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ABSTRACT 

Retinoid X receptor (RXR) agonists bind to and activate the nuclear receptor RXR, 

thereby regulating gene transcription relevant to cellular proliferation, apoptosis, cell 

cycle, immunity, and numerous other biological processes. RXR agonists have been 

explored as treatments for cancer, metabolic disorders, and neurodegenerative 

diseases, and one RXR agonist, bexarotene, has been FDA approved for the treatment 

of cutaneous T cell lymphoma (CTCL). Bexarotene has also been tested in clinical trials 

for lung and metastatic breast cancer, wherein subsets of patients responded despite 

advanced disease. By modifying structures of known rexinoids, we can improve potency 

and toxicity. We have previously developed an in vitro screening paradigm that predicts 

activity in vivo and tested a series of novel rexinoids using this system of assays. This 

thesis project tested newly synthesized RXR agonists in preclinical mouse models of 

breast and lung cancer, diseases that cause significant morbidity and economic burden 

in the United States and worldwide. These novel compounds, V-125 and MSU 42011, 

are efficacious and well tolerated in the MMTV-Neu model of HER2+ breast cancer and 

the A/J model of non-small cell lung cancer. To generate mechanistic hypotheses for 

the anti-tumor efficacy of these novel compounds, RNA sequencing data from treated 

MMTV-Neu tumors is contained herein. Enrichment analyses of several RXR agonists 

depicts unique gene expression profiles, with unifying themes of immunomodulatory 

activity and modification of adhesion molecules and extracellular matrix components. 

This data and validation data provided direction for future mechanistic studies on the 

biological, immune modulatory, and anti-tumor effects of these compounds. By studying  

 



the mechanisms of these compounds, we may gain insight into how best to design 

future RXR agonists and how to utilize these compounds in human disease. 
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1.1: Abstract 

The discovery of nuclear receptors, particularly retinoid X receptors (RXR), and their 

involvement in numerous pathways related to development sparked interest in their 

immunomodulatory properties. Genetic models using deletion or overexpression of RXR 

and the subsequent development of several small molecules that are agonists or 

antagonists of this receptor support a promising therapeutic role for these receptors in 

immunology. Bexarotene was approved in 1999 for the treatment of cutaneous T cell 

lymphoma. Several other small molecule RXR agonists have since been synthesized 

with limited preclinical development, but none have yet achieved FDA approval. Cancer 

treatment has recently been revolutionized with the introduction of immune checkpoint 

inhibitors, but their success has been restricted to a minority of patients. This review 

showcases the emerging immunomodulatory effects of RXR and the potential of small 

molecules that target this receptor as therapies for cancer and other diseases. Here we 

describe the essential roles that RXR and partner receptors play in T cells, dendritic 

cells, macrophages and epithelial cells, especially within the tumor microenvironment. 

Most of these effects are site and cancer type dependent but skew immune cells 

towards an anti-inflammatory and anti-tumor effect. This beneficial effect on immune 

cells supports the promise of combining rexinoids with approved checkpoint blockade 

therapies in order to enhance efficacy of the latter and to delay or potentially eliminate 

drug resistance. The data compiled in this review strongly suggest that targeting RXR 

nuclear receptors is a promising new avenue in immunomodulation for cancer and other 

chronic inflammatory diseases. 
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1.2: Introduction 

1.2.1: RXR nuclear receptor signaling 

The retinoid X receptor (RXR) is an essential member of the nuclear hormone 

receptor superfamily and is a key player in numerous physiological functions. Three 

isoforms of RXR (α, β, and γ) are expressed at various levels in different cell types 3. 

RXRs share a canonical domain structure with other nuclear receptors, which includes a 

DNA-binding domain, ligand-binding domain, and regulatory molecule (co-activators 

and co-repressors) binding domain 4. Besides forming homodimers, RXRs can 

heterodimerize with many other nuclear receptors, such as retinoic acid receptor (RAR), 

thyroid hormone receptor (TR), vitamin D receptor (VDR), liver X receptor (LXR), and 

the peroxisome proliferator-activated receptor (PPAR) 5. In the absence of ligands, the 

heterodimers are normally associated with transcription corepressors that induce 

histone deacetylation and suppression of transcription. Upon ligand binding, 

corepressors dissociate from the nuclear receptors and the receptor binds with 

coactivators leading to transcriptional activation 6. As transcription factors, RXRs 

regulate a wide variety of cellular processes, including inflammation, development, 

differentiation, apoptosis, and metabolism. Thus, RXR has been a promising therapeutic 

target in many diseases. In this chapter, the main goal is to focus on the effects of RXR 

signaling on the immune system and review RXR ligands (rexinoids) as 

immunomodulatory therapies in diverse diseases.  

RXR is a unique therapeutic target in terms of the complexity of its signaling 

regulation. First, the dose response of rexinoids is more sophisticated than many 

receptor agonists. The partners of RXR can be classified as permissive (PPARs, LXR, 
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and FXR) or non-permissive (VDR, TR) 7-10. Permissive binding partners can be 

activated by either RXR or its partner’s specific ligands. Nonpermissive partners, in 

contrast, can only be activated by ligands specific for the partner, but not RXR ligands. 

Therefore, permissive dimers (e.g. RXR:LXR or RXR:PPARγ) require only one ligand, 

although simultaneous ligation of both RXR and a partner results in additive or 

synergistic activation. Nonpermissive heterodimers (e.g. RXR:VDR or RXR:TR) respond 

only to the partner ligand, as they function as hormone receptors and maintain an 

activation level that is proportional to hormone concentration for maintaining endocrine 

balance 11. Moreover, various tissues maintain different expression levels and 

regulatory mechanisms (Brabender et al., 2005; Davies et al., 2001; Szanto et al., 

2004). Increasing concentration of rexinoids may skew the activity from one dimer to 

another, inducing completely different downstream functions.  

Second, ligand binding induces major conformational changes on RXRs, thus 

altering their receptor functions 12. These structural changes affect the stability of 

dimeric receptor complexes, activity of self-association, and binding with other cofactors 

12-14. Structurally different ligands may recruit distinct coactivators or corepressors, 

leading to various downstream effects 8,15,16. Some of these effects are common ligand-

induced structural changes shared with other nuclear receptors, while some are unique 

to RXR 3, which could potentially result in different pharmacological consequences of 

targeting RXR compared to targeting its partners.  

Third, although RXRs mainly function as transcription factors, they can mediate 

cytoplasmic functions independent of transcription regulation. Heterodimerization of 

RXRα with Nur77, an orphan receptor, induces nuclear export and mitochondrial 
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targeting of Nur77, where it interacts with Bcl-2 to induce apoptosis 17. RXRα ligands 

actually inhibit this mitochondrial targeting and suppress the induction of apoptosis. In 

contrast, when RXRα facilitates the nucleocytoplasmic translocation of the orphan 

receptor TR3, the presence of a RXRα ligand is required 18.  

1.2.2: Physiological functions of RXR 

Mounting evidence supports an essential role for nuclear hormone receptors as 

coordinators of gene expression during development. Both RXR homodimers and 

heterodimers of RXR with other nuclear receptors regulate several steps during 

embryogenesis and subsequent essential physiological functions in several organ 

systems. For example, RAR:RXR dimers are required during the first stages of 

embryonic development (including placenta development), specifically in the central 

nervous system for neuronal differentiation 19-23. LXR:RXR heterodimers regulate 

cholesterol homeostasis, lipogenesis and inflammation. The high concentration of 

cholesterol in the brain must be carefully balanced, and these receptors regulate 

cholesterol metabolism 24,25.  

By using genetic deletion techniques, the following studies highlight the roles of RXR 

in both prenatal and postnatal development:  

Prenatal development 

Deletion/mutation of one of the isoforms of RXR (α, β or γ) leads to different 

physiologic outcomes but deletion and/or mutation of RXRα generates the most 

deleterious effects. Loss of RXRα in the mouse germ line resulted in embryonic lethality 

(E13.5–16.5) due to defects in the cardiac ventricles and placenta, as well as ocular 

abnormalities 22,26,27. Deletion of just one allele of RXRα produced viable mice, but the 
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mice developed cardiac abnormalities and lung, muscle, skeletal and liver dysfunctions 

28. The cardiac deficiency was due to a lack of differentiation and metabolic 

perturbances in the ventricular cardiomyocytes. Similar defects in cardiac physiology 

were observed in RXRβ−/−, RXRα−/−, RXRγ−/−, RARα−/−, RARβ−/− and vitamin A-

deficient mouse embryos 29-31. Other physiologic abnormalities developed when RXR 

null mice were combined with RAR null mice that were not apparent in the single 

receptor knockout mice. These results suggested an interdependency of RAR:RXR 

gene regulation, as separate sets of genes were regulated by homodimers of both RXR 

and RAR 32. RXRα null mice also showed deformities in the formation of the placenta, 

specifically in the maturation of trophoblasts. Interestingly, the deficiencies observed in 

the placenta of RXRα null mice resemble those of vitamin A deficiency, suggesting a 

role for RXR:RAR dimers in placental function 23. Placenta from RXRα null mice were 

depleted of lipid droplets, reflecting the importance of RXR:PPARγ dimers 33. Many of 

the defects in lipid metabolism are similar in both RXRα and LXR knockout mice, as 

RXR:LXR dimers regulate lipid metabolism in the liver 3. 

RXRβ and RXRγ also play important roles in development, but their functions have 

not been studied as extensively as RXRα deficiencies. Most RXRβ null mutants died 

before or at birth; the surviving mice appeared normal, although the males were sterile 

34. RXRγ null mice developed normally and were indistinguishable from the 

heterozygous and wild-type animals 34. Double RXRβ−/− RXRγ−/− mutants exhibited 

locomotor deficiencies due to a dysfunction in the dopamine signaling pathway 35.  
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Postnatal roles of RXR 

To bypass the lethality of total body knockouts, conditional RXR knockout mice were 

generated, which allowed the study of these receptors in adult animals 36. The selective 

ablation of RXRα in adipose tissue resulted in alterations in adipocyte differentiation and 

resistance to obesity induced by diet or chemicals 37. PPAR is highly expressed in 

adipocytes, and PPAR/RXR heterodimers are essential for adipocyte survival and 

lipogenesis 33,38.   

Nuclear receptors also regulate a series of genes and proteins involved in the 

regulation of lipid metabolism 39. Both PPAR and LXR require dimerization with RXR for 

regulation of metabolic pathways, specifically lipid metabolism in the liver. Knockdown 

of RXR in hepatocytes revealed additional differences in lipid metabolism than the 

knockdown of PPAR or LXR alone, suggesting that RXR plays a unique role in lipid 

metabolism in the liver 40,41. RXR also plays an important function in cell-autonomous 

mechanisms required for liver regeneration 37. 

The deletion of RXR in skin and prostate led to abnormal cell growth 42-44. In the 

skin, loss of RXRα resulted in epidermal interfollicular hyperplasia, keratinocyte 

hyperproliferation and aberrant terminal differentiation. These changes ultimately 

culminated in hair loss, hair follicle degeneration and utriculi, and dermal cysts. In 

prostate epithelial cells, loss of RXRα caused disturbances of secretory proteins and 

eventually the development of preneoplastic lesions.  

The study of knockout RXR mice and the depletion of other nuclear receptors over 

time has elucidated the importance of these receptors in development and their roles in 

physiological processes. However, a gap in knowledge remains, mostly due to the 
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complications arising from the various receptor partners present in specific tissues and 

the lack of understanding of the specific roles of each of these heterodimers. 

Nevertheless, it is clear that RXR and its partners PPAR and LXR play crucial roles in 

adult physiology including metabolism, morphogenesis and cell differentiation.  

1.3: RXR and the immune system in vitro  

The immune system protects our body from invading foreign pathogens and, to an 

extent, against cancer 45. The immune responses can be divided in two main 

categories: 1) hard wired responses to general foreign molecules not present in the host 

through innate immunity and 2) exquisite responses to a very specific protein (antigen) 

by binding to specific receptors through adaptive immunity 46. Macrophages, dendritic 

cells (DC) and natural killer (NK) cells are the main cellular components of innate 

immunity, acting as first responders to remove pathogens and/or damage cells, 

therefore containing inflammation. The innate system processes and presents danger 

signals (antigen) to the adaptive immune system 47. T cells are major components of the 

adaptive immune system that act as orchestrators and effectors of immunity. Depending 

on the immunological context, T cells can acquire functional and effector phenotypes 

whose activity has direct inflammatory or anti-inflammatory consequences 48. 

Elucidation of the role of RXR in the immune system was aided by generating mice 

with a hypomorphic allele of RXRα 49,50. These mice express a RXRα receptor with an 

altered ligand binding and heterodimerization domain that was poorly responsive to all-

trans retinoic acid (RA), resulting in widespread defects in the immune system despite 

normal development of the thymus, spleen and lymph nodes. The generation of floxed 

RXRα mice allowed the restricted deletion of RXR to tissues and cell type, further 
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confirming the role of RXR in the immune system 51. These mice developed an 

unbalanced ratio of effector versus memory T cells and decreased numbers of B cells 

after immunization 49,51. In myeloid cells, RXR depletion reduced recruitment of 

leukocytes and generation of essential cytokines and chemokines required for function 

52,53.  

1.3.1: Innate immune system 

Components of the innate immune system serve as the body’s first line of defense 

against invading pathogens. Physical barriers such as the skin, complement peptides, 

and cellular components which recognize pathogen-associated molecular patterns 

(PAMPs) provide rapid, non-specific resistance to pathogen invasion and quickly 

opsonize, neutralize, or destroy pathogens as well as activate adaptive immune 

functions 54. Macrophages are a highly heterogenous effector cell of the innate immune 

system. In addition to macrophage progenitors circulating in the blood, specialized 

subsets of resident macrophages exist in tissues. RXRα is highly expressed in 

macrophages; RXRβ is also expressed in macrophages but at lower levels than RXRα. 

Fifteen other nuclear receptors which form heterodimers with RXR are also expressed 

in these cells 55.  

