1 mice. It promoted survival
of Mφ and reactive oxygen species production, while Ahr-/- mice failed to do so [155].
Overall in light of the data, AHR plays a critical role in cells of innate immunity.

1.7.2 Role of AHR in Adaptive Immune Cells
An extensive usage of TCDD to study immune suppression suggests thymic
involution leading to suppression in peripheral T lymphocytes. The detrimental effects of
TCDD on T cells are mediated via both AHR-dependent and independent pathways.
Though the exact mechanism behind AHR-dependency is still unknown, apoptosis
constitutes a plausible player [156]. AHR protein is well expressed in lymphocytes albeit
at a lesser extent than liver. Similar to the levels of AHR observed in DC; Th17, a new
effector T-cell subset from the CD4 lineage has shown a several fold increase in AHR
expression [146]. The observation that AHR plays a crucial role in autoimmunity has
come in part from the observed high levels of AHR in Th17 cells, a cell type known to be
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a master regulator of pathogenic autoimmune diseases. The tryptophan metabolite 6formylindolo[3,2-b]carbazole (FICZ)-mediated activation of AHR results in Th17 cell
expansion followed by enhanced IL17A, F and IL22 cytokine production. AHR by itself
does not alter Th17 differentiation; however, FICZ-mediated AHR activation promotes
Th17 functional differentiation further supporting the fact that environmental factors can
precipitate autoimmune diseases such as in experimental autoimmune encephalomyelitis
(EAE) [128]. In vitro studies suggest AHR-mediated activation of Th17 cells by FICZ
requires prior co-stimulation with IL6 and transforming growth factor Beta (TGF-β).
Similarly, Th17-mediated production of IL22 has shown AHR dependency. It is also
observed that ‘non-responsive’ Ahrd mice are resistant to EAE when compared to ‘highly
responsive’ Ahrb-1 mice further linking a role for AHR in autoimmune diseases [76].
Being a proinflammatory cytokine, IL22 is up regulated in autoimmune diseases such as
psoriasis, inflammatory bowl disease (IBD) and rheumatoid arthritis (RA), further
supporting a role for the AHR in these diseases.
The FICZ-mediated activation of AHR leading to secretion of pathologic IL17
and IL22 is not in congruence with TCDD-mediated immune suppression. Though
TCDD-mediated AHR activation in vitro has shown similar degree polarization of Th17
cells; in vivo exposure resulted in reduced Th17 cell population and inhibition of EAE via
immune down regulation [76]. Such ligand promiscuity is intriguing as both being
activators of AHR showed opposite effects in mouse EAE model. Though the underline
mechanism of this discrepancy is not well understood, it is plausible that the rapid
metabolism in FICZ and inability of TCDD to be metabolized could offer some
explanation. It is also plausible that in vivo, TCDD may affect other cell types along with
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the Th17 cells differentiation leading to such immune suppression.
Quintana and others have shed some light on TCDD-mediated suppression in
immunity could be associated to increase in CD4+ CD25+ cells with characteristics of
regulatory T (Treg) cells [76, 157, 158]. Forkhead box P3 (Fox3+) Tregs have been
shown to suppress humoral and cell-mediated immunity. In vitro studies suggest
exposure of naïve CD4+ T cells to TCDD at nanomolar concentrations can modestly
increase the population of Treg cells [76, 159]. Such Tregs might inhibit the
differentiation of pathologic effector T cells leading to immune suppression. Though,
Tregs have been shown to express AHR; the levels are very low compared to Th17 AHR
levels. Thus, at this moment it is not clear what biological significance and consequence
of AHR activation in Tregs will have [128], although numerous reports link
immunosuppressive effects of TCDD with increase in Treg cells. However, the problem
is associated with equating increased percentages of Tregs to total increase in number of
cells. Compared to conventional T cells, Tregs are less susceptible to apoptosis [156].
Therefore TCDD-mediated depletion in activated T cells via apoptosis does not
necessarily mean an increase in total number of Tregs [160]. More research is required to
delineate the underline mechanism behind AHR-mediated Treg regulation. However, it is
certain that ligand-mediated AHR activation can either activate or suppress the immune
system leading to modulation in autoimmune diseases such as psoriasis, IDB and RA.
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1.8 RHEUMATOID ARTHRITIS
Rheumatoid arthritis is a chronic, systemic, pro-inflammatory autoimmune
disorder. It involves a complex interplay between genetic, environmental, and stochastic
factors. RA primarily affects small diathrodial joints of the hands and feet. RA is a
disease of unknown etiology, and affects more than 1% of the world’s population.
Epidemiological studies have shown that females between age 35 and 50 are more
susceptible to RA than male counterparts [161]. Symptoms of RA include but are not
limited to pain, stiffness and swelling in joints affecting normal physical functions. RA is
primarily characterized by synovial hyperplasia and inflammation in the synovial cavity,
increased production of anti-citrullinated protein antibody (ACPA or RA factor),
cartilage destruction and bone deformities. Historical anecdotes, renaissance artwork and
post-mortem on the remains of hundreds of exhumed skeletons linked RA to early human
civilization [162]. Guillaume de Baillou recognized the first case of RA in 1611, while
Augustin Jacob Landré-Beauvais at the Salpêtrière hospice in Paris described RA by
calling it “asthenic gout” in 1800. Sir Alfred Baring Garrod, an English physician
originally coined the term rheumatic gout in 1858 [163, 164]. Garrod was also one of the
first to determine the difference between gout and rheumatoid arthritis. He found an
excessive uric acid composition in blood of patients with gout while absence of uric acid
in rheumatoid arthritis patients. Garrod’s son, Archibald Garrod followed his father’s
footsteps in medicine and went on to coin the term rheumatoid arthritis in 1890 [162].
Over the century, extensive efforts were devoted to understand the etiology of the
disease. The first evidence of RA as an autoimmune disease came from the identification
of RA factor in the bloods of RA patients. The RA factor was originally discovered by
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Waller in 1939 and rediscovered by Rose in 1948 [165], after which numerous evidences
have suggested that the sera from RA patients contain a factor that can agglutinate
particulate bodies. Kunkel in 1959 isolated and characterized the RA factor and
determined it to be an antibody that can bind to the Fc portion of immunoglobulins [166,
167]. It is grossly generalized that RA seropositivity is associated with aggressive and
destructive RA phenotype.

1.8.1 Epidemiology of RA
Unlike other forms of arthritis, the precise etiology of RA is still eluding
scientists. Numerous underlying factors that can predispose to RA have been identified.
Of the well-studied factors, RA is believed to be a combination of genetic,
environmental, and other factors such as infectious agents and/ or dietary factors.

1. Genetic Factors
Though RA is a multifactorial disease, the association of genes linking the disease
to heredity has been documented. However, the studies performed by Macgregor in
identical twins did not support the role of genetic factors such as sex, age, age at the
disease onset, and disease severity in RA [168]. Genome wide analysis suggest numerous
genes activating the immune system as probable RA precursors [169]. Patients with
variation in human leukocyte antigen (HLA)- major histocompatibility complex, class II,
DR beta 1 (HLA-DRB1) gene has shown greater susceptibility to RA. HLA-DRB1 and DRB4 locus have been identified in patients with seropositive RA factor [170-172]. Such
patients have shown an aggressive and destructive RA phenotype. The HLA-DRB
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proteins help body recognize its own proteins from bacterial or viral proteins. The HLADRB1 gene in RA possesses a common variation in amino acid motif (QKRAA). This
altered peptide promotes the activation of immune system leading to damage of articular
joints of hand and feet. However, it is critical to keep in mind that everyone carrying the
polymorphic gene will not be predisposed to RA, suggesting the involvement of factors
other than genetic, making RA a multifactorial disease. Single nucleotide polymorphism
in protein tyrosine phosphatase, non-receptor type 22 (PTPN22), cytotoxic T-lymphocyte
antigen 4 (CTLA4) can also be associated to RA. In all, over dozen genes have been
associated as likely risk factors in RA. [173]. As mentioned earlier, RA is a multifactorial
disease; alterations in genetic factors only predispose the patients. Gene-environmental
interactions or interactions between gene-environmental-other factors play a critical role
in RA.

2. Environmental Risk Factors
RA is not a single disease entity; rather, it is a clinical syndrome with a mixture of
etiologies. Apart from genetic factors, environmental factors such as tobacco smoking,
and obesity enhance the risk of RA in genetically predispose individuals [174, 175]. Such
factors affect individuals many years before the appearance of clinical symptoms.

Smoking
Smoking is by far the strongest and one of the most studied risk factors in RA.
Numerous epidemiology studies have shown the correlation between excessive smoking
and aggressive RA phenotype [174, 176]. Of the commonly studied interactions between
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gene and environmental risk factors, interaction between smoking and HLA-DRB1 shared
epitope (SE) alleles is well documented [177, 178]. The SE alleles are commonly
associated with ACPA-positive RA, but not with ACPA-negative RA [179, 180].
Therefore, the interactions between smoking and these two genetic variations were
thought to be different. However, recent studies performed by Bang, demonstrate that
smoking significantly contributed to development of RA in individuals carrying SE
regardless of ACPA-positive RA or ACPA-negative RA [180]. Other studies have also
shown that smoking increases levels of RA factor.
Studies performed in rats suggest a dose-dependent increase in tobacco smoke
could lead to exacerbation of acute to chronic joint swelling in an antigen-induced
arthritis (AIA) model. Though, the precise influence of smoking on RA is not well
understood; numerous chemical constituents of smoke are known to modulate immune
responses. Cigarette smoke consists of more than 3000 chemical entities including PAHs
and HPAHs, and many are AHR agonists. Heavy smokers have been shown to have high
levels of white blood cells, abnormalities in circulating T lymphocytes, elevated levels of
serum proinflammatory IL1B, IL6 and tumor necrosis factor-α (TNF-α). All these can
collectively predispose the individuals to RA [181-183]. Population based studies
performed in non-smoker and smoker cohorts suggest the later are at relatively high risk
to RA [184, 185]. To summarize, both duration and intensity of smoking contributes to
increased RA incidences and an aggravated RA phenotype.
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3. Other Risk Factors
Alcohol Consumption
Excessive alcohol consumption is well documented with adverse effects on
multiple organs and enhanced susceptibility to infections. However, moderate alcohol
consumption has shown some potential benefits [186, 187]. Such differential effects of
alcohol consumption are not well understood. Chronic alcohol exposure has been
associated with enhanced levels of proinflammatory cytokines such as TNF-α. However,
an acute exposure to ethanol suppressed LPS-mediated induction in TNF-α expression
[188]. Ethanol intoxication is associated with suppression in immune system as it
compromises host defense. The beneficial effects of moderate alcohol exposure on
inflammation in humans have been documented. Epidemiological studies done
independently by Camargo and Flesch reports that moderate to acute exposure to alcohol
suppresses cardiovascular morbidity in patients with angina pectoris, myocardial
infraction or coronary heart disease [189, 190]. The plausible underlining mechanism for
the beneficial effects can be associated to alcohol-mediated elevation in high-density
lipoprotein, decrease in low-density lipoprotein oxidation and reduction in platelet
aggregation [191].
The role of alcohol consumption in RA has been discussed in the past with lack of
conclusions. An early report on beneficial role of alcohol in RA came from the animal
studies performed by Swedish group. An ad libitum access to predetermined non toxic
10% (vol/vol) ethanol in mice immunized with collagen type II-induced arthritis (CIA)
not only delayed the onset of disease but also mitigated progression of CIA. They also
identified that the arthritis remained non destructive in mice exposed to ethanol in all
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stages of disease compared to CIA without ethanol counterparts [192]. They believed that
the suppression in CIA was associated with ability of ethanol to suppress NF-κB and AP1 activation. The beneficiary effects observed in animal models are believed to be
independent of alterations in immune cells. Ethanol exposure has shown to elevate levels
of testosterone in the body. The mice exposed to ethanol showed elevated levels of
testosterones. Interestingly, exposure of mice to testosterone or its metabolite 5 alphadihydrotestosterone has mitigated CIA by suppressing synovial hyperplasia and cartilage
erosion [193].
Epidemiological studies suggest non-drinkers are four times more likely to have
RA than those who drink at least one to two drinks per week. These observations
prompted well-controlled Scandinavian clinical studies to evaluate the beneficial role of
ethanol in patients with RA. The studies identified a dose-dependent reduction in RA risk
in regular drinkers [194]. Maxwell and colleagues further reproduced these results in 873
patients with erosive RA, and 1004 healthy controls. The multivariate regression model
identified an inverse co-relationship between alcohol consumption and severity of RA
[195].
Apart from factors mentioned earlier, other factors that can predispose to RA
include infections, hormonal factors, and dietary factors. High prevalence of the disease
in the female population suggests the role of estrogen in RA. Activation of ER by
endogenous or exogenous ligands can lead to activation of humoral immune response.
Though serum levels of estrogen have been found to be normal in females with RA,
males have shown decreased levels of testosterone in RA [196]. Treatment of mice with
testosterone or hormone replacement therapy in postmenopausal females ameliorates
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arthritis further supporting a critical role of hormones in RA [193, 197]. Similar to
hormones, numerous infectious agents have been reported to elicit RA. One hypothesis
suggests the possibility of these microorganisms to initiate RA in those individuals who
are carrying susceptible HLA-DRB1 gene. Though multiple organisms have been
implicated in initiation of RA. However, none of the available data could implicate a
specific organism to cause RA. Epstein-Barr virus (EBV) is by far the most commonly
studied virus to be involved in RA pathogenesis. Although no definite proof demonstrates
its role in RA, circumstantial evidence implicates a close relation between the two. RA
patients possess elevated levels of antibody titers against the EBV antigen along with
increases in EBV viral loads in advanced RA patients [198, 199]. Apart from EBV virus,
other reported infectious agents play a role in RA, including Rubella virus, Parvovirus
B19, Hepatitis B virus, and Escherichia Coli [200]. Overall, the available data suggest
RA as a multifactorial disease with very complex etiology. Thus, gene-environmental and
other factors together play a quintessential role in RA predisposal.

