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ABSTRACT 

Bexarotene is a Food and Drug administration (FDA)-approved therapeutic used 

in the treatment of cutaneous T-cell lymphoma (CTCL). However, bexarotene therapy 

causes significant side effects like hyperlipidemia and hypothyroidism due to crossover 

activity with retinoic acid receptor (RAR), thyroid hormone receptor (TR), and liver X 

receptor (LXR) signaling, respectively. More recently bexarotene has shown promise to 

reverse neurodegeneration, improve cognition and decrease levels of amyloid - β in 

transgenic mice expressing familial Alzheimer’s disease (AD) mutations. Bexarotene is a 

high affinity ligand for the retinoid X receptor (RXR) that heterodimerizes with the liver- 

X- receptors (LXR) and with peroxisome proliferator-activated receptor-gamma 

(PPARϒ) to control cholesterol efflux, inflammation, and transcriptionally upregulates 

the production of apolipoprotein (ApoE) in the brain. Enhanced ApoE expression may 

promote clearance of soluble Aβ peptides from the brain and reduce  Aβ plaques, thus 

resolving both amyloid pathology and cognitive deficits. The present study assessed the 

potential of bexarotene and a group of 62 novel rexinoids to bind and activate RXR using 

a series of biological assays and screening methods, including: 1) a mammalian two-

hybrid system (M2H) and an 2) Retinoid X Receptor response element (RXRE)-mediated 

reporter assays in cultured human cells. Moreover, Liver X Receptor response element 

(LXRE)-mediated luciferase assays were performed to analyze the ability of the novel 

analogs to activate LXRE - directed transcription, and to induce ApoE messenger 

ribonucleic acid (mRNA) in U87 glial cells. Furthermore, the most potent analogs were 
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analyzed via quantitative polymerase chain reaction (qPCR) to determine efficacy in 

modulating expression of two critical tumor suppressor genes, activating transcription 

factor 3 (ATF3) and early growth response 3 (EGR3). Results from these multiple assays 

indicate that the panel of RXR ligands contains compounds with a range of activities, 

with some analogs capable of binding to RXR with higher affinity than others, and in 

some cases upregulating ApoE expression to a greater extent than bexarotene. The data 

suggests that minor modifications to the bexarotene core chemical structure may yield 

novel analogs possessing an equal or greater capacity to activate RXR and may be useful 

as therapeutic agents against CTCL and Alzheimer’s disease. 



   

 iii  

ACKNOWLEDGMENTS   

This thesis would not have been possible without the support of Dr. J. Thank you Dr. J 

for believing in my ability and encouraging me at every step of the way. I am forever 

grateful to you for providing me with the opportunity to work under your supervision. I 

would like to express my deepest appreciation to Dr. Marshall and Dr. Wagner for taking 

the time to share their knowledge with me.  

I could not have undertaken this journey without the support of my lab mates, Flavio, 

Sarah, Zhela, Jennifer, Mobin, Michael and Jose. Our time together will always be one of 

my most special memories. I will miss you guys. 

Words cannot express my gratitude to my husband and my parents for their unconditional 

love and support.   

  



   

 iv  

 

  TABLE OF CONTENTS 

LIST OF FIGURES .......................................................................................................... IX 

LIST OF ABBREVIATIONS ........................................................................................ XIII 

1. INTRODUCTION .............................................................................................. 2 

The Nuclear Receptor Superfamily............................................................. 2 

Structure ...................................................................................................... 2 

Classification............................................................................................... 4 

The Human Retinoid X Receptors .............................................................. 5 

Cancer ......................................................................................................... 8 

Cutaneous T- cell Lymphoma (CTCL) ..................................................... 11 

Bexarotene ................................................................................................ 14 

Alzheimer’s Disease ................................................................................. 17 

2. GENERATION 6, 7, 8, 9, 10 AND 11 ANALOGS (INTRODUCTION, 

STRUCTURE, METHODOLOGY) ..................................................................... 21 

Generation 6 Rexinoids............................................................................. 23 

Generation 7 Rexinoids............................................................................. 23 

Generation 8 Rexinoids............................................................................. 24 

Generation 9 Rexinoids............................................................................. 25 

                Page 

CHAPTER                



   

 v  

Generation 10 Rexinoids........................................................................... 26 

Generation 11 Rexinoids........................................................................... 27 

Materials and Methods.......................................................................................... 29 

Mammalian-2-Hybrid assay...................................................................... 29 

RXRE assay .............................................................................................. 30 

LXRE assay............................................................................................... 31 

RARE assay .............................................................................................. 33 

Quantitative Real-Time PCR (Hut78 RNA) ............................................. 33 

Quantitative Real-Time PCR (U87 glial cells) ......................................... 35 

Data analysis. ............................................................................................ 36 

3. GENERATION 6 AND 7 ANALOGS (RESULTS AND DISCUSSION) ...... 39 

Biological Evaluation of Generation 6 Analogs (A64-A69) via an M2H 

Luciferase-based System........................................................................... 39 

Biological Evaluation of Generation 7 Analogs (A70-A77) via an M2H 

Luciferase-based System........................................................................... 40 

Assessment of Generation 6 Analogs via an RXRE Luciferase-based 

System. ...................................................................................................... 41 

Assessment of Generation 7 Analogs via an RXRE Luciferase-based 

System. ...................................................................................................... 43 

Assessment of Generation 6 Analogs via an LXRE Luciferase-based 

System. ...................................................................................................... 44 

CHAPTER               Page 



   

 vi  

Assessment of Generation 7 Analogs via an LXRE Luciferase-based 

System. ...................................................................................................... 47 

Evaluation of Residual RARE activity  of Generation 6 and 7 Analogs via  

RARE Luciferase-based System. .............................................................. 49 

qPCR Analysis of ATF3 Gene Induction. ................................................ 50 

qPCR Analysis of EGR3 Gene Induction. ................................................ 52 

Discussion ............................................................................................................. 54 

REFERENCES FOR CHAPTER 3 ...................................................................... 57 

4. GENERATION 8, 9 AND 10 ANALOGS (RESULTS AND DISCUSSION) 73 

Biological Evaluation of Generation 8 Analogs (A78*- A83) via an M2H 

Luciferase-based System........................................................................... 73 

Biological Evaluation of Generation 9 Analogs (A84-A91) via an M2H 

Luciferase-based System........................................................................... 75 

Biological Evaluation of Generation 10 Analogs (A92-A100) via an M2H 

Luciferase-based System........................................................................... 76 

Assessment of Generation 8 Analogs via an RXRE Luciferase-based 

System. ...................................................................................................... 77 

Assessment of Generation 9 Analogs via an RXRE Luciferase-based 

System. ...................................................................................................... 79 

Assessment of Generation 10 Analogs via an RXRE Luciferase-based 

System. ...................................................................................................... 80 

CHAPTER               Page 



   

 vii  

Assessment of Generation 8 Analogs via an LXRE Luciferase-based 

System. ...................................................................................................... 81 

Assessment of Generation 9 Analogs via an LXRE Luciferase-based 

System. ...................................................................................................... 84 

Assessment of Generation 10 Analogs via an LXRE Luciferase-based 

System. ...................................................................................................... 86 

Evaluation of Residual RARE activity of Generation 8, 9 and 10 Analogs 

via RARE Luciferase-based System. ........................................................ 88 

qPCR Analysis of APOE Gene Induction. ............................................... 91 

Discussion ............................................................................................................. 95 

REFERENCES FOR CHAPTER 4 ...................................................................... 98 

5. GENERATION 11 ANALOGS (PRELIMINARY RESULTS, DISCUSSION 

AND CONCLUSION) ........................................................................................ 112 

Biological Evaluation of Generation 11 Analogs (A101-A126) via an 

M2H Luciferase-based System. .............................................................. 112 

Assessment of Generation 11 Analogs via an RXRE Luciferase-based 

System. .................................................................................................... 113 

Assessment of Generation 11 Analogs via an LXRE Luciferase-based 

System. .................................................................................................... 115 

Preliminary qPCR Analysis of APOE Gene Induction........................... 116 

Discussion ........................................................................................................... 119 

CHAPTER               Page 



   

 viii  

Conclusion .......................................................................................................... 121 

REFERENCES ................................................................................................... 124 

APPENDIX ..................................................................................................................... 148 

A PERMISSION TO USE THE DATA ............................................................. 149 

 

CHAPTER               Page 



   

 ix  

LIST OF FIGURES 

Figure 1: General Nuclear Receptor Structure.................................................................... 3 

Figure 2: Schematic Diagram Of The Nuclear Receptor Superfamily.  .............................. 5 

Figure 3: Structure of Bexarotene Molecule..................................................................... 16 

Figure 4: Structures Of 9-cis Retinoic Acid, ATRA, Bexarotene and Rexinoids ............ 22 

Figure 5: Structures Of Generation 6 Rexinoids............................................................... 23 

Figure 6: Structure Of Generation 7 Rexinoids ................................................................ 24 

Figure 7: Structure Of Generation 8 Rexinoids ................................................................ 25 

Figure 8: Structure Of Generation 9 Rexinoids ................................................................ 26 

Figure 9: Structure Of Generation 10 Rexinoids .............................................................. 27 

Figure 10: Structure Of Generation 11 Rexinoids ............................................................ 28 

Figure 11. A: Biological Evaluation Of Generation 6 (A64-A69) RXR Agonists Via An 

M2H Luciferase-Based System. ....................................................................................... 40 

Figure 11. B: Biological Evaluation Of Generation 7 (A70-A77) RXR Agonists Via An 

M2H Luciferase-Based System. ....................................................................................... 41 

Figure 12. A : Biological Evaluation Of Generation 6 (A64-A69) RXR Agonists Via An 

RXRE Luciferase-Based System. ..................................................................................... 43 

Figure 12. B: Biological Evaluation Of Generation 7 (A70-A77) RXR Agonists Via An 

RXRE Luciferase-Based System. ..................................................................................... 44 

Figure                Page   



   

 x  

Figure 13. A: Evaluation Of RXR Agonists To Potentiate LXRE-Mediated 

Transactivation In The Absence And Presence Of LXR Ligand T0901317. ................... 46 

Figure 13. B: Heterodimer Specificity Score.................................................................... 47 

Figure 14. A : Evaluation Of RXR Agonists To Potentiate LXRE-Mediated 

Transactivation In The Absence And Presence Of LXR Ligand T0901317. ................... 48 

Figure 14. B: Heterodimer Specificity Score - The “Heterodimer Specificity Score” was 

determined by the LXRE:RXRE ratio with compound 1 set to 1.0.................................. 49 

Figure 15: Assessment Of RXR Agonists Via An RARE-Luciferase Reporter Based 

Assay In Human Cells. ..................................................................................................... 50 

Figure 16. A:  qPCR Analysis Of Our Most Potent RXR Agonists (A75-A77) To Induce 

ATF3 Gene Expression. .................................................................................................... 51 

Figure 16. B: qPCR Analysis Of Our Most Potent RXR Agonists (A75-A77) To Induce 

EGR3 Gene Expression. ................................................................................................... 53 

Figure 17. A: Biological Evaluation of Generation 8 (A78-A83) RXR Agonists Via An 

M2H Luciferase-Based System. ....................................................................................... 74 

Figure 17. B: Biological Evaluation Of Generation 9 (A84-A91) RXR Agonists Via An 

M2H Luciferase-Based System. ....................................................................................... 76 

Figure 17. C: Biological Evaluation Of Generation 10 (A92-A100) RXR Agonists Via 

An M2H Luciferase-Based System. ................................................................................. 77 

Figure 18. A : Biological Evaluation Of Generation 8 (A78-A83) RXR Agonists Via An 

RXRE Luciferase-Based System. ..................................................................................... 79 

Figure                Page 



   

 xi  

Figure 18. C:  Biological Evaluation Of Generation 9 (A84-A91) RXR Agonists Via An 

RXRE Luciferase-Based System. ..................................................................................... 81 

Figure 19. A: Evaluation Of RXR Agonists To Potentiate LXRE-Mediated 

Transactivation In The Absence And Presence Of LXR Ligand T0901317. ................... 83 

Figure 19. B: Heterodimer Specificity Score.................................................................... 84 

Figure 20. A: Evaluation Of RXR Agonists To Potentiate LXRE-Mediated 

Transactivation In The Absence And Presence Of LXR Ligand T0901317. ................... 85 

Figure 20. B: Heterodimer Specificity Score.................................................................... 86 

Figure 21. A: Evaluation Of RXR Agonists To Potentiate LXRE-Mediated 

Transactivation In The Absence And Presence Of LXR Ligand T0901317. ................... 87 

Figure 22. A: Assessment Of RXR Agonists Via An RARE-Luciferase Reporter Based 

Assay In Human cells. ...................................................................................................... 89 

Figure 22. B : Assessment Of RXR Agonists Via An RARE-Luciferase Reporter Based 

Assay In Human cells. ...................................................................................................... 90 

Figure 22. C : Assessment Of RXR Agonists Via An RARE-Luciferase Reporter Based 

Assay In Human cells. ...................................................................................................... 91 

Figure 22. D : Assessment Of RXR Agonists Via An RARE-Luciferase Reporter Based 

Assay In Human Cells. ..................................................................................................... 91 

Figure 23. A: qPCR Analysis Of Our Most Potent RXR Agonists (A80-A82) To Induce 

APOE Gene Expression. ................................................................................................... 93 

Figure                Page 



   

 xii  

Figure 23. B: qPCR Analysis Of Our Most Potent RXR Agonists (A84, A86, A92, A94) 

To Induce APOE Gene Expression................................................................................... 94 

Figure 24: Biological Evaluation Of Generation 11 (A101-A126) RXR Agonists Via An 

M2H Luciferase-Based System. ..................................................................................... 113 

Figure 25: Biological Evaluation Of Generation 11 (A101-A126) RXR Agonists Via An 

RXRE Luciferase-Based System. ................................................................................... 114 

Figure 26: Evaluation Of RXR Agonists To Potentiate LXRE-Mediated Transactivation 

In The Absence And Presence Of LXR Ligand T0901317. ........................................... 116 

Figure 27: qPCR Analysis Of Our Most Potent RXR Agonists (A101) To Induce APOE 

Gene Expression. ............................................................................................................ 118 

 

 

  

Figure                Page 



   

 xiii  

LIST OF ABBREVIATIONS 

9-cis-RA                  9-cis-retinoic acid 

AD                           Alzheimer’s Disease 

AF-1                        Activation Function-1 

ApoE                       Apolipoprotein E 

APP                         Amyloid Precursor Protein 

ATF3                       Activating Transcription Factor 3 

ATP                         Adenosine Triphosphate 

ATRA                      All-trans-Retinoic Acid 

B‐RAF                     V-Raf Murine Sarcoma Viral Oncogene Homolog B1 

c‐MYC                     Cellular Master Regulator of Cell Cycle Entry and Proliferative         

CTCL                       Cutaneous T- Cell Lymphoma 

DBD                         DNA-Binding Domain 

DMEM                     Dulbecco's Modified Eagle Medium 

DNA                         Deoxy Ribonucleic Acid 

EGFR                       Epidermal Growth Factor Receptor 

EGR3                       Early Growth Response 3 

FBS                          Fetal Bovine Serum 

GAPDH                   Glyceraldehyde-3-Phosphate Dehydrogenase 

HEK-293                 Human Embryonic Kidney 293 Cells 

HRE                         Hormone Responsive Element 



   

 xiv  

Hut78                       Human Cutaneous T-Lymphocyte 

K‐RAS                     Kirsten Rat Sarcoma Viral Oncogene Homolog 

LBD                         Ligand-Binding Domain 

LXR                         Liver X Receptor 

LXRE                      Liver X Response Element 

M2H                        Mammalian 2 Hybrid 

MF                           Mycosis Fungoides 

mTORC                   Mammalian Target of Rapamycin Complex 

NLS                         Nuclear Localization Sequence 

NMDA                    N-methyl-D-aspartate 

NR                           Nuclear Receptors 

NTD                        N-Terminal Domain 

PEI                          Polyethylenimine 

PI3K                        Phosphoinositide 3-Kinase 

PPAR                      Peroxisome Proliferator-Activated Receptor 

PSEN1                    Presenilin-1 

PSEN2                    Presenilin-2 

RAR                       Retinoic Acid Receptor 

RARE                     Retinoic Acid Receptor Element 

RNA                       Ribonucleic Acid 

RXR                      Retinoid X Receptor 



   

 xv  

RXRE                    Retinoid X Receptor Element 

SS                          Sézary Syndrome 

STR                       Short Tandem Repeat 

TGF-α                   Transforming Growth Factor Alpha 

TR                         Thyroid Receptor 

U87                       Human Glioblastoma Cells 

VDR                     Vitamin D Receptor 

Wnt                       Wingless/Integrated 

 

  



   

 1  
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CHAPTER 1  

INTRODUCTION 

The Nuclear Receptor Superfamily 

Nuclear receptors belong to a super-family of ligand-modulated transcription factors that 

are activated by steroid hormones, such as estrogen and progesterone, and various other 

lipid-soluble ligands, such as retinoic acid, oxysterols, and thyroid hormone 

(Mangelsdorf et al., 1995). These ligands possess the ability to cross the plasma 

membrane and foster interaction with nuclear receptors inside the cell, bypassing the 

need to act via cell surface receptors. Following ligand  binding, activated nuclear 

receptors directly regulate transcription of genes that control a wide spectrum of 

biological processes, such as cell proliferation, development, metabolism, reproduction, 

and apoptosis. Nuclear receptors predominantly function as transcription factors 

however, a few nuclear receptors can also regulate cellular functions within the 

cytoplasm (Sever and Glass, 2013). 

Structure 

All nuclear receptor superfamily members contain  four to five common domains labeled 

A–F (Fig.1).  Domains A and B constitute the highly variable (both in length and 

sequence) amino/N-terminal domain (NTD). This domain also contains the first of two 

transactivation domains (activation function-1, AF-1). Adjacent to the A/B domain is the 

highly conserved C domain distinguished by a central conserved DNA-binding domain 
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(DBD) that directs the receptor to specific DNA sequences known as hormone response 

elements. The nuclear receptors differ from other DNA-binding proteins due to the 

presence of two highly conserved zinc fingers in the DBD that act as a hook and allow 

binding to chromatin within the nucleus (Porter et al. 2019). The D domain or ‘hinge’ 

region is a flexible region that generally contains the main nuclear localization sequence 

(NLS). The carboxy (C)-terminal half of the receptor is composed of the well conserved 

ligand-binding domain (LBD) which contributes towards hormone receptor recognition 

and guarantees both specificity and selectivity of the physiologic response. Thus, the 

LBD acts as a molecular switch that shifts the receptor to a transcriptionally active state 

upon ligand binding (Mangelsdorf et al., 1995). This region also contains the second 

transactivation domain (AF-2).  Lastly, some nuclear receptors also possess a highly 

variable F domain that often has unknown functions (Frigo et al., 2021). 

 

 

Figure 1: General Nuclear Receptor Structure.  

NRs consist of six domains, N-terminal activation function domain, a central DNA 

binding domain, and a C-terminal ligand binding domain that carries out ligand-

dependent transcriptional function (Grimaldi et al., 2015). 
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Classification 

The nuclear receptor super-family consists of over 48 members (Weikum et al., 2018).  

Based on their dimerization, DNA-binding characteristics, and ligand binding the nuclear 

receptor super– family can be grouped into four classes (Fig. 2). Although there are some 

important structural and functional differences between the different classes, some 

pivotal structural components are preserved which are permissive to their respective 

functions. Class I receptors encompass the known steroid hormone receptors which 

function as ligand induced homodimers and bind to DNA half-sites organized as inverted 

repeats. Class II receptors form heterodimers with RXR and bind to direct repeats whilst 

some may bind to symmetrical repeats. The Class II receptor group includes all other 

known ligand-dependent receptors excluding the steroid hormones. Class III receptors 

predominantly bind to direct repeats as homodimers. Class IV receptors primarily bind to 

extended core sites as monomers. Most of the orphan receptors fall into class III and IV 

categories (Mangelsdorf et al., 1995). 
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Figure 2: Schematic Diagram Of The Nuclear Receptor Superfamily. Depicted are  

the four classes (A-D) of the nuclear receptor superfamily which are classified based on 
dimerization (homo, hetero, or mono), DNA binding (direct repeat or inverted repeat), 
and ligand specificity (essential or non-essential). Class I, Steroid Receptor are also 

known as nuclear hormone receptors; Class II, RXR Heterodimers; Class III, Dimeric 
Orphan Receptors; Class IV, Monomeric Orphan Receptors. Abbreviations: NTD, N-

terminal domain; DBD, DNA-binding domain; H, Hinge region; LBD, Ligand-binding 
domain; C, Variable C-terminus; DR, Direct Repeat; IR, Inverted Repeat (Porter et al., 

2019). 