RXR and its heterodimeric partner PPARγ play an important role in myeloid 

progenitor cell fate and are necessary for the differentiation of macrophages during 

hematopoiesis 56. The expression of RXRα increases as human blood monocytes 

differentiate into macrophages 57. Pharmacological activation of RXR/PPARγ 

heterodimers with the PPARγ agonist rosiglitazone promoted hematopoietic stem cell 

differentiation to the myeloid lineage 58.  
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Highly plastic macrophages exist on a spectrum between two polarized subtypes 

commonly designated M1 and M2. The classically activated M1 phenotype is pro-

inflammatory and is driven by cytokines such as IFNγ, while the anti-inflammatory 

alternatively activated M2 phenotype functions in wound healing and is driven by 

cytokines such as IL-4 59. To date, little is known about RXR expression or function in 

these different phenotypes. However, PPARγ acts in naïve macrophages to promote 

polarization to alternatively activated M2 phenotype 60. The M2-polarizing cytokine IL-4 

can upregulate the expression of PPARγ 61, and eicosanoids produced during 

inflammatory responses can activate RXR/PPAR heterodimers to promote M2 

polarization and regulate cessation of the inflammatory response 62. Repeated 

stimulation of macrophages by IL-4 drives chromatin remodeling by RXR/PPARγ 

heterodimers in a ligand-independent manner that facilitates M2 polarization through the 

establishment of transcriptional memory 60, contributing to tissue-specific subsets of 

resident macrophages throughout the body.  

RXR/LXR heterodimers are critical for managing macrophage cholesterol 

homeostasis and play important roles in the regulation of the inflammatory response by 

inhibiting the expression of pro-inflammatory genes including iNOS, COX-2, and IL-6 63. 

RXR/LXR heterodimers also help prevent pathogen-induced macrophage apoptosis, 

which is an important immune evasion strategy employed by pathogens. Activation of 

RXR/LXR heterodimers in mouse macrophages upregulated the expression of anti-

apoptotic genes while simultaneously inhibiting the expression of pro-apoptotic genes 

64. 
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Macrophages control the inflammatory response by regulating chemokine 

expression, which controls leukocyte infiltration and migration around sites of 

inflammation. The chemokines CCL6 and CCL9 are RXR target genes in macrophages, 

and treatment with RXR agonists increases their expression and their chemoattractant 

potential in mouse macrophages. Inversely, lack of RXRα expression in macrophages 

extinguishes the expression of these chemokines, impairing the recruitment of 

leukocytes to inflammatory sites 52.  

RXR is also critical for phagocytic clearance of apoptotic cells and other debris by 

macrophages, and mice lacking RXRα expression in macrophages developed an 

autoimmune phenotype resulting from the impaired uptake of cellular debris by 

macrophages. In contrast, activation of RXR by its endogenous ligand 9-cis RA or by 

the synthetic agonist LG100268 increased phagocytic activity and increased 

transcription of phagocytosis-related genes in mouse macrophages 65. The synthetic 

rexinoid bexarotene also increased microglia-mediated clearance of β-amyloid plaques 

in a mouse model of Alzheimer’s disease 66. LG100268 suppressed the secretion of 

inflammatory mediators including IL-6, NO, G-CSF, IL-1β, and CXCL2 and altered the 

transcription of several toll-like receptor target genes in RAW264.7 cells stimulated with 

LPS or TNFα 67-69. Similar effects in RAW264.7 cells were observed with the rexinoids 

IRX194204, LG101506 and pyrimidine derivatives of bexarotene or LG100268 1,69,70. 

Because of the importance of RXR signaling in macrophages, RXR and its 

heterodimeric partners are being investigated as potential pharmacological targets for 

several immune disorders involving macrophages, including rheumatoid arthritis, 

inflammatory bowel disease, and systemic lupus erythematosus 63.  
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1.3.2: Adaptive immune system 

T cells, the main component of the adaptive immune system, and their activation 

and differentiation are tightly controlled. T cells are divided into CD4 and CD8 cells, with 

both populations having several subtypes. CD4 T cells are involved in B cell 

differentiation, macrophage activation and stimulate inflammation in the presence of 

antigens 71. CD4-FOXP3 cells are a subpopulation of CD4 T cells involved in the 

regulation of immune responses by suppressing other T cells, maintaining self-tolerance 

72,73. CD8 T cells are the main drivers for elimination of bacteria or viral infected cells 

and dying cells 74.  

The immune system is not only activated by pathogens and cancers but is also 

influenced by hormones and nutrients. The role of vitamin A is well established in the 

immune system, since individuals with vitamin A deficiency have impaired immunity 

75,76. The absence of vitamin A leads to the subsequent depletion of its downstream 

derivatives retinol, all-trans-retinoic acid (RA) and 9-cis RA. Upon encounter with all-

trans RA, RAR heterodimerizes with RXR and binds retinoic acid response elements 

(RARE) in the genome, and 9-cis RA induces homodimerization of RXR 77. The role of 

RA in activating RAR has been thoroughly explored in studies on vitamin A. Although 

the presence of vitamin A and further conversion to RA is known to activate the 

heterodimer RXR-RAR in T cells, most research has focused on RAR activation and its 

effects on T cell activation and function [reviews for the role of RA in T cell activity 

include 76,78-80] instead of RXR.  

T cell and B cell function are critical to maintain host resistance to infectious 

diseases. Naive CD4 cells have to undergo positive selection prior to their exit from the 
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thymus to the periphery 81. Naive CD4 T cells can follow at least two differentiation 

pathways: they can differentiate into either Th1 cells producing the signature cytokine 

IFN‐γ or Th2 cells producing the signature cytokines IL‐4, IL‐5 and IL‐13. The balance 

of Th1 and Th2 cell populations is of great importance for the generation of specific 

immune responses. Th1 cells are responsible for protection against intracellular 

pathogens and are usually considered anti-tumor. Th2 cells are protective against 

extracellular parasites and are considered pro-tumorigenic 81.  

CD4 naive T cells collected from mice with a hypomorphic allele of RXRα 49,50 and 

stimulated under Th1 polarizing or mixed Th1/Th2 conditions produced considerably 

higher amounts of IFN‐γ compared to IL‐4. No differences between mutant and wild 

type IL‐4 producing cells were observed when Th2 polarizing conditions were used for 

the differentiation of naive cells. These observations suggest that RXRα signaling 

normally suppresses the differentiation of naive CD4 T cells into Th1 cells and, 

secondly, RXRα indirectly permits Th2 differentiation of naive cells but is not directly 

required for this process 49,50. The role of RXR in naïve T lymphocytes was also linked 

to increased Bcl2a1 promoter activity upon activation with agonist 9-cis RA and 

AGN194204 82. Bcl2a1 is an anti-apoptotic member of the Bcl2 family member. The 

stimulation of Bcl2a1 is independent of Th1/Th2 cytokines such as IL4, IL-12 and IFN, 

suggesting that RXR activation leads to an extended survival of naïve T lymphocytes 

after encounter with an antigen 82. Other pathways implicated in T lymphocyte activation 

and cycling through regulation of RXR are c-Jun N-terminal kinase (JNK), extracellular 

signal-regulated kinase (ERK) and Ser/Thr protein phosphatases (PPs) 83,84. 

Understanding RXR activation and subsequent binding to RXR responsive elements in 
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T cells is still in its infancy. However, the data reported to date reveals that multiple 

pathways are involved and that activation of these pathways is highly dependent on 

context.  

Th17 cells, which produce IL-17A (IL-17), IL-17F, IL-21, and IL-22 to control 

bacterial and fungal infections at mucosal sites, are another subtype of CD4 cells. Th17 

cells provide an important layer of protection at mucosal interfaces 85. FOXP3 

expressing T cells (Treg) are essential for maintaining immune tolerance and 

homeostasis in the immune system 73. RA enhances TGF-β–dependent differentiation 

of Foxp3 in Tregs and inhibits Th17 differentiation by binding RAR/RXR heterodimers. 

The RXR agonists PA024 and tributyltin augmented the ability of all-trans RA or the 

RAR agonist Am80 to enhance CD4 T expression of Foxp3. The effect of RXR agonists 

occurred largely through the suppression of cytokine production by bystander effector T 

cells 86,87. However, direct suppression of Th17 differentiation by RXR agonists 

appeared to be largely independent of RAR-mediated signals 86,87.  

A retinoic acid response element half-site was discovered in the promoter region of 

CCR9, which permits RARα/RXR heterodimer binding, suggesting that regulation of 

RAR/RXR establishes a link between T cell activation, effector function, and homing 

properties 86,88.The regulation of CCR9 induction by a RARα/RXR dimer is mediated by 

NFATc2 88. The NFAT family of transcription factors regulates an array of functions in 

multiple cell types; in T cells these include production of IL-2 and the acquisition of 

effector properties 89. 

Dendritic cells (DCs) and other antigen presenting cells (APCs) are primary sentinel 

cells that initiate adaptive responses by providing antigen and costimulatory signals to T 
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cells 90. Thus, RXR effects in DC and other APCs have implications for functionality and 

homing of T cells to a specific tissue. The role of RXR in DCs has mainly been explored 

through the use of RA 91 or all-trans RA 92. In the presence of inflammatory stimuli, RXR 

homodimers or RXR/RAR heterodimer agonists, such as SR11237 and BMS749 or RA, 

BMS614, and BMS753, respectively, induced immature DC activation through 

enhancement of antigen presentation, expression of class II molecules and expression 

of NF-B proteins 91. The RXR antagonist HX603 prevented the maturation of DCs, but 

these effects were more pronounced when combined with the PPAR inhibitor GW9662, 

suggesting that the activation of PPAR-RXR is important in the maturation process 93. 

The regulation of immunity and immunological pathways by nuclear receptors has 

been under scrutiny for several decades. However, because of the complexity of 

dimerization and regulation by other factors, the role of RXR in immunological pathways 

has not been fully explored. Further understanding will be essential to enhance the 

efficacy of therapeutic modalities targeting RXR.  
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1.4: RXR agonists (rexinoids)  

Selective agonists for the nuclear receptor RXR are known as rexinoids; 

representative examples are shown in Figure 1.1. Endogenous rexinoids include 9-cis 

retinoic acid; synthetic rexinoids include bexarotene (or LGD1069), LG100268, 

LG101506, UAB30, IRX194204 and others 94-100. Bexarotene is the only FDA-approved 

rexinoid, although this compound retains some binding to RAR 101. Other synthetic 

rexinoids have been developed that are more selective for RXR, with EC50s for RXR 

activation at nanomolar concentrations 95,96.  

These molecules interact with the orthosteric ligand binding domain of RXR, which 

is a single protein domain organized in an anti-parallel alpha-helical sandwich 102. 

Binding of an agonist induces a conformational change involving sealing of the binding 

pocket by the repositioning of helix 12, generating an activated ligand-binding domain 

Figure 1.1. Chemical structures of representative retinoid X receptor agonists 
(rexinoids). 
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which can interact with coactivators 12. Ligation of RXR is sufficient to activate 

permissive heterodimers such as PPARγ and LXR, but not nonpermissive heterodimers 

such as RAR, as these partners are constitutively bound to corepressors and require 

the binding of their own ligand to release the corepressors and recruit coactivators 103. 

Binding is restricted to elongated, flexible molecules that can adapt to the kinked shape 

and hydrophobic nature of the ligand binding pocket of RXR, as shown in Fig 1.1. 

Bulkier molecules which interfere with the repositioning of helix 12 result in antagonism 

of RXR and prevent coactivator recruitment 102.  

Therefore, the endogenous ligand 9-cis RA has been used as a template for the 

design of synthetic rexinoids 94,104. The decalin ring system which serves as a scaffold 

for rexinoids such as bexarotene, LG100268, UAB30, and IRX194204, can be replaced 

with alternate scaffolds enabling greater flexibility, as evidenced by LG101506, MSU-

42011, NEt-3IB, and NEt-4IB (Fig 1.1). Additionally, the core vinyl or cyclopropyl groups 

of bexarotene and LG100268, respectively, can be replaced with a nitrogen in order to 

bridge the aromatic rings of these derivatives, a substitution which retains potent RXRα 

activity 105. Structure-activity relationship studies have enabled the synthesis of RXR 

partial agonists as well, and these compounds may avoid toxicities by sub-maximally 

activating RXR 106-108. Rotating the bridge between the aromatic rings of these 

compounds results in either full (NEt-3IB) or partial (NEt-4IB) agonism of RXRα 106, 

demonstrating how subtle structural changes can result in significant changes in 

biological activity (Fig 1.1). Indeed, derivatives with structural differences limited to a 

single molecule exhibit significant differences in biological activity in an RXR reporter 

assay 107. By exploiting the physiochemical differences in the binding pockets of RXR 
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subtypes α, β, and γ, potent RXR subtype-selective agonists have also been developed 

with various degrees of lipophilicity 109. 

Although rexinoids were originally developed for the treatment of metabolic 

disorders, the role of RXR in the modulation of cell differentiation, proliferation, and 

survival has made RXR an attractive pharmacological target for anti-cancer therapy 100. 

Bexarotene is approved to treat refractory cutaneous T-cell lymphoma 110, but synthetic 

rexinoids have been developed and tested in preclinical models for diseases beyond 

cancer, including Alzheimer’s disease 111, Parkinson’s disease 112, diabetes 106, 

inflammatory bowel disease 113, and autoimmune diseases 63. Rexinoids have also been 

proposed as preventative therapies in women at high risk of developing breast cancer. 

However, increased triglyceride levels and off-target signaling through RAR make 

bexarotene an unlikely candidate for chemoprevention. Safer rexinoids with improved 

selectivity, such as UAB30, are being investigated for this clinical application 114. The 

limited and adverse side effects of the current rexinoids illustrate the need for novel 

synthetic rexinoids, which will also help elucidate the value and limitations of RXR 

heterodimer formation. 

In addition to RXR, several agonists targeting permissive heterodimeric partners of 

RXR have been synthesized, a strategy which may help to reduce some of the toxicities 

associated with direct RXR activation. LXR is a permissive heterodimer of RXR which is 

involved in several inflammatory processes, and many synthetic LXR ligands have been 

developed for the purpose of treating inflammatory disorders. The LXR agonist GW3965 

decreased pathological severity in a preclinical model of collagen-induced arthritis 115 

and improved clearance of apoptotic debris in a preclinical model of lupus 85. Similarly, 
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PPARs are permissive heterodimers of RXR with governance of numerous 

inflammatory processes. PPAR agonists, called thiazolidinediones, have been used for 

the treatment of several inflammatory or infectious diseases including malaria 116, 

ulcerative colitis 117, asthma, psoriasis 118, and others 119. Although RXR plays an 

important role in inflammation and immunity 49,52,55, no rexinoids have been synthesized 

specifically for the use in treating inflammatory disorders. Recent observations 120 of the 

immunomodulatory effects of rexinoids may lead to the development or repurposing of 

novel rexinoids for this purpose. 