1.8.2 PATHOGENESIS OF RA
1. Role of Innate and Adaptive Immune Cells in RA
RA is a chronic inflammatory disease of the synovium characterized by
interactions between fibroblast-like synoviocytes (FLS) and cells of innate and adaptive
immunity. An increasing body of evidence suggest innate immune cells such as Mφ and
DC play a critical role in early inflammation of synovial joint tissue. Data from CIA,
antigen-induced arthritis (AIA) animal models, and RA synovial tissue from patients
suggest involvement of innate immune cells in the initiation of disease via secretion of
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proinflammatory cytokines and chemokines followed by prompt autoantibody production
via activation of adaptive immune responses [201, 202]. Activation of resident Mφ-like
synoviocytes or ‘Type A’ cells in synovial joint results in secretion of pro-inflammatory
TNF-α and IL1B that triggers the recruitment of other cell types and complement system
to the synovium. A direct cause and effect relationship has been observed between joint
destruction and excessive Mφ recruitment [203]. Such a relationship was evident based
on improvements in radiographic joint destruction observed with decrease in presence of
‘Type A’ cell in sublining of RA synovium. The affiliation behind an increase in total
number of ‘Type A’ in RA synovial tissue and its deterioration is not clear. The increase
is generally associated with enhanced FLS-induced, chemokine-mediated chemotaxis,
local resident Mφ proliferation or decreased Mφ apoptosis [204, 205]. Based on its role in
RA, numerous therapies have been targeting the Mφ in RA synovium. Commonly used
medications in RA such as corticosteroids, and methotrexate target CD68+ Mφ by
reducing the number in inflamed synovium, which correlates with improved radiographic
joint destruction [206].
Similar to Mφ, DCs also have an antigen presenting (AP) ability and thus play a
crucial role in innate and adaptive immune activation. Activation of naïve T cells by DCs
require alteration in chemokine receptors on the surface of DCs, leading to DC
maturation. Matured DCs migrate towards draining lymph nodes, and present the antigen
to naïve T cells leading to antigen-specific effector T cell maturation. DCs also secrete
cytokines such as IL-12, IL18 and IL-23, which dictate maturation of Th-1 or Th-17 cell
subsets [207]. Two distinct classes of DCs have been identified: conventional or
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follicular DCs (FDC) or plasmacytoid DCs (pDCs) [208]. The animal models of arthritis
greatly reflect on the role of DCs in arthritis. Dampening of FDC suppresses K/BxN
mouse models of arthritis. FDCs play an important role in T-cell dependent cell-mediated
responses leading to autoantibody production in K/BxN mouse model of arthritis.
Therefore pharmacological interference in FDCs provide a viable therapeutic approach
[209]. However, when the similar approach was taken to selectively deplete pDCs in CIA
animal model, it resulted in enhanced severity of arthritis. The data suggests pDCs may
possess inherent anti-inflammatory function [210]. Jaen and colleagues observed that
intraperitoneal injection of in vitro matured FDC by LPS into the CIA mice improved the
arthritis scores by stimulating Tregs production [211]. CTLA4 and IgG fusion protein,
(CTLA4-Ig) has shown a potential in RA as it blocks the B7/CD28 interaction between
DCs and T cells. CTLA4 has been shown to improve arthritis score in the CIA mouse
model by increasing the CD4+CD25+Foxp3+ Treg population. The increase in Treg
population by tolerogenic DCs is believed to be via activation of IDO pathway [212]. In
light of the data, DCs can provide an exciting yet novel therapeutic target in RA research.
Though the cells of innate immunity have been shown to play key roles in RA
pathogenesis, the presence of autoantibodies certainly places adaptive immunity on RA
as an important aspect of disease progression. Analysis of RA synovial biopsy suggests
recruitment of T and B cells in the joint. The role of T cells in RA is somewhat better
understood as compared to that of B cells. Genetic studies strongly correlate role of HLADRB-1 and -4 to RA. The principle role of antigen presenting cells (APC) is to uptake
unknown antigens and process them into peptides and insert them into HLA-DR4
grooves. These APCs prime CD4+ T cells to undergo Th1 and Th17 clonal expansion. A
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conventional hypothesis suggests a critical role of this activation in RA pathogenesis
[213]. The Th1 and Th17 cells then secrete TNF-α, interferon-γ (IFN-γ) and IL-17.
Secretion of IFN-γ leads to co-stimulation of resident ‘Type A’ and FLS, which then
starts secreting proinflammatory cytokines such as IL-1B, IL-6 and TNF-α further leads
to activation of autocrine and paracrine loops in the synovium. Such an activation in the
synovium results in FLS hyperplasia and pannus formation. The persistent activation of
FLS by cytokines in synovium further results in release of matrix metalloproteinases,
which degrade the extra cellular matrix [214].
The role of T cells in such dramatic degradation of synovial tissue was identified
in a novel animal model, which utilized synovial tissue from RA patients transplanted
into severe combined immunodeficiency (SCID) mice. The graft mimicked inflamed
synovium as it maintained the incessant production of proinflammatory cytokines and
extracellular matrix degrading proteases. Treatment of these mice with anti-CD2
antibody resulted in depletion of synovial T cells resulting in termination of IFN-γ release
in SCID mice followed by mitigation in proinflammatory cytokine production. Adoptive
transfer of CD4+ T cells into these mice augmented the IFN-γ and TNF-α secretion from
RA synovial tissue and increased disease severity. Overall the data suggest production of
cytokines in RA synovium is under the control of CD4+ T cells [215]. Similar to the
CD4+ T cells, identification of CD4+CD28null T cell clonal expansion in RA patients has
given a new meaning to the role of T cells in RA pathogenesis. APC-mediated T cell’s
activation requires binding of CD28 surface receptor on T cells to bind to CD80 and
CD86 surface markers of APCs [216]. Identification of high levels of CD4+CD28null T
cells in RA patients compared to healthy cohorts demonstrates differentiating features in
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these T cells population compared to the regular T helper cells. Due to absence of CD28
surface marker, CD4+CD28null T cells do not require APCs or B cells for activation [217].
They also produce very high levels of IFN-γ and IL-2. This hypothesis has helped set a
notion that RA is a systemic disease and not just associated to a single joint [218, 219].
Enhanced infiltration of innate and adaptive immune cells in RA synovium is well
documented. Such infiltration can lead to formation of follicle-like structures in RA
synovium. B cells are by far the most common constituents in these structures. B cells are
primarily involved in production of RF factor and anti citrullinated antibodies which form
complexes against the Fc fragment of immunoglobulin G (IgG) molecule and activates
the complement system in joints resulting in further joint deterioration. More than 80% of
seropositive RA patients have shown to possess these antibodies which are either
‘hidden’ or in complexes with other proteins in seronegative synovial fluid [220]. In RA
synovium, B cells can also secrete high levels of proinflammatory cytokines further
exacerbating the inflammatory milieu. Apart from its role in antibody production in RA,
B cells are highly efficient APC in RA synovium to T cells. The evidence of this
observation came from the ‘novel animal model’ of human RA synovium grafted into
SCID mice. The study performed with those chimeras suggest a selective depletion of B
cells using anti CD20 monoclonal antibody (rituximab) resulted in impaired activation of
T cell-mediated secretion of proinflammatory IFN-γ and IL1B-mediated inflammation.
Thus APCs apart from B cells failed in T cells activation. The observations suggest B
cells with high affinity to specific membrane-associated immunoglobulin receptors for
antigens can present peptides with superior efficiency than 'professional' APCs such as
Mφ, DCs [221]. Overall the available data indicates the B cells to have two unique roles
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in RA pathogenesis. First they play a critical role in autoantibody production and second
in activation of T cell-mediated inflammation in the RA synovium. Identification of
CD20+ B cells and discovery of rituximab against those B cells is highly valuable for the
patients with advanced RA [213].

2. Role of Fibroblast-like Synoviocytes (FLS) in RA
In RA, the adaptive and innate immune activation precedes the clinical symptoms;
however, the aggressive and destructive joint phenotype is primarily associated with
persistent activation of resident mesenchymal cells in synovial joints. RA commonly
affects the diarthrodial joints, which supports mobility. The normal synovium produces
synovial fluid, which provides support, lubrication to joints and necessary nourishment to
cartilage in the joints. The low friction in joints provides smooth movement and
flexibility. The joint lining is subdivided into intimal and sublining compartments. The
intimal lining layer is a superficial layer directly in contact with the intra-articular cavity.
The intimal lining is two to three cell layer deep, primarily composed of two
morphologically distinct cell types: ‘Type A’ cells and FLS or ‘Type B’ cells. Synovial
intimal lining is devoid of epithelial and endothelial cells, and also lacks basement
membrane and tight junctions. The porous structure allows easy diffusion of nutrients
from blood to cartilage [165]. ‘Type A’ cells are similar to other macrophages in
phagocytic nature, derived from myeloid origin. They are responsible for clearing the
debris and microorganisms from the synovial cavity. ‘Type B’ or FLS cells on the other
hand are of mesenchymal origin and possess characteristically high rough endoplasmic
reticulum. Their common function in synovial joints is to support extra cellular matrix,
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and secrete hyaluronic acid and lubricin. Along with the cells of immune system, RA
synovium also contains resident osteoclasts, osteoblasts, and chondrocytes [222, 223].
Though the precise role of FLS in RA is not completely understood, the review of
literature suggests its unique contributions to both inflammation and joint destruction.
The alterations in the homeostatic function of FLS was mainly associated with
interactions of these cells with a myriad of soluble factors and other resident cells leading
to inflammation and joint destruction. Activation of immune cells by genetic or
environmental factors enhance secretion of soluble factors in the synovial cavity. These
soluble factors then bind to several FLS surface receptors leading to their transformation.
The FLS surface receptors can further interact with leukocytes leading to enhanced
activation of FLS in RA (RA-FLS). Once activated, FLS can express vascular cell
adhesion molecule-1 (VCAM-1) and intracellular adhesion molecule-1 (ICAM-1).
Expression of these promotes interaction between FLS and other inflammatory cells. This
leads to FLS-mediated release of cytokines [IL1B, TNF-α, IL6], chemokines [CCL2,
CCL5, CCL20], growth factors [VEGF, platelet-derived growth factors (PDGF)],
bioactive lipids (prostaglandins) and degradative enzymes (MMPs) [224-226]. Similar to
these surface receptors, activation of Toll-like receptors (TLR) in RA synovial FLS has
been reported. Positive role of microorganisms in RA etiology has previously been
discussed under other factors responsible for RA predisposal. Studies have suggested that
FLS can express TLR-2, -3, and -4. Activation of these receptors by their respected
ligands has shown increased levels of proinflammatory cytokines and MMP expression in
FLS. Release of these numerous proinflammatory mediators can activate autocrine loops
in synovium that can increase the expression of more surface markers on FLS leading to
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sustained inflammatory phenotype [224].
The full ramifications of RA-FLS activation in RA will require further
investigation. In the presence of multifactorial expression of proinflammatory-mediators,
FLS in RA-synovium turns on multiple complementary pathways. The overall activation
of autocrine and paracrine processes within the synovium promotes adaptive joint tissue
inflammation and destruction [227]. FLS hyperplasia and formation of pannus tissue
within the synovium is considered to be the hallmark event in RA pathology. The
increased number of FLS in the tissue could be associated with increased FLS
proliferation, reduced apoptosis or fresh recruitment of FLS to RA-synovium. Numerous
studies performed using in vitro culturing of FLS suggest exposure to cytokines, growth
factors or chemokine can induce proliferation, migrations and reduced apoptosis of
exposed FLS [223]. The proliferation of FLS was evident by increase expression of
proliferating cell nuclear antigen (PCNA) and oncogenic c-Myc [228]. Transformed RAFLS cells have shown resistance to apoptosis. Loss of function in p53 is reported in RAFLS [229]. Activation of NF-κB pathway in RA-FLS by cytokines can further suppress
apoptosis via the activation anti-apoptotic signaling pathway [230]. Though recruitment
of new FLS to RA-synovium is controversial, expression of numerous cytokines such as
CCL-2. -5 and -20 suggest the plausibility. In vitro migration of FLS has been shown to
occur under the gradient of aforementioned chemokines.
Characterization of the cytokine pool in RA synovium was an important step in
understanding the role of individual cytokines in RA. The cytokines secreted in RA
synovium are partly because of ‘Type A’ cells and RA-FLS. The activation of the
paracrine loop between these two cell types is critical in driving proinflammatory
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cytokines. Even though the expression of IL1B and TNF-α mRNA and proteins have
been reported in the cultured RA-FLS, FLS are not believed to be the major producers of
these cytokines in vivo. Both of these cytokines are very crucial in activation of the
inflammatory cascade. Cultured FLS respond to IL1B- or TNF-α, resulting in NF-κB
activation and/ or activation of other signal transduction pathways such as: mitogenactivated protein kinase (MAPK), Janus kinase (JAK) and STAT. Such activation can
lead to cytokine secretion [231, 232]. IL6 is primarily expressed by RA-FLS in vivo and
in vitro by the aforementioned pathways. Similar to IL6, recent reports suggest
transformed RA-FLS can also produce IL32 and IL33 [233]. Apart from its role in
cytokine secretion, RA-FLS can indirectly alter the cytokine pool in RA synovium via
cell-cell interactions with other synovial resident cells. Of such interactions, RA-FLS and
T cell cross talk is very critical as it leads to further production of proinflammatory
cytokines [234]. Overall activation of these transcription factors along with other cell-cell
interactions can significantly activate RA-FLS leading to secretion of various
proinflammatory molecules. Once secreted, the very same cytokines can activate
autocrine receptors on RA-FLS or paracrine receptors of leukocytes, chondrocytes,
osteoclasts, and osteoblasts in RA-synovium leading to enhanced inflammatory signaling.
Though, FLS-mediated proinflammatory cytokine secretion is well documented,
RA-FLS are also capable of producing anti-inflammatory cytokines that can mitigate
FLS-activation in the synovium. The commonly observed anti-inflammatory cytokines
include IFN-β, TGF-β and interleukin-1 receptor antagonist (IL-1Ra) [235]. Targeting
numerous cytokines as a potential treatment paradigm was based on the success rate of
TNF blockers in RA as well as other autoimmune diseases. Based on the data from FLS
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as well as other cell culture models, it was originally believed that targeting the most
prolific cytokine players such as TNF-α or IL1B would mitigate the downstream
activation of other cytokine networks. However, an unexplained cytokines pattern in
patients makes it difficult to target that approach. Further, due to polymorphic nature of
human population, significant portion of patients showed only partial response and few
actually failed to respond. Current available clinical studies suggest potential for IL6,
IL15, IL17 or IL18 inhibitors to offer better therapeutic alternatives [236].
Similar to the release of cytokines, RA-FLS are an important source of growth
factor release. Interaction between ‘Type A’ cells and FLS has previously been reported.
The colony-stimulating factor (CSF) is predominantly released by FLS. The CSF has
critical role in maturation and expansion of ‘Type A’ cells and DCs, which are abundant
in RA synovium. FLS can also be a critical source of type I interferons and growth
factors-mediated angiogenesis has been reported in RA synovium [237-239]. Of the
numerous growth factors involved in the angiogenesis, VEGF, FGFs and IL8 have
recently captured the attention of rheumatologists. The analysis of RA synovial fluid and
serum from RA patients suggest these factors are up regulated compared to healthy
cohorts leading to RA synovitis. Synovial angiogenesis is considered to be a critical event
in RA, as it provides additional oxygen supply, nourishment and source of new
infiltrating cells to the RA-synovium leading to maintenance of systemic inflammation
[240]. Though the precise role of VEGF in RA pathogenesis is not well defined, it can act
both as mitogen under in vitro models and/ or angiogenic growth factor under in vivo
models. Recent observations from the CIA murine model suggest a critical role of VEGF
in early stage of joint destruction. The authors demonstrated an early expression of VEGF