The Human Retinoid X Receptors 

The human retinoid X receptors consist of three identified isoforms (α, β, γ) 

(Mangelsdorf and Evans 1994; Leid et al.,1992) with one or more of the isoforms 

exhibiting expression in every human tissue type where the receptor regulates—
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sometimes in partnership with other nuclear receptors—gene transcription, often 

stimulated by receptor-specific molecular signaling. The RXRs display a remarkable 

versatility unknown among other nuclear receptors (NRs) making up a transcriptional 

modulator superfamily because they join with many of the NRs to create heterodimers 

that actively modulate the pathways central to cell differentiation, metabolism, 

proliferation, and migration. Some of the critical receptor pathways where RXR 

participates as an essential component to realize functional responses include the liver X 

receptor (LXR), the thyroid hormone receptor (TR), the peroxisome proliferator-activated 

receptor (PPAR), the vitamin D receptor (VDR), and the retinoic acid receptor (RAR), to 

name a few. All NRs control gene expression primarily by regulating transcription, and 

usually in response to the presence of an associated receptor ligand and their obligate 

partnering receptor. Receptor ligands, often endogenous molecules, bind to the receptor’s 

ligand-binding domain (LBD), which, in turn, compels the receptor to adopt a 

conformation that can then dimerize with an additional receptor, recruit co-factors, and 

ultimately bind with high affinity to a specific hormone responsive element (HRE) that 

the receptor recognizes in DNA. Increasingly, HREs are being identif ied considerably 

up- or downstream from their moderated genes; however, many HREs have also been 

identified close to or within the promoter region of the regulated genes. Initially, TRs, 

VDRs, and RARs were presumed to bind to their HREs as homodimers (Forman et 

al.,1989), though they were later discovered to associate with RXR as a prerequisite to 

binding and activating their HREs (Forman et al., 1989). Zhang and colleagues first 
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reported that 9-cis-retinoic acid (9-cis-RA)—a naturally occurring isomer of all-trans-

retinoic acid (ATRA)—is an RXR-specific ligand that functions as an agonist where its 

binding to RXR compels the formation of RXR homodimers and subsequent association 

with RXR responsive elements (RXREs) (Zhang et al., 1992). When RXR associates 

with other NRs as a heterodimer, the heterodimer does not need to possess an RXR-

specific ligand in the LBD for RXR. For example, the RXR-VDR heterodimer has been 

reported to function without a ligand bound to RXR (Thompson et al., 2001). 

Alternatively, some RXR heterodimers exhibit enhanced activity with RXR-specific 

ligands (rexinoids) bound to RXRs’ LBD, as in the case of the RXR-LXR heterodimer 

(Svensson et al., 2003).  Considering this degree of versatility—the necessity for RXR to 

partner with several NRs with or without ligands for those NRs to function—RXR has 

reasonably been termed the master receptor. 

Numerous RXR studies, comprising multitudes of rexinoids with different partnering 

NRs, have distilled two primary RXR heterodimer classifications—the so-called 

permissive and non-permissive RXR heterodimers (Forman et al., 1995). Only the 

heteropartner’s agonists can activate purely nonpermissive RXR heterodimers, whereas 

either the heteropartner’s agonists or rexinoids can activate permissive RXR 

heterodimers. The RXR-RAR, RXR-TR, and RXR-VDR heterodimers have all been 

characterized as non-permissive. In most, but not all conditions, the RXR partnering 

receptor for the VDR and TR heterodimers is “silent.” The RXR-RAR heterodimer, on 

the other hand, showed enhanced activation by both certain rexinoids and RAR-specific 
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agonists. Specific RXR agonists, in fact, have shown activation of RXR-RAR in the 

absence of RAR-specific agonists (Lala et al., 1996). The primary classification of RXR-

RAR as nonpermissive has evolved considering these observations to have a more 

accurate “conditionally nonpermissive” designation. The RXR-LXR, RXR-PPAR, and 

RXR-FXR heterodimers, alternatively, are all known to be fully permissive. 

Both permissive and nonpermissive RXR heterodimers often give rise to pleiotropic 

effects from exposure to potent rexinoids—the former by stimulating RXR heterodimer 

pathways and the later by titrating a finite pool of RXR away from participating in the 

proper formation and functioning of those nonpermissive RXR heterodimers. This 

potential for pleiotropy has frustrated the clinical development of rexinoids for 

therapeutic applications. Rexinoids such as 9-cis-RA can arrest the functioning of the 

RXR-VDR ( Lemon and Freedman, 1996; MacDonald et al., 1993; Thompson et al., 

1998) and RXR-TR (Lehmann et al., 1993) heterodimers. 

Nevertheless, the two overarching characteristics concerning the development of rexinoid 

therapeutics that exert fewer side effects and greater benefits comprise selectivity and 

potency (Jurutka et al., 2013). Thus, an approach to modify a parent RXR agonist’s 

structure may impact both potency and RXR-heterodimer selectivity, leading to improved 

pleotropic profiles by generating specific NR modulators. 

Cancer 

A cancerous tumor is defined as an aggregation of cells proliferating rapidly in 

comparison to normal tissue, in a rampant fashion and that has invasive and metastatic 
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properties (Roy & Saikia, 2016). As per the latest data, the mortality caused by cancer 

has dwindled over the past decade in both males and females, however it is still the 

second most common cause of mortality and morbidity in the United States next to 

cardiovascular disease (Siegel et al., 2018; Xu et al., 2016). The major cause of cancer 

development are mutations in one or more genes regulating the cell cycle. In some cases, 

the defective gene is inherited while as in other cases, the mutations are caused due to 

exposure to environmental carcinogens. Typically, in majority of the cancer cases both 

hereditary and environmental factors play a role, and an accumulation of mutations is a 

prerequisite for the cancer to develop (Iranzo et al., 2018; Zhu et al., 2015). When  the 

DNA of the cell is damaged due to environmental factors like UV radiation, various 

repair mechanisms are activated  to repair the damage. However, if the repair 

mechanisms are unable to mend the damage, cell death signals are activated but if there is 

a disruption in those mechanisms  the mutated cells can proliferate (Goldar et al., 2015; 

Torgovnick & Schumacher, 2015). Resistance to the effects of cell death signals and 

immortality are the paramount properties of cancerous cells. There are three major 

classes of programmed cell death: apoptosis, autophagic cell death, and necrosis 

programmed cell death; all of them determine the fate of the cancer cell in conjunction 

(Jain et al., 2013). Out of the three pathways, apoptosis has been extensively studied, and 

research on cancer treatment has focused on mechanisms to induce apoptosis in cancer 

cells.  
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 The genetic changes that drive cancer affect three major types of genes: Proto-

oncogenes, tumor suppressor genes, and DNA repair genes. Proto-oncogenes play an 

important role in normal cell growth and division. However, when these genes are 

affected by mutations, they can become cancer-causing genes (or oncogenes), allowing 

unchecked cell growth. Oncogenes encode proteins that stimulate tumorigenesis. Tumor 

suppressor genes inhibit the development of tumors. p53 is among the most important 

tumor suppressor genes involved in controlling the cell cycle and induction of apoptosis. 

K‐RAS, B‐RAF, and c‐MYC are crucial oncogenes (Croce, 2008; M. Zhao et al., 2012).  

The AKT/PI3K, RAS‐ERK, mTORC, and Wnt/B‐catenine signaling pathways have a 

substantial effect on the metabolism of cancerous cells (Martin, 2003; H. Yao et al., 

2011). Otto Warburg in the 1920s observed increase glucose uptake by cancer cells 

compared to normal cells which led to the proposition that there is a remarkable 

difference in the metabolism of cancerous cells in comparison to normal cells (Warburg 

et al., 1927). Like normal cells, cancer cells also have a requirement to synthesize 

macromolecules for growth and proliferation. However, cancer cells are well equipped to 

adapt to adverse conditions such as hypoxia and nutrient deprivation. Furthermore, ATP 

production and utilization, as well as the redox balance in cancer cells are highly 

regulated. Some therapeutic approaches are concentrated towards targeting the peculiar 

metabolic features of cancer cells (Hornsveld & Dansen, 2016; Phan et al., 2014; Reid & 

Kong, 2013; Samanta & Semenza, 2018). 
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Cutaneous T- cell Lymphoma (CTCL) 

Skin can be affected by diverse types of  T- and B-cell neoplasms, either primarily or 

secondarily. Primary cutaneous lymphoma are a type of cutaneous T-cell lymphomas 

(CTCLs) and cutaneous B-cell lymphomas (CBCLs) that occur in the skin with no 

indication of extracutaneous disease at the time of diagnosis.  The integumentary system 

is the second most common site of extranodal non-Hodgkin lymphoma, after the 

gastrointestinal tract. Primary cutaneous lymphomas usually demonstrate different 

clinical behavior and prognosis from histologically similar systemic lymphomas, which 

may involve the skin secondarily, and therefore require different types of treatment . 

Almost 75% of primary cutaneous lymphomas are derived from T-cells, of which two-

thirds are further characterized as either Mycosis fungoides (MF) or Sézary syndrome 

(SS). 

Classic MF tends to be a more indolent disease which slowly progresses over the course 

of several years to decades, advancing through various stages including patches, plaques, 

and tumor (Jawed et al., 2014; Jonak et al., 2021). Patients with MF present with well-

defined and pruritic erythematous patches and plaques often distributed in sun-protected 

areas including the groin, trunk, buttocks, and breasts. These lesions may have varying 

sizes and levels of desquamation and can ulcerate in advanced disease. Some patients 

may present with concurrent patches, plaques, and tumors and although tumors often 

signify later-stage disease, they may also occur de novo (Kim et al., 2003). Although rare, 

MF may also present with hypopigmented lesions in children, adolescents, and 
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individuals with dark complexion (Cho et al., 2010). In 2003, Kim et al. performed a 

study analyzing the clinical characteristics of 525 patients with CTCL and found that 

67% of patients initially presented with limited or generalized patches and plaques, while 

33% presented with tumors or erythroderma at disease onset (Kim et al., 2003). 

Although less common than MF, SS is another distinct and more clinically aggressive 

type of CTCL. Classic SS is characterized by intensely pruritic and generalized skin 

involvement with erythroderma, lymphadenopathy, and leukemic spread of malignant 

CD4+ T cells (Kemph et al., 2021; Kohnken et al., 2016). SS often presents de novo; 

however, it may also develop from long-standing MF, known as “SS preceded by MF” or 

“secondary SS” (Kohnken et al., 2016). Erythrodermic lesions in SS may range from 

mild erythema to generalized exfoliative dermatitis and fissuring involving the palms and 

soles (Jawed et al., 2014). Significant exfoliative lesions are often accompanied by 

electrolyte and protein loss, hypothermia, and alopecia. The cutaneous lesions of SS can 

be misdiagnosed as allergy, atopic dermatitis, adverse drug reactions, or chronic contact 

dermatitis. 

Although its pathophysiology is quite complex, CTCL is the result of malignant 

transformation of skin-homing/resident T-cells (Willemze  et al., 2005) and may be more 

simply explained in terms of its “microenvironment” and “macroenvironment.” The 

observation that T-cell costimulatory signals support the growth of malignant T-cells in 

vitro highlights the importance of extrinsic factors present in the tumor 

microenvironment (McCusker et al., 1997; Yamanaka et al., 2006) 
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Furthermore, numerous gene expression profiling and immunohistochemistry-based 

studies have demonstrated the important role of nonmalignant cells, including 

lymphoma-associated macrophages and dendritic cells, which may be recruited into the 

tumor microenvironment by tumor-derived chemokines (Schlapbach, C et al., 2010; 

Vaque, J.P et al., 2014). These nonmalignant cells are then able to promote tumorigenesis 

via direct mechanisms such as the production of factors involved in tumor cell growth 

and survival, and indirect mechanisms such as the promotion of angiogenesis and 

suppression of host anti-tumor immunity (Wilcox, R.A. 2010).Contributing to the 

significant morbidity and mortality associated with the infectious complications of ten 

seen in CTCL is that of widespread impairment of cellular immunity – the tumor 

“macroenvironment”(Wilcox, R.A. 2017). It is known that roughly 50% of patients with 

CTCL, especially those with advanced disease, eventually succumb to the sequelae of 

infection (Axelrod et al., 1992; Epstein et al., 1972; Posner et al., 1981). This 

phenomenon is due to both quantitative and qualitative defects in immune system 

functions, including natural killer cells (Bouaziz et al., 2005; Wysocka et al., 2004), 

dendritic cells (Wysocka et al., 2002), and T-cell mediated immunity (French et al., 2005; 

Lee et al., 1999; Samimi et al.,2010) amongst other components such as the loss of T-cell 

repertoire, analogous to that observed in HIV infection, and loss of T-cell receptor 

diversity (Wilcox et al., 2017;Yawalkar., et al 2003). 

In both MF and SS, disease staging according to the World Health Organization-

European Organization for Research and Treatment of Cancer classification system 
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dictates the choice of treatment. Treatment options range from skin-directed therapies 

(SDTs) to biologic systemic therapies and, of course, chemotherapy. In early stages of 

disease, patients often respond well to SDTs alone. In more advanced CTCL however, 

SDTs may be used in combination with systemic therapy. Common SDTs include 

alkylating agents, phototherapy, photodynamic therapy, and electron beam therapy 

(Gardner et al., 2009). The selection of systemic therapies for CTCL is broad, and many 

agents may be used in combination. These agents include cytokines such as IFNα and 

IFNγ, methotrexate, denileukin diftitox, histone deacetylase inhibitors, monoclonal 

antibodies, forodesine, and stem cell transplants. Of most relevance to the current study is 

the use of bexarotene in the treatment of CTCL. 

Bexarotene 

Bexarotene (Targretin®) (Fig. 3) is an RXR-selective agonist that binds to all three RXR 

isoforms (RXRα, RXRβ, and RXRγ) with equivalent affinity and activates the receptors 

with comparable potency. Bexarotene is approved by the FDA and is a universally used 

therapeutic for treating  cutaneous T-cell lymphoma (CTCL). Moreover, it has been used 

as an off-label drug for treating non-small cell lung cancer and breast cancer.  Bexarotene 

has shown promise in various in vitro studies in preventing and overcoming acquired 

drug resistance in advanced breast cancer, non-small cell lung cancer and even advanced 

prostate cancer. Numerous studies have been carried out to ascertain the efficacy of 

bexarotene for the treatment of breast cancer due to its antitumor activity, with a special 

focus on its safety. A research study done in 2003 assessed the use of oral bexarotene in 
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patients with metastatic breast cancer, where the participants were split into three groups 

– the first two groups received bexarotene alone, while the third group consisted of 

tamoxifen-resistant patients that received both tamoxifen and bexarotene (Esteva et al., 

2003). A total of 148 patients were tested, and an assortment of results were obtained. 

Out of all the drugs tested, bexarotene demonstrated minimal toxicity. The most reported 

side effects were hypertriglyceridemia (84%), dry skin (34%), asthenia (30%), and 

headache (27%) (Esteva et al., 2003).  Approximately 20% of subjects reported clinical 

benefits with bexarotene treatment and it was reported that bexarotene, due to its specific 

mechanism and minimum toxicity as compared to other chemotherapeutic drugs, could 

be a better choice for select breast cancer treatments, but was limited in its overall use. 

An in vitro analysis demonstrated that bexarotene could arrest cancer cell growth via 

apoptosis, decrease expression of TGF-α and EGFR, induce cellular senescence 

associated with increased p21 and p16 expressions, and promote G1-phase cell cycle 

arrest. However, the explicit mechanism of cell proliferation inhibition by bexarotene 

remains unclear (Kobayashi et al., 2022). 

While bexarotene is predominantly RXR-selective and avoids significant RAR-

activation, patients treated with bexarotene often experience hypothyroidism, 

hyperlipidemia, and occasionally cutaneous toxicity. Bexarotene, like 9-cis-RA, incites 

these side effects by disrupting nonpermissive heterodimers—hypothyroidism by RXR-

TR disruption—or stimulating the permissive heterodimers—hyperlipidemia via RXR-
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LXR activation and cutaneous toxicity from RAR activity at high dose concentrations 

(Jurutka et al., 2021). 

 

Figure 3: Structure of Bexarotene Molecule 

Bexarotene has also shown some promise in neurodegenerative disease models such as 

Alzheimer’s disease (AD) (Cramer et al., 2012). Moreover, several novel rexinoids were 

recently reported to be equally or more effective at modulating gene expression via 

LXREs and are thus superior at inducing ApoE, the gene whose enhanced expression is 

thought to mitigate the pathophysiology associated with Alzheimer’s disease (Mallick et 

al., 2021). 

Bexarotene has shown tremendous promise not only as a cancer therapeutic, but also as a 

potential treatment for neurodegenerative diseases like Alzheimer’s disease. Therefore, it 

becomes essential to further our research in the development of novel rexinoids that are 

similar to bexarotene in structure and function but at the same time can mitigate the side 

effects caused by bexarotene therapy.  
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Alzheimer’s Disease 

Alzheimer's disease is the most common cause of dementia in the world. The incidence 

of dementia will increase precipitously in the coming years due to the increase in the 

aging population. Unfortunately, there is currently no cure for Alzheimer’s 

disease. However, some risk prevention measures in mid-life can probably delay onset of 

Alzheimer’s disease. 

In Alzheimer's disease (AD), there is a progressive onset of symptoms associated with 

the loss of cortical functions. Clinically, there are two phenotypes of the disease, 

amnestic and non-amnestic form (Mckhann et al., 2011). In the amnestic form, the 

disease debuts with memory loss for recent events or conversations (episodic memory) 

and issues with time orientation. Symptoms like reduced understanding, judgment, 

thinking, and language difficulties develop over time. In the non-amnestic form, the 

disease begins with behavioral changes, depression, language difficulties, orientation 

difficulties or visual problems. 

Slowly, the patient develops global cognitive impairment, various behavioral and 

psychological symptoms as well as functional impairment, and most of them go on to 

develop motor symptoms and autonomic dysfunction. They have a significantly reduced 

life expectancy compared to their peers (Strand et al., 2018) . 

A large number of Alzheimer's disease cases are sporadic, i.e., without a known familial 

burden (Bertram et al., 2007). The APOE-ε4 genotype is the most prevalent risk allele for 

the development of the disease (Kern et al., 2015). Early-onset familial Alzheimer's 
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disease with mutations in amyloid precursor protein (APP), presenilin-1 (PSEN1) or 

presenilin-2 (PSEN2) is rare. In addition, greater than 50 genes or gene loci are 

associated with the disease, but with low penetrance (Scheltens et al., 2016; Lukiw et al., 

2020). 

The pathological changes in the brain likely begin 10–20 years before the onset of 

symptoms (Jack et al., 2018). The disease begins with the development and deposition of 

insoluble amyloid plaques extracellularly. Intracellularly, tau proteins are 

phosphorylated, resulting in the formation of neurofibrillary tangles. The neurons are 

damaged, the immune system is activated, and vascular changes occur. The receptors on 

the nerve synapses are damaged and the production of several neurotransmitter 

substances is reduced (Lukiw et al., 2020). 

AD has no cure and the drugs available to treat AD are only symptom-relieving with no 

long-term efficacy. The commonly prescribed drugs for symptomatic relief are 

cholinesterase inhibitors and the non-competitive N-methyl-D-aspartate (NMDA) 

receptor antagonist memantine.  Cholinesterase inhibitors are the first choice for the 

treatment and Memantine is only recommended when cholinesterase inhibitors are not 

tolerated or have no effect in advanced AD dementia. Combination of the two drugs is 

only exceptionally recommended in the national professional guidelines for 

dementia. The three cholinesterase inhibitors rivastigmine, donepezil and galantamine are 

considered to have similar clinical effects, but somewhat different side effect 

profiles. They have no documented effect on mild cognitive impairment and do not delay 
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the development of dementia either (Livingston et al., 2017).  Cholinesterase inhibitors 

stabilize or reduce the changes in cognition, behavior and general (ADL) function (Tan et 

al., 2014).  

The most common side effects are gastrointestinal (diarrhea, nausea and vomiting), but 

dizziness, headache and sleep difficulties including nightmares are also frequent. As 

cholinesterase inhibitors can cause bradycardia, care must be taken in people with cardiac 

conduction disorders or when using other drugs that affect cardiac conduction (e.g., beta-

blockers).  Memantine inhibits glutamate's effect by acting antagonistically on the 

NMDA receptor.  The indication is moderate to severe AD dementia. 