1.5: Preclinical studies with rexinoids 

1.5.1: Metabolic disorders 

Acquired metabolic disorders pose a significant risk to human health and thus 

understanding the pathogenesis of these diseases is an intensive area of study. RXR 

and its partners, particularly PPARs, play important roles in the maintenance of normal 

metabolism and therefore are attractive targets for pharmacological intervention in these 

disorders 121. PPARs are activated by dietary fatty acids and their derivatives and 

therefore perform surveillance of fatty acids and related factors to maintain energy 

homeostasis and redirect metabolism pertaining to carbohydrates, lipids and protein 122. 

Overabundance of dietary fatty acids can lead to obesity, a chronic metabolic 

disturbance that contributes to several metabolic comorbidities including metabolic 

syndrome, type II diabetes, and non-alcoholic fatty liver disease 123. The prevalence of 

nuclear receptor signaling in these metabolic conditions has led to a multitude of 

preclinical studies targeting these receptors.  
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The glucose-lowering, insulin-sensitizing, and anti-obesity effects of rexinoids have 

warranted investigation into the efficacy of bexarotene, LG100268 and LG101506 for 

the treatment of metabolic syndrome. Bexarotene and LG100268 lowered insulin and 

glucose levels in the ob/ob mouse model of obesity, and LG100268 markedly improved 

insulin resistance 124. LG101506, a rexinoid that selectively activates RXR/PPAR 

heterodimers without raising triglycerides, reduced insulin and glucose levels in the 

Zucker fa/fa rat model of obesity with similar efficacy as LG100268 125. Additionally, 

LG100268 showed significant anti-obesity effects in the Zucker fa/fa rat 126. 

Cevoglitazar, a PPAR agonist which selectively activates PPAR-α/γ, is a potent anti-

obesity agent in mouse models and non-human primate models of obesity 127. These 

studies suggest that rexinoids and other small molecules that target RXR heterodimeric 

partners may be useful therapeutic agents for the management of metabolic syndrome.  

Selective agonists for PPARγ known as thiazolidinediones, such as rosiglitazone, 

are widely used for the treatment of type II diabetes, but adverse cardiovascular effects 

have warranted the development of safer drugs 121. Rexinoids have also demonstrated 

promising effects in preclinical models of diabetes. The rexinoids bexarotene and 

LG100268 both decreased hyperglycemia and hyperinsulinemia in mouse models of 

diabetes, and a glucose tolerance test showed that LG100268 reduced insulin 

resistance by increasing glucose disposal 124. The rexinoid LG100754, which selectively 

activates RXR/PPARγ heterodimers, decreased glucose levels and improved insulin 

resistance in the db/db mouse model of diabetes 128 and sensitized cells to PPARγ 

agonists 129, suggesting that this compound may be useful both as a single agent and in 

combination with other anti-diabetic agents. Additionally, LG100268 improved glycemic 
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control and decreased risk of cardiovascular dysfunction and cachexia in db/db diabetic 

mice with beta cell failure 130. Toxicities associated with rexinoids do raise concerns 

regarding the potential therapeutic use of rexinoids, particularly for maintenance 

therapies. However, submaximal activation of RXR using partial agonists retains the 

glucose-lowering activity while minimizing adverse side effects 106,107, and additional 

studies are being conducted to synthesize full agonists with increased potency and 

decreased toxicity. 

Activation of the farnesoid X receptor (FXR), a permissive heterodimeric partner of 

RXR, inhibited hepatic inflammation and lowered triglyceride levels in hepatocytes, 

making this an attractive target for the treatment of non-alcoholic fatty liver disease 131. 

Fxr-/- mice fed a high fat diet exhibited increased triglyceride accumulation in 

hepatocytes compared to wild-type mice, which contributed to the development of non-

alcoholic fatty liver disease 132. Pharmacological activation of FXR by the agonist WAY-

362450 in a mouse model of non-alcoholic fatty liver disease attenuated hepatic fibrosis 

and inflammation, a response that was not seen in Fxr-/- mice 133. GFT505, a PPAR 

agonist selective for PPAR-α/δ, decreased hepatic lipid accumulation and exhibited 

protective effects shielding the liver from inflammation, fibrosis and steatosis in multiple 

mouse models of non-alcoholic fatty liver disease 134. 

The complex roles of nuclear receptors in metabolic function have provoked 

extensive investigation into targeting RXR and its heterodimeric partners for the 

potential treatment of metabolic disorders. Preclinical studies targeting RXR and its 

partners with small molecules have shown promise in this field from the prevention of 

obesity to the treatment of late-stage type II diabetes with beta cell dysfunction. This 
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wide range of physiological response illustrates the diversity of the effects that can 

result from pharmacologically targeting nuclear receptors and the potential therapeutic 

applications of rexinoids and similar compounds. While the anti-inflammatory activity of 

PPAR activation has been described in the context of non-alcoholic fatty liver disease 

135, the inflammatory effects of activating RXR:PPAR heterodimers were not elucidated 

in preclinical studies of type II diabetes. Inflammatory dysregulation is an increasingly 

important element of type II diabetes pathophysiology 136, and therefore future studies 

should evaluate these inflammatory processes in response to rexinoid treatment.  

1.5.2: Neurodegenerative diseases  

In 2012, an unexpected paper reported that bexarotene rapidly cleared β-amyloid 

plaques and reversed cognitive deficits in an apolipoprotein E (ApoE)-dependent 

manner in three different mouse models of Alzheimer’s disease 66. ApoE, which is 

regulated by RXR in coordination with LXR and PPARγ, enables the removal of β-

amyloid in the brain. Independent groups were unable to replicate all of these findings 

and thus these results remain controversial (reviewed by 137), but this landmark study 

provided the justification for testing bexarotene in a proof-of-concept clinical trial in 

patients with Alzheimer’s disease. Although the study did not meet the primary endpoint 

of reducing cortical amyloid, amyloid levels were significantly lower in the brains of 

patients who were not APOE4 carriers 138. However, serum triglycerides were elevated 

in the patients who were treated with bexarotene, a side effect likely to limit the utility of 

this drug for long-term use in neurodegenerative diseases. The initial studies of 

bexarotene in Alzheimer’s disease did not evaluate potential anti-inflammatory effects of 

this rexinoid in the brain. However, the OAB-14 derivative of bexarotene enhanced 
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phagocytosis by microglia and thereby reducing the accumulation of β-amyloid and 

subsequent cognitive defects in the amyloid precursor protein/presenilin 1 transgenic 

mouse model of Alzheimer’s disease 139. Promising areas for further investigation 

include using rexinoids to overcome insulin resistance in the brain 140,141 or stimulate 

neurogenesis in the hippocampus 142,143 in order to effectively intervene in disease 

pathogenesis.  

The effects of rexinoids in the brain are likely pleiotropic 137,144. As evidence, the 

rexinoid HX600 not only reduced the production of inflammatory cytokines by microglia 

and subsequent neuronal cell death in co-culture experiments but also prevented 

neuronal cell death and lymphocyte infiltration in a model of ischemic stroke induced by 

occlusion of the cerebral artery 145. Rexinoids also suppressed inflammation in models 

of subarachnoid or intracerebral hemorrhage 146-148, activated phagocytosis by microglia 

in the brain 149,150, inhibited the production of proinflammatory cytokines in microglia 

147,151,152 and/or activation of reactive microglia and astrogliosis 144,153, and increased 

axon sprouting 154. Taken together, these known biological activities of rexinoids have 

implications in multiple CNS diseases beyond Alzheimer’s disease including multiple 

sclerosis 151,155, stroke 146,147,150, depression 152 and traumatic brain injury 153,154,156. 

1.5.3: Autoimmune diseases 

The immunomodulatory effects of RAR and RXR agonism are supported by 

evidence of efficacy in preclinical models of autoimmune diseases such as rheumatoid 

arthritis and inflammatory bowel disease. In 2003, Beehler et al. documented that a 

novel RAR agonist inhibited matrix metalloproteinases in a rabbit model of arthritis and 

significantly stunted disease progression, as measured by swelling and joint 
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distortion/destruction 157. Further, synthetic retinoids have demonstrated efficacy in both 

adjuvant arthritis and streptococcal cell wall-induced arthritic rat models 158,159. More 

recently, bexarotene treatment of human fibroblast-like synoviocytes in a model of 

rheumatoid arthritis induced by TNFα downregulated the expression of pro-inflammatory 

cytokines and increased anti-inflammatory cytokines 160. Following promising preclinical 

data, the retinoid N-[4-hydroxyphenyl] retinamide was tested in a small clinical trial of 

twelve patients with rheumatoid arthritis 161. Although no beneficial clinical effect was 

observed, the patients in this trial had advanced disease and experienced dose-limiting 

toxicities which prevented this retinoid from being tested at higher doses. Despite this 

trial, there is unexplored potential for nuclear receptor agonists which regulate the 

expression of genes involved in inflammatory pathways for the treatment of rheumatoid 

arthritis and other immune disorders 162. Future investigation into the use of RXR 

agonists in disease models of arthritis is warranted, as these drugs provide the potential 

for immune modulation without the dose-limiting toxicities observed with retinoid 

treatment. 

Further evidence of the utility of RXR agonists in autoimmune diseases exists in 

models of inflammatory bowel disease and asthma. The activation of PPARγ, a 

heterodimeric partner of RXR, is protective in colitis 163. When Desreumaux et al. 

administered the RXR agonist LG101305 in a mouse model of colitis, they reported 

increased survival, improved histological scoring, decreased levels of pro-inflammatory 

cytokines, and altered signaling through downstream inflammatory pathways. In a 

mouse model of asthma, the RXR partial agonist NEt-4IB suppressed airway 

hyperresponsiveness in a methacholine challenge test 164. Hematoxylin and eosin 
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staining of lung tissue revealed reduced inflammatory cell accumulation in the lungs of 

NEt-4IB-treated mice, and bronchoalveolar lavage fluid from treated mice showed 

significantly reduced levels of the proinflammatory cytokines IL-5, IL-13, TNF-α and 

nitric oxide. This study provides further evidence of the role of RXR activation for the 

treatment of autoimmune disease in which immune dysfunction predominates 165-168.  

Finally, an RXR-selective agonist effectively modulated the immune system in 

mouse models of multiple sclerosis 169. Chandraratna et al. demonstrated that the 

rexinoid IRX194204 enhanced the differentiation of inducible T regulatory cells and 

inhibited the expansion of a Th17 population in vitro. In an experimental autoimmune 

encephalomyelitis model, IRX194204 reduced active disease by inhibiting pro-

inflammatory CD4+ T cells and upregulating immune checkpoints on these cells.  

1.5.4: Cancer 

Most studies investigating the role of RXR in cancer have explored the ability of RXR 

agonists to induce differentiation or apoptosis 170,171. Rexinoids have shown promising 

activity in many preclinical models of cancer 172. Bexarotene induced regression of 

tumors in the NMU rat model of ER-positive breast cancer both as a single agent and in 

combination with other agents 173-177. Similar anti-cancer activity was observed in the 

same NMU rat model with LG100268, which is more potent than bexarotene 178,179, and 

in preclinical models of ER-negative breast cancer 180-184. Rexinoids have been also 

been used for both prevention and treatment of NSCLC 1,68-70,185. However, these 

studies largely failed to evaluate the effects on the immune cells present in the tumor 

microenvironment. One recent study did report that a rexinoid decreased tumor-
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associated macrophages and myeloid derived suppressor cells in a lung cancer model 

and skewed macrophages toward an anti-tumor M1 phenotype 1. 

Cytotoxic T cell activation and reduction of tumor promoting T regulatory cells in the 

tumor microenvironment (TME) is a paradigm that supports combining drugs with 

immunotherapy in cancer treatment 186, especially the use of small molecules to 

enhance immunotherapy 187. The use of RXR agonists and/or antagonists as TME 

immunomodulators has been reported. Bexarotene activated type 1 antigen presenting 

cells and increased cytotoxic CD8 T cells when combined with paclitaxel in a model of 

TgMMTV-neu breast cancer 188. LG100268 decreased the presence of tumor promoting 

FOXP3 CD4 T cells in the MMTV-Neu mouse model and in an in vitro co-culture 

system, leading to an increase in the activation of CD8 cytotoxic T cells and 

consequently a decrease in tumor burden 120. The combination of LG100268 and anti-

PDL1 antibodies also increased the infiltration of cytotoxic CD8 T cells in a mouse 

model of triple negative breast cancer 120. Notably, bexarotene did not alter CD4, CD25, 

FOXP3 positive cells in samples of patients treated for cutaneous T cell lymphoma 189, 

suggesting the effects on CD4 T cells in cancer is dependent on the cancer type and/or 

the rexinoid used. 

The myeloid compartment plays important roles in cancer, with tumor associated 

macrophages and myeloid derived suppressor cells contributing to tumor progression 

and metastasis 190. LG100268 reduced the infiltration of myeloid derived suppressor 

cells; reduced the expression of CD206, a marker of tumor-promoting macrophages; 

and increased PD-L1 expression in tumor associated macrophages in a HER2 positive 

mouse model of breast cancer 120. While treatment with the rexinoid MSU-42011 did not 
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alter the total number of immune cells in the clinically relevant A/J model of NSCLC, 

MSU-42011 in combination with carboplatin and paclitaxel significantly reduced the 

number of alveolar macrophages in and decreased expression of CD206 in the lung 105. 

When Lewis lung carcinoma cells were implanted in the lungs of mice in which RXR 

was selectively deleted from myeloid cells, the formation of metastasis was enhanced 

191. Metastatic growth was correlated with increased inflammatory mediators (C1qa, 

Il1a, Il1b, Tnf, Lcn2) that promoted the colonization of the pre-metastatic niche, but no 

effects were observed in the primary cancer cells. The deletion of RXR from serous 

macrophages (resident macrophages) in a murine model of ovarian cancer reduced 

tumor growth 53, as a result of the dysregulation of lipid accumulation and consequently 

apoptosis of tumor promoting macrophages.  