51

was associated with the development of synovitis and the levels were augmented during
later stage of joint destruction. The passive immunization with anti VEGF sera was
beneficial in repressing joint deformities [241]. RA-FLS apart from VEGF can also
augment release of pro-angiogenic stromal cell-derived factor-1 (SDF-1/CXCL-12) and
VCAM [242]. However, to balance the angiogenesis, FLS are also capable of secreting
inhibitors of neovasculature factors such as C-X-C motif chemokine 10 (CXCL10) [243].
In light of data that the anti-TNF-α antibody treatment can suppress angiogenic activity in
RA synovium by mitigating expression of these growth factors leading to improvement in
clinical scores of RA. Targeting of the growth factors could provide an attractive
therapeutic target in RA.
Joint destruction associated to RA pathophysiology is primarily due
inflammation-mediated FLS-transformation. Morphed-FLS are reminiscent to that of
metastatic cancer cells and could participate in FLS-hyperplasia and invasive growth of
pannus tissue. The ‘novel mouse model’ that utilized the co-implantation of healthy
cartilage as well as RA synovial tissue as a xenograft in SCID mice demonstrated that
FLS from RA tissue could migrate and invade into the healthy human cartilage. The
study also employed in vitro MatrigelTM transwell system to demonstrate the invasive
RA-FLS phenotype [244]. Numerous studies performed on RA-FLS established the
expression and release of numerous adhesion molecules or MMPs that are critical in the
joint destructive phenotype [245, 246]. The functional data from Tolboom et al., study
suggests FLS harvested from RA patients expresses high levels of joint degrading
enzymes and are more invasive than those harvested from OA patients. Their data was
also consistent with the work done by Müller-Ladner et al., who demonstrated that; the

52

co-implantation of healthy cartilage in SCID mice was invaded only by FLS from the RA
synovial tissue but not from the OA synovial tissue xenografts [247-249]. Joint
destruction being a key event in RA pathogenesis, inhibition of MMPs has provided
novel yet another therapeutic target in RA.
Pathogenesis of RA is extremely complex, and has variable response to
conventional therapies. Although, RA is an autoimmune disease, activation of immune
system leads to stimulation of resident synovial cells. Over the last two decades, our
overall understanding has improved about the transformation of FLS as passive, nonresponsive mesenchymal cells into highly reactive proinflammatory cells possessing
migratory and invading phenotype reminiscent to that of metastatic cancer cells.
However, targeting the FLS in RA was significantly hampered by the lack of specific cell
surface markers on these cells. That situation was changed after characterization of
cadherin-11 knockout mice [250]. Attempts have been made at targeting abnormal FLSphenotype. Being reminiscent in phenotype to metastatic cancer cells, numerous cancer
treatments have also been used to target RA. The common means being targeted include
cytokine blockade to inhibit activation or reactivation of FLS via signal transduction
pathways such as NF-κB and MAPK pathways implicated in proinflammatory and
destructive phenotypes. However, there are certain drawbacks to these treatment options.
Targeting the critical cytokines make humans vulnerable to other diseases and targeting
vital signal transduction pathways such as NF-κB have other off target effects. Overall,
the targeting of other transcription factors or pathways in FLS is encouraging as RA-FLS
provides viable therapeutic targets in RA research.
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1.9. OVERVIEW AND SIGNIFICANCE
1.9.1 Implication of AHR in RA
Review of the past ten years literature in the AHR field suggests the
critical role of the receptor in immune regulation. Numerous mechanisms have been
determined by which AHR can regulate immunity and thus provide an interesting
perspective in autoimmune diseases. The critical role of Th cells in RA synovial
inflammation and joint destruction is being well established. The recent findings about
the role of AHR in development of Th17 and Treg cells implicate its role in RA [128].
Tamaki and colleagues were one of the first to show activation of AHR by agonist in RAFLS can lead to expression of proinflammatory cytokines; however, they did not
establish the mechanism of activation [251]. Kobayashi and colleagues also observed a
similar level of inducibility in IL1B in FLS from RA patients. They also reported that the
level of Ah receptor protein was higher in synovial tissue from RA patients as compared
to that from OA patients supporting the underlining role of AHR in RA [252]. Kishimoto
and colleagues determined the close link between AHR in the CIA mouse model. To
study the role of AHR in RA pathogenesis, CIA was induced in Ahrb and Ahr-/- mice.
Significant level of suppression for both clinical score and inflammation were observed
in Ahr-/- mice as compared to Ahrb. The further understanding of mechanism behind such
suppression was demonstrated to be due to lack of Ahr expression in T cells that was
responsible for reduced inflammation-mediated clinical scores [253]. Apart from role of
exogenous ligands influencing the RA-FLS phenotype, high levels of endogenous AHR
ligand such as kynurenic acid (KA) have been observed in RA synovial fluid [48, 254].
Based on these observations and the epidemiological studies demonstrating a positive co-
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relationship between exposures to environmental contaminants, and/ or smoking (a rich
source of AHR agonists) can aggravate RA phenotype; the following chapters present our
published study [255] that addresses the hypothesis that,

“Aryl

hydrocarbon

receptor

antagonism

can

mitigate

cytokine-mediated

inflammatory signaling in primary human fibroblast-like synoviocytes”

The second chapter advances our understandings of the molecular mechanism behind the
AHR-mediated activation of pro-inflammatory gene signaling in FLS from RA patients
and how AHR antagonism can inhibit cytokine induced inflammatory gene signaling.

The third chapter follows up on the fact that RA-FLS play a critical role in joint
destruction. Once activated by sustained joint inflammation, FLS undergo hyper
proliferation leading to pannus tissue formation. Under the inflammatory milieu, the FLS
starts secreting matrix-degrading enzymes such as MMPs and adhesion molecules
leading to joint deterioration. The cells also become extensively migratory as observed
from data in SCID mice, suggesting typical behavior of FLS reminiscent to that of cancer
cells. Our laboratory has extensively studied the role of AHR in cancer cells such as
MCF-7 breast cancer cells and head and neck squamous cell carcinoma cell lines
(HNSCC) HN-30 and OSC-19. Along with others, we have observed constitutively active
AHR in these cells. AHR activation has a defining role in proinflammatory, migratory,
proliferative and destructive phenotype of cancer cells. We have previously reported that
pharmacological interventions of AHR by AHR antagonists can inhibit aforementioned
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phenotypes in cancer cells [256-258]. Thus, under inflammatory conditions, we
hypothesize that, the AHR is an important mediator of inflammation and that AHR
antagonism should decrease inflammatory signaling in RA-FLS.

“AHR antagonism inhibits growth factor expression, cell proliferation and
migration, and invasive RA-FLS phenotype.”

The published work supports the hypothesis that a potent AHR antagonist GNF351
inhibits the cytokine-induced growth factor release in FLS from healthy, as well as, RA
positive cohorts. GNF351 can also inhibit cytokine-induced RA-FLS proliferation,
migration and degradation of the gelatin matrix [259]. Overall, based on the data from
these studies, it is plausible that attenuation of AHR activity by antagonists such as
GNF351 can provide a strategy to target multifactorial diseases such as RA.
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Chapter 2

ARYL HYDROCARBON RECEPTOR ANTAGONISM MITIGATES
CYTOKINE-MEDIATED INFLAMMATORY SIGNALLING IN PRIMARY
HUMAN FIBROBLAST-LIKE SYNOVIOCYTES.
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2.1 ABSTRACT
Rheumatoid Arthritis is a chronic inflammatory disease of unknown etiology,
which is partly associated with enhanced inflammation in FLS. Epidemiological studies
have identified a positive correlation between exposure to environmental contaminants
and/ or tobacco smoking (a rich source of AHR agonists) and aggressive RA phenotype.
Based on our previously published data in cancer cell lines, which suggest activation of
AHR by agonist can induce inflammatory gene expression; we hypothesized that
antagonism of AHR by the potent AHR antagonist GNF351, can mitigate the
inflammatory gene signaling in primary RA-FLS cells. Quantitative PCR analysis was
used to examine IL1B-induced mRNA expression of proinflammatory genes in primary
RA-FLS cells. Structurally diverse AHR antagonist such as CH223191 and transient
AHR protein ablation using AHR small interfering RNA (siRNA) in primary RA-FLS
cells were used to demonstrate that beneficiary effects observed by GNF351 are AHRmediated. The levels of proinflammatory PTGS2 were determined by western blot and
cytokines such as IL1B and IL6 by ELISA. ChIP was used to assess occupancy of the
AHR on the promoters of IL1B and IL6. GNF351 co-treatment attenuated the
transcription and translation of many of the chemokines and cytokine genes induced by
IL1B in RA-FLS cells. Pre-exposure of RA-LFS cells with CH223191 or transient gene
ablation of AHR by siRNA confirmed that the effects of GNF351 are AHR-dependent.
The ChIP data suggests GNF351 suppressed the recruitment of AHR to the promoters of
IL1B and IL6 confirming occupancy of AHR at these promoters is required for induced
inflammatory signaling. Overall the data suggest that the AHR antagonism may represent
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a viable combinatorial therapeutic strategy for the amelioration of inflammatory signaling
associated with RA.
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2.2 INTRODUCTION
Rheumatoid arthritis presents as a systemic, autoimmune, musculoskeletal
disorder, affecting 1% of the world population. The disease commonly affects more
females than males [165]. Though the RA is a multifactorial disease of unknown
etiology, its progression from localized joint destruction to systemic inflammation is
believed to be a consequence of genetic and/ or environmental factors leading to
dysregulation of the immune system [260]. Such dysregulation has been demonstrated to
be multifactorial and takes place in RA synovial tissue [224]. Of all the numerous cell
types present in RA synovium, studies have identified a pivotal role of FLS in the
pathology of RA. The FLS in the synovium are senescent unicellular layer of
mesenchymal origin. They provide support, lubrication and nutritional factors to the
synovial joint. However, in RA, these FLS become hyperplastic, forming a pannus and
adopting a ‘transformed-like’ pro-inflammatory anti-apoptotic phenotype reminiscent of
tumor cells. They can be characterized by their enhanced migratory potential and
invasiveness, which ultimately leads to cartilage and bone destruction [261, 262]. Both in
vivo and in vitro, RA-FLS has been shown to be a key source of pro-inflammatory
mediators, such as IL1B, IL6 and TNF-α, CCL20, and PTGS2 [263-265].
Epidemiological studies have identified a positive correlation between environmental
factors and RA predisposal. Exposure to environmental contaminants derived from
hydrocarbon combustion and tobacco smoking has shown a strong link to RA
aggressiveness [161, 266, 267]. Numerous constituents of combustion products are potent
AHR agonists, which has led us to the hypothesis that activation of the AHR may
contribute to the pathophysiology of RA [251].
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The AHR, a ligand-activated transcription factor has been extensively studied for
its ability to mediate TCDD toxicity [268]. In absence of agonist, AHR is co-localized in
cytoplasm as a multiprotein complex of HSP90, XAP2 and p23. Agonist-mediated
activation causes a conformational change in AHR ligand binding pocket in the
cytoplasm, allowing its translocation into the nucleus and heterodimerization with ARNT
[24]. In the nucleus, AHR-ARNT heterodimer complex further binds to DREs present in
the promoters of various genes [47]. Apart from exogenous AHR ligands influencing RA
pathogenesis, reports have observed elevated levels of an endogenous AHR agonist KA
in the synovial fluid of RA [48, 254]. We have previously demonstrated that, in the
context of inflammatory challenge, activation of AHR by KA, or exogenous agonists
such as TCDD, causes a synergistic induction of IL6 in MCF-7 breast cancer cells [269].
IL6 has been shown to dictate RA pathology, further linking the role of AHR to RA
[270]. Apart from its role in modulation of cytokines, AHR can regulate B- and T-cell
differentiation, and complement signaling, all of which have shown to play key roles in
the pathophysiology of RA [76, 271, 272].
A number of pro-inflammatory mediators expressed by RA-FLS can be regulated
by AHR as they contain DREs within their regulatory promoters [273]. Since AHR
agonists can activate many of the cytokines, we hypothesized that antagonism of the
AHR within primary HFLS-RA has therapeutic benefit in the amelioration of
inflammatory RA phenotype.
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2.3 MATERIALS AND METHODS
Chemicals
GNF351 (N-[2-(3H-indol-3-yl) ethyl]-9-isopropyl-2-(5-methyl-3-pyridyl) purin6-amine) was synthesized as described previously [257]. TCDD was kindly provided by
Dr. Stephen Safe (Texas A&M University, College Station, TX, USA). CH-223191 (2Methyl-2H-pyrazole-3-carboxylic

acid

(2-methyl-4-o-tolylazo-phenyl)-amide)

was

purchased from Chembridge Corporation (San Diego, CA). Human recombinant IL1B,
TNFα and LPS were acquired from PeproTech (Rocky Hill, NJ, USA).

Cell Culture
Primary FLS cells from healthy and RA patients were purchased and maintained
in synoviocyte growth medium from Cell Application, Inc. (San Diego, CA). All the
experiments with primary RA-FLS cells were performed at fourth doubling time. An
immortalized normal human synoviocytes cell line (K4IM) was kindly provided by Dr.
Evelyn Murphy (University College, Dublin, England) and cultured in RPMI 1640
(Gibco, Invitrogen, Carlsbad, CA) was supplemented with 10 % fetal bovine serum
(FBS) (Hyclone Labs, Logan, UT), 100 IU/ml penicillin-100 µg/ml streptomycin (Sigma,
St. Louis, MO).

Microarray Analysis
Total RNA from primary RA-FLS cells treated with either vehicle or 10 ng/ml
IL1B was isolated using the RNeasy mini kit (Qiagen, Valencia, CA). High quality RNA
was used for generation of double stranded cDNA and in vitro transcribed cRNA. cRNA
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was fragmented, hybridized and stained for the microarray analysis (Human Genome 133
Plus 2.0 arrays, Affymetrix, Santa Clara, CA) according to the manufacturer’s
instructions (Affymetrix, Santa Clara, CA) at the PSU microarray core facility. Following
normalization, data was subsequently analyzed using ArrayStar (DNAStar, Madison, WI)
and Ingenuity Pathway Analysis (Ingenuity Systems, Redwood City, CA).

Lactate Dehydrogenase (LDH) Assay
LDH-based in vitro toxicology assay kit (Sigma Aldrich, St. Louis, MO) was used
per manufacturer’s instructions.

Gene Silencing
siRNA-mediated AHR knockdown in HFLS-RA cells was performed by
Dharmacon siRNA [control oligo D-001810-0X, AHR oligo J-004990-07] using the U020 program of Amaxa nucleofection system (Lonza, Walkersville, MD). Cells were
electroporated as previously described [274, 275]. siRNA-transfected cells were plated
into 6-well plates at 2 ml/well synoviocyte growth media. Cells were cultured for 48 h
post transfection. Verification of AHR knockdown was determined through western blot
analysis.

ELISA
For measurement of proinflammatory cytokine levels, FLS-RA cells were treated
with GNF351 followed by stimulation with 10 ng/ml IL1B for IL6 secretion and with 100
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ng/ml LPS for IL1B secretion. The level of secretory cytokines, IL1B and IL6, ELISA
was performed as per manufacturer’s instructions (BioLegendTM).

Plasmids
The empty HSV-TK-Luc-promoter vector provided by Dr. Jeffrey Peters
(Pennsylvania State University, University Park, PA, USA) was subjected to restriction
digestion with KpnI and XhoI. The IL1B-HSV-TK-Luc vector construct was made by
amplifying an 877-bp enhancer element spanning the region from −716 bp to −1593 bp
of the IL1B promoter with the primers 5′-GGGGTACCGGGAGCCAAATTAAAAT-3′
and 5′-CCGCTCGAGCCAGATGAGCTCTGCC-3′. Clones with inserts were sequenced
at genomic core facility; Pennsylvania State University (University Park, PA) to verify
PCR amplified sequence of interest. The pcDNA3-hAHR construct used has previously
been characterized [269].