The development of new disease-modifying drugs has been aimed at changing amyloid or 

tau pathology. In addition, there are increasing trials of drugs aimed at metabolism, 

inflammation, synapse, or neuronal protection, as well as vascular and epigenetic 

interventions (Cummings et al., 2020). Most trials have been aimed at preventing the 

formation of amyloid plaques (β-secretase inhibitors), counteracting aggregation, or 

increasing the breakdown of amyloid (anti amyloid immunotherapy) and preventing 

phosphorylation of tau (anti - tau immunotherapy).   

Cramer et al in 2012 demonstrated that RXR agonists like bexarotene can enhance 

normal Aβ clearance mechanisms by activating PPARγ:RXR and LXR:RXR, inducing 

ApoE expression, facilitating Aβ clearance, and promoting microglial phagocytosis. 

Development of new drugs against Alzheimer's disease is the need of the hour and using 

existing drugs like bexarotene which have proven efficacy can reduce the clinical trial 
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time. Furthermore, evaluating the potential of novel analogs of bexarotene for treatment 

of AD could prove to be a useful tool to combat AD.  Therefore, a second aim of this 

thesis is to describe the development and testing of a new generation of bexarotene 

analogs that may serve as potent inducers of ApoE, while limiting the side effects of this 

class of drugs, and to thus enhance Aβ clearance and serve as efficacious therapeutics in 

the treatment of Alzheimer's disease. 
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CHAPTER 2  

1. GENERATION 6, 7, 8, 9, 10 AND 11 ANALOGS (INTRODUCTION, 

STRUCTURE, METHODOLOGY) 

Between 2021 and 2023 our research group reported the synthesis and evaluation of 

Generation 6, 7, 8, 9, 10 and 11 rexinoids (A64-A126) as novel analogs of bexarotene, 

and several of these analogs exhibited distinctive activity profiles and promoted a range 

of gene expression in vitro. When our group first undertook research on rexinoids, we 

reported a fluorinated bexarotene analog (A18) (Wagner et al., 2009) followed by other 

halogenated, and even a difluorinated bexarotene analog (A28) (Furmick et al., 2012). 

The pyridine bexarotene analog (A33) (Boehm et al., 1995) and the pyrimidine 

bexarotene analog (A35)  (Jurutka et al., 2013), as well as LGD100268 (A30) (Boehm et 

al., 1995) and the LGD100268 pyrimidine analog (A40) (Jurutka et al., 2013) all 

exhibited an increase in RXR activity compared to bexarotene and superior therapeutic 

effects in mouse models of cancer (Boehm et al., 1994 ; Liby et al., 2006). Introducing an 

unsaturation in bexarotene’s aliphatic ring results in compound (A32) (Zhang et al., 1995; 

Faul et al., 2001), and the unsaturated-fluorinated bexarotene (A41) (Jurutka et al., 2013) 

also activates LXR (Marshall et al., 2015). CD3254 A34 (Santin et al., 2009) and 

CD2915 (A36) (Gianni et al., 2000) are two synthetic rexinoids with activity comparable 

to bexarotene. Our group utilized A34 and A36 to design analogous rexinoids A31, A39, 

A37 and A38 (Jurutka et al., 2013). Kakuta and colleagues reported 

compound A54 (NEt-TMN) (Fujii et al.,2010; Ohsawa et al., 2010; Kakuta  et al., 2012; 
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Ohsawa 2013) as well as its analogous compounds A63 (Kagechika et al., 1998;,  Ohta et 

al., 1998; ,Ohta et al., 2011) and A61 (Kagechika et al., 1998;,  Ohta et al., 1998)—all of 

which showed high potency and selectivity for RXR alongside many other NEt-TMN 

derivatives that our group reported (Heck et al.,2016). Even replacing the ethyl group 

with a methyl group on the linking nitrogen atom of NEt-TMN leads to potent rexinoids 

such as A50 (Ohta et al., 2000), A48 (Ohta et al., 2000), and A64 (Ohta et al., 2000) 

(Figure 4 ). 

 

  

Figure 4: Structures Of 9-cis Retinoic Acid, ATRA, Bexarotene and Rexinoids 
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Generation 6 Rexinoids 

Generation 6 rexinoids (Fig. 5) consists of four novel analogs of 6-(ethyl)(4-isobutoxy-3-

isopropylphenyl)amino nicotinic acid or NEt-4IB, analogs A65-A69 and a partial analog 

of NEt-4IB, analog A64. A64 (Kawata et al., 2015) is described by Kakuta’s group as a 

potent partial RXR agonist exhibiting promise in mouse models of diabetes and 

pulmonary emphysema. We were interested in testing the activity of A64 in vitro, since 

we were expecting a reduced side-effect profile via RXR-dependent cross-signaling for 

these types of compounds (Jurutka et al., 2021). 

 

 

  Figure 5: Structures Of Generation 6 Rexinoids  

Generation 7 Rexinoids 

Generation 7 rexinoids (Fig. 6) consist of seven novel analogs of 4-[1-(3,5,5,8,8-

Pentamethyl-5,6,7,8-tetrahyro-2-naphthyl)ethynyl]benzoic Acid commonly referred to as 

bexarotene, and two analogs of analog 64. Analogs A70-A74, A77 and A78 are the novel 
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analogs of bexarotene and analogs A76 and A75 are the analogs of analog 64. We were 

interested in testing the activity of analogs A76 and A75 in vitro, since we were 

expecting a reduced side-effect profile via RXR-dependent cross-signaling for these types 

of compounds (Jurutka et al., 2021). 

 

Figure 6: Structure Of Generation 7 Rexinoids 

Generation 8 Rexinoids 

Generation 8 rexinoids (Fig. 7), analogs A79-A83 were synthesized by using many of the 

compounds shown in Figure 4 as starting points to analyze how altering the structure of a 

compound by introducing new modifications result in changes to the compound’s 

activities. For example, we were interested in substituting an isochroman group for the 

aliphatic ring system in bexarotene and some of the CD3254 analogs that have been 
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described, as well as a multiple fused aryl-ring system for synthesis of analogs A79-A83 

(Jurutka et al., 2022). 

 

 

Figure 7: Structure Of Generation 8 Rexinoids 

Generation 9 Rexinoids 

Generation 9 rexinoids (Fig. 8) consist of analogs A84-A91. The analogs were 

synthesized by modifying the structure of compounds A50, A48, A64 and compound 

A54 and its various analogs. Analog A84 was synthesized by a pyrimidine aromatic ring 

substitution from compounds A50, A48 and A64. Analogs A89, A88, A91, A87 were 

synthesized by introducing different modifications such as substituting an allyl group, 

various aromatic rings, addition of a methyl group into the analogs of NEt-TMN (Jurutka 

et al., 2022). Analogs A90, A86 and A85 were formed because of substitution of ethyl 

group with a methyl group on the linking nitrogen atom of NEt-TMN (Ohta et al., 2000) 

(Fig. 4 ). 
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Figure 8: Structure Of Generation 9 Rexinoids 

Generation 10 Rexinoids 

Generation 10 rexinoids (Fig. 9) consist of analogs A92-A100. The analogs were 

synthesized by modifying the structure of NEt-TMN and substituting the isochroman 

group for the aliphatic ring system and then varying the N-alkyl chains—including 

methy, ethyl and allyl—along with different aromatic acid ring systems (Jurutka et al., 

2022). Interestingly, compound A72 (Kagechika et al., 1998) was previously made and 

reported by Kagechika and co-workers, so we were interested in synthesizing many 

possible analogs of it (compounds A94, A97, and A100) and comparing their activities. 
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Figure 9: Structure Of Generation 10 Rexinoids 

Generation 11 Rexinoids 

Generation 11 rexinoids (Fig. 10) consist of analogs A101-A126. For the majority of the 

Generation 11 compounds (A101-A124), we basically wanted to assess how substituting 

a 1,1,4,4,6-pentamethyl-1,4-dihydronaphthalenyl system for the 1,1,4,4,6-pentamethyl-

1,2,3,4-tetrahydronaphthalenyl system of NEt-TMN, in addition to varying the alkyl 

group and then the aromatic ring system that bears the carboxylic acid would affect the 

activity.  For the last two compounds, we substituted the isochroman ring system for 

the 1,1,4,4,6-pentamethyl-1,2,3,4-tetrahydronaphthalenyl system of LDG100268 and a 
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known pyridine-bexarotene analog to generate A125 and 126, respectively. 

 

Figure 10: Structure Of Generation 11 Rexinoids 
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Materials and Methods 

Mammalian-2-Hybrid assay 

Human glioblastoma cells (U87) were purchased from American Type Culture Collection 

(ATCC, Manassas, VA, USA) and used to perform the Mammalian-2-Hybrid assays with 

Generation 8, 9 and 10 analogs and HEK-293 cells were used to perform the M2H assay 

with Generation 6, 7 and 11 analogs. Authentication and validation of these master stocks 

included both testing for mycoplasma contamination (via Universal Mycoplasma 

Detection Kit; ATCC, Cat. #30-1012K), as well as short tandem repeat (STR) analysis to 

confirm cell line identity. For M2H assays, U87 glial cells and HEK-293 cells were 

seeded at a density of 80,000 cells/well for Generation 6 and 7 analogs and at 60,000 

cells/well for Generation 11 analogs in a 24-well plate.  The cells were maintained in 

DMEM (Hyclone) supplemented with 10% fetal bovine serum, 100 µg/mL streptomycin, 

100 U/mL penicillin (Invitrogen, Carlsbad, CA, USA) at 37 degrees Celsius, 5% CO2 for 

24 h. The cells in each individual well were transiently transfected using 1.25µl 

Polyethylenimine (PEI) (Polysciences, Inc., Warrington, PA, USA) according to the 

manufacturer’s protocol. The cells were cotransfected using 50ng pCMV-hRXR binding 

domain vector (BD) and 50ng  pCMV-hRXR activation domain (AD), as well as with 

250 ng PFR-Luc reporter gene containing BD-binding sites and 20ng renilla control 

plasmid.  After 22–24 h of transfection, the cells were treated with either vehicle control 

ethanol, reference compound bexarotene (100 nM) or 100 nM of the indicated bexarotene 

analog. All compounds were solubilized in ethanol. After 24 h of treatment, the cells 
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were lysed in 1X passive lysis buffer (Promega, Madison, WI USA) and the amount of 

reporter gene product (luciferase) was quantified using the Dual-Luciferase Reporter 

Assay System based on the manufacturer’s protocol (Promega) in a Sirius FB12 

luminometer (Berthold Detection Systems, Pforzheim, Germany). Luminescence 

resulting from the inducible firefly luciferase was divided by luminescence from the 

constitutively expressed Renilla luciferase to normalize for transfection efficacy, cell 

death, and cellular toxicity from ligand exposure. The data are a compilation of between 

six to eight independent assays with each treatment group dosed in quadruplicate for each 

independent assay. The activity of the reporter gene was measured in comparison to the 

reference compound bexarotene set to 100%. Error bars on all graphs indicate the 

standard deviation of the replicate experiments. 

RXRE assay 

For RXRE assays, U87 glial cells (Generation 8, 9 and 10 analogs) and HEK-293 cells  

(Generation 6, 7 and 11 analogs) were seeded at a density of 80,000 cells/well for 

Generation 6 and 7 analogs and  at 60,000 cells/well for Generation 11 analogs in a 24-

well plate. The cells were maintained in DMEM (Hyclone) supplemented with 10% fetal 

bovine serum, 100 µg/mL streptomycin, 100 U/mL penicillin (Invitrogen, Carlsbad, CA, 

USA) at 37 degrees Celsius, 5% CO2 for 24 h. The cells in each individual well were 

transiently transfected using 1.25µl Polyethylenimine (PEI) (Polysciences, Inc., 

Warrington, PA, USA) according to the manufacturer’s protocol. The cells were 

cotransfected with 25 ng RXRα, 250ng RXRE –luciferase reporter gene and 20ng renilla 
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control plasmid. After 22–24 h of transfection, the cells were treated with either vehicle 

control ethanol, reference compound bexarotene (100 nM) or 100 nM of the indicated 

bexarotene analog. All compounds were solubilized in ethanol. After 24 h of treatment, 

the cells were lysed in 1X passive lysis buffer (Promega, Madison, WI USA) and the 

amount of reporter gene product (luciferase) was quantified using the Dual-Luciferase 

Reporter Assay System based on the manufacturer’s protocol (Promega) in a Sirius FB12 

luminometer (Berthold Detection Systems, Pforzheim, Germany). Luminescence 

resulting from the inducible firefly luciferase was divided by luminescence from the 

constitutively expressed Renilla luciferase to normalize for transfection efficacy, cell 

death, and cellular toxicity from ligand exposure. The data are a compilation of between 

six to eight independent assays with each treatment group dosed in quadruplicate for each 

independent assay. The activity of the reporter gene was measured in comparison to the 

reference compound bexarotene set to 100%. Error bars on all graphs indicate the 

standard deviation of the replicate experiments. 

LXRE assay 

For LXRE experiments, U87 cells were seeded at a density of 80,000 cells/well in a 24-

well plate and maintained in DMEM (Hyclone) supplemented with 10% fetal bovine 

serum, 100 µg/mL streptomycin, 100 U/mL penicillin (Invitrogen, Carlsbad, CA, USA) 

at 37 degrees Celsius, 5% CO2 for 24 h. The cells were transiently transfected in 

individual wells using Polyethylenimine (PEI) (Polysciences, Inc., Warrington, PA, 

USA) according to the manufacturer’s protocol. The cells in each well received 250 ng of 
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an LXRE-luciferase reporter gene, 50 ng of CMX-h-LXRα (an expression vector for 

human LXRα), 50 ng of pSG5-human RXRα (an expression vector for human RXRα), 

and 20 ng of Renilla control plasmid was used along with 1.25 µL of PEI reagent. After 

22–24 h of transfection, the cells were treated with either vehicle control ethanol, 

reference compound bexarotene (100 nM) alone, or in combination with 100 nM 

T0901317 (an LXR ligand), or 100 nM of the indicated bexarotene analog either alone or 

in combination with T0901317, as indicated. All compounds were solubilized in ethanol. 

After 24 h of treatment, the cells were lysed in 1X passive lysis buffer (Promega, 

Madison, WI USA) and the amount of reporter gene product (luciferase) was quantified 

using the Dual-Luciferase Reporter Assay System based on the manufacturer’s protocol 

(Promega) in a Sirius FB12 luminometer (Berthold Detection Systems, Pforzheim, 

Germany). Luminescence resulting from the inducible firefly luciferase was divided by 

luminescence from the constitutively expressed Renilla luciferase in order to normalize 

for transfection efficacy, cell death, and cellular toxicity from ligand exposure. The data 

are a compilation of between six to eight independent assays with each treatment group 

dosed in triplicate for each independent assay. The LXRE-directed transcriptional 

activation of the reporter gene was measured in comparison to the reference compound 

bexarotene  set to 100%. Error bars on all graphs indicate the standard deviation of the 

replicate experiments. 
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RARE assay 

Human embryonic kidney cells (HEK293) were plated at 60,000 cells per well in a 24-

well plate and maintained as described above. After 22–24 h, the cells were transiently 

transfected with 250 ng pTK-DR5(X2)-Luc, 25 ng pSG5-human RXRα, and 20 ng of 

Renilla control plasmid using 1.25 µL polyethylenimine (PEI) per well for 24 h. The 

sequence of the double DR5 RARE is: 5’-

AAAGGTCACCGAAAGGTCACCATCCCGGGAGGTCACCGAAAGGTCACC-

3’ (DR5 responsive elements underlined). After 22–24 h of transfection, the cells were 

treated with ethanol vehicle (0.1%), all-trans-retinoic acid (ATRA, the endogenous ligand 

for RAR), or the indicated rexinoid analog at a final concentration of 10 nM. After 24 h 

of treatment, the cells were lysed and the retinoid activity was measured as described 

above (dual luciferase assay). The activity of bexarotene (or analog) divided by the 

activity of ATRA (expressed as a percentage) represents the RARE activity. The data are 

a compilation of between three to four independent assays with each treatment group 

dosed in triplicate for each independent experiment. The value for the positive control 

ATRA was set to 100%. 

Quantitative Real-Time PCR (Hut78 RNA)  

Human cutaneous T-lymphocyte (Hut78) cells were maintained in DMEM/high glucose, 

L-glutamine, and sodium pyruvate (Cytiva Hyclone) containing 10% FBS (Atlanta 

Biologicals), supplemented with 100 μg/mL streptomycin and 100 units/mL penicillin 
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(Gibco) at 37 degrees Celsius, 5% CO 2. Cells were plated at 400,000 cells per well in a 

6-well plate. After 24 h, the medium was replaced with DMEM containing 1% FBS by 

centrifugation of cells at 200g for 10 minutes. The cells were dosed in DMEM 1% FBS 

containing ethanol, DMSO, bexarotene, or analog at a final concentration of 100 nM for 

24 h. Total RNA was isolated from each well using an Aurum Total RNA Mini Kit (Bio-

Rad, Hercules, CA) according to the manufacturer’s instructions. The RNA obtained was 

quantified using A260/280 spectrophotometry.  DNase-treated total RNA (0.1 μg) was 

reverse-transcribed via the use of the AzuraQuant Green 1-Step qPCR Mix LoRox 1,000 

Reactions kit (Azura Genomics) to prepare 62 μL of first-strand cDNA synthesis and real-

time PCR components. Reactions were prepared by adding 31 μL of 2x AzuraQuant 1-

step Green LoRox, 1.55 μL of forward/reverse primers (18 μM), 3.1 μL of 20x 

AzuraSprint Rtase, DNase-treated total RNA (0.1 μg), and PCR-grade water for a total 

volume of 10 μL per well. Reactions were performed in 96-well plates in a BioRad 

CFX96 thermal cycler using a 40-cycle profile. Data analysis was performed using the 

comparative ΔΔCt method as the means of relative quantitation, normalized to an 

endogenous reference (GAPDH) and relative to a calibrator (normalized Ct value from 

vehicle-treated cells) and expressed as 2−ΔΔCt according to Applied Biosystems’ User 

Bulletin 2, revision B, “Relative Quantitation of Gene Expression”. The primers utilized 

during PCR experimentation are as follows:  

human GAPDH forward, 5′ACAACTTTGGTATCGTGAAGGAC3′ 

human GAPDH reverse, 5′-CAGGGATGATGTTCTGGAGAGC-3′ 
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human EGR3 forward 5’-CAATCTGTACCCCGAGGAGA-3’  

human EGR3 reverse 5’-GGAAGGAGCCGGAGTAAGAG-3’ 

human ATF3 forward 5’-GAGGATTTTGCTAACCTGACGC-3’ 

 human ATF3 reverse 5’-CTACCTCGGCTTTTGTGATGG-3’. 

Quantitative Real-Time PCR (U87 glial cells) 

Human glioblastoma (U87 ) cells were maintained in DMEM as described above. The 

cells were plated at 300,000 cells per well in a six-well plate and immediately dosed with 

ethanol,  bexarotene + TO, or analog +TO at a final concentration of 100 nM for 24 h. 

Total RNA was extracted using the Aurum Total RNA Mini Kit (Bio-Rad, Hercules, CA) 

as per manufacturer's protocol. DNase-treated total RNA (0.1 μg) was reverse-transcribed 

via the use of the AzuraQuant Green 1-Step qPCR Mix LoRox 1,000 Reactions kit 

(Azura Genomics) to prepare 62 μL of first-strand cDNA synthesis and real-time PCR 

components. Reactions were prepared by adding 21 μL of 2x AzuraQuant 1-step Green 

LoRox, 1.05 μL of forward/reverse primers (18 μM), 2.1 μL of 20x AzuraSprint Rtase, 

DNase-treated total RNA (0.1 μg), and PCR-grade water for a total volume of 10 μL per 

well. Reactions were performed in 96-well plates in a BioRad CFX96 thermal cycler 

using a 40-cycle profile. Data analysis was performed using the comparative ΔΔCt 

method as the means of relative quantitation, normalized to an endogenous reference 

(GAPDH) and relative to a calibrator (normalized Ct value from vehicle-treated cells) 

and expressed as 2−ΔΔCt according to Applied Biosystems’ User Bulletin 2, revision B, 
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“Relative Quantitation of Gene Expression”. The primers utilized during PCR 

experimentation are as follows:  

human GAPDH forward, 5′ACAACTTTGGTATCGTGAAGGAC3′ 

human GAPDH reverse, 5′-CAGGGATGATGTTCTGGAGAGC-3′ 

human apolipoprotein E (ApoE): forward, 5′-GGGTCGCTTTTGGGATTAC-3′ 

human apolipoprotein E (ApoE): reverse, 3′- CAACTCCTTCATGGTCTCG-5′ 

Data analysis.  