Most studies testing rexinoids in cancer models did not examine or report the 

immunological effects of these small molecules. Future studies should critically examine 

immune populations within the tumor microenvironment following rexinoid treatment, 

and studies are needed to determine if the immunomodulatory activities of rexinoids are 

required for their anti-cancer activities. As immunotherapy has rapidly become standard 

of care treatment for many cancers, combinations of immune checkpoint inhibitors with 

rexinoids should also be explored in order to improve the success rate of current 

immunotherapies or avoid resistance 192. 
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1.6: Clinical studies  

1.6.1: Cutaneous T cell lymphoma (CTCL) 

In 1990, the RXR nuclear receptors were first described 193. At this time, retinoids 

had already been tested in the clinic for treatment of squamous cell carcinoma of the 

skin and cervix, acute promyelocytic leukemia, and certain premalignant lesions such as 

oral leukoplakia 194-196. Based on the clinical activity of various retinoids and the 

discovery that agonists of the RXR nuclear receptor enhanced the binding of RAR to 

DNA, investigations into the anti-proliferative activity of early rexinoids began 197. In 

1997, Miller et al. published the findings of an initial clinical trial with LGD1069 

(bexarotene), wherein 52 patients with a variety of malignancies (including NSCLC and 

cutaneous T cell lymphoma) were treated with bexarotene to investigate the safety and 

pharmacokinetics of the compound. Bexarotene had a favorable therapeutic index in 

comparison to retinoids, reaching plasma concentrations up to tenfold higher without 

significant or dose-limiting toxicity 198. Observed side effects of bexarotene included 

hyperlipidemia, elevation of liver enzymes, leukopenia and neutropenia. The dose-

limiting toxicities seen in retinoid clinical trials, such as headache, hypercalcemia and 

mucocutaneous toxicity, were not dose-limiting for patients on bexarotene. This trial 

demonstrated the safety and tolerability of bexarotene and established a recommended 

dose for further single-agent trials. 

In CTCL, an inflammatory dermatosis in which cytokines are released and then 

stimulate T cell proliferation and recruitment, bexarotene blocked T cell proliferation and 

the secretion of cytokines such as IL-2, leading to enhanced apoptosis of neoplastic 

cells 199. In malignant T cells isolated from CTCL patients, bexarotene induced 
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apoptosis of the neoplastic cells in a dose-dependent manner at biologically relevant 

concentrations. Interestingly, the induction of apoptosis noted in a proportion of patient 

peripheral blood samples was comparable to the response rate observed in a CTCL 

clinical trial. Bexarotene inhibited IL-4 production by patient peripheral blood 

mononuclear cells, which correlated with sensitivity to apoptosis, suggesting that the 

efficacy of bexarotene treatment in CTCL is dependent on immune modulation 199. In 

2001, the findings of two multi-institutional Phase II-III clinical trials of bexarotene for the 

treatment of refractory CTCL were published. In the first trial, 58 CTCL patients 

refractory to two or more prior therapies received randomized doses of bexarotene. The 

response rate reached 67% in patients treated with doses over 300 mg/m2/day 200. In 

the second expanded trial of 94 CTCL patients, 45% of patients treated with 300 

mg/m2/day bexarotene achieved a complete or partial response, and 55% of patients 

treated with doses above 300 mg/m2/day achieved the same responses 201. These trials 

demonstrated that bexarotene was effective for the treatment of refractory CTCL and 

had an acceptable safety profile. Based on these clinical trials, bexarotene was 

approved by the FDA in 1999 for the treatment of cutaneous manifestations of CTCL in 

patients who had failed at least one systemic treatment 202. 

The immunomodulatory effects of rexinoids in human patients has been examined 

by only a few groups. An investigation into the effects of bexarotene treatment on the 

regulatory T cell compartment in patients with CTCL followed studies demonstrating the 

effects of retinoids on regulatory T cell expansion 203. In ten patients treated with 

bexarotene for six months, no significant increase in the regulatory T cell population 

was demonstrated by either immunohistochemical analysis of biopsy specimens or by 
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flow cytometry of peripheral blood compared to pre-treatment 189. However, populations 

of CD4+CD25high regulatory T cells were elevated in patients before bexarotene 

treatment in comparison to healthy controls, and the Tregs did inhibit proliferation of 

CD4+CD25- T cells. These data provide further evidence that disease processes in 

which RXR activation are therapeutic involve immune cell dysregulation and that 

immunomodulation by rexinoids could provide potential therapeutic avenues. 

Treatment with ligands that activate both RAR and RXR nuclear receptors led to 

synergistic increases in apoptosis and decreases in proliferation of CTCL cells in vitro, 

and activation of both of these nuclear receptors simultaneously provided increased 

clinical benefit compared to the activation of RAR alone 204. As the activation of RAR 

leads to a multitude of adverse effects, such as teratogenicity and mucocutaneous 

toxicity, it would be beneficial to develop compounds which activate RXR and maximize 

RXR-mediated immunomodulatory effects, while minimizing the toxicity associated with 

RAR activation. 

1.6.2: Breast cancer 

In addition to its use in CTCL, bexarotene has also been tested in clinical trial for the 

treatment of metastatic breast cancer. In this trial, 145 patients were randomly assigned 

to receive either 200 mg/m2/day or 500 mg/m2/day of bexarotene. Twenty percent of the 

patients derived clinical benefit - defined as either a partial response or stable disease 

for 6 months or longer205. While the overall efficacy of bexarotene in these patients was 

limited, only two patients experienced serious adverse events, and other patients 

experienced minimal toxicity including hypertriglyceridemia, dry skin, asthenia, and 

headache. 
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Clinical studies of breast cancer prevention have also been conducted with 

bexarotene in high-risk individuals. In a Phase II study investigating biomarkers which 

may be utilized in the future to quantify patient response to rexinoid treatment, women 

with a greater than 10% chance of carrying a BRCA mutation were treated with 

bexarotene (200 mg/m2) or placebo for a period of 4 weeks. While patients treated with 

bexarotene did not demonstrate a significant decrease in the proliferation marker Ki67 

by either IHC or qRT-PCR, there was a significant reduction in cyclin D1 expression in 

post-menopausal patients treated with bexarotene as determined by qRT-PCR 206. 

Furthermore, the use of bexarotene in a topical 1% gel has been investigated in a 

Phase I dose escalation study in healthy patients, with the goal of determining a dose 

for a Phase II efficacy study, monitoring toxicity, and establishing tissue markers 207. 

Clinical studies evaluating UAB-30 for prevention of breast cancer are ongoing114 

1.6.3: Lung cancer 

Bexarotene has shown even greater promise for the treatment of non-small cell lung 

cancer (NSCLC). Proof-of-principal studies have confirmed bioavailability of oral 

bexarotene in humans, with a good correlation between plasma bexarotene levels and 

intratumoral bexarotene levels in the lung 208. Bexarotene, given at 300-400 mg/m2/day, 

repressed the expression of proliferative biomarkers in lung tumors of a subset of 

patients with stage I/II NSCLC 208 and significantly improved median survival in patients 

with refractory stage IIIB NSCLC 209. The subset of patients who responded to 

bexarotene in these trials experienced bexarotene-induced hypertriglyceridemia and/or 

had significantly higher intratumoral bexarotene levels compared to the majority of 

patients who did not respond, suggesting that increased exposure to bexarotene in the 
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tumor results in improved clinical response. In a placebo-controlled trial, patients with 

refractory stage IIIB-IV NSCLC exhibited a dose-dependent estimated time to 

progression of 56 days for patients receiving placebo, 82 days for patients receiving 300 

mg/m2/day bexarotene, and 128 days for patients receiving 600 mg/m2/day bexarotene 

210. Although this trial was terminated early due to slow accrual, it demonstrated an 

improvement in time to progression in patients treated with bexarotene and determined 

that bexarotene toxicity is medically manageable.  

As cancer patients are rarely treated with one drug alone, bexarotene has also 

been tested in combination with other anti-cancer agents. Bexarotene was tested in 

combination with cisplatin and vinorelbine in 43 patients with advanced (stage IIIB with 

pleural effusion or stage IV) NSCLC 211. This study determined the maximum tolerated 

dose of bexarotene to be 400 mg/m2/day and observed a 25% response rate in the 

phase II portion of the trial. Treatment with bexarotene was associated with a better 

than expected survival rate of 61% at 1 year follow up and 32% at 2 year follow up. In 

comparison, a comparable phase III clinical trial of docetaxel in NSCLC patients yielded 

a 2-year survival rate of 12% 212. This striking improvement in survival in patients with 

aggressive disease warranted further study. Stage IIIB-IV NSCLC patients were treated 

with the chemotherapeutic drugs cisplatin and vinorelbine, alone or in combination with 

bexarotene at 400 mg/m2/day. While no significant difference was observed between 

the two groups, median survival was longer in a subset of patients receiving bexarotene 

(12.3 months) compared to patients receiving cisplatin and vinorelbine alone (9.9 

months) 213. Similar to previous clinical trials, these patients experienced bexarotene-

induced hypertriglyceridemia. Interestingly, patients who benefited the most from 
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bexarotene were smokers and/or had stage IV disease. An important conclusion of this 

clinical trial was that increased triglyceride levels can be used as a biomarker to predict 

increased survival benefit in patients treated with bexarotene. A similar trial tested the 

chemotherapeutic drugs carboplatin and paclitaxel, alone or in combination with 

bexarotene, in patients with stage IIIB-IV NSCLC. While no overall significant difference 

was observed between the two treatment groups, a subset of patients who developed 

hypertriglyceridemia had significantly longer median survival compared to patients 

receiving only carboplatin and paclitaxel (12.4 vs. 9.2 months, respectively). Again, 

those patients who received the most substantial benefits from bexarotene were 

smokers and/or had stage IV disease 214. 

Mutation profiles are an increasingly important factor in understanding cancer 

disease progression and treatment. Gain-of-function KRAS mutations are associated 

with aggressive disease and poor patient survival in NSCLC, and although the trials 

described above did not control for different mutation profiles, KRAS mutations are 

common drivers of NSCLC in smokers 215. Patients with KRAS-mutant refractory stage 

IIIB-IV NSCLC were treated with bexarotene at 400 mg/m2/day in combination with the 

tyrosine kinase inhibitor erlotinib. This combination increased median overall survival to 

22 weeks in these heavily pretreated patients, with prolonged progression-free 

responses of 583-1460 days in three patients 216. The possibility of rexinoids being 

effective in the treatment of KRAS-driven cancers is of significant clinical importance, as 

no currently approved therapies directly target this aggressive mutation. 

Despite the promising evidence from subsets of patients in clinical trials, bexarotene 

has not been approved for the treatment of NSCLC due to a lack of response from the 
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majority of patients in “all-comers” clinical trials and an array of adverse side effects, 

including hypertriglyceridemia. However, subsets of patients in these trials derived 

significant clinical benefit. Future study of the characteristics of patient “responders” 

could provide guidance as to which patient populations would benefit most from rexinoid 

treatment. The responses within these subsets of patients, combined with a favorable 

toxicity profile, merit further clinical investigation, particularly with rexinoids that are 

more potent and selective than bexarotene. Therefore, the development of novel 

rexinoids with increased potency and specificity for RXR will be imperative in the efforts 

to expand the clinical use of rexinoids. 

1.7: Future directions 

1.7.1: Determine the dependence of rexinoid-mediated immunomodulation on RXR 

signaling 

Pharmacological agents often do not directly illustrate the definitive mechanisms 

of action of a physiological target. After elucidating the immunomodulatory effects of 

rexinoids, the next question becomes which signaling pathway is mediating their effects. 

Considering the ability of rexinoids to heterodimerize with many other nuclear receptors, 

especially permissive ones, further research needs to be done to determine the 

partners. Indeed, many nuclear receptor signaling pathways are highly involved in 

regulating inflammation and immune responses, such as LXR/RXR and PPAR /RXR 

pathways.  

1.7.2: Synthesis of novel rexinoids 

As multifunctional agents, rexinoids offer great potential in numerous therapeutic 

areas. However, rexinoids still play limited roles in the clinic with bexarotene as the only 
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FDA-approved drug. Limited efficacy, undesired toxicities and patent issues prevent 

existing rexinoids from being widely used. Continued synthetic chemistry efforts are 

needed to unleash the great potential of this class of drugs. We and others have been 

working on developing the next generation of rexinoids and elucidating the 

immunomodulatory effects of novel rexinoids.  

1.7.3: Combination with other therapeutic agents 

Although relatively few studies have focused on the immunopharmacology of 

rexinoids in the context of cancer, documentation of rexinoid- induced 

immunomodulatory effects combined with evidence of altered PD-L1 expression in 

tumors of mice upon treatment with a rexinoid 120 provides justification for evaluation of 

the combination of rexinoids and checkpoint inhibitors for the treatment of cancer. 

Elevation of PD-L1 enhances the response to checkpoint blockade in tumors 217 and 

elevated levels of PD-L1 in breast cancer patients is correlated with increased survival 

218. Many clinical trials testing rexinoids in cancer patients have concluded that rexinoids 

are an excellent candidate for combination therapy based on their safety profile, so this 

therapeutic combination has the potential to improve efficacy and is worthy of future 

investigations. 

1.7.4: Anti-inflammatory activities and other diseases 

Although limited, previous studies evaluating the anti-inflammatory effects of RXR 

and its partners, particularly PPAR and LXR, have identified RXR as a promising 

therapeutic target in the treatment of disorders involving aberrant inflammation. These 

potential applications are not just limited to the diseases discussed in this review but 

could provide benefit across a wide variety of pathologies, including infectious diseases. 
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Host antiviral responses can lead to the development of autoimmunity 219, and antiviral 

responses can lead to a serious hyperactive immune response known as a cytokine 

storm, which damages host tissues and contributes to a worse prognosis 220. The 

SARS-CoV-2 virus, the pathogen responsible for the COVID-19 global pandemic which 

erupted in late 2019 221, can induce a cytokine storm. The anti-inflammatory effects of 

rexinoids suggest that these agents could potentially be used to prevent or control 

cytokine storm in patients with COVID-19 or related viruses. Indeed, the synthetic 

retinoid derivative fenretinide has been proposed as a possible adjuvant therapy for the 

treatment of COVID-19 222, and a robust two-tier screening of a library of over 1500 

FDA-approved drugs identified bexarotene as a potential therapeutic for the treatment 

of COVID-19 152. Additionally, the ability of rexinoids to modulate T cell function makes 

them a possible adjuvant for vaccines 223, illustrating their utility in preventive medicine. 

1.8: Conclusion 

Despite the notable efficacy of rexinoids in preclinical models of multiple diseases 

and the promising results in clinical trials in patients treated with bexarotene, the 

mechanism of action for rexinoids is poorly understood. In this review, we summarized 
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the complex interactions between RXR and other nuclear receptors, which are 

understudied in the immune system. A greater understanding of the immunomodulatory 

biology of RXR and the development of novel and specific RXR agonists could provide 

effective novel therapies for diseases as diverse as cancer, autoimmune diseases, 

metabolic disorders and neurodegenerative diseases (Fig 1.2). 