NF-κB Reporter Activity
K4IM cells were transiently transfected with pSV/βgal (100 ng/well) and
pGL4.20 (800 ng/well) or pGL4.32 [Luc2P/NF-κB-RE/Hygro] vector (100 ng/well)
using Lipofectamine Plus (Invitrogen, Carlsbad, CA) according to the manufacturer’s
protocols. After 24 h, cells were treated with or without 100 nM GNF351 for 1 h
followed by 10 ng/ml IL1B for 4 h. Luciferase activity was determined using Turner TD20e luminometer and Luciferase Assay System Substrate (Promega, Madison, WI)
according to manufacturer’s directions. Transfection efficiency was determined and data
was normalized to Beta-galactosidase activity.
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Cytoplasmic and Nuclear Extract Preparation
K4IM cells treated with vehicle, TCDD or GNF351 for two hours were lightly
trypsinized and spun down. Cells were homogenized in 1 ml of MENG (20 mM MOPS,
2mM EDTA, 0.02% sodium azaide, 10% Glycerol, pH 7.4) 20 mM molybdate buffer
plus protease inhibitor (PI) cocktail (Sigma Aldrich, St. Louis, MO) using a cell
homogenizer (35 strokes). The homogenate was spun at 2000 g for 20 min. For
cytoplasmic fraction, supernatant was further spun by ultracentrifugation at 42,000 rpm
for 45 min at 4 0C. The 2000 g pellet was washed with 1 ml of MENG-molybdate-PI
buffer followed by a 5-min 1000g spin for total three times. After the last wash, for the
nuclear extracts, the nuclei were incubated in MENG-molibdate-PI buffer plus 500 mM
NaCl on ice for 1 h. During this time the re-suspended pellets were gently swirled every
15 min followed by ultracentrifugation at 42,000 rpm for 45 min at 40C. Supernatants
after this centrifugation were collected as nuclear extracts. Protein concentration was
determined by BCA assay.

Western Blot Analysis
Whole cell extracts were prepared and resolved on 8% Tricine SDS–PAGE gels
as described previously [276]. Proteins were detected using antibodies listed in table 2.1.
Specific proteins were visualized with biotin-conjugated secondary antibodies (Jackson
Immunoresearch, West Grove, PA) in conjunction with
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I-streptavidin. Radioactivity

levels were quantified by excision of protein bands and through the use of a gamma
counter.
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Table 2.1 Primary antibodies for western blot.
Protein

Company

AHR

Thermo-Fisher

PTGS2

Santa Cruz Biotechnology

Beta-Actin

Santa Cruz Biotechnology

Lamin A/C

Santa Cruz Biotechnology

Phospho ERK 1/2

Cell Signaling Technology

Total ERK ½

Cell Signaling Technology

Transient Transfection and Luciferase Assay
COS-1 cells were maintained in α-MEM with 10% fetal bovine serum, 50
units/ml penicillin, and 50 µg/ml streptomycin. Cells were incubated at 37°C with 5%
CO2. COS-1 cells were seeded in 6-well plates. Upon ~80% confluency, cells were
transiently transfected with pSV/βgal (100 ng/well), pcDNA3-hAHR (100 ng/well), and
IL1B-HSV-TK-Luc plasmids (300 ng/well) using Lipofectamine Plus (Invitrogen,
Carlsbad, CA) according to manufacturer’s protocols. After 24 h, cells were treated with
vehicle (DMSO) or TCDD (10 nM) for 4 h. Luciferase activity was determined using
Luciferase Assay System Substrate (Promega, Madison, WI) according to manufacturer’s
directions. Transfection efficiency was determined and data was normalized to Betagalactosidase activity.
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RNA Isolation and Reverse Transcription
Upon treatment of RA-FLS cells or FLS from non-RA individuals, total RNA was
isolated using TrizolTM (Invitrogen, Carlsbad, CA). Total RNA was reverse transcribed to
cDNA using a High Capacity cDNA Archive Kit (Applied Biosystems, Foster City, CA).

Quantitative PCR
Quantitative PCR was performed on a MyiQ® (BioRad, Hercules, CA, USA)
system using PerfeCTa™ SYBR® Green reagent (Quanta Biosciences, Gaithersburg,
MD, USA). Data analysis was performed using MyiQ software. Quantification and data
plotting was performed as previously described [276]. Primers sequences used are
provided in table 2.2.

Promoter Scans for Presence of Dioxin Response Elements
The promoters of IL1B, IL6, CCL20 and PTGS2 were scanned 2500 bp upstream
of transcription start site for the presence of DRE-like consensus sequences or imperfect
DREs using SCOPE v 2.1.0 [277]. SCOPE uses the March 2006 (NCBII136/hg18)
assembly of the human genome for the analysis.

Chromatin Immunoprecipitation Assays
K4IM cells were grown to 90% confluency in 150 cm2 dishes. Cells were treated
with 500 nM GNF351 for 1 h followed by 10 ng/ml IL1B treatment for 2 h. ChIP assay
were performed as described previously [278]. Specific antibodies used are listed in
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Table 2.3. Immunoprecipitated DNA was analyzed by quantitative RT-PCR with primers
listed in table 2.4. Results shown are representative of five experiments.

Table 2.2 Primers used for real time RT-PCR.
Gene

Forward Primer

Reverse Primer

IL1B

5’-CAGGCTGCTCTGGGATTCTC-3’

5’-GTCCTGGAAGGAGCACTTC-3’

PTGS2

5’-CAAATTGCTGGCAGGGTTG-3’

5’-AGGGCTTCAGCATAAAGC-3’

IL6

5’-GGCACTGGCAGAAAAC-3’

5’-ACCAGGCAAGTCTCCTCA-3’

CCl20

5’-GTGCTGCTACTCCACCT -3’

5’-GTGTGAAAGATGATAGCA-3’

Table 2.3 Primary antibodies for ChIP.
Protein

Companay

AHR

Enzo Life Sciences

Control IgG

Santa Cruz Biotechnology

Table 2.4 ChIP primers used for real time RT-PCR.
Gene

Forward Primer

Reverse Primer

IL1B

5’-TCCTGGCTAACATGGTGA-3’

5’-TGGAGTGCAGTGGCACGA-3’

IL6

5’-TGCGATGGAGTCAGAGG-3’

5’-GTGACTCAGCACTTTGG-3’
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Data analysis
Statistical analyses of data were performed using GraphPad Prism-5 software
(Graphpad, San Diego, CA). Data were analyzed using one-way ANOVA followed by
Tukey’s multiple comparison test. Significance is expressed as *; P<0.05, **; P<0.01,
***; P<0.001. Alphabetical characters indicate statistical comparisons between different
groups.
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2.4 RESULTS
AHR Antagonism Suppresses Cytokine-Induced Gene Expression
To identify signaling cascades involved in the RA-FLS cell phenotype, IL1Binduced mRNA species were analyzed using Affymetrix U133 Plus 2.0 array. A total of
1127 genes were altered by IL1B. However, only those that play a major role in RA were
considered in this study (Table 2.5). A GNF351 dose-response was performed in primary
HFLS-RA cells (Figure 2.1). Primary HFLS-RA cells were pretreated with AHR agonist
TCDD (10 nM) or antagonist GNF351 (100 nM), followed by IL1B stimulation.
Combinatorial treatment with TCDD and IL1B resulted in a robust increase in the IL1B
mRNA levels. In contrast, exposure to the AHR antagonist GNF351 revealed a marked
50% reduction in IL1B expression (Figure 2.2A). Therefore, to validate the microarray
data, HFLS-RA cells were treated with 100 nM GNF351 and 10 ng/ml IL1B for 4 h or 8
h. Results indicate that GNF351 can significantly inhibit cytokine-mediated up-regulation
of IL1B, PTGS2, IL6 and CCL20 expression (Figure 2.2B). In contrast, neither IL1B nor
pretreatment with GNF351 had any effect on PTGS1 expression (Figure 2.2C).
FLS isolated from non-RA (FLS-N) individuals were also examined. FLS-N cells
were pretreated with 100 nM GNF351 followed by 10 ng/ml IL1B. The results suggest a
significant attenuation of IL1B-mediated up-regulation of inflammatory mediators such
as IL1B, PTGS2, and IL6 in FLS-N by GNF351 (Figure 2.3A). To confirm that the
inhibitory effects achieved by GNF351 are independent of cellular toxicity, LDH
cytotoxicity assays were performed. Results indicate that, under the treatment regime
employed, GNF351 does not elicit toxicity and that reduced gene expression is not a
consequence of cell death (Figure 2.3B).
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Table 2.5 Genes induced by human IL1B cytokine treatment in primary RA-FLS
cells.
Results expressed as fold changes normalized to vehicle treated primary RA-FLS
cells. RA-FLS cells were treated with 10 ng/ml human IL1B cytokine for 4 h.

Figure 2.1 GNF351-mediated AHR antagonism represses IL1B-induced cytokine
mRNA expression in dose dependent manner.
RA-FLS cells were pretreated with 100 nM GNF351 followed by 10 ng/ml IL1B
cytokine challenge for 4 h. The expression of such inflammatory mediators as IL1B and
PTGS2 was determined by real time qPCR.

71

Figure 2.2 GNF351 inhibits cytokine-induced inflammatory signaling in RA-FLS
cells.
(A) Primary RA-FLS cells were exposed to either 10 nM TCDD or 100 nM
GNF351 for 1 h followed by cytokine challenge with 10 ng/ml IL1B for an additional 4
h; mRNA levels of IL1B were determined by real time qPCR analysis. (B and C) RAFLS cells were pretreated with 100 nM GNF351 followed by 10 ng/ml IL1B cytokine
challenge for 4 and 8 h. The expression levels of various inflammatory mediators were
determined by real time qPCR.
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Figure 2.3 GNF351 inhibits cytokine-mediated inflammatory gene expression in FLS
isolated from non- RA patients (FLS-N).
(A) FLS-N cells were pretreated with 100 nM GNF351 followed by 10 ng/ml
IL1B cytokine challenge for 4 h. The expression of such inflammatory mediators as
IL1B, PTGS2 and IL6 was determined by real time qPCR. (B) GNF351-mediated cellular
cytotoxicity was determined by lactate dehydrogenase (LDH) assay. Primary RA-FLS
cells were treated with increasing concentrations of GNF 351 every 12 h, for a total
period of 48 h. LDH levels in whole cell lysate and cell culture media 48 h post-treatment
were measured as a marker of GNF351-mediated cytotoxicity.
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GNF351 Suppresses Diverse Cytokine-Induced Inflammatory Signaling
TNF-α and ligand-activated TLRs are instrumental in RA pathophysiology [279,
280]. This lead us to investigate the effects of GNF351 in RA-FLS cells challenged with
TNF-α and bacterial LPS. The data suggests GNF351 not only attenuates IL1B-induced
inflammatory signaling, but also mitigates the inflammatory cascade by diverse
mediators of inflammatory signaling such as LPS or TNF-α in RA-FLS (Figure 2.4A). To
further demonstrate that the inhibitory effects exhibited by GNF351 can be generalized to
FLS-RA from multiple individuals, RA- FLS cells from 3 women and 2 men were
examined in the context of pretreatment with 100 nM GNF351 and IL1B. Data indicate
that RA-FLS cells from different origins are sensitive to GNF351-mediated attenuation of
cytokine signaling (Figure 2.4B).
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Figure 2.4 GNF351 suppresses diverse inflammatory mediators-induced
inflammatory signaling RA-FLS.
(A) IL1B and PTGS2 mRNA expression was determined by real time RT-PCR in
RA-FLS cells pretreated with 100 nM GNF351 for 1 h, followed by treatment with either
100 ng/ml lipopolysaccharide or 10 ng/ml tumour necrosis factor-A for 4 h. (B) RA-FLS
cells from five donors (3 women and 2 men) were pretreated with 100 nM GNF351 for 1
h followed by 10 ng/ml IL1B for 4 h. Expression of IL1B mRNA was determined in all
five individuals using real time qPCR analysis. The mRNA analysis was performed for
each cell preparation at different times as we purchased them from Cell Applications Inc.
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KA- and IL1B-Mediated Induction Of Inflammatory Mediators Is Repressed By
GNF351 Treatment
High levels of the AHR endogenous agonist KA have been observed in RA
synovial fluid [254]. The AHR protein levels are also up regulated in RA synovium
compared to that to OA synovium. Thus, synovial KA may enhance inflammatory
signaling through the DRE-driven AHR activation pathway. To test the role of KAmediated AHR activation in RA-FLS and ability of GNF351 to mitigate KA-mediated,
IL1B-induced inflammatory signaling; we exposed RA-FLS to GNF351, KA and IL1B.
Indeed, a physiologically relevant concentration of KA and IL1B prompted an enhanced
induction of target genes (Figure 2.5). Moreover, pre-exposure to GNF351 disrupts
induction, resulting in significant suppression of IL1B-mediated inflammatory gene
expression.

Figure 2.5 KA- and IL1B-mediated induction of inflammatory mediators is
repressed by GNF351 treatment.
RA-FLS were pretreated with 100 nM GNF351 for 2 h. 1 h postinitiation of
GNF351 treatment, cells were co-treated with 100 nM kynurenic acid for 1 h, followed
by 2 ng/ml IL1B treatment for an additional 4 h.
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GNF351-Mediated Anti-Inflammatory Effects In RA-FLS Cells Are AHRDependent
Most of the cytokines expressed in the RA synovium can activate NF-κB
transcription factors leading to stimulation of inflammatory gene signaling. To further
test the role of GNF351 on IL1B-mediated NF-κB activation, K4IM cells were
transiently transfected with NF-κB reporter plasmid. The data suggest GNF351 fails to
inhibit IL1B-induced NF-κB activation in those cells (Figure 2.6A).
To evaluate the effects of GNF351 to be AHR-mediated, another AHR antagonist,
CH223191, was evaluated for anti-inflammatory signaling properties. The resulting data
suggest that a structurally diverse AHR antagonist exhibits repressive effects similar to
GNF351 and reinforce the concept that the observed effects are AHR-dependent (Figure
2.6B). To further establish AHR dependency, siRNA-mediated ablation of AHR was
performed (Figure 2.7). Such siRNA-mediated ablation of AHR expression rendered RAFLS unresponsive to the suppressive action of GNF351 with regard to IL1B-mediated
induction of IL1B, IL6, PTGS2 and CCL20. Furthermore, ablation of AHR made RAFLS more refractory to the effect of IL1B even in the absence of exogenously added
AHR ligand. These data reinforce the notion that AHR is involved in establishing the
magnitude of IL1B action and demonstrate that the effect of GNF351 is primarily
dependent upon the expression of AHR. It can be plausible that the effects of GNF351
could be independent of AHR or via unknown protein-protein interaction.
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Figure 2.6 GNF351-mediated anti-inflammatory effects in HFLS-RA cells are AHRdependent.
(A) K4IM cells were transfected with pGL4.20 or NF-KB-RE (pGL4.32
[Luc2P/NF-κB-RE/Hygro] vector). 24 h post transfection, cells were treated with or
without 100 nM GNF351 for 1 h followed by 10 ng/ml IL1B for additional 4 h. The data
was normalized to pSV/BGal. (B) RA-FLS cells were pretreated with a structurally
diverse AHR antagonist CH223191 for 1 h, followed by 10 ng/ml IL1B for 4 h.