Statistical analysis was performed using Microsoft Excel software. T‐tests were 

performed, as appropriate.  All error bars represent the standard deviation.  Data points 

without error bars have standard deviations below Excel's limit to display.  Statistical 

differences between two groups (generally the bexarotene control group versus 

bexarotene analog group) were determined by a two‐sided Student’s t‐test.  A p‐value of 

less than or equal to 0.05 was considered significant. 
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CHAPTER 3  

Abstract: 

Five novel analogs of 6-(ethyl)(4-isobutoxy-3-isopropylphenyl)amino)nicotinic acid—or 

NEt-4IB—in addition to seven novel analogs of 4-[1-(3,5,5,8,8-pentamethyl-5,6,7,8-

tetrahydro-2-naphthyl)ethynyl]benzoic acid (bexarotene) were prepared and evaluated for 

selective retinoid-X-receptor (RXR) agonism alongside bexarotene (1), a FDA-approved 

drug for cutaneous T-cell lymphoma (CTCL). Bexarotene treatment elicits side-effects by 

provoking or disrupting other RXR-dependent pathways. Analogs were assessed by the 

modeling of binding to RXR and then evaluated in a human cell-based RXR-RXR 

mammalian-2-hybrid (M2H) system as well as a RXRE-controlled transcriptional system. 

The analogs were also tested in KMT2A-MLLT3 leukemia cells and the EC50 and IC50 

values were determined for these compounds (Data not included in the thesis). Moreover, 

the analogs were assessed for activation of LXR in an LXRE system as drivers of ApoE 

expression and subsequent use as potential therapeutics in neurodegenerative disorders, 

and the results revealed that these compounds exerted a range of differential LXR-RXR 

activation and selectivity. Furthermore, several of the novel analogs in this study 

exhibited reduced RARE cross-signaling, implying RXR selectivity. These results 

demonstrate that modification of partial agonists such as NEt-4IB and potent rexinoids 

such as bexarotene can lead to compounds with improved RXR selectivity, decreased 

cross-signaling of other RXR-dependent nuclear receptors, increased LXRE-heterodimer 
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selectivity, and enhanced anti-proliferative potential in leukemia cell lines compared to 

therapeutics such as 1. 
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GENERATION 6 AND 7 ANALOGS (RESULTS AND DISCUSSION) 

Biological Evaluation of Generation 6 Analogs (A64-A69) via an M2H Luciferase-

based System.  

In order for a rexinoid to carry out its therapeutic effects as a modulator of genes involved 

in cell differentiation, proliferation, and apoptosis, it must first induce RXR-RXR 

homodimerization (Panchal and Scarisbrick., 2015). Therefore, a mammalian-2-hybrid  

(M2H) luciferase assay was employed to determine the efficacy of RXR-RXR 

homodimerization induced by our analogs compared to bexarotene. In this assay, human 

embryonic kidney cells were transfected with the plasmid components of the M2H system 

(see Methods, Chapter 2), and the cells were subsequently dosed with either ethanol 

(vehicle), 100 nM bexarotene, or the indicated analog. After 24 hours of ligand exposure, 

the transcription of the luciferase gene, which is directly proportional to the degree of RXR-

RXR homodimerization, was measured via a luminescence assay. Due to 

structural/chemical differences in our novel generation of analogs, the compounds were 

separated into "functional" Generation 6 (A64-A69) and Generation 7 (A70-A77) 

groupings. In this set of experiments, homodimerization and subsequent transcriptional 

activity of generation 6 analogs was compared to bexarotene, which was set to 100%. 

Transcriptional activity of our analogs ranged from 7.5% to 14.1% of the bexarotene 

control, with A64 displaying the greatest agonist activity in this set (Figure 11A). 
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Figure 11. A: Biological Evaluation Of Generation 6 (A64-A69) RXR Agonists Via 

An M2H Luciferase-Based System. Human embryonic kidney cells (HEK293) were co-
transfected using a human RXR binding domain (BD) vector (bait), a human RXR 
activation domain (AD) vector (prey), pFR-Luc, and renilla control plasmids for 24 h 

utilizing a liposome-mediated transfection protocol. Cells were treated with either the 
ethanol vehicle or 100 nM of bexarotene or the indicated analog for 24 h. After 24 h the 

cells were lysed, and a luciferase assay was completed. Analog-dependent RXR binding 
and homodimerization, as measured by luciferase output, was compared to 
bexarotene (value set to 100%). Values are means ± SD with all analogs tested displaying 

lowered RXR homodimerization activity vs. bexarotene (p < 0.05). 

Biological Evaluation of Generation 7 Analogs (A70-A77) via an M2H Luciferase-

based System.  

In a parallel set of experiments, we employed the same M2H luciferase assay as 

described above, but instead compared our Generation 7 analogs to bexarotene, which 

was again set to 100%. Transcriptional activity of our analogs ranged from 53.3% to 

299.4% of the bexarotene control. Analogs A71, A72, and A75-A77 all outperformed 
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bexarotene (Figure 11B). Of these, A75-A77 displayed statistically significant (p < 0.01) 

improvement in driving RXR-RXR homodimerization compared to bexarotene with 

analog A77 exhibiting the highest activity of all compounds tested. 

 
Figure 11. B: Biological Evaluation Of Generation 7 (A70-A77) RXR Agonists Via 

An M2H Luciferase-Based System. Human embryonic kidney cells (HEK293) were co-
transfected using a human RXR binding domain (BD) vector (bait), a human RXR 
activation domain (AD) vector (prey), pFR-Luc, and renilla control plasmids for 24 h 

utilizing a liposome-mediated transfection protocol. Cells were treated with either the 
ethanol vehicle or 100 nM of bexarotene or the indicated analog for 24 h. After 24 h the 

cells were lysed, and a luciferase assay was completed. Analog-dependent RXR binding 
and homodimerization, as measured by luciferase output, was compared to 
bexarotene (value set to 100%). Values are means ± SD with A75-A77 displaying 

enhanced RXR homodimerization activity vs. bexarotene (*p < 0.05), whereas A71-A74 

displayed comparable activity vs. bexarotene. 

Assessment of Generation 6 Analogs via an RXRE Luciferase-based System.  

After RXR-RXR homodimerization takes place, the complex must then associate with its 

respective response element, the RXRE, in order to carry out transcriptional regulation. 
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To assess this next molecular step in the transduction pathway of rexinoid signaling, we 

utilized an RXRE luciferase assay where transcription of the luciferase gene is directly 

proportional to RXR-RXR homodimer binding to RXRE. We again employed human 

embryonic kidney cells; this time transfected with a plasmid containing an authentic 

RXRE DNA sequence upstream of the luciferase gene. Transcriptional activity of 

Generation 6 analogs was compared to bexarotene set to 100%. In this set of experiments, 

transcriptional activity of our analogs ranged from 9% to 28% of the bexarotene control 

(Figure 12A), with A64 possessing the highest activity in this grouping, similar to the 

results observed in the M2H assay (compare Figure 11A). Interestingly, the overall trend 

seen in the results of the M2H assay very closely mimics what was measured in the 

RXRE assay. This is an expected and reasonable observation, as RXR-RXR 

homodimerization and homodimer association to the RXRE are consecutive molecular 

functions necessary for rexinoids to produce their pharmacologic effects. 
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Figure 12. A : Biological Evaluation Of Generation 6 (A64-A69) RXR Agonists Via 

An RXRE Luciferase-Based System. Human embryonic kidney cells (HEK293) were 

co-transfected using a RXRE luciferase reporter gene, pSG5-human RXRα, and a renilla 
control plasmid for 24 h utilizing a liposome-mediated transfection protocol. Cells were 

treated with either the ethanol vehicle or 100 nM of bexarotene or the indicated analog 
for 24 h. After 24 h the cells were lysed, and a luciferase assay was completed. Analog-
dependent RXR-mediated transcription, as measured by luciferase output, was compared 

to bexarotene (value set to 100%). Values are means ± SD with A64-A69 displayed 

lowered activity vs. bexarotene (*p < 0.05). 

Assessment of Generation 7 Analogs via an RXRE Luciferase-based System.  

In this parallel set of RXRE experiments, we employed the RXRE assay and compared 

our Generation 7 analogs to bexarotene. Transcriptional activity of these analogs ranged 

from 94.7% to 246.3% of the bexarotene control (Figure 12B). Analogs A70, A75-A77 

all displayed a greater activity trend than bexarotene, and A70, A76 and A77 revealed a 

statistically significant (p < 0.05) difference compared to the bexarotene control. Again, 
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the trend in these results closely mimics what was observed in the M2H assay, thus 

further validating both assay systems. 

 

Figure 12. B: Biological Evaluation Of Generation 7 (A70-A77) RXR Agonists Via 

An RXRE Luciferase-Based System. Human embryonic kidney cells (HEK293) were 

co-transfected using a RXRE luciferase reporter gene, pSG5-human RXRα, and a renilla 
control plasmid for 24 h utilizing a liposome-mediated transfection protocol. Cells were 
treated with either the ethanol vehicle or 100 nM of bexarotene or the indicated analog 

for 24 h. After 24 h the cells were lysed, and a luciferase assay was completed. Analog-
dependent RXR-mediated transcription, as measured by luciferase output, was compared 

to bexarotene (value set to 100%). Values are means ± SD with A70, A76 and A77 
displaying enhanced RXR-mediated transcriptional activity vs. bexarotene (*p < 0.05), 

whereas A72-A75 displayed comparable activity vs bexarotene. 

Assessment of Generation 6 Analogs via an LXRE Luciferase-based System. 

We next tested the analogs for their ability to bind and activate the liver-X-receptor (LXR) 

using a liver-X-receptor responsive element (LXRE)-based assay, and we compared the 

effect in the presence vs. absence of an activating LXR compound (TO901317). We  
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utilized human embryonic kidney cells; this time transfected with a plasmid containing an 

authentic LXRE DNA sequence upstream of the luciferase gene. Transcriptional activity 

of Generation 6 analogs was compared to bexarotene set to 100%. The activation from this 

natural LXRE in our system was tested in the presence of either 100 nM RXR agonists 

alone or in combination with 100 nM of both the RXR agonist and LXR agonist T0901317 

(TO). The use of the combination of LXR and RXR agonists was expected to display a 

more robust response in LXRE transactivation due to additive or synergistic effects of dual 

ligand activation of the RXR-LXR heterodimer. In this set of experiments, transcriptional 

activity of our analogs ranged from 64.5% to 72.4% of the bexarotene control (Figure 13A). 

In this cohort, none of the analogs were found to more potent than bexarotene in activating 

LXRE. 
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Figure 13. A: Evaluation Of RXR Agonists To Potentiate LXRE-Mediated 

Transactivation In The Absence And Presence Of LXR Ligand T0901317. HEK-293 

human embryonic kidney cells were transfected with an expression vector for human 
LXRα, an LXRE-luciferase reporter gene with 3 tandem copies of the LXRE from the 

human ApoE gene, and a renilla control plasmid. Cells were transfected for 24 hours 
utilizing a liposome-mediated transfection protocol and then treated with ethanol vehicle, 
or 100 nM of the indicated compound alone or in combination with 100 nM TO901317 

(TO).  LXRE-directed activity was compared to bexarotene, set to 100%.   

 

While most of the analogs possessed slightly lower LXR activation when compared to 

bexarotene,  it is important to consider this activity in the context of the RXR-RXR 

homodimer activity of each analog, and to thus “normalize” the LXR/LXRE heterodimer 

activation in order to yield a LXRE Heterodimer Specificity (LHS) score (Figure 13B). 

The results of this LHS analysis revealed that many of our novel compounds in Generation 

6 (e.g., A64, A65, A66, A67, A68, A69) possessed greater LXRE/RXRE activity via 

increased heterodimer specificity than the parent bexarotene. 
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Figure 13. B: Heterodimer Specificity Score-The “Heterodimer Specificity Score” was 

determined by the LXRE:RXRE ratio with compound 1 set to 1.0. See text for definition. 

Assessment of Generation 7 Analogs via an LXRE Luciferase-based System. 

In this parallel set of LXRE experiments, we employed the LXRE assay and compared our 

Generation 7 analogs to bexarotene. Transcriptional activity of these analogs ranged from 

46% to 91.1% of the bexarotene control (Figure 14A). The results of the LHS analysis 

revealed that two of  our novel compounds in Generation 7 (A73 and A74) possessed 

greater LXRE/RXRE activity via increased heterodimer specificity than the parent 

bexarotene (Figure 14B). 
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Figure 14. A : Evaluation Of RXR Agonists To Potentiate LXRE-Mediated 

Transactivation In The Absence And Presence Of LXR Ligand T0901317. HEK-293 
human embryonic kidney cells were transfected with an expression vector for human 
LXRα, an LXRE-luciferase reporter gene with 3 tandem copies of the LXRE from the 

human ApoE gene, and a renilla control plasmid. Cells were transfected for 24 hours 
utilizing a liposome-mediated transfection protocol and then treated with ethanol vehicle, 

or 100 nM of the indicated compound alone or in combination with 100 nM TO901317 

(TO).  LXRE-directed activity was compared to bexarotene, set to 100%.   
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Figure 14. B: Heterodimer Specificity Score - The “Heterodimer Specificity Score” 
was determined by the LXRE:RXRE ratio with compound 1 set to 1.0. See text for 

definition. 

Evaluation of Residual RARE activity  of Generation 6 and 7 Analogs via  RARE 

Luciferase-based System. 

Since bexarotene is known to possess “residual” RARE activity, we evaluated the ability 

of Generation 6 compounds to induce transcription via the retinoic acid response element 

and retinoic acid receptor (RAR). Human embryonic cells (HEK293) were transfected 

with human RARα and dosed with 10 nM of either all-trans retinoic acid (RA), the 

natural ligand for RARα, bexarotene, or analogs. We found that bexarotene possessed 

and average 28.1% of the activity of the RA control (Figure 15). A66 showed the lowest 

RARE activity at 1.1%, which is indistinguishable from the ethanol control while as 
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A71 displayed the greatest RARE activation at 12.9% of RA. Thus, all of our novel 

analogs displayed significantly less “cross-over” onto RAR-RARE signaling compared to 

bexarotene. 

  

Figure 15: Assessment Of RXR Agonists Via An RARE-Luciferase Reporter Based 

Assay In Human Cells. Human embryonic cells (HEK293) were co-transfected with 
expression vectors for hRXRα, a RARE-luciferase reporter gene, and a renilla control 

plasmid for 24 h utilizing a liposome-mediated transfection protocol. Cells were treated 
with bexarotene, analog, or all-trans-retinoic acid (RA) at 10 nM for 24 h. The RARE 

activity for RA was set to 100%. Values are means ± SD with all analogs tested 

displaying lowered RARE activity vs. compound 1 (p < 0.05). 

qPCR Analysis of ATF3 Gene Induction.  

qPCR analysis was performed to determine the efficacy of our analogs to upregulate gene 

transcription of the tumor suppressor gene, ATF3, relative to bexarotene. Since not all 

analogs displayed robust activity in the previous biological assays, only the most potent 

analogs, namely A75-A77, were selected for qPCR evaluation (Figure 16A). In this set of 
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experiments, bexarotene exhibited a mean 1.9-fold increase in ATF3 gene transcription 

relative to ethanol control. A75 and A76 yielded very similar fold inductions to 

bexarotene at 2.2 and 2.0, respectively. However, these differences were not statistically 

significant. A77, on the other hand, induced a mean fold increase of 12.8 over that of the 

ethanol control. Therefore, based on these results, which were performed in at least 3 

independent biological replicates, A77 is 6.9 times more effective than bexarotene in the 

induction of ATF3, a statistically significant result (Figure 16A, p < 0.001). 

 

 

Figure 16. A:  qPCR Analysis Of Our Most Potent RXR Agonists (A75-A77) To 

Induce ATF3 Gene Expression. Human cutaneous T-cell lymphoma (Hut78) cells were 
treated for 48 h with bexarotene or the indicated analog at 100 nM. A 0.1 μg portion of 
DNase-treated RNA was used for cDNA synthesis and subsequent qPCR. Data analysis 

was performed using the comparative ΔΔCt method as the means of relative quantitation, 
normalized to an endogenous reference (GAPDH) and relative to a calibrator (normalized 

Ct value from vehicle-treated cells) and expressed as 2–ΔΔCt. * indicates p < 0.001 vs. 
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bexarotene. Results are from at least 3 independent biological replicates with multiple 

replicates in each experiment. 

qPCR Analysis of EGR3 Gene Induction.  

qPCR analysis was performed to determine the efficacy of our analogs to upregulate gene 

transcription of another known tumor suppressor gene, EGR3, relative to bexarotene. 

Again, only the analogs with the highest activity, namely A75-A77, were selected for 

qPCR evaluation (Figure 16B). In this set of experiments, bexarotene showed a mean 2.0-

fold increase in EGR3 gene transcription relative to ethanol control. Analog A75 displayed 

a higher mean fold induction than bexarotene at 2.6, however this result did not reach full 

statistical significance. Additionally, A76 produced a lower mean fold induction than 

bexarotene at 1.5, but this result was also not statistically significant.  In contrast, A77 

induced EGR3 expression by 3.3-fold compared to the ethanol control which was also 

statistically significantly higher than bexarotene (p < 0.05). Therefore, A77 is 1.7 times 

more effective than bexarotene in the induction of EGR3. 
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Figure 16. B: qPCR Analysis Of Our Most Potent RXR Agonists (A75-A77) To 

Induce EGR3 Gene Expression. Human cutaneous T-cell lymphoma (Hut78) cells were 
treated for 48 h with bexarotene or the indicated analog at 100 nM. A 0.1 μg portion of 
DNase-treated RNA was used for cDNA synthesis and subsequent qPCR. Data analysis 

was performed using the comparative ΔΔCt method as the means of relative quantitation, 
normalized to an endogenous reference (GAPDH) and relative to a calibrator (normalized 

Ct value from vehicle-treated cells) and expressed as 2–ΔΔCt. * indicates p < 0.05 vs. 
bexarotene.  Results are from at least 3 independent biological replicates with multiple 

replicates in each experiment. 
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Discussion 

In this study, we describe the evaluation of fourteen novel analogs of bexarotene using 

various biological assays to assess RXR specificity and activity. The most potent 

compounds were also analyzed via qPCR to determine efficacy in the induction of two 

tumor suppressor genes, ATF3 and EGR3. Our analogs were synthesized as two distinct 

generations, Generation 6 and Generation 7, maintaining specific molecular motifs within 

their chemical structures. Based on the results obtained  in our experiments, most of the 

Generation 6 analogs demonstrated less selectivity and potency as compared to bexarotene. 

In the M2H (Figure 11A) and RXRE (Figure 12A) assays, analogs A64-A69 yielded 

considerably less RXR-mediated transcription of the luciferase gene than bexarotene, 

indicating that these analogs are less effective at inducing a response through the RXR-

RXRE nuclear signaling pathway. Rexinoids produce their chemotherapeutic effects, at 

least in part, via this pathway which permits the modulation of genes involved in cell 

proliferation, differentiation, and apoptosis. Therefore, analogs A64-A69 are less likely to 

lead to an improved therapeutic outcome in the treatment of CTCL than bexarotene. 

Conversely, Generation 7 analogs performed far more favorably. In this group, all analogs 

yielded either comparable or improved results compared to bexarotene across the M2H, 

RXRE, RARE, LXRE (Figures 11-16) and proliferation assays (data not shown). Most 

notably, analogs A75-A77 demonstrated an enhanced ability to induce RXR 

homodimerization (Figure 11B), activate RXRE (Figure 12B), and a reduced level of RAR 

"crossover". Therefore, we posit that the potential therapeutic utility of a rexinoid may be 
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predicted based on its performance in these assays and this approach may serve as a 

pragmatic tool in the assessment of novel rexinoids intended for the treatment of CTCL. 