ACKNOWLEDGMENTS: We are grateful for funding from an MSU Molecular Discovery 

Group Pilot Grant, the Michigan Economic Development Corporation (Mi-Kickstart and 

Mi-Trac Awards), and the Breast Cancer Research Foundation (BCRF-20-096) to 

support our work on rexinoids.  

Figure 1.2. Immunomodulatory effects of RXR homodimer and heterodimer 
activation. Upon ligand (bexarotene, LG100268, UAB30, etc) binding, RXR 
dissociates from corepressors and partners with another RXR, forming a homodimer, 
or heterodimerizes with other nuclear receptors, such as retinoic acid receptor (RAR), 
liver X receptor (LXR), and the peroxisome proliferator-activated receptor (PPAR). The 
formation of the homodimer or heterodimer leads to transcriptional activation. 
Downstream transcription programs regulate the activation/maturation/and homing of T 
cells, dendritic cells, macrophages and epithelial cells. The different activation status of 
these immune cells upon RXR activation play important roles in cancer progression, 
autoimmune diseases, diabetes and neurodegenerative diseases. 
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CHAPTER 2 

 

The rexinoid V-125 reduces tumor growth in preclinical models of breast and lung 

cancer 
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2.1: Abstract 

Rexinoids are ligands which activate retinoid X receptors (RXRs), regulating transcription 

of genes involved in cancer-relevant processes. Rexinoids have anti-neoplastic activity in 

multiple preclinical studies. Bexarotene, used to treat cutaneous T cell lymphoma, is the 

only FDA-approved rexinoid. Bexarotene has also been evaluated in clinical trials for lung 

and metastatic breast cancer, wherein subsets of patients responded despite advanced 

disease. By modifying structures of known rexinoids, we can improve potency and 

toxicity. We previously screened a series of novel rexinoids and selected V-125 as the 

lead based on performance in optimized in vitro assays. To validate our screening 

paradigm, we tested V-125 in clinically relevant mouse models of breast and lung cancer. 

V-125 significantly (p < 0.001) increased time to tumor development in the MMTV-Neu 

breast cancer model. Treatment of established mammary tumors with V-125 significantly 

(p < 0.05) increased overall survival. In the A/J lung cancer model, V-125 significantly (p 

< 0.01) decreased number, size, and burden of lung tumors. Although bexarotene 

elevated triglycerides and cholesterol in these models, V-125 demonstrated an improved 

safety profile. These studies provide evidence that our screening paradigm predicts novel 

rexinoid efficacy and suggest that V-125 could be developed into a new cancer 

therapeutic. 

 

 

 

 

 

 



41 

 

2.2: Introduction  

The landscape of cancer therapy has shifted significantly in recent years from 

standard of care cytotoxic chemotherapy alone to targeted therapies and 

immunotherapy224. However, the need for additional therapeutics still exists, particularly 

for patients with late-stage disease, aggressive molecular subtypes or who have failed 

existing treatments. While specific monoclonal antibodies (trastuzumab) or small 

molecule inhibitors (lapatinib, neratinib) of HER2 (human epidermal growth factor 

receptor 2) confer a survival benefit to patients with HER2+ breast cancer, subsets of 

patients do not benefit from these drugs, and others acquire resistance via multiple 

mechanisms225. Patients with non-small cell lung cancer (NSCLC) also acquire 

resistance to chemotherapy226 or to targeted therapies227, contributing to disease 

progression. 

Rexinoids are synthetic agonists which selectively bind to Retinoid X Receptors 

(RXR). Upon activation, RXR acts as a transcription factor for genes involved in several 

cancer-related biological processes, such as inflammation, proliferation, and cell 

survival11. Rexinoids are effective in multiple preclinical models of cancer and have 

been tested as therapeutic options for neurodegenerative and autoimmune diseases228. 

The rexinoid bexarotene was FDA approved in 1999 for the treatment of cutaneous T 

cell lymphoma (CTCL)202. Bexarotene has also been evaluated in clinical trials for both 

metastatic breast cancer205 and NSCLC211, and subsets of patients derived significant 

clinical benefit despite late-stage, aggressive disease. Newly synthesized rexinoids 

have improved anti-tumor efficacy and reduced toxicity in comparison to 
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bexarotene95,96, which has revitalized interest in developing and testing rexinoids for 

cancer treatment. 

The first studies of bexarotene in animal models of breast cancer were in the 

NMU rat model of mammary carcinogenesis, wherein the carcinogen N-nitro-N-

methylurea (NMU) initiates the formation of estrogen receptor positive (ER+) mammary 

tumors229. In these studies, bexarotene reduced tumor burden by 90% and was well-

tolerated230. While retinoids are active in this model231,232, they cause headaches and 

mucocutaneous toxicity in patients as a result of binding to the retinoic acid receptor 

(RAR)233. These side effects are not observed with the rexinoids that do not bind to 

RAR198. When the anti-tumor efficacy of bexarotene was compared directly to that of the 

selective estrogen receptor modulator (SERM) tamoxifen, bexarotene was superior to 

tamoxifen230. Tamoxifen is known to cause side effects in patients such as hot flashes 

and an increased risk of endometrial carcinoma234. SERMs are an effective treatment 

and prevention option for ER+ breast cancer, but fewer strategies exist for hormone 

receptor negative breast cancers, despite high morbidity and mortality. With their 

enhanced efficacy coupled with a favorable toxicity profile, rexinoids may be useful not 

only for cancer treatment but also for prevention. In 2002, Wu et al. tested bexarotene 

for prevention in MMTV-erbB2 transgenic mice. Bexarotene significantly increased 

tumor-free survival, even at doses as low as 10 mg/kg235. The more potent rexinoid 

LG100268 and a SERM were highly effective at delaying tumor development in a similar 

murine model of HER2+ breast cancer, while the combination of a SERM and 

LG100268 completely prevented tumor development over a 50 week period of 

treatment182.  
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In addition to breast cancer, rexinoids are also effective in the A/J mouse model 

of lung cancer105. These mice develop Kras mutations in the lung after being challenged 

by carcinogens such as vinyl and ethyl carbamate, which form epoxides and DNA 

adducts, leading to the development of lung adenocarcinomas236. Activating mutations 

in KRAS are one of the most common oncogenic drivers in human lung 

adenocarcinomas237. Ethyl and vinyl carbamate are found in tobacco products238, 

making the A/J model an appropriate model of NSCLC in smokers. Several rexinoids 

inhibit growth of lung tumors in this model, including LG100268, LG101506, and 

IRX19420468,69. 

Although rexinoids showed promising activity in several preclinical models of 

cancer69,230,235, clinical trials of bexarotene in both metastatic breast cancer and NSCLC 

did not lead to FDA approval. To improve clinical responses, new rexinoids with greater 

potency are needed. As rexinoids are also effective in cancer prevention studies, the 

toxicity profile of rexinoids must be monitored, as patients on long-term treatment with 

bexarotene experienced cumulative side effects, particularly elevated triglycerides and 

hypothyroidism170. To address these challenges, we synthesized novel analogues of 

bexarotene using molecular modeling software to guide chemical substitutions and 

rational drug design. These new compounds activated RXR with nanomolar potency 

and stimulated RXR-regulated transcription with minimal RAR activation10,239.  
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To identify rexinoids with potential in vivo efficacy, we have developed a series of 

in vitro screening assays1. Of ten new rexinoids screened in these assays, V-125 (Fig. 

2.1) was selected as the lead compound, as it was the most potent in the iNOS 

suppression assay, an assay which correlates with efficacy in the A/J model of lung 

cancer1. The EC50 value for RXRα activation for V-125 was 14 nm vs. 55 nm for 

bexarotene. Activation of sterol regulatory element-binding protein (SREBP), a 

biomarker of triglyceride elevation was lower with V-125 than either bexarotene or 

Figure 2.1. Structures and activities of bexarotene, LG100268, V-125 and 
nine rexinoids evaluated by PCA. Bexarotene is approved to treat cutaneous T-
cell lymphoma, and V-125 was identified as a promising novel rexinoid based on 
its activity in published in vitro assays1. The iNOS suppression in RAW 264.7 cells 
was determined by cell treatment with 100 nM rexinoid followed by challenge with 
1 ng/mL LPS over 24 h.  Griess assay measured NO production normalized to 
LPS-stimulated control. SREBP and RXR activation were assessed as reported in 
prior work1.  T0 is T0901317, a known LXR agonist and activator of SREPB. 
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LG1002681. To further validate our in vitro screening paradigm, we tested the efficacy 

and safety of V-125 in preclinical models of breast and lung cancer.   

2.3: Materials and Methods 

Drugs: Synthesis of V-125 was previously described240. Bexarotene was 

purchased from LC Laboratories. Rexinoids were dissolved in a vehicle (50 ml 

vehicle/kg diet) of 1 part ethanol:3 parts highly purified coconut oil (Neobee oil, Thermo 

Fisher) and then mixed into 1 kg of powdered diet (AIN-93M, BioServ for A/J mice or 

5002 rodent chow, PMI Nutrition International for MMTV-neu mice) using a commercial 

KitchenAid mixer. The same vehicle was used in the control diets. In the MMTV-Neu 

model, doses were 30 mg per kg of diet (~7.5 mg per kg body weight) for prevention 

studies and 100 mg per kg of diet (~25 mg per kg body weight) for treatment studies, as 

utilized in previous publications120,182. In the A/J model, doses were 40 and 80 mg per 

kg of diet (~10 and 20 mg per kg body weight), doses used in previous publications68. 

Rexinoids remain stable in diet at 4°C for up to 6 weeks, as confirmed by liquid 

chromatography-mass spectrometry. 

In vivo experiments: All animal studies were approved by the Institutional 

Animal Care and Use Committee at Michigan State University (IACUC protocol number 

201800050). All protocols were carried out ethically in accordance with the Regulations 

for the Management of Laboratory Animals at Michigan State University and in 

compliance with the ARRIVE guidelines. Every effort was made to minimize suffering 

throughout these studies. Mice were euthanized by inhalation of carbon dioxide followed 

by cervical dislocation. 
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Lung carcinogenesis studies. Female A/J (Jackson Laboratory) mice at 7 and 8 

weeks of age were injected intraperitoneally with vinyl carbamate (16 mg/kg, Toronto 

Research Chemicals) in a vehicle of isotonic saline. One week after the last injection of 

vinyl carbamate, rexinoids were fed in diet as described above. After 16 weeks of 

treatment, mice were euthanized and tissues collected. Lungs were inflated with PBS, 

and tumor number on the surface of the lungs was evaluated. The left lung was then 

fixed in 10% neutral buffered formalin; samples were blinded and randomized. The lung 

was sectioned and stained with H&E for evaluation of the histopathology on multiple 

sections, using previously established criteria68.  

Breast cancer studies. For prevention studies, 10-week-old female MMTV-Neu 

mice241 (Jackson Laboratory) were fed control diet or 30 mg rexinoid per kg diet. 

Littermate-matched controls were used whenever possible. Mice were palpated twice 

weekly for the development of new tumors. For treatment studies, mice were fed 

standard diet and palpated twice weekly until tumors reached 5 mm in diameter, at 

which time mice were randomized and started on control diet or 100 mg V-125 per kg of 

diet. Mice were fed until tumors reached IACUC-defined endpoints (overall survival 

studies) or for 10 days (biomarker studies). At study conclusion, mice were euthanized, 

tissues were harvested, and tumors and livers weighed.  

Triglyceride quantification: Plasma was harvested from mice at necropsy. 

Triglyceride and cholesterol levels were measured using the Triglyceride Quantification 

Assay Kit (Abcam) or the Cholesterol Quantification Kit (Sigma-Aldrich) as per the 

manufacturers’ recommended protocols. 
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Immunohistochemistry: Formalin-fixed tissues were embedded in paraffin and 

sectioned. Antigen retrieval was performed by boiling in citrate buffer, and endogenous 

peroxidase activity was quenched using hydrogen peroxide. Tissue sections were 

stained with antibodies against CD206 (1:200, Abcam), cleaved caspase 3 (1:100, 

5A1E, Cell Signaling), PCNA (1:200, sc-56, Santa Cruz Biotechnologies), PD-L1 (1:50, 

MIH6, Abcam), and CD8 (1:40, 53-6.7, Biolegend) as described120. Sections were then 

labeled with biotinylated secondary antibodies (anti-rabbit, Cell Signaling; anti-rat, 

Vector Labs), as previously described120. Signal detection was performed using a DAB 

(3, 3'-diaminobenzidine) substrate (Cell Signaling). Sections were counterstained with 

hematoxylin (Vector Labs). 

Statistical analysis: Results were expressed as the means ± standard errors as 

indicated in figure legends. Kaplan-Meier survival curves from in vivo experiments were 

analyzed using the log rank test. Data from plasma triglyceride and cholesterol 

experiments were analyzed using one-way ANOVA, and significant differences between 

groups were determined by the Tukey HSD multiple comparison method 

(VassarStats.com). Data from lung experiments were analyzed by one-way ANOVA. 

When data fit a normal distribution, the Holm-Sidak test for multiple comparison was 

used. The Kruskal–Wallis one-way ANOVA on ranks followed by the Dunn test for 

multiple comparisons was used if the data did not pass the normality test. McNemar’s Z 

test was used for analysis of histopathological grades of lung tumors. p < 0.05 was 

considered statistically significant throughout all experiments. 

Principal component analysis (PCA) Plot: Clustvis242 was used to analyze 

data and prepare PCA and heatmap plots as seen in Figure S.1-S.2 (Appendix) to 
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analyze compounds for biological activity motifs.  Ellipses in the PCA indicate 95% 

confidence intervals243,244.  

PCR Array: Tumors from mice treated with V-125 (100 mg/kg diet) or control diet 

for 10 days were flash frozen, and total RNA was extracted using a RNeasy mini kit 

(Qiagen). DNA was eliminated with a RNase-free DNase kit (Qiagen). RNA purity and 

quality were assessed by Nanodrop and an Agilent 2100 Bioanalyzer. Quality of all 

samples exceeded the manufacturer’s recommendations. cDNA was synthesized using 

RT2 First Strand Kit (Qiagen), and samples were analyzed with the RT2 Profiler PCR 

Array (Mouse Breast Cancer, Qiagen) as per the manufacturer’s recommended 

protocols in the QuantStudio 6 Flex system with the following cycling conditions: 10 min 

at 95°C, 15 s at 95°C, 1 min 60°C for 40 cycles. 

Quantitative PCR: qPCR was performed to validate mRNA expression of IL-6, 

Jun, and COX2 in tumors. mRNA was quantified using SYBR green, and values were 

normalized to the housekeeping gene GAPDH.  