78

Figure 2.7 GNF351-mediated anti-inflammatory effects in HFLS-RA cells are AHRdependent.
siRNA-mediated AHR gene ablation was performed in primary HFLS-RA cells.
Total 2 x 106 RA-FLS cells were used per gene knockdown. AHR protein ablation was
confirmed by western blot analysis of RA-FLS transfected with AHR siRNA for 48 h.
Upon confirmation, FLS-RA cells transfected with AHR siRNA for 48 h were pretreated
with 100 nM GNF351 for 1 h followed by 10 ng/ml IL1B for 4 h. mRNA levels of
inflammatory mediators, such as IL1B, PTGS2, IL6 and CCL20, were determined using
real time RT-PCR.
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GNF351 Represses Expression Of Inflammatory Target Genes At The Protein Level
Agonist-bound AHR has been shown to be susceptible to proteolytic degradation
[281]. However, our data indicates that an antagonist bound to AHR stabilizes the
receptor in FLS-RA cells (Figure 2.8A). Earlier we have shown that IL1B-induced
PTGS2 mRNA expression can be attenuated by GNF351 in human FLS-RA cells; this
effect is mirrored in PTGS2 protein levels (Figure 2.8B). Interestingly, FLS-RA cells
within the synovium can undergo activation via autocrine and paracrine loops, leading to
elevated levels of secretory cytokines such as IL1B and IL6. Stimulation of FLS-RA cells
by either LPS or IL1B resulted in significant up-regulation of IL1B and IL6, which can
be attenuated by 200 nM GNF351 treatment (Figure 2.9A and B). As mentioned earlier,
GNF351 does not directly attenuate NF-κB activity in a transient transfection cell
reporter assay and AHR antagonism failed to alter NF-κB activity (Figure 2.6A).
Phosphorylation of ERK plays a vital role in inflammatory proliferation of HFLS-RA
cells through attenuation of apoptosis [282, 283]. Treatment of RA-FLS by
proinflammatory cytokine IL1B can lead to rapid phosphorylation of ERK 1/2, observed
after 15 min of treatment (Figure 2.9C). However, a combinatorial treatment of GNF351
and IL1B does not repress IL1B-mediated ERK 1/2 phosphorylation (Figure 2.9D).
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Figure 2.8 GNF351 represses expression of inflammatory target genes at the protein
level.
(A and B) FLS-RA cells were pretreated for 1 h with 100 nM GNF351 followed
by challenge with 10 ng/ml IL1B. Cells were then treated again with 100 nM GNF351 at
12 h postcytokine treatment, for a total period of 24 h. Total cell extract was used for
AHR and PTGS2 protein levels by western blot.
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Figure 2.9 GNF351 represses expression of inflammatory target genes at the protein
level.
(A) For IL1B ELISA, primary FLS-RA cells were pretreated for 1 h with 100 and
200 nM GNF351 followed by challenge with 100 ng/ml LPS. Cells were re-treated with
GNF351 every 12 h post-LPS treatment for a total period of 36 h. (B) For IL6 ELISA,
primary FLS-RA cells were pretreated for 1 h with 100 and 200 nM GNF351 followed by
challenge with 10 ng/ml IL1B. Cells were re-treated with GNF351 at 12 h post-LPS
treatment for a total period of 24 h. (C) Primary FLS-RA cells were treated with 10 ng/ml
IL1B at intervals between 0 and 60 min. ERK phosphorylation was determined using
western blot. (D) Primary FLS-RA cells were pretreated with 100 nM GNF351 followed
by IL1B treatment for 15 min. Effect of GNF351 on ERK phosphorylation and total ERK
levels was determined by western blot.
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GNF351 Inhibits Occupancy Of AHR At The Promoters Of Inflammatory
Cytokines IL1B and IL6
Previous studies have revealed that there are multiple functional DREs present
within the IL6 promoter [270], thus we performed in silico analysis and scanned 2500 bp
upstream of transcription start site searching for the presence of DRE-like elements in
several key target genes. A total of 16 DRE-like consensus sequences were found to be
distributed across the CCL20, IL1B and IL6, while only 2 core imperfect DREs were
identified on PTGS2 (Figure 2.10) The exact locations and sequences of consensus DRElike elements can be found out in table 2.6.
We along with others have previously reported that there are functional DREs in
IL6 and PTGS2 promoters to which AHR can bind. Here we further investigated whether
the DRE-like elements on the IL1B promoter are capable of AHR occupancy. A fragment
of the IL1B (−716 bp to −1593 bp) that contained putative DRE elements was sub-cloned
into a minimal HSV-TK-Luc promoter. The data reveals that TCDD-dependent activation
of the AHR enhanced transcription mediated by the IL1B promoter in COS-1 cells that
were transfected with IL1B-HSV-TK-Luc plasmid upon co-transfection with pcDNA3hAHR (Figure 2.11A). To further confirm the occupancy on the IL1B promoter and
potential for GNF351 to mitigate this binding, we first confirmed that GNF351 could
attenuate IL1B-induced expression of IL1B and IL6 in immortal synoviocyte cell line
K4IM cells (Figure 2.11B). Based on the data, to confirm the ability of the AHR to bind
to the promoters of IL1B and IL6 in K4IM cells, ChIP assays were performed. The data
indicate that the AHR is present at the promoters of IL1B and IL6 under inflammatory
stimulation by IL1B, while pretreatment of K4IM cells with GNF351 mitigates AHR
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occupancy at those promoters (Figure 2.12A). Consistent with this result, GNF351 also
attenuated the level of AHR found in the nucleus and actually enhanced receptor levels in
the cytoplasm (Figure 2.12B). Based on these results, we believe a similar mechanism
may also be occurring at the promoters of CCL20 and PTGS2.

Figure 2.10 The DREs predictions on the promoters.
The location of DREs in the promoter region of IL1B, IL6, CCL20 and PTGS2.
2500 bp upstream of the transcription start site was scanned for the presence of possible
DRE-like elements. An upward pointing shaded box indicates location of the consensus
sequence on the plus strand and vice versa. The shaded boxes indicate all possible
orientations of DREs. *PTGS2 did not display any DRE like sequence in its promoter but
appeared to possess core imperfect DREs.
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Table 2.6 The exact locations and sequences of consensus DRE-like elements.
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Figure 2.11 TCDD promotes AHR-mediated IL1B activation.
(A) COS-1 cells were transfected with IL1B-HSV-TK-Luc and pcDNA3-hAHR
along with GNF351 in media for 24 h. Cells were treated with vehicle or 10 nM 2,3,7,8
tetrachlorodibenzo-p-dioxin for 4 h. (B) K4IM cells were pretreated with 100 nM
GNF351 followed by 10 ng/ml IL1B cytokine challenge for 4 h. The expression of IL1B,
and IL6 was determined by real time qPCR.
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Figure 2.12 GNF351 inhibits occupancy of AHR at the promoters of inflammatory
cytokines IL1B and IL6.
(A) Immortalised synoviocytes: K4IM cells were pretreated with 500 nM
GNF351 for 1 h followed by IL1B (10 ng/ml) for an additional 3 h. Chromatinimmunoprecipitation assays were performed, and immunoprecipitated DNA was
subjected to qRT-PCR using IL1B and IL6 primers. (B) K4IM cells were treated with
Vehicle, 10 nM TCDD and 200 nM GNF351. Cytosolic and nuclear extracts were
resolved on 8% tricine gel and probed for AHR, Beta-Actin and Lamin A/C. The protein
expression of all the proteins was quantified using radioactive I125.
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2.5 DISCUSSION
The progression of RA from local joint inflammation to systemic joint
destructions is a well-orchestrated process involving chronic inflammation, pannus
formation, followed by joint deterioration [284, 285]. RA pathogenesis progresses within
the RA synovium involves contribution of multi-cell types [286]. The current interest in
RA research is to understand the role of FLS that undergo pannus formation in a proinflammatory environment with recruitment of infiltrating immune cells. This enhanced
inflammation in the RA-joint is associated with secretion of proinflammatory cytokines
and chemokines from FLS, which instigates an inflammatory feedback loop and
subsequent degradation of extracellular matrix via proteolytic enzymes [224, 287, 288].
Our microarray results demonstrate that the stimulation of primary HFLS-RA cells by
IL1B leads to significant activation of mediators of inflammation. Though the exact
mechanism behind the RA pathogenesis is not completely understood, previous reports
suggest that activation of normal FLS by inflammatory mediators leads to hyperplasia, a
hallmark event in RA.
Though numerous attempts have been made targeting nuclear receptors and other
transcription factors (TFs), there have been no studies targeting the AHR for the
treatment of RA [289-291]. The data presented here demonstrates that AHR antagonists
attenuate IL1B-mediated inflammatory signaling in FLS-RA cells or FLS-N individuals,
suggesting that the AHR plays critical role in the expression of wide range of
inflammatory mediators (Figure 1B and 2A). This concept is further supported by the fact
that repression of AHR protein expression by siRNA makes cells refractory to cytokinechallenge, which greatly attenuates IL1B-mediated induction of a diverse group of
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inflammatory mediators. High levels of IL1B, TNF-α, IL8, IL6, and PGE2 have been
found in RA synovium and have been shown to activate resident FLS to hyper
proliferation, leading to a cascade of effects that result in joint/cartilage invasion and
destruction [292].
Most of the inflammatory mediators in table 2.5 have been shown to possess
DREs in their regulatory elements. These elements could be working in tandem with the
response elements of inflammatory TFs to mediate gene expression in a manner that has
been observed on the IL6 promoter [270]. Epidemiological studies have identified a
positive correlation between smoking, an exogenous source of AHR ligands, and the
occurrence of RA. Numerous studies examining other inflammatory diseases have
established a close link between increase in AHR activity which is directly associated
with the disease progression [293, 294]. Interestingly, AHR protein levels are
significantly enhanced in RA synovial tissue relative to OA or healthy synovial tissue
[252]. The knowledge of exogenous AHR ligands likely to play a role in the progression
of RA and the discovery of high levels of KA (a source of endogenous AHR ligand) in
RA synovial fluid further support that AHR activation could play an imperative role in
RA disease pathogenesis [48, 252, 254].
The exact mechanism(s) by which AHR antagonist GNF351 affects RA is yet to
be fully understood. The ERK/ MAPK pathway plays a necessary role in FLS cell
proliferation along with the associated inflammation observed in RA. Based on the data
presented here, the anti-inflammatory effects of GNF351 are independent of ERK and
NF-κB response element driven pathways [283]. We have previously shown that a
structurally distinct AHR antagonist 6,2′,4′-trimethoxyflavone (TMF) can mitigate
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constitutive as well as cytokine induced IL6 expression in HNSCCs by inhibiting AHR
occupancy at the IL6 promoter [278]. We have also shown that AHR-dependent
synergistic up-regulation of IL6 in MCF7 cells is a promoter-driven mechanism [269,
270]. Here we have established that the RA-FLS challenged by a cytokine such as IL1B
could up-regulate mRNA expression of IL1B and IL6 by recruitment of AHR to the IL1B
and IL6 promoters in K4IM cells, while GNF351 can attenuate the translocation of AHR
in the nucleus and thus subsequently inhibit AHR occupancy on the promoters of IL1B
and IL6. In addition to IL1B and IL6, numerous other cytokines, chemokines and lipid
mediators have been shown to participate in RA pathobiology. It is quite plausible that
similar AHR-mediated mechanism may exist at the promoters of PTGS2 and CCL20
genes, considering the fact that there are DREs present in the 5’ enhancer regions of those
genes [295, 296].
Thus, the data presented here reveals for the first time that the AHR antagonists
can effectively attenuate IL1B-mediated pro-inflammatory signaling in primary RA-FLS
cells. The AHR antagonist-mediated anti-inflammatory activity could be attributed to its
inhibitory effect on the production of pro-inflammatory cytokines, chemokines and
prostaglandins through displacement of the AHR from the respective promoter
sequences. Thus, GNF351 may represent a novel therapeutic approach for RA treatment
and point to novel pathways that are tractable in disease management.
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Chapter 3
ARYL HYDROCARBON RECEPTOR (AHR) REGULATES GROWTH FACTOR
EXPRESSION, PROLIFERATION AND MIGRATION IN PRIMARY
FIBROBLAST-LIKE SYNOVIOCYTES FROM RHEUMATOID ARTHRITIS
PATIENTS.
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3.1 ABSTRACT
Rheumatoid arthritis is a chronic autoimmune disease with higher rates of
morbidity and mortality. RA commonly affects the articular joints of hands and feet
leading to inflammation in the joints. Within the inflammatory milieu, resident FLS in the
synovial tissue undergo hyperplasia, a hallmark event in RA. Sustained inflammation and
activation of FLS leads to joint destruction. Epidemiologic studies and our previous
research suggest that activation of the AHR pathway plays an instrumental role in the
inflammatory and destructive RA phenotype. In addition, our recent studies in head and
neck squamous cell carcinoma cells implicate the AHR in the regulation of the
expression of several growth factors. Thus, under inflammatory conditions, we
hypothesized that the AHR is involved in the constitutive and cytokine-inducible
expression of several growth factors, proliferation and migration, along with proteasedependent matrix-degradation by RA-FLS. Treatment with the AHR antagonist GNF351
attenuates cytokine-induced expression of VEGF-A, EREG, AREG, and FGF-2 mRNA
through the AHR-dependent mechanism in both RA-FLS and FLS from healthy cohorts.
The protein secretion of VEGF-A and EREG from RA-FLS was also inhibited upon
GNF351 treatment. RA-FLS cell migration, along with cytokine-induced RA-FLS cell
proliferation was significantly attenuated by GNF351 exposure. Treatment of RA-FLS
with GNF351 also mitigated cytokine-mediated expression of MMP-2 and MMP-9
mRNA and diminished the RA-FLS invasive phenotype. These findings indicate that
inhibition of AHR activity may be a viable therapeutic target in amelioration of disease
progression in RA by attenuating growth factor release, FLS proliferation, migration, and
invasion, and inflammatory activity.
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3.2 INTRODUCTION
Rheumatoid arthritis is a chronic autoimmune disease with a significantly
increased level of morbidity and mortality. Disease progression is characterized primarily
by unregulated proliferation of cells in the synovial lining such as FLS resulting in
hyperplasia, pannus formation and destruction of associated joint cartilage [260]. In the
normal synovium, FLS are highly differentiated unicellular cells of mesenchymal origin,
responsible for providing nourishment and lubrication to the joint tissue. However, under
pro-inflammatory milieu, FLS become hyper proliferative (leading to pannus tissue
formation), invasive and highly migratory, which are reminiscent of highly metastatic
tumor cells [261]. FLS hyperplasia in the RA joint tissue provides a positive link between
activation of proinflammatory gene signaling and joint destruction and thus can be
considered a hallmark event in RA progression [228]. It has been shown that FLS from
non-RA cohorts play a constitutive role in the secretion of a number of growth factors,
including VEGF, epidermal growth factors (EGF) and FGF for normal functioning of
synovium [297-299]. Growth factor secretion plays a partial role in activation of FLS in
synovial joints via autocrine loop along with proinflammatory cytokines. This stimulates
hyper proliferation in FLS and increased angiogenesis within the RA synovium, which
resulted in augmented RA severity and progression [300]. Compared to other forms of
inflammatory arthritis such as OA or gout, RA is a rapidly degenerating disease
comprised of enhanced FLS invasiveness and migratory phenotype. Increased expression
of MMPs, adhesion molecules such as VCAM or ICAM, and cathepsins in FLS can result
in destruction of cartilage and activation of osteoblasts and osteoclasts leading to bone
deterioration [301, 302].
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Each of these aforementioned events is critical in the progression of RA from
local joint inflammation to chronic systemic autoimmune disease that would lead to joint
deterioration. Apart from available prophylactic and palliative treatments, numerous
attempts have been made to target each of these events individually, but very few
attempts have been made to target multiple events simultaneously. Recent advances in
biologics targeting neutralizing antibodies against pro-inflammatory cytokines, such as
TNF-α, IL6 and IL1B, are often effective in mitigating cytokine-mediated joint
inflammation and cessation of downstream gene cascade that has shown significant
mitigation in radiologic joint deterioration. However, targeting of cytokines to control the
RA disease progression with this approach have shown very limited long-term success
perhaps due to a genetically polymorphic population [303].
Apart from the genetic influences such as alterations in HLA-DRB locus, clinical
and epidemiological studies insinuate environmental risk factor(s) contribution towards
rheumatoid factor seropositivity and advanced degree of bone erosion [304]. Combustion
products and cigarette smoke is a rich source of agonistic ligands for AHR such as PAHs,
which are capable of inducing AHR gene battery in a DRE-dependent manner [305].
Recently, we published reports demonstrating that the AHR plays an instrumental role in
enhancing expression of pleiotropic IL6 in MCF-7 breast cancer cell lines, and
proinflammatory IL1B from RA-FLS leading to enhance inflammatory signaling [255,
269]. Our previous reports also demonstrate that the activation of AHR by TCDD results
in secretion of EREG an EGF family member, and also a potent growth factor, capable of
enhancing the proliferation of primary mouse keratinocytes [306]. AREG is another
member of the EGF family, secreted by FLS in the synovium at considerable amounts,
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can thereby augment the inflammation-associated FLS proliferation. Previous studies
have also shown that the AHR can induce AREG expression in the ureteric luminal
epithelium [307, 308]. In addition, TCDD has also been shown to induce increased eye
neovascularization by enhanced production of VEGF in the AHR dependent manner
[309]. Overall these reports corroborate the role of AHR activation in such growth factors
as VEHG, EREG and AREG release in multiple tissues.
We have recently published a report, which demonstrates that the AHR plays a
significant underlying role in regulating pro-inflammatory IL1B, IL6 and COX-2
expression in primary FLS isolated from RA patients. The study also demonstrated that
the GNF351 could attenuate cytokine-induced expression of pro-inflammatory IL1B, IL6
and COX-2 transcription in the AHR-dependent manner. These studies also attempted to
identify the molecular mechanism by which GNF351-mediated AHR antagonism that
could inhibit AHR translocation into the nucleus and prevent the binding of AHR-ARNT
heterodimerized complex to multiple DRE elements present on the IL1B and IL6 gene,
and thus regulating transcriptional activation of these proinflammatory genes [255]. We
have previously published that constitutive AHR activity in HNSCCs contributes to their
highly invasive and migratory phenotype and the AHR antagonist CH223191 inhibited
growth factor expression in OSC19 and HN30 cell lines in AHR-dependent manner [256,
258]. Thus, we hypothesize that under inflammatory conditions, constitutive AHR
activity plays an imperative role in the expression of certain growth factors’ expression,
cell proliferation, migration, and invasive phenotype in RA-FLS.
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3.3 MATERIALS AND METHODS
Materials
GNF351 (N-[2-(3H-indol-3-yl) ethyl]-9-isopropyl-2-(5-methyl-3-pyridyl) purin6-amine) was synthesized as described previously [257]. TCDD was kindly provided by
Dr. Stephen Safe (Texas A&MUniversity, College Station, TX, USA). Human
recombinant IL1B was purchased from PeproTech (Rocky Hill, NJ, USA).