With consideration given to this axiom, we further evaluated our top performing analogs, 

A75-A77, via qPCR to assess for upregulation of the ATF3 and EGR3 genes. These genes 

were specifically selected for analysis as they are involved in tumor suppression pathways 

and have been previously found to be upregulated in response to retinoids and rexinoids, 

such as bexarotene (Corona et al.,2016; Wang et al., 2019; Zhang et al., 2015). While 

upregulation of these genes may not be the only mechanism by which these compounds 

exert their chemotherapeutic effects, we hypothesized that our most potent analogs would 

generate similar or enhanced fold-inductions when compared to bexarotene. In fact, A75 

and A76 produced equipollent responses while A77 produced statistically greater fold -

inductions in both genes, especially ATF3 (Figure 16A and Figure 16B). These findings 

suggest that although bexarotene may be effective for the treatment of refractory CTCL, 

introducing new structural motifs to the bexarotene parent compound may in fact yield 

analogs that are more efficacious and maintain an improved side effect profile due to 

enhanced selectivity. 

We also evaluated the analogs for their ability to bind and activate the liver-X-receptor 

(LXR) using a liver-X-receptor responsive element (LXRE)-based assay, and we compared 

the effect in the presence vs. absence of an activating LXR compound (TO901317). LXR 

has been demonstrated to regulate lipid metabolism and inflammatory responses in the 

central nervous system, and there is ample evidence that robust cholesterol and lipid 
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metabolism in the brain (including enhanced ApoE expression) are critical to mitigating 

dementia. Biological evaluation of our novel RXR agonists for their ability to transactivate 

via an LXRE sequence that is found naturally in the promoter of LXR-RXR controlled 

genes, including ApoE, was carried out in human embryonic cells (HEK293) with 

bexarotene as a comparison. The activation from this natural LXRE in our system was 

tested in the presence of either 100 nM RXR agonists alone or in combination with 100 

nM of both the RXR agonist and LXR agonist T0901317 (TO). The use of the combination 

of LXR and RXR agonists was expected to display a more robust response in LXRE 

transactivation due to additive or synergistic effects of dual ligand activation of the RXR-

LXR heterodimer. The results (Figure 13A and Figure 14A) revealed that in comparison 

to the parent compound bexarotene alone, single dosing of the cells with any of the tested 

analogs displayed less LXR/LXRE activity although, some of the analogs were found to 

have increased heterodimer specificity as compared to Bexarotene indicating that the 

Generation 6 and 7 analogs have potential to activate LXRE mediated transcription. Thus, 

these analogs not only possess the potential for treating CTCL, as described above, but 

these compounds may also have some utility in the treatment of Alzheimer’s disease given 

their ability to significantly and specifically activate the LXR-RXR heterodimer to 

potentially drive ApoE expression.  
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CHAPTER 4  

Abstract: 

Bexarotene is an FDA-approved drug for the treatment of cutaneous T-cell lymphoma 

(CTCL); however, its use provokes or disrupts other retinoid-X-receptor (RXR)-

dependent nuclear receptor pathways and thereby incites side effects including 

hypothyroidism and raised triglycerides. Two novel bexarotene analogs, as well as three 

unique CD3254 analogs and thirteen novel NEt-TMN analogs, were synthesized and 

characterized for their ability to induce RXR agonism in comparison to bexarotene (1). 

Several analogs in all three groups possessed an isochroman ring substitution for the 

bexarotene aliphatic group. Analogs were modeled for RXR binding affinity, and EC50 as 

well as IC50 values were established for all analogs in a KMT2A-MLLT3 leukemia cell 

line*. All analogs were assessed for liver-X-receptor (LXR) activity in an LXRE system 

to gauge the potential for the compounds to provoke raised triglycerides by increasing 

LXR activity, as well as to drive LXRE-mediated transcription of brain ApoE expression 

as a marker for potential therapeutic use in neurodegenerative disorders. Preliminary 

results suggest these compounds display a broad spectrum of off-target activities. 

However, many of the novel compounds were observed to be more potent than 1. While 

some RXR agonists cross-signal the retinoic acid receptor (RAR), many of the rexinoids 

in this work displayed reduced RAR activity. The isochroman group did not appear to 

substantially reduce RXR activity on its own. The results of this study reveal that 

modifying potent, selective rexinoids like bexarotene, CD3254, and NEt-TMN can 
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provide rexinoids with increased RXR selectivity, decreased potential for cross-signaling, 

and improved anti-proliferative characteristics in leukemia models compared to 1. 

*  DATA NOT INCLUDED IN THE THESIS 
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GENERATION 8, 9 AND 10 ANALOGS (RESULTS AND DISCUSSION) 

Biological Evaluation of Generation 8 Analogs (A78*- A83) via an M2H Luciferase-

based System. 

 Rexinoids can cause a signaling cascade resulting in transcription of RXR target genes 

that control cellular differentiation, apoptosis, and proliferation, but only after they induce 

RXR-RXR homodimerization (Panchal and Scarisbrick., 2015). Hence, a mammalian-2-

hybrid (M2H) luciferase assay was utilized to ascertain the potency of RXR-RXR 

homodimerization induced by our analogs compared to bexarotene. In the M2H assay, 

human U87 glial cells were transiently transfected with the plasmid components of the 

M2H system (see Methods, Chapter 2), and the cells were subsequently dosed with either 

ethanol (vehicle), 100 nM bexarotene, or the indicated analog. After 24 hours of ligand 

exposure, the transcription of the luciferase gene, which is directly proportional to the 

degree of RXR-RXR homodimerization, was measured via a luminescence assay. Due to 

differences in structure and chemical properties in our novel generation of analogs, the 

compounds were separated into "functional" Generation 8 (A78-A83), Generation 9 (A84-

A91) and Generation 10 (A92-A100) groupings. In this set of experiments, 

homodimerization and subsequent transcriptional activity of Generation 8 analogs was 

compared to bexarotene, which was set to 100%. Transcriptional activity of our analogs 

ranged from 3.4% to 147.9% of the bexarotene control, with A81 displaying the greatest 

agonist activity in this cohort of novel analogs (Figure 17A). 
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*A78 was grouped with Generation 7 Analogs because its structure was similar to 

Generation 7 Analogs.  A78 M2H and RXRE results are in chapter 4 and A78 

LXRE results are in chapter 3. 

 

Figure 17. A: Biological Evaluation of Generation 8 (A78-A83) RXR Agonists Via 

An M2H Luciferase-Based System. Human glial cells (U87) were co-transfected using 
a human RXR binding domain (BD) vector (bait), a human RXR activation domain (AD) 
vector (prey), pFR-Luc, and renilla control plasmids for 24 h utilizing a liposome-

mediated transfection protocol. Cells were treated with either the ethanol vehicle or 100 
nM of bexarotene or the indicated analog for 24 h. After 24 h the cells were lysed, and a 

luciferase assay was completed. Analog-dependent RXR binding and  homodimerization, 

as measured by luciferase output, was compared to bexarotene (value set to 100%).  
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Biological Evaluation of Generation 9 Analogs (A84-A91) via an M2H Luciferase-

based System.  

We evaluated the activity profile of our novel Generation 9 analogs and compared it to 

bexarotene, which was set to 100% using the same M2H luciferase assay as described 

above. Transcriptional activity of our analogs ranged from 88% to 168% of the 

bexarotene control. Analogs A84 and A87 -A91 surpassed bexarotene in terms of their 

activity (Figure 17B).  
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Figure 17. B: Biological Evaluation Of Generation 9 (A84-A91) RXR Agonists Via 

An M2H Luciferase-Based System. Human glial cells (U87) were co-transfected using 
a human RXR binding domain (BD) vector (bait), a human RXR activation domain (AD) 

vector (prey), pFR-Luc, and renilla control plasmids for 24 h utilizing a liposome-
mediated transfection protocol. Cells were treated with either the ethanol vehicle or 100 

nM of bexarotene or the indicated analog for 24 h. After 24 h the cells were lysed, and a 
luciferase assay was completed. Analog-dependent RXR binding and homodimerization, 

as measured by luciferase output, was compared to bexarotene (value set to 100%).  

Biological Evaluation of Generation 10 Analogs (A92-A100) via an M2H Luciferase-

based System.  

RXR-RXR homodimerization capability of our novel Generation 10 bexarotene analogs 

was assessed by employing M2H luciferase assay as described above. The activity of the 
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analogs  was compared to bexarotene. Transcriptional activity of our analogs ranged from 

9% to 128% of the bexarotene control. Analogs A94 and A98 surpassed bexarotene in 

terms of inducing RXR-RXR homodimer formation (Figure 17C).  

 

Figure 17. C: Biological Evaluation Of Generation 10 (A92-A100) RXR Agonists Via 

An M2H Luciferase-Based System. Human glial cells (U87) were co-transfected using 

a human RXR binding domain (BD) vector (bait), a human RXR activation domain (AD) 
vector (prey), pFR-Luc, and renilla control plasmids for 24 h utilizing a liposome-
mediated transfection protocol. Cells were treated with either the ethanol vehicle or 100 

nM of bexarotene or the indicated analog for 24 h. After 24 h the cells were lysed, and a 
luciferase assay was completed. Analog-dependent RXR binding and homodimerization, 

as measured by luciferase output, was compared to bexarotene (value set to 100%). 

Assessment of Generation 8 Analogs via an RXRE Luciferase-based System.  

Following genesis of the RXR-RXR homodimer, it is requisite for the RXR-RXR 

homodimer to affiliate with the RXRE in DNA to execute transcriptional regulation. To 
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assess the capability of our analogs to assist the translocation of the RXR-RXR complex 

into the nucleus to carry out functions associated with rexinoid signal transduction, we 

employed an RXRE luciferase assay where transcription of the luciferase gene is directly 

proportional to RXR-RXR homodimer binding to RXRE. We used human glial U87 cells 

and transfected them with a plasmid containing an authentic RXRE DNA sequence 

upstream of the luciferase gene. Transcriptional activity of Generation 8 analogs was 

compared to bexarotene set to 100%. In this set of experiments, transcriptional activity of 

our analogs ranged from 39.9% to 197.3% of the bexarotene control (Figure 18A), with 

A82 possessing the highest activity in this cohort. Interestingly, the overall trend seen in 

the results of the M2H assay very closely mimics what was measured in the RXRE assay. 

This is an expected and reasonable observation as RXR-RXR homodimerization and 

homodimer association to the RXRE are consecutive molecular functions necessary for 

rexinoids to produce their pharmacologic effects. 
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Figure 18. A : Biological Evaluation Of Generation 8 (A78-A83) RXR Agonists Via 

An RXRE Luciferase-Based System. Human glial cells (U87) were co-transfected 

using a RXRE luciferase reporter gene, pSG5-human RXRα, and a renilla control 
plasmid for 24 h utilizing a liposome-mediated transfection protocol. Cells were treated 
with either the ethanol vehicle or 100 nM of bexarotene or the indicated analog for 24 h. 

After 24 h the cells were lysed, and a luciferase assay was completed. Analog-dependent 
RXR-mediated transcription, as measured by luciferase output, was compared to 

bexarotene (value set to 100%).  

Assessment of Generation 9 Analogs via an RXRE Luciferase-based System.  

In this parallel set of RXRE experiments, we employed the RXRE assay and compared 

our Generation 9 analogs to bexarotene. Transcriptional activity of these analogs ranged 

from 110% to 169% of the bexarotene control (Figure 18B). Analogs A84-A91 all 

displayed a greater activity trend than bexarotene. Again, the trend in these results closely 

resemble what was observed in the M2H assay, thus further validating both assay 

systems. 



   

80 

Figure 18. B:  Biological Evaluation Of Generation 9 (A84-A91) RXR Agonists Via 

An RXRE Luciferase-Based System. Human glial cells (U87) were co-transfected 

using a RXRE luciferase reporter gene, pSG5-human RXRα, and a renilla control 
plasmid for 24 h utilizing a liposome-mediated transfection protocol. Cells were treated 
with either the ethanol vehicle or 100 nM of bexarotene or the indicated analog for 24 h. 

After 24 h the cells were lysed, and a luciferase assay was completed. Analog-dependent 
RXR-mediated transcription, as measured by luciferase output, was compared to 

bexarotene (value set to 100%).  

Assessment of Generation 10 Analogs via an RXRE Luciferase-based System.  

In this separate set of RXRE experiments, we performed the RXRE assay and compared 

our Generation 10 analogs to bexarotene. Transcriptional activity of these analogs ranged 

from 46.3% to 129.6% of the bexarotene control (Figure 18C). Analogs A92, A94, A98 
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and A99 displayed a greater mean activity trend than bexarotene. 

 

Figure 18. C:  Biological Evaluation Of Generation 9 (A84-A91) RXR Agonists Via 

An RXRE Luciferase-Based System. Human glial cells (U87) were co-transfected 
using a RXRE luciferase reporter gene, pSG5-human RXRα, and a renilla control 

plasmid for 24 h utilizing a liposome-mediated transfection protocol. Cells were treated 
with either the ethanol vehicle or 100 nM of bexarotene or the indicated analog for 24 h. 
After 24 h the cells were lysed, and a luciferase assay was completed. Analog-dependent 

RXR-mediated transcription, as measured by luciferase output, was compared to 

bexarotene (value set to 100%). 

Assessment of Generation 8 Analogs via an LXRE Luciferase-based System. 

We next tested the analogs for their ability to bind and activate the liver-X-receptor (LXR) 

using a liver-X-receptor responsive element (LXRE)-based assay, and we compared the 

effect in the presence vs. absence of an activating LXR compound (TO901317). We  
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utilized human glial cells (U87) and transfected with a plasmid containing an authentic 

LXRE DNA sequence upstream of the luciferase gene. Transcriptional activity of 

Generation 8 analogs was compared to bexarotene alone set to 100%. The activation from 

this natural LXRE in our system was tested in the presence of either 100 nM RXR agonists 

alone or in combination with 100 nM of both the RXR agonist and LXR agonist T0901317 

(TO). The use of the combination of LXR and RXR agonists was expected to display a 

more robust response in LXRE transactivation due to additive or synergistic effects of dual 

ligand activation of the RXR-LXR heterodimer. In this set of experiments, transcriptional 

activity of our analogs alone ranged from 161.38% to 253.64% of the bexarotene control 

(Figure 19A). In this cohort, all the analogs alone, or when combined with TO, have better 

activity than Bexarotene or Bexarotene+TO in activating LXRE. 
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Figure 19. A: Evaluation Of RXR Agonists To Potentiate LXRE-Mediated 

Transactivation In The Absence And Presence Of LXR Ligand T0901317. Human 

glial (U87) cells were transfected with an expression vector for human LXRα, an LXRE-
luciferase reporter gene with 3 tandem copies of the LXRE from the human ApoE gene, 

and a renilla control plasmid. Cells were transfected for 24 hours utilizing a liposome-
mediated transfection protocol and then treated with ethanol vehicle, or 100 nM of the 
indicated compound alone or in combination with 100 nM TO901317 (TO). LXRE-

directed activity was compared to Bexarotene, set to 100%.  

Furthermore, it is paramount to consider the activity of the analogs in the context of the 

RXR-RXR homodimer activity, and to thus “normalize” the LXR/LXRE heterodimer 

activation in order to yield a LXRE Heterodimer Specificity (LHS) score. The results of 

this LHS analysis (Figure 19B) revealed that many of our novel compounds in generation 

8 (e.g., A79, A80, A82 and A83) possessed greater LXRE/RXRE activity via increased 

heterodimer specificity than the parent bexarotene. 
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Figure 19. B: Heterodimer Specificity Score -The “Heterodimer Specificity Score” was 

determined by the LXRE:RXRE ratio with Bexarotene set to 1.0.  See text for definition. 

Assessment of Generation 9 Analogs via an LXRE Luciferase-based System. 

In this cohort of LXRE experiments, we utilized the LXRE assay and compared our 

Generation 9 analogs to bexarotene. Transcriptional activity of these analogs alone ranged 

from 77.4% to 114.3% of the bexarotene control (Figure 20A). A84+TO and A86+TO 

exhibited higher activity than Bex+TO. The results of the LHS analysis revealed that A84 

possessed greater LXRE/RXRE activity via increased heterodimer specificity than the 

parent bexarotene (Figure 20B). 
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Figure 20. A: Evaluation Of RXR Agonists To Potentiate LXRE-Mediated 

Transactivation In The Absence And Presence Of LXR Ligand T0901317. Human 
glial cells (U87) were transfected with an expression vector for human LXRα, an LXRE-
luciferase reporter gene with 3 tandem copies of the LXRE from the human ApoE gene, 

and a renilla control plasmid. Cells were transfected for 24 hours utilizing a liposome-
mediated transfection protocol and then treated with ethanol vehicle, or 100 nM of the 

indicated compound alone or in combination with 100 nM TO901317 (TO).  LXRE-

directed activity was compared to Bexarotene, set to 100%.   
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Figure 20. B: Heterodimer Specificity Score - The “Heterodimer Specificity Score” 
was determined by the LXRE:RXRE ratio with Bexarotene set to 1.0. See text for 

definition. 

Assessment of Generation 10 Analogs via an LXRE Luciferase-based System. 

In this set of LXRE experiments, we utilized the LXRE assay and compared our Generation 

10 analogs to bexarotene. Transcriptional activity of these analogs alone ranged from 

51.5% to 79.6% of the bexarotene control (Figure 21A). There was no remarkable increase 

in the activity of analogs in combination with the LXR ligand TO901317. The results of 

the LHS analysis revealed that A96 possessed greater LXRE/RXRE activity via increased 

heterodimer specificity than the parent bexarotene (Figure 21B). 
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Figure 21. A: Evaluation Of RXR Agonists To Potentiate LXRE-Mediated 

Transactivation In The Absence And Presence Of LXR Ligand T0901317.Human 

glial cells (U87) were transfected with an expression vector for human LXRα, an LXRE-
luciferase reporter gene with 3 tandem copies of the LXRE from the human ApoE gene, 
and a renilla control plasmid. Cells were transfected for 24 hours utilizing a liposome-

mediated transfection protocol and then treated with ethanol vehicle, or 100 nM of the 
indicated compound alone or in combination with 100 nM TO901317 (TO).  LXRE-

directed activity was compared to bexarotene, set to 100%.   
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Figure 21. B: Heterodimer Specificity Score - The “Heterodimer Specificity Score” 
was determined by the LXRE:RXRE ratio with Bexarotene set to 1.0. See text for 

definition. 

Evaluation of Residual RARE activity of Generation 8, 9 and 10 Analogs via RARE 

Luciferase-based System. 

As bexarotene is known to possess “residual” RARE activity, we assessed the ability of 

Generation 8, 9 and 10 compounds to induce transcription via the retinoic acid response 

element and retinoic acid receptor (RAR). Human embryonic cells (HEK293) were 

transfected with human RARα and dosed with 10 nM of either all-trans retinoic acid 

(RA), the natural ligand for RARα, bexarotene, or analogs. We found that 

bexarotene possessed and average 37% of the activity of the RA control (Figure 22A, 

22B, 22C and 22D ). A95 possessed the lowest RARE activity at 4%, which is 

indistinguishable from the ethanol control while as A89 displayed the greatest RARE 
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activation at 62% of RA. Other analogs with significant RARE activation greater than 

bexarotene include A82, A84, A88, and A89 Thus, most of our novel analogs displayed 

significantly less “cross-over” onto RAR-RARE signaling compared to bexarotene, with 

4 exceptions. 

 

Figure 22. A: Assessment Of RXR Agonists Via An RARE-Luciferase Reporter 

Based Assay In Human cells. 
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Figure 22. B : Assessment Of RXR Agonists Via An RARE-Luciferase Reporter 

Based Assay In Human cells. 
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Figure 22. C : Assessment Of RXR Agonists Via An RARE-Luciferase Reporter 

Based Assay In Human cells. 

 

Figure 22. D : Assessment Of RXR Agonists Via An RARE-Luciferase Reporter 

Based Assay In Human Cells.Figure 22A, 22B, 22C and 22D: Assessment of RXR 
agonists via a RARE-luciferase reporter based assay in human cells. (A–D) Human 

embryonic cells (HEK293) were co-transfected with expression vectors for hRXRα, a 
RARE-luciferase reporter gene, and a renilla control plasmid for 24 h utilizing a 
liposome-mediated transfection protocol. Cells were treated with bexarotene, analog, or 

all-trans-retinoic acid (RA) at 10 nM for 24 h.  

qPCR Analysis of APOE Gene Induction.  

qPCR analysis was performed to determine efficacy of our analogs to upregulate gene 

transcription of the Apolipoprotein, APOE gene, relative to bexarotene. Considering that 

not all analogs displayed strong activity in the previous biological assays, only the most 

potent analogs, namely A80, A81, A82, A84, A86, A92 and A94, were selected for qPCR 
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evaluation (Figure 23A). In this set of experiments, bexarotene exhibited a mean 6.0-fold 

increase in APOE gene transcription relative to ethanol control. A80, A81 and A82 

yielded low fold inductions, compared to bexarotene, at 4.0-, 3.0- and 3.0-fold, 

respectively. However, upon combining with LXR ligand TO901317, the fold induction 

of A80+TO, A81+TO and A82+TO increased to 118-, 65- and 56-fold, respectively. In 

comparison to Bex+TO, the fold induction of A80+TO was higher than Bex+TO. 