2.4: Results 

V-125 clusters favorably in computational analyses of in vitro activity 

We have found that applying principal component analysis (PCA) in our prior 

work243,244 with rexinoids has helped to visualize particularly active rexinoids with 

improved therapeutic potential group, and to that end, we have conducted a PCA with 

V-125 and the nine other novel rexinoids (Fig. 2.1) to visualize where they group relative 

to each other as well as bexarotene and LG100268 (Fig. S.1-S.2, Appendix). The PCA 

analysis resulted in three groups—A, B, and C—in which rexinoids clustered according 

to their activities in in vitro assays. In Group A, containing bexarotene, we observed the 
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difluorobexarotene analog (1) as well as a rexinoid with a biphenyl structural motif (9). In 

Group B, containing LG100268, we observed a pyridine analog of bexarotene (2) as 

well as a pyrimidine containing rexinoid (4) and another biphenyl rexinoid (8). In group 

C, containing V-125, we observed the other rexinoids with structurally similar features—

3, 5, 6, and 7—though, V-125 was somewhat isolated whereas the other rexinoids in 

this group clustered more closely together. We envision PCA to be useful to quickly 

assess potential of novel rexinoids by seeing where they group according to their 

activities in these assays. 
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Figure 2.2. V-125 reduces lung tumor burden in A/J mice. Female A/J mice 
were injected with vinyl carbamate and starting 2 weeks later, fed control diet or V-
125 in diet for 16 weeks. At the end of the study, mice were euthanized and lungs 
sectioned for analysis of histopathology. Average tumor number (A), tumor size (B), 
and tumor burden (C) in control vs. drug treated groups. Results shown as means 
± SE (*, P < 0.05 vs. control). Control, bexarotene 40 mg/kg, bexarotene 80 mg/kg, 
and V-125 40 mg/kg: N = 15 mice per group. V-125 80 mg/kg: N = 14 mice per 
group. Plasma triglycerides (D) and cholesterol (E) were measured with 
commercial kits. (*, P < 0.01 vs. control; **, P < 0.001 vs. control; n = 6 
mice/group). Error bars represent standard deviations.  
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V-125 prevents lung tumor development in A/J mice 

A/J mice were challenged with vinyl carbamate to induce Kras mutations and 

subsequent lung adenocarcinomas245 and then treated with V-125. Mice were fed 

control diet or rexinoids in diet starting two weeks post-carcinogen for 16 weeks. At the 

conclusion of the study, evaluation of lung tumor number, size, and histopathology on 

slides (2 per mouse) was done in a randomized and blinded manner by two 

independent investigators. V-125 at 80 mg/kg of diet significantly (p < 0.01, Fig. 2.2A-C) 

reduced tumor size by 45% (0.09 ± 0.01 mm3/tumor vs. 0.16 ± 0.01 mm3/tumor in the 

control group), tumor number by 37% (2.07 ± 0.30 vs. control 3.3 ± 0.35), and tumor 

burden by 65% (0.18 ± 0.04 mm3 vs. 0.53 ± 0.08 mm3 in the control group). While there 

was a trend toward lower tumor parameters in mice treated with bexarotene (Table 1), 

these changes were not statistically significant at either the 40 or 80 mg/kg doses.  

Although both V-125 and bexarotene were well-tolerated in this model based on 

animal weights (Figure S.3A, Appendix), bexarotene elevates triglycerides in animal 

models105 and in human patients201. As shown in Fig. 2.2D, bexarotene significantly (p < 

0.01) increased plasma triglyceride levels at both the 40 and 80 mg/kg doses (2.30 ± 

0.26 nmol/μL and 2.97 ± 0.35 nmol/μL, respectively, vs. control 0.97 ± 0.09 nmol/μL) in 

the A/J mice. In contrast, V-125 had no effect on plasma triglycerides. Bexarotene also 

significantly (p<0.001) elevated plasma cholesterol (Fig. 2.2E) in a dose-dependent 

manner (2.08 ± 0.31 µg/μL in mice fed bexarotene at 40 mg/kg of diet and 2.80 ± 0.30 

µg/μL in mice fed  
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Figure 2.3. V-125 delays development of mammary tumor in MMTV-Neu mice. 10 
week old female MMTV-Neu mice were fed control diet or 30 mg/kg diet of the rexinoids 
V-125 (A) or bexarotene (B). Mice were palpated twice weekly for the development of 
new tumors. A. *, P < 0.001 vs. control via log rank test; N = 14 mice per group. B. *, P 
< 0.05 vs. control via log rank test; N=8-9 mice per group. Plasma triglycerides (C) and 
cholesterol (D) levels in mice treated with control or rexinoids (30 mg/kg diet) were 
quantified using commercial kits (*, P < 0.01 vs. control; #, P < 0.01 vs. bexarotene; n = 
8 mice/group). 
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bexarotene at 80 mg/kg of diet, vs control 1.27 ± 0.14 µg/μL), while V-125 did not 

significantly increase plasma cholesterol at either dose. 

Lung tumors were classified as low, medium, or high grade based on previously 

established criteria68 (Table 1). Treatment with 80 mg/kg V-125 significantly (p < 0.05) 

increased the proportion of tumors graded low/medium (66% vs. control 43%) and 

reduced (p < 0.05) the proportion of tumors classified as high grade (34% vs. control 

57%). In comparison, bexarotene did not significantly change the proportions of tumors 

of any grade at either dose.  

V-125 delays the development of HER2-positive mammary tumors in MMTV-Neu 

mice 

MMTV-Neu mice express wild-type, unactivated Neu in mammary tissue under 

the control of the mouse mammary tumor virus (MMTV) promoter241 and develop focal 

mammary adenocarcinomas by 25-35 weeks of age246. To investigate the 

chemopreventive effects of V-125 in this preclinical model of HER2+ breast 

cancer247,248, MMTV-neu mice were fed control diet or V-125 in diet (30 mg/kg diet) 

starting at 10 weeks of age. V-125 significantly (p < 0.001) delayed initial tumor 

development compared to the control group (Fig. 2.3A), resulting in an approximately 10 

week increase in mean time to tumor development (36.1 ± 7.8 weeks vs. control 26.5 ± 

4.9 weeks). Treatment with V-125 was well tolerated in this study (Figure S.3B, 

Appendix). Bexarotene also significantly (p < 0.05) increased the time to initial tumor 

development in MMTV-neu mice (Fig. 2.3B) but was not as effective as V-125, delaying 

tumor development by only 4 weeks (35.9 ± 4.2 weeks vs. control 31.7 ± 4.1 weeks). 
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Plasma triglycerides and cholesterol levels were measured at the end of this 

study (Fig. 2.3C-D). Bexarotene significantly (p < 0.01) increased plasma triglyceride 

levels (11.1 ± 1.7 nmol/μL vs. control 6.5 ± 0.98 nmol/μL). In comparison, V-125 did not 

elevate plasma triglycerides (6.6 ± 0.73 nmol/μL). Bexarotene also significantly (p < 

0.01) raised plasma cholesterol levels (Fig. 2.3D) (2.1 ± 0.16 µg/μL vs control 1.5 ± 0.08 

µg/μL), while V-125 had no effect. 

Treatment with V-125 extends overall survival in MMTV-Neu mice  

To evaluate the anti-tumor efficacy of V-125, MMTV-Neu mice with established 

tumors measuring 5 mm in diameter were treated with control diet or V-125 at a dose of 

100 mg/kg of diet. Tumors were measured twice weekly until they reached 10 mm in 

diameter, at which point they were euthanized per IACUC guidelines. Time from 

initiation of drug diet to euthanasia was compared between groups. Treatment with V-

125 significantly (p < 0.0172) increased overall survival (51.6 ± 15.8 days vs. control 

32.8 ± 13.6 days) (Fig. 2.4A). Average tumor volume over the first 14 days of treatment 

was calculated and normalized to the initial tumor volume when treatment diet was 

started. The average tumor volume of the V-125-treated group was significantly (p < 

0.01) lower than the average tumor volume in the control group at day 4 (0.57 ± 0.10 vs. 

control 1.8 ± 0.22), day 11 (0.53 ± 0.14 vs. control 2.9 ± 0.33), and day 14 (0.89 ± 0.21 

vs. control 3.6 ± 0.86) of treatment (Fig. 2.4B).  
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Figure 2.4. V-125 extends overall survival in MMTV-Neu mice. Female MMTV-Neu 
mice with established mammary tumors 5 mm in diameter were fed control diet or V-
125 (100 mg/kg in diet) until tumors reached endpoint as defined by IACUC guidelines 
(A,B) or for 10 days (C-E) A. Overall survival is plotted for control and V-125-treated 
groups (*, P < 0.0172 vs. control via log rank test; N = 9-10 mice per group). B. Tumor 
volume over the first 14 days of treatment with V-125 was calculated and normalized 
to initial tumor volume (**, P < 0.01 vs. control). C. Tumor weight at the end of 10 days 
of treatment is presented as a percent of body weight (*, P < 0.05 vs. control; N=6-8 
mice per group). Plasma triglycerides (D) and cholesterol (E) levels in mice treated 
with control or rexinoids (100 mg/kg diet) for 10 days were quantified using 
commercial kits (*, P < 0.01 vs. control; #, P < 0.01 vs. bexarotene; n = 6-11 
mice/group). All error bars represent the standard errors. 
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To identify biomarkers of V-125 efficacy, MMTV-Neu mice with established 

tumors were treated with 100 mg V-125/kg diet for 10 days. A treatment duration of 10 

days was selected based on the drastic decrease in tumor volume observed on days 

10-11 of treatment (Fig. 2.4B). As shown in Fig. 2.4C, V-125 significantly (p < 0.05) 

decreased tumor weight, presented as a percentage of total body weight (1.46 ± 0.82% 

vs. control 4.95 ± 0.95%). Ten days of treatment with 100 mg/kg diet bexarotene (Figure 

S.4, Appendix) also significantly (p < 0.05) decreased tumor weight (2.52 ± 0.41% of 

total body weight vs. control 3.78 ± 0.49%), but only by 1.26%, nearly three times less 

than the effect observed with V-125. 

When triglyceride levels in MMTV-Neu mice were evaluated, treatment with 100 

mg/kg diet bexarotene for 10 days significantly (p < 0.01) elevated plasma triglyceride 

levels (18.0 ± 1.4 nmol/μL vs. control 9.1 ± 0.61 nmol/μL). In contrast, V-125 did not 

change plasma triglycerides (10.4 ± 2.3 nmol/μL vs. control 9.12 ± 0.61 nmol/μL), and 

the triglyceride levels observed in mice treated with V-125 were significantly (p < 0.01) 

lower than those in bexarotene-treated mice (Fig. 2.4D). Both bexarotene and V-125 

significantly increased plasma cholesterol at this dose (1.87 ± 0.21 µg/μL and 1.47 ± 

0.18 µg/μL respectively, vs. control 0.89 ± 0.12 µg/μL; Fig. 2.4E). 

V-125 alters immune-related biomarkers in MMTV-Neu tumors  

MMTV-Neu tumors were harvested from mammary glands after 10 days of 

treatment with V-125 and sectioned for immunohistochemistry (Fig. 2.5). In these 

tumors, V-125 did not change expression of proliferating cell nuclear antigen (PCNA), a 

marker of cell proliferation. However, there was a marked increase in cleaved caspase 

3, a marker of apoptosis, in tumors treated with V-125. As previous studies have 
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demonstrated the immunomodulatory effects of rexinoids120, we also examined the 

expression of CD206 and programmed death-ligand 1 (PD-L1) in tumors. Tumors of 

mice treated with V-125 had a striking decrease in CD206, a cell surface marker 

expressed by immunosuppressive macrophages. V-125 also increased expression of 

PD-L1, an immune checkpoint molecule. 

V-125 differentially regulates gene expression in tumors of MMTV-Neu mice 

MMTV-Neu tumors were harvested after 10 days of treatment with V-125 (100 

mg/kg) or control diet. A PCR array (Fig. 2.6) revealed upregulation of the following 

genes in the V-125 group with a log fold change > 2: Adam23, Cdkn1c, Esr1, Gli1, 

Grb7, Hic1, Krt19, Mmp2, Slit2, and Twist1 (Fig. 2.6A). The following genes were 

downregulated by treatment with V-125, again with a log fold change > 2: Abcg2, 

Cdkn2a, Igf1r, IL-6, Jun, Pten, Ptgs2, Serpine1, Sfrp1, and Thbs1 (Fig. 2.6B). To 

validate these results, qPCR for IL-6 (Fig. 2.6C), Jun (Fig. 2.6D), and COX2 (Fig. 2.6E) 

mRNA using tumor RNA from 2 mice per group confirmed the decreased expression of 

these genes in tumors from mice treated with V-125 in comparison to the controls. 
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Figure 2.5. V-125 alters cell surface and intracellular markers in the MMTV-neu 
model of breast cancer. Mice with established mammary tumors 5 mm in diameter were 
treated with control or V-125 (100 mg/kg in diet) for 10 days. Immunohistochemical 
staining was performed for PCNA (proliferation), cleaved caspase-3 (CC3, apoptosis), 
CD206 (tumor-associated macrophages), and PD-L1 (immune checkpoint). Scale bar 
represents 120 μm. 
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Figure 2.6. V-125 differentially regulates cancer-associated genes in tumors. Mice 
with established mammary tumors 5 mm in diameter were treated with control or V-125 
(100 mg/kg in diet) for 10 days. Total RNA was extracted for PCR array. Analysis was 
performed using GeneGlobe software (Qiagen), revealing the upregulation of 10 genes 
with a log fold change > 2 (A), and the downregulation of 10 genes with a log fold 
change > 2 (B). Validation was performed on IL-6 (C), Jun (D), and COX2 (E) by qPCR. 
N = 2 mice/group. Data shown is representative of two independent experimental runs. 
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2.5: Discussion 

Our results demonstrate significant efficacy of the novel rexinoid V-125 for 

prevention and treatment in the MMTV-Neu model of HER2+ breast cancer and 

prevention in the A/J model of Kras-driven NSCLC. Notably, V-125 was more 

efficacious than the clinically approved rexinoid bexarotene in both models. Unlike 

bexarotene, V-125 did not elevate plasma triglycerides, although it did elevate plasma 

cholesterol levels at its highest treatment dose (100 mg/kg diet) in the MMTV-Neu 

model. The combination of improved efficacy and reduced toxicity in two different 

clinically relevant animal models suggests that V-125 is a strong candidate for further 

development toward a new therapy for the treatment of patients with breast or lung 

cancer. 