Cell Culture
Primary FLS cells from healthy and RA patients were purchased and maintained
in synoviocyte growth medium from Cell Application, Inc. (San Diego, CA). All the
experiments with primary RA-FLS cells were performed at fourth doubling time.

Gene Silencing
siRNA-mediated AHR knockdown in RA-FLS and healthy FLS cells was
performed by Dharmacon siRNA [control oligo D-001810-0X, AHR oligo J-004990-07]
using the U-020 program of Amaxa nucleofection system (Lonza, Walkersville, MD).
Cells were electroporated as previously described [274, 275]. siRNA-transfected cells
were plated into 6-well plates at 2 ml/well synoviocyte growth media. Cells were cultured
for 48 h post transfection. Verification of AHR knockdown was determined through
western blot analysis.
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Western Blot Analysis
Whole cell extracts were prepared and resolved on 8% Tricine SDS–PAGE gels
as described previously [276]. Proteins were detected using antibodies listed in table 3.1.
Specific proteins were visualized with biotin-conjugated secondary antibodies (Jackson
Immunoresearch, West Grove, PA) in conjunction with
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I-streptavidin. Radioactivity

levels were quantified by excision of protein bands and through the use of a gamma
counter.

Table 3.1 Primary antibodies for western blot.
Protein

Companay

AHR

Thermo-Fisher

Beta-Actin

Santa Cruz Biotechnology

RNA Isolation and Reverse Transcription
Upon treatment of RA-FLS cells or FLS from non-RA individuals, total RNA was
isolated using TrizolTM (Invitrogen, Carlsbad, CA). Total RNA was reverse transcribed to
cDNA using a High Capacity cDNA Archive Kit (Applied Biosystems, Foster City, CA).

Quantitative PCR
Quantitative PCR was performed on a MyiQ® (BioRad, Hercules, CA, USA)
system using PerfeCTa™ SYBR® Green reagent (Quanta Biosciences, Gaithersburg,
MD, USA). Data analysis was performed using MyiQ software. Quantification and data
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plotting was performed as previously described [276]. Primers sequences used are
provided in table 3.2.

Table 3.2 Primers used for real time RT-PCR.
Gene

Forward Primer

Reverse Primer

VEGF-A

5’- AGTCCAACATCACCAT-3’

5’- TTCCCTTTCCTCGAACTGA-3’

EREG

5’- CTTATCACAGTCGTCGG-3’

5’- GCCATTCAGACTTGCGGC-3’

AREG

5’- CCCAAGCCTTCGAGAG-3’

5’- GCAGCATAATGGCCTGAG-3’

FGF2

5’- CTTCCTGCGCATCCACCC-3’

5’- TGTAGCTTGATGTGAGG-3’

Promoter Scans for Presence of Dioxin Response Elements
The promoters of VEGF-A, EREG, AREG and FGF2 were scanned 2500 bp
upstream of transcription start site for the presence of DRE-like consensus sequences or
imperfect DREs using SCOPE v 2.1.0 [277]. SCOPE uses the March 2006
(NCBII136/hg18) assembly of the human genome for the analysis.

Plasmid Constructs
Minimal HSV-TK-Luc-promoter vector was kindly provided by Dr. Jeffrey Peters
(Pennsylvania State University, University Park, PA, USA), and was subjected to
restriction digestion with KpnI and XhoI. The AREG-HSV-TK-Luc vector construct was
made by amplifying 1168 bp of AREG promoter element spanning the region from −384
bp to −1552 bp with the forward primers 5′-TGC AGG TAC CCA ACA AAT GTG GAA
TA-3′ and reverse primer 5′-TCA ACT CGA GCC AAC AAG GAT AAA GG-3′. The
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EREG-HSV-TK-Luc vector construct was made by amplifying 1836 bp of EREG
promoter element spanning the region from −160 bp to −1996 bp with the forward
primers 5′-TGC AGG TAC CAG CAC TAA CTC GGT ACT-3′ and reverse primer 5′TCA ACT CGA GAA GTG AGC TCA ACT GTC-3′. While, the VEGFA-HSV-TK-Luc
vector construct was made by amplifying 3053 bp of VEGFA promoter element spanning
the region from +1043 bp to −2010 bp with the forward primers 5′-TGC AGG TAC CAG
AGG CGC ACA AGG AG-3′ and reverse primer 5′-TCA ACT CGA GGC ACC CAA
GAC AGC AG-3′. Clones with inserts were sequenced at genomic core facility;
Pennsylvania State University (University Park, PA) to verify PCR amplified sequence of
interest.

Transient Transfection and Luciferase Assay
COS-1 cells were maintained in α-MEM with 10% fetal bovine serum, 50
units/ml penicillin, and 50 µg/ml streptomycin. Cells were incubated at 37°C with 5%
CO2. COS-1 cells were seeded in 6-well plates. Upon ~80% confluency, cells were
transiently transfected with pSV/βgal (100 ng/well), pcDNA-hAHR (100 ng/well), and
IL1B-HSV-TK-Luc plasmids (300 ng/well) using Lipofectamine Plus (Invitrogen,
Carlsbad, CA) according to manufacturer’s protocols. After 24 h, cells were treated with
vehicle (DMSO) or TCDD (10 nM) for 4 h. Luciferase activity was determined using
Luciferase Assay System Substrate (Promega, Madison, WI) according to manufacturer’s
directions. Transfection efficiency was determined and data was normalized to Betagalactosidase activity.
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ELISA
For the measurement of VEGF-A and EREG protein levels, FLS-RA cells were
treated with 500 nM GNF351 followed by stimulation with 10 ng/ ml IL1B. Cell
supernatants were collected and spun to avoid any cell debris while performing the
ELISA and were stored at −80°C. In order to determine the levels of growth factor
secretion, VEGF-A (Abnova, Taipei, Taiwan) and EREG (Uscn Life Science, Wuhan,
China) ELISA was performed per manufacturer’s instructions.

Bromodeoxyuridine (BrdU) Staining
Primary FLS-RA cells were plated in chamber slides and treated with GNF351 in
the presence or absence of IL1B for 48 h. Cells were pulsed with 10 µg/mL BrdU for 2 h
after 48 h treatments. Cells were fixed with 4% paraformaldehyde for 15 min. and
permeabilized with 0.3% Triton X-100 at room temperature for 15 min. Cells were
treated with 2 N HCL at 37 0C for 30 min. followed by neutralization with 0.2 M borate
buffer (pH 8.3). Cells were blocked with 2% normal mouse serum in phosphate buffered
saline and Tween 20 (PBST) for 30 min at room temperature. Cells were incubated with
Anti-BrdU fluorescein (Abcam Cambridge, MA) overnight at 4 0C in PBS with 0.1%
Triton X-100 and 0.5% bovine serum albumin (BSA). Cells were then washed with
PBST 3 times on the next day, followed by nuclei staining with Hoechst solution (final
concentration 1 µg/mL) for 20 min at room temperature. Fixed cells were again washed
with PBST and the slide was mounted with Prolong® Gold Antifade reagent. Specimens
were examined on a fluorescence microscope. Data was plotted by counting the BrdU
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positive cells from 8 different fields and normalized to total number of cells in each field
per individual treatment.

Ki-67 staining
FLS-RA cells were treated as mentioned earlier for BrdU staining in chamber
slides and fixed with 2% paraformaldehyde for 15 min, followed by permeabilization
with 100% methanol for 10 min at -200C. Upon methanol permeabilization, cells were
blocked with 2% normal mouse serum in PBST for 30 min. Ki-67 primary antibody
Alexa Fluor® 555 (BD Pharmingen™, San Jose, CA) dilution was prepared in PBS with
0.1% Triton X-100 and 0.5% BSA. Cells were incubated overnight in primary ki-67
antibody at 4 0C and washed three times with PBST. Nuclei were stained with Hoechst
solution. The cells were examined as mentioned under BrdU staining.

Zymography
Media supernatant (50 µg) was mixed with 2X TSB gel loading buffer (3 M Tris
HCl, pH 8.45, 25% glycerol, 0.8% SDS, 0.1% Coomassie blue and 0.1% phenol red),
then resolved under nonreducing conditions by 8% SDS–polyacrylamide gel
electrophoresis embedded with 3 mg/ml gelatin (Sigma-Aldrich St. Louis, MO). Gels
were rinsed 3 times in 2.5% Triton X-100 for 30 min at room temperature followed by 3
times with de-ionized water for 15 min at room temperature. The gels ware incubated in
substrate buffer (50 mM Tris HCl, pH 7.45, 10 mM CaCl2) for 6 h at 37°C followed by
staining with 0.5% Coomassie blue. Areas of gelatinolytic activity produced transparent
bands, which were visualized using a Bio-Rad molecular imager system.
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Real Time Cell Migration Assay
Primary FLS-RA cells were treated with or without GNF351 every 10 h for a total
of 20 h in complete DMEM media with 10% FBS. Cells were serum starved for 4
additional hours in serum free DMEM media with 5 mg/ml BSA in the presence or
absence of GNF351. Folowing serum starving, cells were lightly trypsinized, spun down,
and re-suspended at a concentration of 25,000 cells/mL in serum free DMEM media
supplemented with 5 mg/mL BSA with or without GNF351. In migration experiments,
the bottom chambers of a CIM plateTM 16 were filled with or without complete serum in
DMEM media that serves as a chemo-attractant. Devices were assembled and cells were
seeded at 5000 cells on the top chamber of each well in serum-free media. Migration was
then monitored for 4 h using xCELLigence System® (Roche Applied Sciences), which
enables real-time monitoring of cellular events by using impedance measurements across
interdigitated microelectrodes integrated on the bottom of tissue culture microtiter CIMPlateTM 16. Data acquisition and analysis was done using The RTCA Software 1.2.