Therefore, based on these results, which were performed in at least 3 independent 

biological replicates, A80+TO is more effective than bexarotene in the induction of 

APOE. 

Moreover, in additional qPCR experiments (Figure 23B), the fold induction of A84+TO 

was 5.78 times higher when compared to Bex+TO which had a fold of 1.0. This means 

that A84 in combination with the LXR ligand T901317 is 5.78 times more potent than 

Bex+TO in inducing the expression of APOE.  The other analogs in these experiments 

with TO (A86, A92, A94) all displayed lower APOE induction compared to Bex+TO 

(Figure 23B). 
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Figure 23. A: qPCR Analysis Of Our Most Potent RXR Agonists (A80-A82) To 

Induce APOE Gene Expression. Human glial cells were treated for 24 h with 

bexarotene or the indicated analog at 100 nM. A 0.1 μg portion of DNase-treated RNA 
was used for cDNA synthesis and subsequent qPCR. Data analysis was performed using 

the comparative ΔΔCt method as the means of relative quantitation, normalized to an 
endogenous reference (GAPDH) and relative to a calibrator (normalized Ct value from 
vehicle-treated cells) and expressed as 2–ΔΔCt. Results are from at least 3 independent 

biological replicates with multiple replicates in each experiment. 
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Figure 23. B: qPCR Analysis Of Our Most Potent RXR Agonists (A84, A86, A92, 

A94) To Induce APOE Gene Expression. Human glial cells (U87) were treated for 24 h 
with bexarotene or the indicated analog at 100 nM. A 0.1 μg portion of DNase-treated 
RNA was used for cDNA synthesis and subsequent qPCR. Data analysis was performed 

using the comparative ΔΔCt method as the means of relative quantitation, normalized to 
an endogenous reference (GAPDH) and relative to a calibrator (normalized Ct value from 

vehicle-treated cells) and expressed as 2–ΔΔCt.  Results are from at least 3 independent 

biological replicates with multiple replicates in each experiment. 
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Discussion 

In this study, we describe the evaluation of twenty-two novel analogs of bexarotene using 

various biological assays to assess RXR specificity and potency. The most robust 

compounds were also analyzed via qPCR to determine efficacy in the induction of APOE. 

Our analogs were synthesized as three distinct generations, Generation 8, Generation 9 and 

Generation 10, possessing specific conserved molecular motifs within their chemical 

structures. Based on the results obtained in our experiments, most of the Generation 8 

analogs demonstrated high selectivity and potency as compared to bexarotene. In the M2H 

(Figure 17A) and RXRE (Figure 18A) assays, analogs A79-A83 yielded substantially 

higher RXR-mediated transcription of the luciferase gene than bexarotene, indicating that 

these analogs are more effective at inducing a response through the RXR-RXRE nuclear 

signaling pathway. Rexinoids generate their chemotherapeutic effects, at least in part, via 

RXR-RXRE pathway which enables the transcription of genes involved in cell 

proliferation, differentiation, and apoptosis. Therefore, analogs A79-A83 are more likely 

to lead to an improved therapeutic outcome in the treatment of CTCL than bexarotene. 

Furthermore, some analogs in Generation 9  also performed favorably.  In this cohort, more 

than 50 percent of the analogs yielded either comparable or improved results compared to 

bexarotene across the M2H and RXRE assays. Most notably, analogs A85-A87 

demonstrated an enhanced ability to induce RXR homodimerization (Figure 17B), activate 

RXRE (Figure 18B). On the other hand, Generation 10 analogs were not as robust in 

activating RXR-RXRE pathway. We only found a couple of analogs that performed 
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slightly better than bexarotene in the M2H assays. However, there were four analogs A92, 

A94, A98 and A99 which had higher activity than bexarotene in the RXRE assays. Hence, 

we postulate that the potential therapeutic potency of a rexinoid may be predicted based on 

its performance in these assays and this approach may serve as a practical tool in the 

assessment of novel rexinoids intended for the treatment of CTCL. However, we still need 

to test our top performing analogs to determine how well they upregulate the two tumor 

suppressor genes, ATF3 and EGR3. These genes are involved in tumor suppression 

pathways and have been previously found to be upregulated in response to retinoids and 

rexinoids, such as bexarotene (Corona et al.,2016; Wang et al., 2019; Zhang et al., 2015). 

Our data suggests that although bexarotene may be effective for the treatment of refractory 

CTCL, introducing new structural motifs to the bexarotene parent compound may in fact 

yield analogs that are more efficacious and maintain an improved side effect profile due to 

enhanced selectivity. 

We also evaluated the analogs for their ability to bind and activate the liver-X-receptor 

(LXR) using a liver-X-receptor responsive element (LXRE)-based assay, and we compared 

the effect in the presence vs. absence of an activating LXR compound (TO901317). LXR 

has been demonstrated to regulate lipid metabolism and inflammatory responses in the 

central nervous system, and there is ample evidence that robust cholesterol and lipid 

metabolism in the brain (including enhanced ApoE expression) are critical to mitigating 

dementia. Biological evaluation of our novel RXR agonists for their ability to transactivate 

via an LXRE sequence that is found naturally in the promoter of LXR-RXR controlled 
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genes including ApoE was carried out in human glial cells (U87) with bexarotene as a 

comparison. The activation from this natural LXRE in our system was tested in the 

presence of either 100 nM RXR agonists alone or in combination with 100 nM of both the 

RXR agonist and LXR agonist T0901317 (TO). The use of the combination of LXR and 

RXR agonists was expected to display a more robust response in LXRE transactivation due 

to additive or synergistic effects of dual ligand activation of the RXR-LXR heterodimer. 

The results (Figure 19A, Figure 20A and Figure 21A) revealed that in comparison to the 

parent compound bexarotene alone, single dosing of the cells with any of the tested analogs 

exhibited more LXR/LXRE activity. Moreover, some of the analogs were found to have 

increased heterodimer specificity (LXRE/RXRE) as compared to bexarotene indicating 

that the Generation 8, 9 and 10 analogs have significant potential to activate LXRE-

mediated transcription. Most of our novel panel of analogs also possessed less “cross-over” 

activation than other retinoid pathways including RARE-directed transcription (Figure 

22A, 22B, 22C and 22D). 

Thus, these analogs not only show promise as the potential therapeutic for CTCL, as but 

these compounds may also be used in the treatment of Alzheimer’s disease due to their 

ability to significantly and specifically activate the LXR-RXR heterodimer to potentially 

drive ApoE expression.  



   

98 

REFERENCES FOR CHAPTER 4 

Altucci, L., Leibowitz, M. D., Ogilvie, K. M., de Lera, A. R., & Gronemeyer, H. (2007). 
RAR and RXR modulation in cancer and metabolic disease. Nature reviews. Drug 
discovery, 6(10), 793–810. https://doi.org/10.1038/nrd2397 

 
Atigadda, V. R., Vines, K. K., Grubbs, C. J., Hill, D. L., Beenken, S. L., Bland, K. I., 

Brouillette, W. J., & Muccio, D. D. (2003). Conformationally defined retinoic 
acid analogues. 5. Large-scale synthesis and mammary cancer chemopreventive 
activity for (2E,4E,6Z,8E)-8-(3',4'-dihydro-1'(2'H)-naphthalen-1'-ylidene)-3,7-

dimethyl-2,4,6-octatrienoic acid (9cUAB30). Journal of medicinal 
chemistry, 46(17), 3766–3769. https://doi.org/10.1021/jm030095q 

 
Atigadda, V. R., Xia, G., Desphande, A., Boerma, L. J., Lobo-Ruppert, S., Grubbs, C. J., 

Smith, C. D., Brouillette, W. J., & Muccio, D. D. (2014). Methyl substitution of a 

rexinoid agonist improves potency and reveals site of lipid toxicity. Journal of 
medicinal chemistry, 57(12), 5370–5380. https://doi.org/10.1021/jm5004792 

 
Boehm, M. F., Zhang, L., Badea, B. A., White, S. K., Mais, D. E., Berger, E., Suto, C. 

M., Goldman, M. E., & Heyman, R. A. (1994). Synthesis and structure-activity 

relationships of novel retinoid X receptor-selective retinoids. Journal of medicinal 
chemistry, 37(18), 2930–2941. https://doi.org/10.1021/jm00044a014 

 
Boehm, M. F., Zhang, L., Zhi, L., McClurg, M. R., Berger, E., Wagoner, M., Mais, D. E., 

Suto, C. M., Davies, J. A., & Heyman, R. A. (1995). Design and synthesis of 

potent retinoid X receptor selective ligands that induce apoptosis in leukemia 
cells. Journal of medicinal chemistry, 38(16), 3146–3155. 

https://doi.org/10.1021/jm00016a018 
 

Cesario, R. M., Stone, J., Yen, W. C., Bissonnette, R. P., & Lamph, W. W. (2006). 

Differentiation and growth inhibition mediated via the RXR:PPARgamma 
heterodimer in colon cancer. Cancer letters, 240(2), 225–233. 

https://doi.org/10.1016/j.canlet.2005.09.010 
 

  

https://doi.org/10.1038/nrd2397
https://doi.org/10.1021/jm030095q
https://doi.org/10.1021/jm5004792
https://doi.org/10.1021/jm00044a014
https://doi.org/10.1021/jm00016a018
https://doi.org/10.1016/j.canlet.2005.09.010


   

99 

Cramer, P. E., Cirrito, J. R., Wesson, D. W., Lee, C. Y., Karlo, J. C., Zinn, A. E., Casali, 
B. T., Restivo, J. L., Goebel, W. D., James, M. J., Brunden, K. R., Wilson, D. A., 

& Landreth, G. E. (2012). ApoE-directed therapeutics rapidly clear β-amyloid and 
reverse deficits in AD mouse models. Science (New York, N.Y.), 335(6075), 
1503–1506. https://doi.org/10.1126/science.1217697 

 
Cummings, J. L., Zhong, K., Kinney, J. W., Heaney, C., Moll-Tudla, J., Joshi, A., 

Pontecorvo, M., Devous, M., Tang, A., & Bena, J. (2016). Double-blind, placebo-
controlled, proof-of-concept trial of bexarotene Xin moderate Alzheimer's 
disease. Alzheimer's research & therapy, 8, 4. https://doi.org/10.1186/s13195-

016-0173-2 
 

Daiss J.O., Burschka C., Mills J.S., Montana J.G., Showell G.A., Fleming I., Gaudon C., 
Ivanova D., Gronemeyer H., Tacke R. (2005). Synthesis, Crystal Structure 
Analysis, and Pharmacological Characterization of Disila-bexarotene, a Disila-

Analogue of the RXR-Selective Retinoid Agonist 
Bexarotene. Organometallics. 24:3192–3199. doi: 10.1021/om040143k.  

 
Dawson, M. I., Jong, L., Hobbs, P. D., Cameron, J. F., Chao, W. R., Pfahl, M., Lee, M. 

O., Shroot, B., & Pfahl, M. (1995). Conformational effects on retinoid receptor 

selectivity. 2. Effects of retinoid bridging group on retinoid X receptor activity 
and selectivity. Journal of medicinal chemistry, 38(17), 3368–3383. 

https://doi.org/10.1021/jm00017a021 
 

Desphande, A., Xia, G., Boerma, L. J., Vines, K. K., Atigadda, V. R., Lobo-Ruppert, S., 

Grubbs, C. J., Moeinpour, F. L., Smith, C. D., Christov, K., Brouillette, W. J., & 
Muccio, D. D. (2014). Methyl-substituted conformationally constrained rexinoid 

agonists for the retinoid X receptors demonstrate improved efficacy for cancer 
therapy and prevention. Bioorganic & medicinal chemistry, 22(1), 178–185. 
https://doi.org/10.1016/j.bmc.2013.11.039 

 
Di Martino, O., Ferris, M. A., Hadwiger, G., Sarkar, S., Vu, A., Menéndez-Gutiérrez, M. 

P., Ricote, M., & Welch, J. S. (2022). RXRA DT448/9PP generates a dominant 
active variant capable of inducing maturation in acute myeloid leukemia 
cells. Haematologica, 107(2), 417–426. 

https://doi.org/10.3324/haematol.2021.278603 
 

  

https://doi.org/10.1126/science.1217697
https://doi.org/10.1186/s13195-016-0173-2
https://doi.org/10.1186/s13195-016-0173-2
https://doi.org/10.1021/jm00017a021
https://doi.org/10.1016/j.bmc.2013.11.039
https://doi.org/10.3324/haematol.2021.278603


   

100 

Di Martino, O., Niu, H., Hadwiger, G., Kuusanmaki, H., Ferris, M. A., Vu, A., Beales, J., 
Wagner, C., Menéndez-Gutiérrez, M. P., Ricote, M., Heckman, C., & Welch, J. S. 

(2021). Endogenous and combination retinoids are active in myelomonocytic 
leukemias. Haematologica, 106(4), 1008–1021. 
https://doi.org/10.3324/haematol.2020.264432 

 
Dragnev, K. H., Petty, W. J., Shah, S. J., Lewis, L. D., Black, C. C., Memoli, V., Nugent, 

W. C., Hermann, T., Negro-Vilar, A., Rigas, J. R., & Dmitrovsky, E. (2007). A 
proof-of-principle clinical trial of bexarotene in patients with non-small cell lung 
cancer. Clinical cancer research : an official journal of the American Association 

for Cancer Research, 13(6), 1794–1800. https://doi.org/10.1158/1078-0432.CCR-
06-1836 

 
Egea, P. F., Mitschler, A., Rochel, N., Ruff, M., Chambon, P., & Moras, D. (2000). 

Crystal structure of the human RXRalpha ligand-binding domain bound to its 

natural ligand: 9-cis retinoic acid. The EMBO journal, 19(11), 2592–2601. 
https://doi.org/10.1093/emboj/19.11.2592 

 
Evans, R. M., & Mangelsdorf, D. J. (2014). Nuclear Receptors, RXR, and the Big 

Bang. Cell, 157(1), 255–266. https://doi.org/10.1016/j.cell.2014.03.012 

 
Faul, M. M., Ratz, A. M., Sullivan, K. A., Trankle, W. G., & Winneroski, L. L. (2001). 

Synthesis of novel retinoid X receptor-selective retinoids. The Journal of organic 
chemistry, 66(17), 5772–5782. https://doi.org/10.1021/jo0103064 

 

Field, F. J., Born, E., & Mathur, S. N. (2004). LXR/RXR ligand activation enhances 
basolateral efflux of beta-sitosterol in CaCo-2 cells. Journal of lipid 

research, 45(5), 905–913. https://doi.org/10.1194/jlr.M300473-JLR200 
 

Forman, B. M., Umesono, K., Chen, J., & Evans, R. M. (1995). Unique response 

pathways are established by allosteric interactions among nuclear hormone 
receptors. Cell, 81(4), 541–550. https://doi.org/10.1016/0092-8674(95)90075-6 

 
  

https://doi.org/10.3324/haematol.2020.264432
https://doi.org/10.1158/1078-0432.CCR-06-1836
https://doi.org/10.1158/1078-0432.CCR-06-1836
https://doi.org/10.1093/emboj/19.11.2592
https://doi.org/10.1016/j.cell.2014.03.012
https://doi.org/10.1021/jo0103064
https://doi.org/10.1194/jlr.M300473-JLR200
https://doi.org/10.1016/0092-8674(95)90075-6


   

101 

Forman, B. M., Yang, C. R., Au, M., Casanova, J., Ghysdael, J., & Samuels, H. H. 
(1989). A domain containing leucine-zipper-like motifs mediate novel in vivo 

interactions between the thyroid hormone and retinoic acid receptors. Molecular 
endocrinology (Baltimore, Md.), 3(10), 1610–1626. https://doi.org/10.1210/mend-
3-10-1610 

 
Fujii, S., Ohsawa, F., Yamada, S., Shinozaki, R., Fukai, R., Makishima, M., Enomoto, S., 

Tai, A., & Kakuta, H. (2010). Modification at the acidic domain of RXR agonists 
has little effect on permissive RXR-heterodimer activation. Bioorganic & 
medicinal chemistry letters, 20(17), 5139–5142. 

https://doi.org/10.1016/j.bmcl.2010.07.012 
 

Furmick, J. K., Kaneko, I., Walsh, A. N., Yang, J., Bhogal, J. S., Gray, G. M., Baso, J. C., 
Browder, D. O., Prentice, J. L., Montano, L. A., Huynh, C. C., Marcus, L. M., 
Tsosie, D. G., Kwon, J. S., Quezada, A., Reyes, N. M., Lemming, B., Saini, P., 

van der Vaart, A., Groy, T. L., … Wagner, C. E. (2012). Modeling, synthesis and 
biological evaluation of potential retinoid X receptor-selective agonists: novel 

halogenated analogues of 4-[1-(3,5,5,8,8-pentamethyl-5,6,7,8-tetrahydro-2-
naphthyl)ethynyl]benzoic acid (bexarotene). ChemMedChem, 7(9), 1551–1566. 
https://doi.org/10.1002/cmdc.201200319 

 
Gianni, M., Ponzanelli, I., Mologni, L., Reichert, U., Rambaldi, A., Terao, M., & 

Garattini, E. (2000). Retinoid-dependent growth inhibition, differentiation and 
apoptosis in acute promyelocytic leukemia cells. Expression and activation of 
caspases. Cell death and differentiation, 7(5), 447–460. 

https://doi.org/10.1038/sj.cdd.4400673 
 

Hansen, N.J., Wylie, R.C., Phipps, S.M., Love, W.K., Andrews, L.G., & Tollefsbol, T.O. 
(2007). The low-toxicity 9-cis UAB30 novel retinoid down-regulates the DNA 
methyltransferases and has anti-telomerase activity in human breast cancer cells. 