These studies also provide proof of principle that more effective and better 

tolerated rexinoids can be developed through structural modifications to existing 

rexinoids and further validate the in vitro screening paradigm we previously optimized. 

These in vitro assays demonstrated that V-125 does not elevate SREBP, a transcription 

factor which regulates genes responsible for lipid homeostasis (Fig. 2.1). 

  Elevation of SREBP in vitro predicts for increased plasma cholesterol and 

triglycerides in vivo1,105. Furthermore, V-125 has anti-inflammatory activity in the iNOS 

suppression assay at the nM level (Fig. 2.1), which correlates with efficacy for 

prevention in the A/J lung cancer model, and nM activity in a RXRα reporter assay1. As 

predicted by our in vitro screening assays, V-125 treatment resulted in superior anti-

tumor efficacy without elevating triglycerides as observed with bexarotene. This 

screening paradigm was also used to select the compound MSU42011 which, as 
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predicted based on the in vitro screening assays, reduced lung tumor burden in A/J 

mice105. 

Rexinoids have been used clinically for both treatment (NCT00003752 and 

NCT04664829) and prevention (NCT00055991 and NCT03323658) of breast cancer. 

As expected, lower doses are needed for prevention studies (30 mg/kg diet in the 

MMTV-neu model and 40-80 mg/kg diet in the more aggressive A/J model of lung 

cancer) than treatment studies (100 mg/kg in the MMTV-Neu model), as early 

intervention is more amenable to pharmacological intervention than treating late-stage, 

advanced disease249. A compound must be very well-tolerated to warrant long-term 

prevention studies in patients, and lower doses will help reduce toxicity. In comparison, 

higher doses are used for treatment, as larger tumors have acquired multiple mutations 

and are more resistant to drugs. Importantly, with the combination of high anti-tumor 

efficacy and a favorable safety profile, rexinoids may be utilized in either clinical 

setting170. While recent strategies utilizing novel aerosolized delivery systems for 

administration of bexarotene have been effective in rodent models of lung cancer 

without inducing hypertriglyceridemia or hypercholesterolemia74,250, it is prudent to 

continue to synthesize new RXR agonist with improved efficacy and toxicity profiles in 

addition to optimizing drug delivery strategies. A combination of these two strategies 

may yield the best results.  

The mechanism of action of V-125 is complex. V-125 had a limited effect on 

proliferation of tumor cells, visualized by PCNA expression (Fig. 2.5). However, V-125 

induced apoptosis in MMTV-Neu tumors as evidenced by the increased expression of 

cleaved caspase 3. Tumor size is dependent on the balance between cancer cell 
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growth and death251, therefore despite a limited effect on cell proliferation, V-125 

efficaciously reduced tumor size by inducing apoptosis. Rexinoids have limited ability to 

induce apoptosis of cancer cells in vitro120, leading to the hypothesis that immune cells 

in the tumor microenvironment play a significant role in mediating the anti-tumor efficacy 

of rexinoids observed in vivo. Previous studies from Leal et al. investigated the 

immunomodulatory effects of the rexinoids LG100268 and bexarotene, and noted 

significant changes in T cell populations and activation markers only with LG100268120. 

Zhang et al. detected rexinoid-induced changes in the phenotype and function of 

macrophages in the tumor microenvironment1, which may contribute to anti-tumor 

efficacy252. These data, combined with the iNOS screening data in RAW 264.7 

macrophage-like cells1, suggest that the effects of V-125 on macrophages may be 

necessary for anti-tumor activity. Indeed, the reduction in CD206 staining evident in 

MMTV-Neu tumors treated with V-125 (Fig. 2.5) confirms that this compound reduces 

populations of immunosuppressive macrophages associated with tumor progression. 

There are several possible explanations for this reduction: V-125 treatment may result 

in macrophage skewing, altering the polarization of these cells away from a tumor-

promoting phenotype and towards a tumor-suppressive phenotype253. Alternatively, this 

decrease in CD206 staining in mice treated with V-125 could be the result of altered 

immune cell infiltration into the tumor, a change in the localization of 

immunosuppressive macrophages, or systemic effects on monocyte differentiation or 

circulation. Notably, we have previously demonstrated that novel pyrimidinyl derivatives 

of bexarotene and LG100268 decreased F4/80+ lung macrophage populations in A/J 

mice1. Further studies are needed to determine how V-125 exerts these 
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immunomodulatory effects in these models and how critical these effects are for anti-

tumor efficacy. 

The increased PD-L1 expression in tumors treated with V-125 provides an 

intriguing potential avenue for the combination of rexinoids with immunotherapy. The 

expression of PD-L1 is a positive prognostic marker in breast cancer, indicating a hot 

immune microenvironment254. In basal tumors, upregulation of PD-L1 correlates with 

strong local cytotoxic T cell responses and positive responses to neoadjuvant 

chemotherapy254. High PD-L1 expression and increased numbers of tumor-infiltrating 

lymphocytes may be predictive of patient populations that would benefit from 

immunotherapy255. As V-125 increased the expression of PD-L1 in tumors, this may 

bolster response to immunotherapies such as atezolizumab, a monoclonal antibody 

which selectively targets PD-L1256. Combination treatment with rexinoids and 

immunotherapy is a promising area for further investigation. 

A breast cancer PCR array revealed differentially regulated genes in mammary 

tumors treated with V-125. Adam23, which is increased in V-125 tumors compared to 

controls, is a cellular adhesion molecule that enhances progression of breast cancer 

when downregulated257. Slit2 expression in breast cancer inhibits migration258 and is 

inactivated in both breast and lung cancer259. Importantly, IL-6 expression was lower in 

V-125-treated tumors, suggesting that V-125 plays a role in modulating the tumor 

immune compartment. As IL-6 is known to promote tumor growth and resistance to 

therapy260, decreasing IL-6 expression could be beneficial. This finding was confirmed 

by qPCR and recapitulates our previous studies with other rexinoids67. Future studies 

will explore the role of these gene products in mediating the anti-tumor activity of V-125. 
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In conclusion, the novel rexinoid V-125 is an effective treatment in murine models 

of both breast cancer and lung cancer. The favorable toxicity profile of this compound 

allows for use in either cancer treatment or prevention.   
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Table 2.1. V-125 reduces lung carcinogenesis in A/J mice 

 

 

 

 

 

 

 

 

 

 

 

Control Bexarotene V-125 

mg/kg diet   40 80 40 80 

# of slides/group 30 28 30 30 28 

# of tumors/group 99 104 81 76 58 

Total # tumors/slide 

(% control) 

3.3 ± 0.35 

(100%) 

3.71 ± 0.30 

(112.6%) 

2.7 ± 0.26  

(81.8%) 

2.53 ± 0.28 

(76.8%) 

2.07 ± 0.30* 

(62.8%) 

Total Tumor Volume, mm3 15.98 14.17 11.247 11.16 5.17 

Ave Tumor Size(mm3)/tumor  

(% control) 

0.16 ± 0.01  

(100%) 

0.14 ± 0.01  

(84.4%) 

0.14 ± 0.02 

(84.4%) 

0.15 ± 0.04 

(91.0%) 

0.09 ± 0.01*  

(55.2%) 

Ave Tumor Burden (mm3)  

(% control) 

0.53 ± 0.08  

(100%) 

0.51 ± 0.07  

(95.0%) 

0.37 ± 0.06  

(70.4%) 

0.37 ± 0.10  

(69.8%) 

0.18 ± 0.04*  

(34.7%) 

Total # L/M Grade (% total) 43 (43%) 50 (48%) 43 (53%) 38 (50%) 38 (66%)* 

Total # HH Grade (% total) 56 (57%) 54 (52%) 38 (47%) 38 (50%) 20 (34%)* 

Female A/J mice were injected with vinyl carbamate and fed control diet or V-125 in diet for 16 

weeks, as described in Figure 2. L = low, M = medium, H = high. *, P < 0.05 vs. control. 
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3.1: Abstract 

Retinoid X receptor (RXR) agonists, which activate the RXR nuclear receptor, are 

effective in multiple preclinical cancer models for both treatment and prevention. While 

RXR is the target of these compounds, the downstream effects on gene expression 

differs between compounds. RNA sequencing was used to elucidate the effects of the 

novel RXR agonist MSU 42011 on the transcriptome in tumors of MMTV-Neu mice. For 

comparative analysis, RNA sequencing on tumors treated with the FDA approved RXR 

agonist bexarotene was also analyzed. Both treatments differentially regulated cancer-

relevant gene categories, such as focal adhesion, extracellular matrix, and immune 

pathways. Many of the top genes differentially regulated by RXR agonists are positively 

correlated with survival in breast cancer patients. While MSU 42011 and bexarotene act 

on many common pathways, these experiments highlight the differences in regulation of 

gene expression between these compounds. Exploration of these unique effects on 

gene transcription may lead to an increased understanding of the complex biology 

behind RXR agonists and how the activities of this diverse class of compounds can be 

utilized to treat cancer. 
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3.2: Introduction 

Retinoid X receptor (RXR) agonists are a class of compounds which bind to and 

activate the nuclear receptor RXR. RXR is a type II nuclear receptor, which is found in 

the nucleus bound to DNA and corepressor proteins261,262. Upon activation by a ligand, 

conformational changes in the structure of RXR promote dissociation of corepressor 

proteins and recruitment of coactivator proteins. Because of its flexible dimerization 

domain, RXR homodimerizes or heterodimerizes with another nuclear receptor, such as 

peroxisome proliferator-activated receptor (PPAR), liver X receptor (LXR), or vitamin D 

receptor (VDR), to initiate transcription11. Upon activation, RXR regulates the 

transcription of target genes, which include genes related to proliferation, differentiation, 

survival, and immune cell function263.  

Bexarotene is an RXR agonist which is currently approved to treat cutaneous T 

cell lymphoma (CTCL)202. Bexarotene has been tested in clinical trials for breast cancer 

and non-small cell lung cancer but failed to attain FDA approval for these indications, 

despite promising responses in some patients and manageable side effects205,211. As a 

result, many investigators have aimed to improve the efficacy of bexarotene via novel 

drug delivery systems and formulations74 or by synthesizing new RXR agonists105,264 

264,265. One of these novel RXR agonists, V-125, is effective in prevention and treatment 

studies in the MMTV-Neu model of HER2+ breast cancer264 - an established mouse 

model which recapitulates human disease well as determined by gene expression 

profiling266,267. This model expresses wild-type, unactivated Neu in mammary tissue 

under the mouse mammary tumor virus (MMTV) promoter241. Preliminary PCR arrays of 

tumors treated with V-125 revealed several differentially regulated genes, including 
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genes relevant to immune function such as IL-6 and Cox-2 and genes related to 

extracellular matrix function such as Mmp2 and Krt19264. Another novel RXR agonist, 

MSU 42011, is also effective in the MMTV-Neu model265 and the A/J model of 

carcinogen-induced lung cancer105. Interestingly, in the lungs of A/J mice, changes in 

immune cell population differed between MSU 42011 and bexarotene treatment 

groups105, suggesting that these compounds have distinct patterns of 

immunomodulatory activity. 

Nuclear receptor biology is complex, and gene transcription varies based on the 

nuclear receptor binding partner of RXR. For example, target pathways under the 

control of RXR:RAR heterodimers include genes which induce the enzymes 

phosphoenolpyruvate carboxykinase (PEPCK) and tissue transglutaminase 2 (TG2), 

immune-related genes such as B cell translocation gene 2 (Btg2), and retinoic acid 

response genes such as aberrant cellular retinol binding protein 1 (Crbp1) and cellular 

retinoic acid-binding protein 1 (Crabp1)268. Several genes involved in lipogenesis 

(Agpat2, Acsl1, Gpat3) and glucose metabolism (Hk2, Taldo1) are RXR:PPAR target 

genes in adipocytes269. VDR, another nuclear receptor for which RXR is an obligate 

heterodimer, regulates expression of an extensive list of genes which act as VDR 

response elements. In quiescent hepatic stellate cells, binding of calcipotriol to the VDR 

nuclear receptor initiates binding to a cistrome of 6,281 target sites, which expands to 

24,984 sites when these cells are activated by lipopolysaccharide (LPS) or transforming 

growth factor beta (TGFβ)270. Because the network of nuclear receptor target genes is 

vast, the biological effects of RXR activation are numerous and diverse.  
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Others have previously investigated the effects of bexarotene on the 

transcriptional regulatory network in mammary glands of mouse models of breast 

cancer271, but to date no one has comparatively analyzed gene expression data from 

tumors treated with different RXR agonists. To this end, we used RNA sequencing to 

compare pathways activated by treatment with MSU 42011 versus pathways activated 

by bexarotene and validated selected genes by qPCR and immunohistochemistry. 

These data provide additional information about the extensive network of cancer-

relevant transcriptional regulation of RXR agonists, and the diversity of activities of 

these compounds. 

3.3: Materials and Methods 

Drugs: MSU 42011 was synthesized as previously described105,264,265, and 

bexarotene was purchased from LC Laboratories. For in vivo studies, RXR agonists 

were dissolved in a vehicle of 1 part ethanol:3 parts highly purified coconut oil (Neobee 

oil, Thermo Fisher Scientific). 50 mL vehicle or drug dissolved in vehicle was mixed into 

1 kg of powdered 5002 rodent chow (PMI Nutrition) using a KitchenAid mixer. RXR 

agonists remain stable in this diet when stored at 4°C for up to 6 weeks, as confirmed 

by LC-MS. 