Scratch Assay
Primary FLS-RA cells were plated in 6 well dishes. Cells were treated with or
without GNF351 for 12 h prior to making a scratch using a sterile p200 pipette tip. Cells
were retreated with or without GNF351 every 12 h for another 16 h post scratch. Pictures
were taken at 10 and 16 h post-scratch.
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Data analysis
Statistical analysis of data was performed using GraphPad Prism-5 software (Graphpad,
San Diego, CA). Data were analyzed using one-way ANOVA followed by Tukey’s
multiple comparison test. Significance is expressed as *; P<0.05, **; P<0.01, ***;
P<0.001. Alphabetical characters indicate statistical comparisons between different
groups.
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3.4 RESULTS
GNF351 Inhibits IL1B-Induced Expression Of Growth Factors From Primary FLS.
Inflamed synovium has been shown to contain elevated levels of growth factors,
which in part can induce FLS hyperplasia and pannus formation. Though the exact
etiology behind RA initiation is yet to be determined, it is plausible that secretion of
inflammatory cytokines by resident synovial cells into synovial fluid results in FLS
proliferation, which in turn stimulate FLS along within the synovial lining leading to
further release of inflammatory cytokines and growth factors via activation of autocrine
and paracrine loops. Our recent studies in HNSCC cell lines have revealed that the AHR
plays a central role in the constitutive regulation of a number of inflammatory and growth
factor genes [258]. Thus, we wanted to determine the role of constitutive AHR activity
and role AHR antagonist treatment on FLS growth factors expression in an inflammatory
environment. FLS-N and RA-FLS cells were treated with 500 nM GNF351 for 1 h
followed by cytokine challenge with 10 ng/ml IL1B for an additional 4 h. The results
indicate that pretreatment with GNF351 significantly attenuated cytokine-induced
expression of EREG, AREG, VEGF-A, and FGF-2 mRNA in FLS-N (Figure 3.1A) and
FLS-RA (Figure 3.1B).
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Figure 3.1 GNF351 inhibits IL1B-induced expression of growth factors from
primary FLS.
Primary N-FLS (A) or RA-FLS (B) cells were treated with 500 nM GNF351 for 1
hour, followed by 4-hour stimulation with 10 ng/ml IL1B. The levels of EREG, AREG,
VEGF-A, and FGF-2 mRNA were determined by quantitative RT-PCR analysis. Data
points and bars represent mean ± S.E. of three independent determinations. Data were
analyzed using one-way ANOVA followed by Tukey’s multiple-comparisons test. *P <
0.05; **P < 0.01; ***P < 0.001. Alphabetical characters indicate statistical comparisons
between two groups.
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GNF351-Mediated Repression In Growth Factor Expression Is AHR-Dependent.
We have previously reported that GNF351-mediated repression of proinflammatory gene expression in FLS-RA cells is dependent on AHR signaling [310].
We have used a similar approach to demonstrate that attenuation of growth factor
expression observed by GNF351 treatment in FLS-N and FLS-RA was also AHRdependent. Repression of AHR expression was achieved through transient siRNAmediated protein ablation upon electroporation, yielding greater than 75% decrease in
AHR protein expression in FLS-N and FLS-RA. This led to the cells being unresponsive
to GNF351 treatment upon IL1B-mediated induction of EREG, AREG, VEGF-A, and
FGF-2 expression (Figure 3.2 and 3.3). Furthermore, ablation of AHR protein levels in
both FLS-N and FLS-RA resulted in FLS becoming more refractory to the ability of
IL1B to induce growth factor expression. These results strengthen the concept that AHR
is involved in establishing the level of IL1B-mediated induction of several growth factors
in FLS and demonstrate that the effect of GNF351 is dependent upon the expression of
AHR.
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Figure 3.2 GNF351-mediated repression of growth factor expression is AHRdependent in primary FLS-N.
Repression of AHR expression was performed using AHR-specific siRNA in
primary FLS from healthy donors. A total of 2 × 106 cells were used per gene knockdown
sample. The repression of AHR protein expression was confirmed using Western blot
analysis after 48 hours of siRNA transfection. Upon confirmation, primary N-FLS
transfected with siRNA for 48 hours were pretreated with 500 nM GNF351 for 1 hour,
followed by 10 ng/ml IL1B challenge for 4 hours. The levels of EREG, AREG, VEGF-A,
and FGF-2 mRNA were determined by quantitative RT-PCR analysis. Data points and
bars represent mean ± S.E. of three independent determinations. Data were analyzed
using one-way ANOVA followed by Tukey’s multiple-comparisons test. *P < 0.05; **P
< 0.01; ***P < 0.001. Alphabetical characters indicate statistical comparisons between
two groups.
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Figure 3.3 GNF351-mediated repression of growth factor expression is AHRdependent in primary RA-FLS.
Repression of AHR expression was performed using AHR-specific siRNA in
primary FLS from patients with RA. A total of 2 × 106 cells were used per gene
knockdown sample. The repression of AHR protein expression was confirmed using
Western blot analysis after 48 hours of siRNA transfection. Upon confirmation, primary
N-FLS transfected with siRNA for 48 hours were pretreated with 500 nM GNF351 for 1
hour, followed by 10 ng/ml IL1B challenge for 4 hours. The levels of EREG, AREG,
VEGF-A, and FGF-2 mRNA were determined by quantitative RT-PCR analysis. Data
points and bars represent mean ± S.E. of three independent determinations. Data were
analyzed using one-way ANOVA followed by Tukey’s multiple-comparisons test. *P <
0.05; **P < 0.01; ***P < 0.001. Alphabetical characters indicate statistical comparisons
between two groups.
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The Promoters Of Growth Factor Genes Contain Functional DREs
Putative DRE-like sequences have been indentified in numerous cytokines,
chemokines and growth factors. We have also shown that in HNSCC cells, AREG,
EREG and PDGFA as growth factor targets of AHR activity. We postulated that such
growth factors may be activated via DRE-driven mechanism by AHR [258]. Here we
indentified those DRE-like sequences in the promoter regions of AREG, EREG, and
VEGF-A using SCOPE v 2.1.0 (Figure 3.4 A, B, and C) and positioning of putative
DREs relative to the transcription start site (Figure 3.5). This observation led to the
hypothesis that, can these genes be directly regulated by the AHR through the binding to
functional DRE-like elements? Promoter fragments containing DRE-like elements were
cloned into a minimal HSV-TK-Luc promoter vector as described in materials and
methods. Increased transcriptional activity was observed in TCDD-treated COS-1 cells,
which were transfected with pcDNA3-hAHR and co-transfected with either VEGF-AHSV-TK-Luc or EREG-HSV-TK-Luc, or AREG-HSV-TK-Luc (Fig. 3.6). TCDDdependent activation of AHR in COS-1 cells led to enhance transcriptional activity for
each of growth factor promoters tested. Overall the data demonstrates that similar
cytokines, growth factor genes can also be regulated by AHR in a DRE-dependent
manner.
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(A) Human AREG -1552/-384 promoter sequence.

(B) Human EREG -1996/ -160 promoter sequence
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(C) Human VEGFA -2010/ +543 promoter sequence