International Journal of Oncology, 30, 641-650. 
https://doi.org/10.3892/ijo.30.3.641 

  

https://doi.org/10.1210/mend-3-10-1610
https://doi.org/10.1210/mend-3-10-1610
https://doi.org/10.1016/j.bmcl.2010.07.012
https://doi.org/10.1002/cmdc.201200319
https://doi.org/10.1038/sj.cdd.4400673
https://doi.org/10.3892/ijo.30.3.641


   

102 

Harris, R., Olson, A. J., & Goodsell, D. S. (2008). Automated prediction of ligand-
binding sites in proteins. Proteins, 70(4), 1506–1517. 

https://doi.org/10.1002/prot.21645 
 

 

Heck, M. C., Wagner, C. E., Shahani, P. H., MacNeill, M., Grozic, A., Darwaiz, T., 
Shimabuku, M., Deans, D. G., Robinson, N. M., Salama, S. H., Ziller, J. W., Ma, 

N., van der Vaart, A., Marshall, P. A., & Jurutka, P. W. (2016). Modeling, 
Synthesis, and Biological Evaluation of Potential Retinoid X Receptor (RXR)-
Selective Agonists: Analogues of 4-[1-(3,5,5,8,8-Pentamethyl-5,6,7,8-tetrahydro-

2-naphthyl)ethynyl]benzoic Acid (Bexarotene) and 6-(Ethyl(5,5,8,8-
tetrahydronaphthalen-2-yl)amino)nicotinic Acid (NEt-TMN). Journal of 

medicinal chemistry, 59(19), 8924–8940. 
https://doi.org/10.1021/acs.jmedchem.6b00812 

 

Jong, L., Lehmann, J. M., Hobbs, P. D., Harlev, E., Huffman, J. C., Pfahl, M., & Dawson, 
M. I. (1993). Conformational effects on retinoid receptor selectivity. 1. Effect of 

9-double bond geometry on retinoid X receptor activity. Journal of medicinal 
chemistry, 36(18), 2605–2613. https://doi.org/10.1021/jm00070a003 

 

Jurutka, P. W., di Martino, O., Reshi, S., Mallick, S., Sabir, Z. L., Staniszewski, L. J. P., 
Warda, A., Maiorella, E. L., Minasian, A., Davidson, J., Ibrahim, S. J., Raban, S., 

Haddad, D., Khamisi, M., Suban, S. L., Dawson, B. J., Candia, R., Ziller, J. W., 
Lee, M. Y., Liu, C., … Wagner, C. E. (2021). Modeling, Synthesis, and 
Biological Evaluation of Potential Retinoid-X-Receptor (RXR) Selective 

Agonists: Analogs of 4-[1-(3,5,5,8,8-Pentamethyl-5,6,7,8-tetrahyro-2-
naphthyl)ethynyl]benzoic Acid (Bexarotene) and 6-(Ethyl(4-isobutoxy-3-

isopropylphenyl)amino)nicotinic Acid (NEt-4IB). International journal of 
molecular sciences, 22(22), 12371. https://doi.org/10.3390/ijms222212371 

 

  

https://doi.org/10.1002/prot.21645
https://doi.org/10.1021/acs.jmedchem.6b00812
https://doi.org/10.1021/jm00070a003
https://doi.org/10.3390/ijms222212371


   

103 

Jurutka, P. W., Kaneko, I., Yang, J., Bhogal, J. S., Swierski, J. C., Tabacaru, C. R., 
Montano, L. A., Huynh, C. C., Jama, R. A., Mahelona, R. D., Sarnowski, J. T., 

Marcus, L. M., Quezada, A., Lemming, B., Tedesco, M. A., Fischer, A. J., 
Mohamed, S. A., Ziller, J. W., Ma, N., Gray, G. M., … Wagner, C. E. (2013). 
Modeling, synthesis, and biological evaluation of potential retinoid X receptor 

(RXR) selective agonists: novel analogues of 4-[1-(3,5,5,8,8-pentamethyl-5,6,7,8-
tetrahydro-2-naphthyl)ethynyl]benzoic acid (bexarotene) and (E)-3-(3-(1,2,3,4-

tetrahydro-1,1,4,4,6-pentamethylnaphthalen-7-yl)-4-hydroxyphenyl)acrylic acid 
(CD3254). Journal of medicinal chemistry, 56(21), 8432–8454. 
https://doi.org/10.1021/jm4008517 

 
Kabbinavar F.F., Zomorodian N., Rettig M., Khan F., Greenwald D.R., Davidson S.J., 

DiCarlo B.A., Patel R., Pandit L., Chandraratna R., et al. An open-label phase II 
clinical trial of the RXR agonist IRX4204 in taxane-resistant, castration-resistant 
metastatic prostate cancer (CRPC) J. Clin. Oncol. 2014;32:5073. 

doi: 10.1200/jco.2014.32.15_suppl.5073. [CrossRef] [Google Scholar] 
 

Kagechika H., Koichi S., Sugioka T., Sotome T., Nakayama Y., Doi K. Retinoid Activity 
Regulators. WO9845242A1. European Patent. 1998 October 15 

 

Kakuta, H., Yakushiji, N., Shinozaki, R., Ohsawa, F., Yamada, S., Ohta, Y., Kawata, K., 
Nakayama, M., Hagaya, M., Fujiwara, C., Makishima, M., Uno, S., Tai, A., 

Maehara, A., Nakayama, M., Oohashi, T., Yasui, H., & Yoshikawa, Y. (2012). 
RXR Partial Agonist CBt-PMN Exerts Therapeutic Effects on Type 2 Diabetes 
without the Side Effects of RXR Full Agonists. ACS medicinal chemistry 

letters, 3(5), 427–432. https://doi.org/10.1021/ml300055n 
 

Kolesar, J. M., Hoel, R., Pomplun, M., Havighurst, T., Stublaski, J., Wollmer, B., 
Krontiras, H., Brouillette, W., Muccio, D., Kim, K., Grubbs, C. J., & Bailey, H. E. 
(2010). A pilot, first-in-human, pharmacokinetic study of 9cUAB30 in healthy 

volunteers. Cancer prevention research (Philadelphia, Pa.), 3(12), 1565–1570. 
https://doi.org/10.1158/1940-6207.CAPR-10-0149 

 
Lala, D. S., Mukherjee, R., Schulman, I. G., Koch, S. S., Dardashti, L. J., Nadzan, A. M., 

Croston, G. E., Evans, R. M., & Heyman, R. A. (1996). Activation of specific 

RXR heterodimers by an antagonist of RXR homodimers. Nature, 383(6599), 
450–453. https://doi.org/10.1038/383450a0 

 
Lehmann, J. M., Jong, L., Fanjul, A., Cameron, J. F., Lu, X. P., Haefner, P., Dawson, M. 

I., & Pfahl, M. (1992). Retinoids selective for retinoid X receptor response 

pathways. Science (New York, N.Y.), 258(5090), 1944–1946. 
https://doi.org/10.1126/science.1335166 

https://doi.org/10.1021/jm4008517
https://doi.org/10.1200%2Fjco.2014.32.15_suppl.5073
https://scholar.google.com/scholar_lookup?journal=J.+Clin.+Oncol.&title=An+open-label+phase+II+clinical+trial+of+the+RXR+agonist+IRX4204+in+taxane-resistant,+castration-resistant+metastatic+prostate+cancer+(CRPC)&author=F.F.+Kabbinavar&author=N.+Zomorodian&author=M.+Rettig&author=F.+Khan&author=D.R.+Greenwald&volume=32&publication_year=2014&pages=5073&doi=10.1200/jco.2014.32.15_suppl.5073&
https://doi.org/10.1021/ml300055n
https://doi.org/10.1158/1940-6207.CAPR-10-0149
https://doi.org/10.1038/383450a0
https://doi.org/10.1126/science.1335166


   

104 

 
Lehmann, J. M., Zhang, X. K., Graupner, G., Lee, M. O., Hermann, T., Hoffmann, B., & 

Pfahl, M. (1993). Formation of retinoid X receptor homodimers leads to 
repression of T3 response: hormonal cross talk by ligand-induced 
squelching. Molecular and cellular biology, 13(12), 7698–7707. 

https://doi.org/10.1128/mcb.13.12.7698-7707.1993 
 

Leid, M., Kastner, P., & Chambon, P. (1992). Multiplicity generates diversity in the 
retinoic acid signalling pathways. Trends in biochemical sciences, 17(10), 427–
433. https://doi.org/10.1016/0968-0004(92)90014-z 

 
Lemon, B. D., & Freedman, L. P. (1996). Selective effects of ligands on vitamin D3 

receptor- and retinoid X receptor-mediated gene activation in vivo. Molecular and 
cellular biology, 16(3), 1006–1016. https://doi.org/10.1128/MCB.16.3.1006 

 

Li, D., Li, T., Wang, F., Tian, H., & Samuels, H. H. (2002). Functional evidence for 
retinoid X receptor (RXR) as a nonsilent partner in the thyroid hormone 

receptor/RXR heterodimer. Molecular and cellular biology, 22(16), 5782–5792. 
https://doi.org/10.1128/MCB.22.16.5782-5792.2002 

 

Liby, K., Rendi, M., Suh, N., Royce, D. B., Risingsong, R., Williams, C. R., Lamph, W., 
Labrie, F., Krajewski, S., Xu, X., Kim, H., Brown, P., & Sporn, M. B. (2006). The 

combination of the rexinoid, LG100268, and a selective estrogen receptor 
modulator, either arzoxifene or acolbifene, synergizes in the prevention and 
treatment of mammary tumors in an estrogen receptor-negative model of breast 

cancer. Clinical cancer research : an official journal of the American Association 
for Cancer Research, 12(19), 5902–5909. https://doi.org/10.1158/1078-

0432.CCR-06-1119 
 

MacDonald, P. N., Dowd, D. R., Nakajima, S., Galligan, M. A., Reeder, M. C., Haussler, 

C. A., Ozato, K., & Haussler, M. R. (1993). Retinoid X receptors stimulate and 9-
cis retinoic acid inhibits 1,25-dihydroxyvitamin D3-activated expression of the rat 

osteocalcin gene. Molecular and cellular biology, 13(9), 5907–5917. 
https://doi.org/10.1128/mcb.13.9.5907-5917.1993 

 

Mangelsdorf D.J.U., Evans R.M.K. (1994).The Retinoids. Academic Press; Orlando, FL, 
USA, pp. 319–349.  

 
Mangelsdorf, D. J., & Evans, R. M. (1995). The RXR heterodimers and orphan 

receptors. Cell, 83(6), 841–850. https://doi.org/10.1016/0092-8674(95)90200-7 

 

https://doi.org/10.1128/mcb.13.12.7698-7707.1993
https://doi.org/10.1016/0968-0004(92)90014-z
https://doi.org/10.1128/MCB.16.3.1006
https://doi.org/10.1128/MCB.22.16.5782-5792.2002
https://doi.org/10.1128/mcb.13.9.5907-5917.1993
https://doi.org/10.1016/0092-8674(95)90200-7


   

105 

Marshall, P. A., Jurutka, P. W., Wagner, C. E., van der Vaart, A., Kaneko, I., Chavez, P. 
I., Ma, N., Bhogal, J. S., Shahani, P., Swierski, J. C., & MacNeill, M. (2015). 

Analysis of differential secondary effects of novel rexinoids: select rexinoid X 
receptor ligands demonstrate differentiated side effect profiles. Pharmacology 
research & perspectives, 3(2), e00122. https://doi.org/10.1002/prp2.122 

 
McFarland, K., Spalding, T. A., Hubbard, D., Ma, J. N., Olsson, R., & Burstein, E. S. 

(2013). Low dose bexarotene treatment rescues dopamine neurons and restores 
behavioral function in models of Parkinson's disease. ACS chemical 
neuroscience, 4(11), 1430–1438. https://doi.org/10.1021/cn400100f 

 
Michellys, P. Y., Ardecky, R. J., Chen, J. H., Crombie, D. L., Etgen, G. J., Faul, M. M., 

Faulkner, A. L., Grese, T. A., Heyman, R. A., Karanewsky, D. S., Klausing, K., 
Leibowitz, M. D., Liu, S., Mais, D. A., Mapes, C. M., Marschke, K. B., Reifel-
Miller, A., Ogilvie, K. M., Rungta, D., Thompson, A. W., … Boehm, M. F. 

(2003). Novel (2E,4E,6Z)-7-(2-alkoxy-3,5-dialkylbenzene)-3-methylocta-2,4,6-
trienoic acid retinoid X receptor modulators are active in models of type 2 

diabetes. Journal of medicinal chemistry, 46(13), 2683–2696. 
https://doi.org/10.1021/jm020340q 

 

Michellys, P. Y., Ardecky, R. J., Chen, J. H., D'Arrigo, J., Grese, T. A., Karanewsky, D. 
S., Leibowitz, M. D., Liu, S., Mais, D. A., Mapes, C. M., Montrose-Rafizadeh, C., 

Ogilvie, K. M., Reifel-Miller, A., Rungta, D., Thompson, A. W., Tyhonas, J. S., 
& Boehm, M. F. (2003). Design, synthesis, and structure-activity relationship 
studies of novel 6,7-locked-[7-(2-alkoxy-3,5-dialkylbenzene)-3-methylocta]-

2,4,6-trienoic acids. Journal of medicinal chemistry, 46(19), 4087–4103. 
https://doi.org/10.1021/jm020401k 

 
  

https://doi.org/10.1002/prp2.122
https://doi.org/10.1021/cn400100f
https://doi.org/10.1021/jm020340q
https://doi.org/10.1021/jm020401k


   

106 

Michellys, P. Y., D'Arrigo, J., Grese, T. A., Karanewsky, D. S., Leibowitz, M. D., Mais, 
D. A., Mapes, C. M., Reifel-Miller, A., Rungta, D., & Boehm, M. F. (2004). 

Design, synthesis and structure-activity relationship of novel RXR-selective 
modulators. Bioorganic & medicinal chemistry letters, 14(6), 1593–1598. 
https://doi.org/10.1016/j.bmcl.2003.12.089 

 
Morichika, D., Miyahara, N., Fujii, U., Taniguchi, A., Oda, N., Senoo, S., Kataoka, M., 

Tanimoto, M., Kakuta, H., Kiura, K., Maeda, Y., & Kanehiro, A. (2019). A 
retinoid X receptor partial agonist attenuates pulmonary emphysema and airway 
inflammation. Respiratory research, 20(1), 2. https://doi.org/10.1186/s12931-

018-0963-0 
 

Muccio, D. D., Brouillette, W. J., Breitman, T. R., Taimi, M., Emanuel, P. D., Zhang, X., 
Chen, G., Sani, B. P., Venepally, P., Reddy, L., Alam, M., Simpson-Herren, L., & 
Hill, D. L. (1998). Conformationally defined retinoic acid analogues. 4. Potential 

new agents for acute promyelocytic and juvenile myelomonocytic 
leukemias. Journal of medicinal chemistry, 41(10), 1679–1687. 

https://doi.org/10.1021/jm970635h 
 

Mukherjee, R., Davies, P. J., Crombie, D. L., Bischoff, E. D., Cesario, R. M., Jow, L., 

Hamann, L. G., Boehm, M. F., Mondon, C. E., Nadzan, A. M., Paterniti, J. R., Jr, 
& Heyman, R. A. (1997). Sensitization of diabetic and obese mice to insulin by 

retinoid X receptor agonists. Nature, 386(6623), 407–410. 
https://doi.org/10.1038/386407a0 

 

Murthy, S., Born, E., Mathur, S. N., & Field, F. J. (2002). LXR/RXR activation enhances 
basolateral efflux of cholesterol in CaCo-2 cells. Journal of lipid research, 43(7), 

1054–1064. https://doi.org/10.1194/jlr.m100358-jlr200 
 

Nahoum, V., Pérez, E., Germain, P., Rodríguez-Barrios, F., Manzo, F., Kammerer, S., 

Lemaire, G., Hirsch, O., Royer, C. A., Gronemeyer, H., de Lera, A. R., & 
Bourguet, W. (2007). Modulators of the structural dynamics of the retinoid X 

receptor to reveal receptor function. Proceedings of the National Academy of 
Sciences of the United States of America, 104(44), 17323–17328. 
https://doi.org/10.1073/pnas.0705356104 

 
  

https://doi.org/10.1016/j.bmcl.2003.12.089
https://doi.org/10.1186/s12931-018-0963-0
https://doi.org/10.1186/s12931-018-0963-0
https://doi.org/10.1021/jm970635h
https://doi.org/10.1038/386407a0
https://doi.org/10.1194/jlr.m100358-jlr200
https://doi.org/10.1073/pnas.0705356104


   

107 

Ohsawa, F., Morishita, K., Yamada, S., Makishima, M., & Kakuta, H. (2010). 
Modification at the Lipophilic Domain of RXR Agonists Differentially Influences 

Activation of RXR Heterodimers. ACS medicinal chemistry letters, 1(9), 521–
525. https://doi.org/10.1021/ml100184k65 

 

Ohsawa, F., Yamada, S., Yakushiji, N., Shinozaki, R., Nakayama, M., Kawata, K., 
Hagaya, M., Kobayashi, T., Kohara, K., Furusawa, Y., Fujiwara, C., Ohta, Y., 

Makishima, M., Naitou, H., Tai, A., Yoshikawa, Y., Yasui, H., & Kakuta, H. 
(2013). Mechanism of retinoid X receptor partial agonistic action of 1-(3,5,5,8,8-
pentamethyl-5,6,7,8-tetrahydro-2-naphthyl)-1H-benzotriazole-5-carboxylic acid 

and structural development to increase potency. Journal of medicinal 
chemistry, 56(5), 1865–1877. https://doi.org/10.1021/jm400033f 

 
Ohta, K., Kawachi, E., Inoue, N., Fukasawa, H., Hashimoto, Y., Itai, A., & Kagechika, H. 

(2000). Retinoidal pyrimidinecarboxylic acids. Unexpected diaza-substituent 

effects in retinobenzoic acids. Chemical & pharmaceutical bulletin, 48(10), 
1504–1513. https://doi.org/10.1248/cpb.48.1504 

 
Ohta, K., Kawachi, E., Fukasawa, H., Shudo, K., & Kagechika, H. (2011). 

Diphenylamine-based retinoid antagonists: regulation of RAR and RXR function 

depending on the N-substituent. Bioorganic & medicinal chemistry, 19(8), 2501–
2507. https://doi.org/10.1016/j.bmc.2011.03.026 

 
Ohta, K., Tsuji, M., Kawachi, E., Fukasawa, H., Hashimoto, Y., Shudo, K., & Kagechika, 

H. (1998). Potent retinoid synergists with a diphenylamine skeleton. Biological & 

pharmaceutical bulletin, 21(5), 544–546. https://doi.org/10.1248/bpb.21.544 
 

Olefsky J. M. (2001). Nuclear receptor minireview series. The Journal of biological 
chemistry, 276(40), 36863–36864. https://doi.org/10.1074/jbc.R100047200 

 

Parsons, S., Flack, H. D., & Wagner, T. (2013). Use of intensity quotients and differences 
in absolute structure refinement. Acta crystallographica Section B, Structural 

science, crystal engineering and materials, 69(Pt 3), 249–259. 
https://doi.org/10.1107/S2052519213010014 

 

  

https://doi.org/10.1021/ml100184k65
https://doi.org/10.1021/jm400033f
https://doi.org/10.1248/cpb.48.1504
https://doi.org/10.1016/j.bmc.2011.03.026
https://doi.org/10.1248/bpb.21.544
https://doi.org/10.1074/jbc.R100047200
https://doi.org/10.1107/S2052519213010014


   

108 

Pérez Santín, E., Germain, P., Quillard, F., Khanwalkar, H., Rodríguez-Barrios, F., 
Gronemeyer, H., de Lera, A. R., & Bourguet, W. (2009). Modulating retinoid X 

receptor with a series of (E)-3-[4-hydroxy-3-(3-alkoxy-5,5,8,8-tetramethyl-
5,6,7,8-tetrahydronaphthalen-2-yl)phenyl]acrylic acids and their 4-alkoxy 
isomers. Journal of medicinal chemistry, 52(10), 3150–3158. 

https://doi.org/10.1021/jm900096q 
 

Raval-Pandya M., Freedman L.P., Li H., Christakos S.(1998). Thyroid Hormone 
Receptor does not Heterodimerize with the Vitamin D Receptor but Represses 
Vitamin D Receptor-Mediated Transactivation. Mol Endocrinology, 12:1367–

1379. doi: 10.1210/mend.12.9.0165.  
 

Sherman, S. I., Gopal, J., Haugen, B. R., Chiu, A. C., Whaley, K., Nowlakha, P., & 
Duvic, M. (1999). Central hypothyroidism associated with retinoid X receptor-
selective ligands. The New England journal of medicine, 340(14), 1075–1079. 

https://doi.org/10.1056/NEJM199904083401404 
 

Stierand K., & Rarey M. (2007).From Modeling to Medicinal Chemistry: Automatic 
Generation of Two-Dimensional Complex Diagrams. ChemMedChem, 2:853–
860. doi: 10.1002/cmdc.200700010.  

 
Stierand, K., & Rarey, M. (2010). Drawing the PDB: Protein-Ligand Complexes in Two 

Dimensions. ACS medicinal chemistry letters, 1(9), 540–545. 
https://doi.org/10.1021/ml100164p 

 

Svensson, S., Ostberg, T., Jacobsson, M., Norström, C., Stefansson, K., Hallén, D., 
Johansson, I. C., Zachrisson, K., Ogg, D., & Jendeberg, L. (2003). Crystal 

structure of the heterodimeric complex of LXRalpha and RXRbeta ligand-binding 
domains in a fully agonistic conformation. The EMBO journal, 22(18), 4625–
4633. https://doi.org/10.1093/emboj/cdg456 

 
Tachdjian C., Guo J., Boudjelal M., Al-Shamma H.A., Giachino A.F., Jakubowicz-

Jaillardon K., Chen Q., Zapf J.W., Pfahl M. (2004). Preparation of Substituted 
Isochroman Compounds for the Treatment of Metabolic Disorders, Cancer and 
Other Diseases. CN1774246A. Patent. May 17 

 
  

https://doi.org/10.1021/jm900096q
https://doi.org/10.1056/NEJM199904083401404
https://doi.org/10.1021/ml100164p
https://doi.org/10.1093/emboj/cdg456


   

109 

Thacher, S. M., Standeven, A. M., Athanikar, J., Kopper, S., Castilleja, O., Escobar, M., 
Beard, R. L., & Chandraratna, R. A. (1997). Receptor specificity of retinoid-

induced epidermal hyperplasia: effect of RXR-selective agonists and correlation 
with topical irritation. The Journal of pharmacology and experimental 
therapeutics, 282(2), 528–534. 