Figure 3.4 Growth factor promoter sequences.
Genomic sequences spanning the indicated regions for (A) human AREG, (B)
EREG and (C) VEGFA were obtained from the NCBI gene database. Putative DREs,
which match the consensus sequence are highlighted in green, while those which deviate
from the consensus sequence are highlighted in red. Deviations from the consensus DRE
sequence are marked as lowercase. The core invariant region is underlined.
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Figure 3.5 The positioning of putative DREs relative to the transcription start site.
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Figure 3.6 AHR occupancy at the growth factor promoters drives their expression.
COS-1 cells were transfected with VEGF-A-HSV-TK-Luc, EREG-HSV-TK-Luc,
or AREG-HSV-TK-Luc and pcDNA3-hAHR for 24 hours. Cells were treated with
vehicle or 10 nM TCDD for 4 hours, followed by luciferase activity measurement. Data
were analyzed using one-way ANOVA followed by Tukey’s multiple-comparisons test.
*P< 0.05; **P< 0.01; ***P< 0.001. Alphabetical characters indicate statistical
comparisons between two groups.
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Antagonism of the AHR Attenuates Secretion of VEGF-A and EREG
Previous findings suggest enhanced cytokine-mediated inflammatory signaling
enhances growth factor’s release in RA synovium by resident FLS. Such release can
partly be associated with enhanced proliferation of synoviocytes, along with angiogenesis
in synovial tissue via activation of the autocrine loop. Based on our findings that few of
the commonly secreted growth factors in RA synovium can be regulated by the AHR;
primary synoviocytes from RA patients were cultured for 48 hours in the presence of
proinflammatory cytokine IL1B, and the ability of GNF351 co-treatment to attenuate
VEGF-A or EREG secretion was examined. The results demonstrate that GNF351 can
mitigate cytokine-induced secretion of VEGF-A and EREG from RA-FLS cells (Fig.
3.7).
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Figure 3.7 Antagonism of the AHR Attenuates Secretion of VEGF-A and EREG.
For the VEGF-A and EREG ELISAs, primary RA-FLS cells were plated at 2 x
106 cells per ml. The cells were pretreated for 1 hour with 500 nM GNF351, followed by
cytokine challenge with 10 ng/ml IL1B. Cells were retreated with GNF351 every 12
hours post IL1B treatment of total period of 48 hours. Data points and bars represent
mean + S.E. of three independent determinations. Data were analyzed using one-way
ANOVA followed by Tukey’s multiple-comparisons test. *P< 0.05; **P< 0.01; ***P<
0.001. Alphabetical characters indicate statistical comparisons between two groups.
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GNF351 Inhibits IL1B-Induced RA-FLS Proliferation
Synovial lining hyperplasia, a hallmark event in RA, is primarily associated with
uncontrolled FLS proliferation [228]. Proinflammatory cytokine-mediated induction in
cancer cell proliferation has been reported. Similar to that, transformation of FLS in RA
reminiscent of cancer cell, in turn show very high degree of FLS proliferation in vivo and
in vitro culture models [311, 312]. AHR activation has been shown to positively regulate
cell cycle progression and tumor cell proliferation [313]. Thus, to study the effect of the
AHR antagonist GNF351 on cytokine-mediated RA-FLS proliferation, RA-FLS cells
were subjected to BrdU and Ki-67 immunofluorescent staining (Fig. 3.8 A and B). The
data indicate that cytokine exposure significantly stimulates RA-FLS cell proliferation. In
contrast, treatment of RA-FLS with GNF351 significantly repressed cytokine-induced
RA-FLS cell proliferation as evident by suppressed BrdU and Ki-67 staining, suggesting
a key role for the AHR in cytokine-induced FLS hyperplasia.
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Figure 3.8 GNF351 inhibits cytokine-induced primary FLS proliferation from RApositive cells.
Primary RA-FLS cells were plated in chamber slides. Cells were pretreated with
500 nM GNF351 for 1 hour, followed by stimulation with 10 ng/ml IL1B. Cells were
then treated every 12 hours with 500 nM GNF351 for 48 hours. (A) BrdU- and (B) Ki67-positive cells were observed by fluorescence microscope, and counts from six fields
were performed and normalized to total number of cells per field. Data points and bars
represent mean + S.E. of three independent determinations. Scale bar, 20 µm. Data were
analyzed using one-way ANOVA followed by Tukey’s multiple-comparisons test. ***P,
0.001. Alphabetical characters indicate statistical comparisons between two groups.
DAPI; 4,9,6-diamidino-2-phenylindole.
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GNF351 Inhibits FLS Migration
Elevated levels of chemokines and cytokines in RA synovium enhance FLS
migration, contributing to RA progression from local joint destruction to systemic joint
destruction. Being reminiscent of highly migratory tumor cells, FLS have been shown to
migrate in SCID mouse models from synovial RA tissue to healthy synovial tissue
engrafted into mice. AHR has been studied in tumor cell migratory phenotype. Thus, to
illustrate the effect of the AHR antagonist GNF351 on FLS migration, real-time analysis
of cell migration with the xCELLigence System was performed. Starved RA-FLS cells of
nutrients were treated with vehicle or GNF351 did not migrate in the absence of serum.
The presence of serum triggered a chemotactic response demonstrated by the marked
(~50-fold) increase in RA-FLS migration following treatment with vehicle; in contrast,
GNF351 treatment significantly attenuated RA-FLS migration (Fig. 3.9A). The effect of
GNF351 on RA-FLS migration was further examined in a scratch assay. Cell migration
was evident in the scratch assay, with migration observed after 10 hours post-scratch and
marked increase in RA-FLS migration across the scratch observed after 16 hours post
scratch (Fig. 3.9B). However, the presence of GNF351 significantly attenuated cell
migration across the scratch. It is important to note that the effects were independent of
cell proliferation, as primary RA-FLS require∼36 hours for one replication cycle. These
results suggest that the presence of an AHR antagonist attenuates chemo-attractantinduced FLS migratory behavior.
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Figure 3.9 GNF351 inhibits migration of primary FLS from patients who tested
positive for RA.
(A) Primary RA-FLS were treated for 12 hours with GNF351 or vehicle alone;
after 8 hours, cells were serum-starved for 4 hours. Cells were then plated at 5000 cells
per top well of a CIM-Plate 16 in serum-free media with or without GNF351. The bottom
wells were filled with either DMEM or DMEM with serum as a chemoattractant. (B)
Primary RA-FLS were plated in six-well plates. Cells were treated for 12 hours with 500
nM GNF351 or vehicle alone in triplicate. After 12 hours, a scratch was made in the
middle of the well with a sterile p200 pipette tip. At 1 hour post-scratch, cells were
retreated with GNF351 or vehicle alone every 12 hours for a total period of 16 hours;
wells were photographed immediately after scratch and 16 hours post-scratch. Data
points and bars represent mean + S.E. of three independent determinations. Data were
analyzed using one-way ANOVA followed by Tukey’s multiple-comparisons test. *** P,
0.001. Alphabetical characters indicate statistical comparisons between two groups.
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GNF351 inhibits cytokine-induced MMP-2 and -9 expression in RA-FLS
Inflamed synovial tissue is highly invasive, leading to the progressive destruction
of cartilage and bone. In addition, RA-FLS have the ability to secrete zinc-dependent
proteases such as MMPs, which promote degradation of the extracellular matrix proteins
in joint tissue and bone [314]. Recent reports suggest that AHR plays an active role in
regulating MMP expression during normal development, as well as in numerous cancers
[315]. Thus, to determine the effects of the AHR antagonist GNF351 on the expression of
MMPs, RA-FLS were treated with GNF351 in the presence or absence of
proinflammatory IL1B. The results indicate that IL1B significantly induced mRNA
expression of MMP-2 and -9, while GNF351 pre-treatment attenuated IL1B-mediated
MMP-2 and -9 induction (Figure 5.10A). The functional significance of this repression
by GNF351 was validated by gelatin zymography, in that IL1B-induced pro-MMP-2- and
-9-mediated gelatin degradation was significantly mitigated by GNF351 treatment
(Figure 5.10B).
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Figure 5.10 GNF351 inhibits cytokine-induced MMP-2 and -9 expression in primary
FLS.
(A) Primary RA-FLS cells were treated with 100 nM or 500 nM GNF351 for 1
hour, followed by 10 ng/ml IL1B for 4 hours. The levels of MMP-2 and MMP-9 mRNA
were determined using quantitative RT-PCR. (B) RA-FLS were pretreated for 1 hour
with 500 nM GNF351, followed by a single administration of 10 ng/ml IL1B for 48
hours. Cells were then treated every 12 hours with 500 nM GNF351 for a total of 48
hours. Cell culture supernatants were collected, and a gelatin zymography was
performed. Data points and bars represent mean + S.E. of three independent
determinations. Data were analyzed using one-way ANOVA followed by Tukey’s
multiple-comparisons test. * P, 0.05; ** P, 0.01; *** P, 0.001. Alphabetical characters
indicate statistical comparisons between two groups.
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3.5 DISCUSSION
Although the etiology of RA is unknown, it is well documented that innate and
adaptive inflammatory immune responses can lead to an inflamed synovium, resulting in
release of cytokines and chemokines and subsequent activation and recruitment of
peripheral mononuclear cells to the joint [316]. FLS have the potential to secrete multiple
cytokines and growth factors that in part could activate an autocrine loop [317, 318].
Increasing levels of cytokines, chemokines and growth factors within the synovium can
further activate FLS, leading to FLS-hyperplasia; a hallmark event in RA. Though the
precise mechanism behind the FLS hyper proliferation is not well understood, reports
indicate that activated FLS possesses mutations in numerous cell cycle regulatory
proteins that are less susceptible to apoptosis. Activated FLS also migrate from the
affected joint and can even invade other joints via chemotaxis, leading to extensive
cartilage and bone deterioration [261].
Although the RA etiology is complex, numerous genetic and environmental
factors have been identified that could positively contribute to RA pathogenesis. The
increasing body of epidemiological evidences pointing towards smoking as one of the
contributing risk factors for RA. The observations are based on studies performed in
smokers who have highly inflamed RA phenotype. The fact that tobacco smoke is a rich
source of planar PAHs, many of which are AHR agonists (e.g., B[a]P), suggests that
activation of the AHR may play a significant underlying role in disease progression
[183]. Furthermore, smoking has been shown to modulate the immune system by altering
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Th17 cell–mediated responses [319, 320]. Thus, we hypothesized that AHR antagonism
may provide a viable therapeutic target for RA treatment.
We have characterized GNF351 as a potent antagonist that could inhibit both
AHR-mediated, DRE-dependent activity induced by agonists as well as selective AHR
modulator–mediated, DRE-independent AHR signaling [85]. GNF351 also inhibited
nuclear translocation of the AHR in an immortalized FLS line (K4IM), thus inhibiting
DRE-mediated facilitation in transcription of inflammatory cytokines such as IL1B and
IL6 [255]. Other AHR antagonists that are currently attributed to possess therapeutic
activities include SR1, used in hematopoietic stem cell expansion ex vivo, TMF to inhibit
expression of IL6 and CH223191 to mitigate expression of multiple growth factors in
multiple HNSCC cell lines in the presence or absence of inflammatory signaling [84,
256, 258]. Overall, these examples suggest the potential for AHR antagonists to exhibit
therapeutic prospective for the treatment of a variety of diseases. Reports have shown that
proinflammatory cytokines can regulate growth factor expression and subsequent
secretion from RA-FLS. The data presented here mirrored those findings and further
suggest that GNF351 pretreatment of FLS-N and RA-FLS co-stimulated with
proinflammatory IL1B can attenuate cytokine-induced mRNA expression of such
multiple growth factors as VEGF-A, EREG, AREG, and FGF-2. Our previously published
data demonstrates that there are multiple imperfect DREs present in the promoter regions
of PDGF-A, EREG, and AREG and pre-exposure to AHR antagonist CH223191 could
mitigate cytokine-induced mRNA expression of these growth factors [258]. Thus, it is
plausible that the effects elicited by GNF351 likely occur through inhibition of AHR
recruitment to DREs present in the promoter regions of these growth factors (as observed
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in case of proinflammatory IL1B and IL6 promoters) and are independent of MAP-kinase
and NF-κB activation pathways [255]. Consequently, our data now provide new insight
in that effect of AHR antagonists are multifactorial as it not only mitigates cytokine
release but also inhibits growth factor expression.
As discussed in chapter 1, RA-synovial angiogenesis is a critical event as it
provides more nutrients to the inflamed synovial tissue. Enhanced neovascularization
also plays an instrumental role in the recruitment of inflammatory mononuclear cells to
the RA-synovial tissue and could contribute towards invasive and destructive synovial
tissue phenotype. The release of VEGF and other growth factors enhances angiogenesis
in inflamed synovial tissue, and thus elevated serum growth factor levels can serve as an
indicator of RA aggressiveness. Attempts have been made to neutralize VEGF in mice
using monoclonal antibodies and were shown to suppress joint deterioration. The fact that
the positive role of AHR in stimulating IL1B, IL6, PTGS2 and VEGF secretion in RAFLS, coupled with the fact that a novel biologic treatments in RA such as IL1B, TNF-α
and IL6 receptor blockers or neutralizing antibodies could lower the serum VEGF levels,
suggests that using an AHR antagonist as a therapeutic combinatorial treatment deserves
further consideration [269, 297, 321, 322].
The enhanced proliferation and formation of pannus tissue by FLS is directly
proportional to the high levels of cytokines and chemokines in synovial fluid. This leads
to further secretion of more cytokines and growth factors by RA-FLS [261]. AHR
activation can facilitate cytokine-induced cell proliferation in cancer cell lines; linking
inhibitory effects of AHR antagonism could be beneficial suppression of RA-FLS
proliferation [313, 323]. Once transformed, FLS show a highly aggressive phenotype that
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includes enhanced migratory behavior and can promote protease-dependent invasion of
surrounding bone and tissue cartilage. Our published data in HNSCC’s suggest that
treatment with the AHR antagonists TMF and GNF351 or ablation of AHR protein levels
could result in cells that are refractory to cellular migration [257]. This further
corroborates our current findings, indicating the role AHR in dictating RA-FLS
migration. FLS derived from inflamed RA synovium possess an invasive phenotype, in
contrast to FLS isolated from healthy individuals or OA patients [324]. Similarly RAFLS cells possess the ability to invade normal human cartilage engrafted in SCID mice
[248]. TCDD-mediated activation of the AHR pathway in lung airway epithelial cells,
normal human keratinocytes and melanocytes, and the melanoma cell line A2058 induces
expression of MMP-2 and -9 [325, 326]. Overall, inflammatory milieu-mediated FLS
transformation in the RA-synovium can promote secretion of MMPs and adhesion
molecules (VCAM-1 and ICAM-1) that can foster joint tissue degradation. Our data in
primary FLS from RA subjects suggest that challenge to proinflammatory IL1B can
induce MMP-2 and MMP-9 (gelatinase A and B) mRNA expression; however, this
induction was significantly attenuated by GNF351 treatment. Although MMP-2 and -9
are gelatinase-specific, numerous reports suggest that increasing levels of MMP-2 and -9
in synovial fluid can be used as a biomarker of RA progression and these MMPs can
degrade fibrillar collagen molecules [327, 328].
The ability of AHR to participate in growth factor and cytokine expression in
synoviocytes from healthy FLS firmly supports the belief that AHR activation may play a
crucial role in the early development and later in progression of RA. Identification of KA
in synovial fluid, an increased level of AHR activity on synovial tissue from RA patients
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compared to healthy and OA counterparts and based on the aforementioned data, it
strongly suggests that AHR activation can occur in synoviocytes either through binding
to the endogenous ligands (KA, indoles) or through exposure to exogenous
environmental contaminants (TCDD or B[a]P). Apart from KA, it is likely that other
potent endogenous AHR ligand such as indoxyl sulfate can precipitate RA pathogenesis
[48, 329]. In addition, exogenous AHR ligands derived from the diet, such as indole-3carbinol found in cruciferous vegetables, further add up to the total pool of circulating
AHR ligands. Further our preliminary data also suggest that synovial fluid from patients
with RA has significant potential to activate the AHR-mediated luciferase activity in
stable expression HepG2 40/6 cells. Similar to the enhanced AHR expression observed in
clinical samples of RA synovial tissues, increasing levels of AHR protein have also been
seen in tumor cells when compared with non-neoplastic parental control cells [257]. Thus
based on our in vitro data presented in this chapter, it is plausible that the AHR would
play a bigger role in FLS-mediated growth factor and cytokine expression in vivo. Thus it
can be targeted as a novel combinatorial treatment option in RA.
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SUMMARY AND CONCLUSIONS
Although the AHR was originally identified as the receptor that drives the toxicity
of environmental contaminants, its evolutionary conservation suggests that it has an
important role in physiology. With the advent of Ahr-/- mice, the evidence clearly
demonstrates that indeed the AHR plays a non-redundant physiological role. Previous
work done in our laboratory and others have shown the ability of AHR to participate in
the activation of inflammatory gene signaling and growth factor release from metastatic
cancer cell lines via binding to its cognate response element (DRE). Therefore the first
objective of this dissertation research was to determine the role of potent AHR antagonist
GNF351 in mitigating cytokine-induced activation and release of numerous proinflammatory cytokines and growth factors. The second objective was to understand how
AHR activity plays a role in migratory and invasive phenotype of FLS from RA patients,
and therefore can we modulate the AHR activity by GNF351 resulting in attenuation of
destructive RA phenotype of these cells.
RA-FLS cells from synovial joint tissue are susceptible to inflammation-mediated
proliferation, resulting in pannus tissue formation. These cells, in presence of
inflammatory milieu, can be transformed into highly inflamed and migratory cells that
can imitate metastatic cancer cells. Once transformed, RA-FLS cells are mediators of
RA-joint angiogenesis, enhanced local inflammation, and secretion of matrix degrading
enzymes, all contributing to progressive joint degradation.
Based on our previous findings in cancer cell lines, where AHR was shown to
play a constitutive as well as inducible role in a pro-inflammatory phenotype and
antagonism of AHR could attenuate IL6 release; we were interested in examining similar
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aspects of AHR in a RA-FLS model system in chapter 2. Here, we showed that AHRmediated antagonism in primary FLS from RA patients could mitigate cytokine-induced
expression and release of IL1B and IL6 cytokines, protein levels of PTGS2 and mRNA
expression of the CCL20 chemokine. We demonstrated that the effects were completely
dependent on AHR and are independent of cytokine-mediated activation of the ERK or
NF-κB pathways. Since it has been previously established that the levels of AHR protein
are higher in RA synovial tissue in comparison to healthy or OA tissues, and increasing
levels of KA (AHR agonist) have been identified in RA synovial fluid, we asked the
question whether the antagonism of AHR by GNF351 can mitigate KA and IL1Bmediated RA-FLS activation. Our data suggest that KA can activate CYP1A1 mRNA
expression in RA-FLS at physiological relevant concentrations that could be achieved in
synovial fluid. In addition, KA in the presence of cytokine challenge also enhanced
mRNA expression of IL1B, IL6, PTGS2 and CCL20, which was suppressed by preexposure to GNF351. Our laboratory and others have previously demonstrated that AHR
can bind to DREs on the promoters of pro-inflammatory genes (e.g. IL6) and can
facilitate their cytokine-induced expression [269]. GNF351 was shown to inhibit AHR
translocation into the nucleus of FLS and thus inhibited its binding to enhancer elements
of pro-inflammatory IL1B and IL6 genes, resulting in amelioration of cytokine-induced
expression.
The primary purpose of chapter 3 was to study how AHR activity can be
regulated by GNF351 leading to suppression of cytokine-induced expression and release
of growth factors, and to study its role in proliferative and destructive RA-FLS
phenotype. The release of growth factors from FLS derived from healthy patients as well
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as RA-FLS is critical to initiate autocrine and paracrine loops within the synovium and
could lead to enhance FLS-proliferation. Such release has also been shown to also
increase angiogenesis within the synovial joints further contributing to RA disease
pathophysiology. In clinical trials, numerous growth factors have been shown to enhance
cancer cell proliferation and some of those growth factors have been identified as AHR
target genes (VEGF-A, EREG, AREG and PDFG-A). GNF351-mediated AHR
antagonism demonstrated that the inhibitory effects on cytokine-induced growth factor
expression and release from RA-FLS and the effects of GNF351 were also AHRdependent. Growth factors are being targeted as cancer therapeutics; while in vivo
experiments with antibodies targeting VEGF growth factors in mice have shown
beneficial effects in collagen-induced arthritis. Taken together these observations suggest
the importance of targeting multiple growth factors simultaneously by AHR antagonists.
Cytokine-mediated RA-FLS transformation results in its hyper-proliferation and pannus
tissue formation within the inflamed synovium. As discussed earlier, activation of AHR
plays an instrumental role in facilitation of cell proliferation; our results corroborate such
findings as AHR antagonist GNF351 can mitigate cytokine-induced RA-FLS
proliferation. Unlike FLS-N or OA-FLS, RA-FLS are highly migratory and invading by
secreting numerous matrix degrading enzymes [248]. We identified that GNF351 can
mitigate RA-FLS cell migration as well as expression and release of such matrix
degrading enzymes as MMP-2 and -9. GNF351 also mitigated the ability of RA-FLS to
degrade gelatin matrix. Overall, the data presented in chapter 2 and 3 clearly demonstrate
that targeting AHR in RA-FLS as therapeutically viable.
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RA is a multifactorial disease that could lead to progressive joint deformities in
virtually all peripheral joints and the overall reduction in quality of life. Given the nature
of current treatment options available in RA, the efforts are concentrated towards the
palliative care, which includes the utilization of analgesics and anti-inflammatory agents
along with non-pharmacological treatment options such as exercise and physiotherapy.
The second choice of treatment includes the newly developed disease modifying antirheumatic drugs (DMARDs). The commonly used DMARDs include Methotrexate
(MTX), Sulphasalazine, Leuflunomide (all are used either alone or in combination as
gold-standard therapies in an aggressive RA), biologics targeting pro-inflammatory
cytokines (IL1B, TNF-α antibodies or blockers), and growth factors (anti-VEGF
antibody). All these DMARDs have shown significant disease improvements in RA
patients. However, even with these advances, the disease can only be controlled in
approximately 50-70% of the patient population [330]. Apart from the aforementioned
DMARDs, a novel class includes enzyme inhibitors that are targeted against the proteases
secreted by RA-FLS. The idea of utilizing MMP inhibitors for RA originally came from
their ability to inhibit invasive and angiogenic ability of metastatic cancer cells. Since
RA-FLS being reminiscent of cancer cells, attempts were made to study MMP inhibitors
in experimental animal models of arthritis. However, the data from numerous clinical
trials utilizing MMP inhibitors in cancer treatments is not very encouraging. Overall, this
suggests the need for newer alternatives that could target multiple disease pathways
simultaneously.
Transcription factors are the proteins that are master operators of gene expression
within the cells and are either completely turned ‘on’ or ‘off’ during the diseases. From a
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cancer therapeutics stand point, numerous transcription factors are commonly locked in
an ‘on’ position and turning ‘off’ the transcription factor using transcription factor protein
ablation or using small molecules that could inhibit the transcription factor activity has
shown promising results. Since most of the diseases are due to aberrant gene expression
patterns, targeting of transcription factors provides an exciting drug targets. Some of the
transcription factors that are being targeted include tamoxifen, an ER antagonist to treat
ER positive breast cancers, thiazolidinedione derivatives targeting PPARγ for the
treatments of type 2 diabetes mellitus and glucocorticoids that activate GR, and have
been used as steroidal anti-inflammatory agents. The overall advantage of activating or
antagonizing transcription factors is to selectively modulate the aberrant gene expression
controlled by these transcription factors in multiple diseases.
With the recent advancements in the understanding of AHR biology, numerous
evidences support the critical role of the receptor in complex diseases such as cancer,
psoriasis, and RA. Though the AHR has yet to be a therapeutic, data from our laboratory
and others clearly demonstrate such targeting could have beneficial effects and thus
makes it an exciting candidate for targeting. In the future, it would be interesting to study
if the inhibition of AHR translocation into the nucleus is the only mechanism by which
the receptor shows beneficiary effects or the retention of the receptor into the cytoplasm
by antagonist forces it to form complexes with unknown proteins that are responsible for
the overall DRE-independent effects.
One of the drawbacks of this Ph.D. dissertation is the data prensnted here does not
provide any information on how the AHR antagonist would behave in vivo. For this
purpose, either collagen- or antigen-induced arthritis mouse model could be used. These
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mouse models mimic the clinical RA phenotype and thus provide a great in sight on
interplay between AHR and inflammatory cytokine networks in RA. Since our data
demonstrate that the GNF351 can mitigate cytokine induced inflammatory signaling in
RA-FLS, these mouse models are capable of initiating inflammatory cascades in mouse
joints partly via FLS and would be of help in understanding whether the GNF351 could
inhibit such joint inflammation. The second aspect of this dissertation study on migratory
or invasive phenotype of RA-FLS could also be tested in vivo by studying the role of
GNF351 in SCID mice co-grafted with RA-synovial tissue and healthy tissue cohorts
[248].
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