 
Thompson, P. D., Hsieh, J. C., Whitfield, G. K., Haussler, C. A., Jurutka, P. W., Galligan, 

M. A., Tillman, J. B., Spindler, S. R., & Haussler, M. R. (1999). Vitamin D 
receptor displays DNA binding and transactivation as a heterodimer with the 
retinoid X receptor, but not with the thyroid hormone receptor. Journal of cellular 

biochemistry, 75(3), 462–480. 
 

Thompson, P. D., Jurutka, P. W., Haussler, C. A., Whitfield, G. K., & Haussler, M. R. 
(1998). Heterodimeric DNA binding by the vitamin D receptor and retinoid X 
receptors is enhanced by 1,25-dihydroxyvitamin D3 and inhibited by 9-cis-

retinoic acid. Evidence for allosteric receptor interactions. The Journal of 
biological chemistry, 273(14), 8483–8491. 

https://doi.org/10.1074/jbc.273.14.8483 
 

Thompson, P. D., Remus, L. S., Hsieh, J. C., Jurutka, P. W., Whitfield, G. K., Galligan, 

M. A., Encinas Dominguez, C., Haussler, C. A., & Haussler, M. R. (2001). 
Distinct retinoid X receptor activation function-2 residues mediate transactivation 

in homodimeric and vitamin D receptor heterodimeric contexts. Journal of 
molecular endocrinology, 27(2), 211–227. https://doi.org/10.1677/jme.0.0270211 

 

Trott, O., & Olson, A. J. (2010). AutoDock Vina: improving the speed and accuracy of 
docking with a new scoring function, efficient optimization, and 

multithreading. Journal of computational chemistry, 31(2), 455–461. 
https://doi.org/10.1002/jcc.21334 

 

Vuligonda, V., Thacher, S. M., & Chandraratna, R. A. (2001). Enantioselective syntheses 
of potent retinoid X receptor ligands: differential biological activities of 

individual antipodes. Journal of medicinal chemistry, 44(14), 2298–2303. 
https://doi.org/10.1021/jm0100584 

 

  

https://doi.org/10.1074/jbc.273.14.8483
https://doi.org/10.1677/jme.0.0270211
https://doi.org/10.1002/jcc.21334
https://doi.org/10.1021/jm0100584


   

110 

Wagner, C. E., Jurutka, P. W., Marshall, P. A., Groy, T. L., van der Vaart, A., Ziller, J. 
W., Furmick, J. K., Graeber, M. E., Matro, E., Miguel, B. V., Tran, I. T., Kwon, 

J., Tedeschi, J. N., Moosavi, S., Danishyar, A., Philp, J. S., Khamees, R. O., 
Jackson, J. N., Grupe, D. K., Badshah, S. L., … Hart, J. W. (2009). Modeling, 
synthesis and biological evaluation of potential retinoid X receptor (RXR) 

selective agonists: novel analogues of 4-[1-(3,5,5,8,8-pentamethyl-5,6,7,8-
tetrahydro-2-naphthyl)ethynyl]benzoic acid (bexarotene). Journal of medicinal 

chemistry, 52(19), 5950–5966. https://doi.org/10.1021/jm900496b 
 

Wilson A.J.C., Hahn T., Wilson A.J.C., Shmueli U.(1992). Crystallography 

I.U.O. International Tables for Crystallography, Volume C: Mathematical, 
Physical and Chemical Tables. Springer; Dordrecht, The Netherland [Google 

Scholar] 
 

Yen, P. M., Liu, Y., Sugawara, A., & Chin, W. W. (1996). Vitamin D receptors repress 

basal transcription and exert dominant negative activity on triiodothyronine-
mediated transcriptional activity. The Journal of biological chemistry, 271(18), 

10910–10916. https://doi.org/10.1074/jbc.271.18.10910 
 
Yen, W. C., Corpuz, M. R., Prudente, R. Y., Cooke, T. A., Bissonnette, R. P., Negro-

Vilar, A., & Lamph, W. W. (2004). A selective retinoid X receptor agonist 
bexarotene (Targretin) prevents and overcomes acquired paclitaxel (Taxol) 

resistance in human non-small cell lung cancer. Clinical cancer research : an 
official journal of the American Association for Cancer Research, 10(24), 8656–
8664. https://doi.org/10.1158/1078-0432.CCR-04-0979 

 
Yen, W. C., Prudente, R. Y., & Lamph, W. W. (2004). Synergistic effect of a retinoid X 

receptor-selective ligand bexarotene (LGD1069, Targretin) and paclitaxel (Taxol) 
in mammary carcinoma. Breast cancer research and treatment, 88(2), 141–148. 
https://doi.org/10.1007/s10549-004-1426-5 

 
Zhang, D., Leal, A. S., Carapellucci, S., Shahani, P. H., Bhogal, J. S., Ibrahim, S., Raban, 

S., Jurutka, P. W., Marshall, P. A., Sporn, M. B., Wagner, C. E., & Liby, K. T. 
(2019). Testing Novel Pyrimidinyl Rexinoids: A New Paradigm for Evaluating 
Rexinoids for Cancer Prevention. Cancer prevention research (Philadelphia, 

Pa.), 12(4), 211–224. https://doi.org/10.1158/1940-6207.CAPR-18-0317 
 

Zhang, L., Badea, B.A., Enyeart, D., Berger, E.M., Mais, D.E. and Boehm, M.F. (1995), 
Syntheses of isotopically labeled 4-[1-(3,5,5,8,8-pentamethyl-5,6,7,8-tetrahydro-
2-naphthyl)ethenyl]benzoic acid (LGD1069), a potent retinoid x receptor-

selective ligand. J Label Compd Radiopharm, 36: 701-
712. https://doi.org/10.1002/jlcr.2580360712 

https://doi.org/10.1021/jm900496b
https://scholar.google.com/scholar_lookup?title=International+Tables+for+Crystallography,+Volume+C:+Mathematical,+Physical+and+Chemical+Tables&author=A.J.C.+Wilson&author=T.+Hahn&author=A.J.C.+Wilson&author=U.+Shmueli&author=I.U.O.+Crystallography&publication_year=1992&
https://scholar.google.com/scholar_lookup?title=International+Tables+for+Crystallography,+Volume+C:+Mathematical,+Physical+and+Chemical+Tables&author=A.J.C.+Wilson&author=T.+Hahn&author=A.J.C.+Wilson&author=U.+Shmueli&author=I.U.O.+Crystallography&publication_year=1992&
https://doi.org/10.1074/jbc.271.18.10910
https://doi.org/10.1158/1078-0432.CCR-04-0979
https://doi.org/10.1007/s10549-004-1426-5
https://doi.org/10.1158/1940-6207.CAPR-18-0317
https://doi.org/10.1002/jlcr.2580360712


   

111 

 
Zhang, X. K., Lehmann, J., Hoffmann, B., Dawson, M. I., Cameron, J., Graupner, G., 

Hermann, T., Tran, P., & Pfahl, M. (1992). Homodimer formation of retinoid X 
receptor induced by 9-cis retinoic acid. Nature, 358(6387), 587–591. 
https://doi.org/10.1038/358587a0 

  

https://doi.org/10.1038/358587a0


   

112 

CHAPTER 5 

GENERATION 11 ANALOGS (PRELIMINARY RESULTS, DISCUSSION AND 

CONCLUSION) 

Biological Evaluation of Generation 11 Analogs (A101-A126) via an M2H 

Luciferase-based System.  

For a rexinoid to induce transcription of RXR target genes that control cellular 

differentiation, apoptosis, and proliferation it should be able to induce RXR-RXR 

homodimerization (Panchal and Scarisbrick., 2015). Therefore, a mammalian-2-hybrid  

(M2H) luciferase assay was employed to determine the potency of RXR-RXR 

homodimerization induced by our analogs compared to bexarotene. In the M2H assay, 

human embryonic kidney (HEK-293) cells were transiently transfected with the plasmid 

components of the M2H system (see Methods), and the cells were subsequently dosed with 

either ethanol (vehicle), 100 nM bexarotene, or the indicated analog. After 24 hours of 

ligand exposure, the transcription of the luciferase gene, which is directly proportional to 

the degree of RXR-RXR homodimerization, was measured via a luminescence assay. In 

this set of experiments, homodimerization and subsequent transcriptional activity of 

Generation 11 analogs (A101-A126) was compared to bexarotene, which was set to 100%. 

Transcriptional activity of our analogs ranged from 2.3% to 128.3% of the bexarotene 

control, with A125 and A126 displaying the greatest agonist activity in this cohort of novel 

analogs (Figure 24). 
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Figure 24: Biological Evaluation Of Generation 11 (A101-A126) RXR Agonists Via 

An M2H Luciferase-Based System. Human embryonic kidney (HEK-293) cells were 

co-transfected using a human RXR binding domain (BD) vector (bait), a human RXR 
activation domain (AD) vector (prey), pFR-Luc, and renilla control plasmids for 24 h 

utilizing a liposome-mediated transfection protocol. Cells were treated with either the 
ethanol vehicle or 100 nM of bexarotene or the indicated analog for 24 h. After 24 h the 
cells were lysed, and a luciferase assay was completed. Analog-dependent RXR binding 

and homodimerization, as measured by luciferase output, was compared to 

bexarotene (value set to 100%). 

Assessment of Generation 11 Analogs via an RXRE Luciferase-based System.  

Following the formation of  the RXR-RXR homodimer, it is necessary for RXR-RXR to 

associate with the DNA platform (RXRE) to execute transcriptional regulation. To assess 

the ability of the analogs to aid the translocation of the RXR-RXR complex into the 

nucleus to carry out functions associated with rexinoid signal transduction, we employed 

an RXRE luciferase assay where transcription of the luciferase gene is directly 

proportional to RXR-RXR homodimer binding to the RXRE. We used human embryonic 
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kidney (HEK-293) cells and transfected them with a plasmid containing an authentic 

RXRE DNA sequence upstream of the luciferase gene. Transcriptional activity of 

Generation 11 analogs was compared to bexarotene set to 100%. In this set of 

experiments, transcriptional activity of our analogs ranged from 16.7% to 147.0% of the 

bexarotene control (Figure 25), with A126 possessing the highest activity in this cohort. 

It is an encouraging observation that the results of the M2H assay generally resembles the 

results of the RXRE assay. This is an expected and reasonable observation as RXR-RXR 

homodimerization and homodimer association to the RXRE are consecutive molecular 

functions necessary for rexinoids to produce their pharmacologic effects. 

 

Figure 25: Biological Evaluation Of Generation 11 (A101-A126) RXR Agonists Via 

An RXRE Luciferase-Based System. Human embryonic kidney (HEK-293) cells were 
co-transfected using a RXRE luciferase reporter gene, pSG5-human RXRα, and a renilla 

control plasmid for 24 h utilizing a liposome-mediated transfection protocol. Cells were 
treated with either the ethanol vehicle or 100 nM of bexarotene or the indicated analog 
for 24 h. After 24 h the cells were lysed, and a luciferase assay was completed. Analog-
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dependent RXR-mediated transcription, as measured by luciferase output, was compared 

to bexarotene (value set to 100%).  

Assessment of Generation 11 Analogs via an LXRE Luciferase-based System. 

We next tested the analogs for their ability to bind and activate the liver-X-receptor 

(LXR) using a liver-X-receptor responsive element (LXRE)-based assay, and we 

compared the effect in the presence vs. absence of an activating LXR compound 

(TO901317). We  utilized human glial cells (U87) and transfected with a plasmid 

containing an authentic LXRE DNA sequence upstream of the luciferase gene. 

Transcriptional activity of Generation 11 analogs was compared to bexarotene set to 

100%. The activation from this natural LXRE in our system was tested in the presence of 

either 100 nM RXR agonists alone or in combination with 100 nM of both the RXR 

agonist and LXR agonist T0901317 (TO). The use of the combination of LXR and RXR 

agonists was expected to display a more robust response in LXRE transactivation due to 

additive or synergistic effects of dual ligand activation of the RXR-LXR heterodimer. In 

this set of experiments, transcriptional activity of our analogs ranged from 30.5% to 

145% of the bexarotene control (Figure 26). A105, A106, A109, A113, A118, A120 and 

A122 exhibited higher activity than bexarotene. Upon combination of the analogs with 

TO, the activity of A107, 108, 113, 117, 118, 119, 120 and 123 was boosted further. 
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Figure 26: Evaluation Of RXR Agonists To Potentiate LXRE-Mediated 

Transactivation In The Absence And Presence Of LXR Ligand T0901317. Human 

glial (U87) cells were transfected with an expression vector for human LXRα, an LXRE-
luciferase reporter gene with 3 tandem copies of the LXRE from the human ApoE gene, 
and a renilla control plasmid. Cells were transfected for 24 hours utilizing a liposome-

mediated transfection protocol and then treated with ethanol vehicle, or 100 nM of the 
indicated compound alone or in combination with 100 nM TO901317 (TO).  LXRE-

directed activity was compared to bexarotene, set to 100%.   

Preliminary qPCR Analysis of APOE Gene Induction.  

qPCR analysis was performed to determine the efficacy of our analogs to upregulate gene 

transcription of the Apolipoprotein E, APOE gene, relative to bexarotene. Considering 

that not all analogs displayed strong activity in the previous biological assays, only the 

most potent analogs, namely A101, A105, A107 and A119 were selected for qPCR 

evaluation (Figure 27). Due to time limitation, we were able to finish the preliminary 

qPCR analysis of A101, with additional experiments utilizing an expanded set of 

Generation 11 analogs currently in progress. On comparison with Bex+TO, the fold 

induction of A101+TO was higher than Bex+TO. A101 exhibited a fold increase of 2.58 

compared to BEX+TO which indicates that A101+TO is 2.58 times more potent than 
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BEX+TO as an inducer of APOE. Therefore, based on these results, which were 

performed in at least 6 independent biological replicates, A101+TO is more effective 

than BEX+TO in driving the potent expression of APOE. 
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Figure 27: qPCR Analysis Of Our Most Potent RXR Agonists (A101) To Induce 

APOE Gene Expression. Human glial cells were treated for 24 h with bexarotene or the 
indicated analog at 100 nM. A 0.1 μg portion of DNase-treated RNA was used for cDNA 
synthesis and subsequent qPCR. Data analysis was performed using the comparative 

ΔΔCt method as the means of relative quantitation, normalized to an endogenous 
reference (GAPDH) and relative to a calibrator (normalized Ct value from vehicle-treated 

cells) and expressed as 2–ΔΔCt. Results are from at least 6 independent biological 

replicates with multiple replicates in each experiment. 
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Discussion 

In this study, we describe the evaluation of twenty-six novel analogs of bexarotene using 

various biological assays to assess RXR potency and specificity. One of the most active 

analogs (A101) was also analyzed via qPCR to determine efficacy in the induction of 

APOE. Based on the results obtained in our experiments, most of the Generation 11 analogs 

demonstrated high selectivity and potency as compared to bexarotene. In the M2H (Figure 

24) and RXRE (Figure 25) assays, analogs A101, A102, A105, A106, A107, A115, A118, 

A119, A125 and A126 exhibited substantially higher RXR-mediated transcription of the 

luciferase gene than bexarotene, indicating that these analogs are more effective at inducing 

a response through the RXR-RXRE nuclear signaling pathway. Rexinoids generate their 

chemotherapeutic effects, at least in part, via the RXR-RXRE pathway which enables the 

transcription of genes involved in cell proliferation, differentiation, and apoptosis. 

Therefore, the above analogs are more likely to lead to an improved therapeutic outcome 

in the treatment of CTCL than bexarotene. In this cohort, about 50 percent of the analogs 

yielded either comparable or improved activity compared to bexarotene across the M2H 

and RXRE assays. Most evident, analogs A101, A105-A107, A125 and A126 

demonstrated an enhanced ability to induce RXR homodimerization (Figure 24), activate 

RXRE (Figure 25). Consequently, we conclude that the potential therapeutic potency of a 

rexinoid may be predicted based on its performance in these assays and this approach may 

serve as a practical tool in the assessment of novel rexinoids intended for the treatment of 

CTCL. However, these candidate analogs still need to be assessed in additional assays, 
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including qPCR to determine their upregulation of tumor suppressor genes, such as ATF3 

and EGR3. These genes are involved in tumor suppression pathways and have been 

previously found to be upregulated in response to retinoids and rexinoids, such as 

bexarotene (Corona et al., 2016; Wang et al., 2019; Zhang et al., 2015). Our data suggests 

that although bexarotene may be effective for the treatment of refractory CTCL, 

introducing new structural motifs to the bexarotene parent compound may in fact yield 

analogs that are more efficacious and maintain an improved side effect profile due to 

enhanced selectivity. 

We also evaluated the analogs for their ability to bind and activate the liver-X-receptor 

(LXR) using a liver-X-receptor responsive element (LXRE)-based assay, and we compared 

the effect in the presence vs. absence of an activating LXR compound (TO901317). LXR 

has been demonstrated to regulate lipid metabolism and inflammatory responses in the 

central nervous system, and there is ample evidence that robust cholesterol and lipid 

metabolism in the brain (including enhanced APOE expression) are critical to mitigating 

dementia. Biological evaluation of our novel RXR agonists for their ability to transactivate 

via an LXRE sequence that is found naturally in the promoter of LXR-RXR controlled 

genes including APOE was carried out in human glial cells (U87) with bexarotene as a 

control. The activation from this natural LXRE in our system was tested in the presence of 

either 100 nM RXR agonists alone or in combination with 100 nM of both the RXR agonist 

and LXR agonist T0901317 (TO). The use of the combination of LXR and RXR agonists 

was expected to display a more robust response in LXRE transactivation due to additive or 
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synergistic effects of dual ligand activation of the RXR-LXR heterodimer. The results 

(Figure 25) revealed that in comparison to the parent compound bexarotene alone, single 

dosing of the cells with analogs A105, A106, A109, A113, A118, A120 and A122 exhibited 

more LXR/LXRE activity. Upon combination with TO, analogs A107, 108, 113, 117, 118, 

119, 120 and 123 exhibited higher activity than bexarotene indicating that the analogs are 

more potent than bexarotene when combined with the LXR ligand TO901317 (TO). 

Conclusion 

Nuclear receptor agonists, specifically bexarotene, are known to have potential 

therapeutic activity in diseases like cancer and various neurodegenerative disorders such 

as Alzheimer’s and Parkinson’s diseases owing to their involvement in transcriptional 

regulation of genes engaged in vital processes like cell proliferation, development, 

metabolism, and reproduction and apoptosis (Sever and Glass, 2013). Our research group 

has previously published work similar to the current study describing the development 

and biological evaluation of other rexinoids with an emphasis on treating human diseases, 

such as CTCL and Alzheimer’s disease. In 2009, our group evaluated eleven novel 

analogs of bexarotene, three of which demonstrated similar RXR-mediated 

transcriptional activity and stimulation of apoptosis in a CTCL system (Wagner at al., 

2009). Researchers have recognized RXR and its agonists as potential targets for research 

and development of therapeutics in cancer and neurodegenerative diseases like 

Alzheimer’s disease because of RXR's function as the special heterodimer partner for 

approximately one third of all human nuclear receptors (Cramer et al., 2012; Tanaka and 
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Luca., 2009). The present study builds upon a previous body of research from our 

rexinoid research group. Furthermore, we continue to demonstrate that minor 

modifications to the core molecular structure of parent compound bexarotene may lead to 

the development of novel rexinoids that possess enhanced efficacy and diminished side 

effect profiles. 

Bexarotene is an FDA-approved drug that has been used to treat CTCL with substantial 

success. However, the side effects of bexarotene therapy are well documented and 

unfortunately very common, thus bexarotene therapy is combined with a cholesterol 

lowering medication such as a statin and tetraiodothyronine as thyroid hormone 

replacement to avoid the side effect of  hypothyroidism. Moreover, patients must 

discontinue the use of bexarotene to allow lab values to normalize as hyperlipidemia and 

hypertriglyceridemia are risk factors for pancreatitis and cardiovascular disease 

(McBride, P.E. 2007). These side-effects lead to complications like increased financial 

burden on the patient thereby reducing compliance to treatment. Due to these reasons, we 

conclude that the development of novel bexarotene analogs is necessary and should be 

explored further.  Moreover, reprofiling of bexarotene and its novel analogs to treat 

neurodegenerative disease like Alzheimer’s is beneficial because this may save time and 

financial investment needed for drug design, optimization, and clinical trials since the 

target and pharmacokinetic profile of bexarotene is well researched. Therefore, 

evaluating the potential of novel analogs of bexarotene for treatment of AD could prove 

to be a useful tool to combat AD because the novel analogs have the potential to serve as 
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inducers of  ApoE, thereby enhancing the clearance of Aβ while mitigating the side 

effects of bexarotene therapy.  
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