In vitro experiments: Bone marrow-derived macrophages (BMDM) were 

isolated from femurs of adult C57BL/6 mice and differentiated using MCSF, as 

previously described1. Conditioned media was harvested from E18-14C-27 cells, 

derived from MMTV-Neu tumors, after 48 hours of culture. BMDMs were treated using 

conditioned media with or without 300 nM RXR agonists for 24 hours. 
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In vivo experiments: All animal studies were approved by the Institutional 

Animal Care and Use Committee at Michigan State University (IACUC protocol number 

202100188). MMTV-Neu mice241 from our breeding colony (founders were purchased 

from Jackson Laboratory) were fed pelleted chow and palpated for tumors. Once tumors 

were detected, mice were switched to powder 5002 chow. Tumors were measured 

twice weekly with a caliper until reaching 4 mm in diameter, at which time mice were 

randomized and fed control diet or 100 mg per kg diet of RXR agonist diet (~25 mg per 

kg body weight) for 10 days. Tumors were harvested and sections were either flash 

frozen for RNA-seq/qPCR or saved in neutral buffered formalin for 

immunohistochemistry  

RNA Sequencing: Frozen tumor sections (4 samples per treatment group) were 

weighed and homogenized. RNA was extracted using a RNeasy Mini Kit (Qiagen), and 

the quality of the RNA measured with an Agilent Bioanalyzer. RNA sequencing was 

completed by Novogene (Sacramento, CA) as described previously272. Raw read counts 

were analyzed using the DESeq2 package in R to generate differential expression 

profiles, and EnrichR and Ingenuity Pathway Analysis (Qiagen) were used for 

enrichment analysis. Raw and processed date were deposited in the Gene Expression 

Omnibus and are available through GSE211290. 

qPCR: RNA harvested from frozen tumor sections was normalized across 

samples using Nanodrop, and 500 ng of RNA was used to synthesize cDNA using a 

High Capacity cDNA Reverse Transcription Kit (Applied Biosystems). PCR was run on 

QuantStudio 7 Flex using SYBR green fluorescence. PCR data was analyzed using the 

delta-delta CT method using GAPDH as a housekeeping control. Error bars represent 
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standard error of biological replicates, as indicated in figure legends. The following 

forward/reverse primers (Integrated DNA Technologies) were used: IL-18, 5’ – 

TCCTTGAAGTTGACGCAAGA – 3’ / 5’ – TCCAGCATCAGGACAAAGAA – 3’, Col6a3, 

5’ AAGGACCGTTTCCTGCTTGTT – 3’ / 5’ – GGTATGTGGGTTTCCGTTGAG – 3’. 

Map9, 5’ – GAAGAGTGCTACAGCCAACAC – 3’ / 5’ – 

ACAACAAGGTTTTTCCCCTTCC – 3’, H2-AA, 5’ - TCAGTCGCAGACGGTGTTTAT – 3’ 

/ 5’ - GGGGGCTGGAATCTCAGGT – 3’. 

Immunohistochemistry: Formalin-fixed tissues were embedded in paraffin and 

sectioned by the Histology Core at Michigan State University. Boiling citrate buffer was 

used for antigen retrieval, and endogenous peroxidase activity was quenched using 

hydrogen peroxide. Tissue sections were stained with antibodies against IL-18 (1 

μg/mL, PA5-79481, Thermo Fisher Scientific), Col6a3 (Thermo Fisher Scientific), Mat1a 

(Thermo Fisher Scientific), and Slit2 (Thermo Fisher Scientific) as described120. 

Sections were then labeled with biotinylated secondary antibodies (anti-rabbit, Cell 

Signaling; anti-rat, Vector Labs), as previously described.120 A DAB substrate (Cell 

Signaling) was used for signal detection, as per manufacturer-provided protocols, and 

sections were counterstained with hematoxylin (Vector Labs). The Fiji ImageJ image 

processing package was used for quantification of intensity of DAB staining by the color 

deconvolution method273 and mean gray value was used to calculate optical density by 

the formula OD = log (max intensity/mean intensity, with a maximum intensity of 255 for 

8–bit images274. 

Statistical analysis: Results were expressed as the mean ± standard error. 

Data from tumor qPCR experiments were analyzed by one-tailed t test. p < 0.05 was 
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considered statistically significant throughout all experiments. For RNAseq, differential 

expression analysis was performed using DESeq2. Outliers are detected by Cook’s 

distance and removed275. P values were adjusted to correct for multiple comparisons 

using the Benjamini and Hochberg method, and padj < 0.05 was considered statistically 

significant276. Data from in vitro experiments were analyzed using one-way ANOVA, and 

significant differences between groups were determined by the Tukey HSD multiple 

comparisons test. 

3.4: Results 

RXR agonists regulate pathways relevant in breast cancer 

To characterize differential expression across the whole transcriptome, use of 

high-throughput techniques such as RNA sequencing (RNA-seq) allows us to parse 

differentially expressed genes into biological pathways for comprehensive analysis of 

RXR agonist response in tumors. For these studies, MMTV-neu mice with tumors 4 mm 

in diameter (4 mice/group) were fed control diet, MSU 42011 (100 mg/kg diet), or 

bexarotene (100 mg/kg diet) for 10 days. Tumors were harvested and RNA was 

analyzed by RNA-seq (Fig. 3.1A). In comparison to control tumors, tumors treated with 

RXR agonists had higher expression of canonical immune pathways such as binding of 

antigen presenting cells and proliferation of immune cells, mononuclear leukocytes, and 

lymphocytes (Fig. 3.1B). Causal network analysis277, a means of identifying upstream 

regulators of differentially expressed genes from RNA-seq, identified SMAD4, IRF3, 

IRF7, and ZBTB10 as possible regulatory nodes. 
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Figure 3.1. RXR agonists regulate pathways relevant in breast cancer. A. 
Experimental flow diagram of RNA Sequencing studies. B. Qiagen Ingenuity 
Pathway Analysis reveals a network of pathways differentially regulated by RXR 
agonists. 
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Figure 3.2. Top genes differentially expressed in tumors treated with MSU 
42011 and bexarotene correlate with patient survival. Kaplan-Meier survival 
curves from the top 10 differentially expressed genes from MSU 42011 vs 
bexarotene vs control where expression is correlated with overall survival in breast 
cancer patients (n=2976; 1259 high 1717 low in A, 1220 high 1756 low in B, 1252 
high 1724 low in C, 1588 high 1388 low in D, 1703 high 1273 low in E). Data 
generated using KMPlot (http://www.kmplot.com). No stratification strategies were 
used. Cutoffs for high and low expression were determined by auto-cutoff tool based 
on false discovery rate and p value2. 

http://www.kmplot.com/
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Top genes differentially expressed in tumors treated with MSU 42011 and 

bexarotene correlate with patient survival 

Differential expression analysis revealed a list of genes differentially expressed in 

control tumors vs. tumors treated with MSU 42011 vs tumors treated with bexarotene. 

This list of 289 significantly (padj < 0.05) upregulated or significantly downregulated 

genes was sorted by adjusted p value. Of the top ten most significant differentially 

expressed genes, high levels of expression of five genes significantly correlate with 

improved overall survival in breast cancer patients – GRIA3 (logrank p = 3.1e-07) (Fig. 

3.2A), CLEC10 (logrank p = 0.0035) (Fig. 3.2B), FNDC1 (logrank p = 9.7e-05) (Fig. 

3.2C), ISLR2 (logrank p = 4.8e-05) (Fig. 3.2D), and ITGA11 (logrank p = 2.4e-06)278 

(Fig. 3.2E). These genes code for a glutamate receptor linked to migration and invasion 

(GRIA3)279, a c-type lectin with a role in cellular adhesion, signaling, and inflammation 

which serves as a dendritic cell marker (CLEC10)280, a fibronectin protein associated 

with invasion and chemoresistance (FNDC1)281, a member of the immunoglobulin 

superfamily which participates in nervous system development (ISLR2)282, and an alpha 

integrin which regulates adhesion to the extracellular matrix and the organization of 

collagen (ITGA11)283. Survival curves were generated using the Kaplan-Meier Plotter 

(KmPlot)2, without further stratification of breast cancer patients. 
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RXR agonists regulate cancer-relevant biological pathways in MMTV-Neu tumors 

Enrichment analysis on control vs MSU 42011 vs bexarotene differential 

expression data using EnrichR reveals a set of pathways enriched by treatment with 

RXR agonists (Fig. 3.3). These pathways include genes associated with ECM-receptor 

interaction, chemokine signaling, focal adhesion, PI3K-Akt signaling, complement and 

coagulation cascades, and the phagosome. Genes within these pathways code for 

macromolecules involved in cellular structure and function, cellular behavior such as 

adhesion and migration, and downstream signaling pathways. The KEGG 2019 mouse 

database was used for these analyses.
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Figure 3.3. RXR agonists regulate cancer-relevant biological pathways in 
MMTV-Neu tumors. Female MMTV-Neu mice with established mammary tumors 4 
mm in diameter were fed control diet, bexarotene (100 mg/kg in diet), or MSU 42011 
(100 mg/kg in diet) for 10 days. KEGG 2019 mouse was used as a database for 
enrichment analysis. A. Bar graph of top differentially expressed pathways. 
Scatterplot (B) and volcano plot (C) of top differentially expressed pathways.  
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MSU 42011 and bexarotene induce unique gene expression profiles with some 

unifying characteristics in treated tumors 

Enrichment analysis was used to compare differentially expressed genes in 

control vs. MSU 42011 and control vs. bexarotene groups. Bar charts of these analyses 

reveal enrichment of shared pathways (focal adhesion, ECM-receptor interaction), as 

well as pathways unique to MSU 42011 (rheumatoid arthritis, ribosome) and pathways 

unique to bexarotene (PI3K-Akt signaling pathway, Rap1 signaling pathway) (Fig. 3.4A, 

B). These unique pathways include genes which code for critical components related to 

cellular proliferation, immunity, and cellular migration and invasion. Scatterplot 

depictions of pathways regulated by MSU 42011 (Fig. 3.4C) and by bexarotene (Fig. 

3.4D) highlight the similarities and differences in pathway enrichment within a particular 

cluster across different drug treatments. Volcano plot depictions of pathways regulated 

by MSU 42011 (Fig. 3.4E) and bexarotene (Fig. 3.4F) highlight the pathways unique to 

MSU 42011, especially the ribosome pathway. This pathway contains genes which 

code for components necessary for rapid cellular turnover, which is particularly relevant 

to tumor biology284,285. KEGG 2019 was used as a database for these analyses. 
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Figure 3.4. MSU 42011 and bexarotene induce unique gene expression 
profiles with some unifying characteristics in treated tumors. A-B. Bar graph 
of differentially regulated pathways in MSU 42011-treated vs control tumors (A) and 
bexarotene-treated vs control tumors (B) using the KEGG 2019 Mouse database in 
Enrichr. C-F. Scatterplot (C,D) and volcano plot (E,F) depictions of differentially 
regulated pathways in MSU 42011-treated vs control tumors (C,E) and bexarotene-
treated vs control tumors (D,F).  
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MSU 42011 increases Col6a3 and Map9 expression in mouse mammary tumors 

A series of genes was selected from the differential expression analysis for 

validation of mRNA expression by qPCR and protein levels by IHC. Collagen type VI a3 

chain (COL6A3) is an extracellular matrix protein which is altered in several types of 

cancer286. Col6a3 mRNA expression (Fig. 3.5A) is increased in tumors treated with 

MSU 42011 (p = 0.0425) but not in tumors treated with bexarotene (Figure S.7 – 

Appendix). IHC (Fig. 3.5B) demonstrates a striking increase in Col6a3 protein levels in 

tumors treated with MSU 42011, and no apparent increase in Col6a3 in bexarotene-

treated tumors. Kmplot was used to investigate the relevance of Col6a3 expression in 

human breast tumors (Fig. 3.5C). High expression of COL6A3 is correlated with 

increased survival (p = 0.031) in HER2+ breast cancer patients. qPCR (Fig. 3.5D) also 

confirms a significant (p = 0.0026) increase in Map9 mRNA in MSU 42011-treated 

tumors, while there was no significant increase observed in bexarotene-treated tumors. 

MAP9 is a microtubule-associated protein which plays a role in cell cycle regulation and 

DNA damage response287. High expression of MAP9 is positively correlated with 

survival (Fig. 3.5E) in breast cancer patients (p = 0.0023). 
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Figure 3.5. MSU 42011 increases Col6a3 and Map9 expression in mouse 
mammary tumors. Tumors treated with MSU 42011 (100 mg/kg diet) or control were 
harvested and flash-frozen. Tumors were homogenized and RNA extracted. A, D. 
mRNA expression was detected by qPCR on QuantStudio 7 Flex. N=5 mice/group. 
Error bars represent standard error. * p < 0.05  B. Immunohistochemical staining for 
Col6a3, representative of 4 mice per group and quantified using ImageJ. C, E. 
Kmplot survival curves correlate expression of Col6a3 (C) with survival in HER2+ 
breast cancer patients (n = 379; 183 high, 196 low) and Map9 (E) with survival in 
breast cancer patients (n = 2032; 1015 high, 1017 low). 
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MSU 42011 increases IL-18 and H2-AA expression in mouse mammary tumors 

As shown in Figure 3.4, the rheumatoid arthritis pathway is differentially 

regulated by MSU 42011, but not by bexarotene. The genes within this pathway include 

immune response genes which may contribute to MSU 42011’s anti-tumor 

immunomodulatory activity and are good candidates for validation. As previous studies 

from our lab have investigated the immunomodulatory effects of RXR agonists120, the 

cytokine IL-18 was selected from the rheumatoid arthritis pathway for validation (Fig. 

3.6A). mRNA expression increased in tumors treated with MSU 42011 (p = 0.0116) but 

not in tumors treated with bexarotene. IHC (Fig. 3.6B) revealed a marked increase in IL-

18 in MSU 42011-treated tumors. Interestingly, bexarotene-treated tumors display an 

apparent paucity of IL-18, even in comparison to control tumors (Figure S.7 – 

Appendix). Importantly, Kmplot analysis reveals that high IL-18 expression is correlated 

with increased relapse-free survival in breast cancer patients (p = 0.00022) (Fig. 3.6C). 

MSU 42011-treated tumors also demonstrate a significant (p = 0.040822) upregulation 

of the gene coding for major histocompatibility complex (MHC) component H2-AA by 

qPCR (Fig. 3.6D).   

MSU 42011 differentially regulates genes in bone marrow-derived macrophages 

(BMDMs) relevant to polarization towards an anti-tumor phenotype 

RXR agonists regulate pathways relevant to the function of the immune system, 

such as rheumatoid arthritis, complement and coagulation cascade, and cytokine-

cytokine receptor interaction. To validate and further characterize the 

immunomodulatory activity of these compounds, BMDMs treated with RXR agonists 

were evaluated for expression of cancer-relevant genes within these pathways. BMDMs 
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were harvested on Day 0 from WT C57B/6 mice and differentiated with MCSF. On Day 

5, BMDMs were treated with conditioned media from E18-14C-27 cells, derived from 

MMTV-Neu mammary tumors, to induce a tumor-educated macrophage phenotype. 

BMDMs were treated with conditioned media alone, or with 300 nM of either MSU 

42011 or bexarotene. After 24 hours of treatment, the expression of genes associated 

with macrophage phenotype was evaluated. Treatment with 300 nM of either RXR 

agonist significantly (p = 0.0016) decreased IL-13, an immunosuppressive cytokine (Fig. 

3.7A). BMDMs treated with RXR agonists show a trend of increasing TLR9 and IRF1 

mRNA expression, associated with a pro-inflammatory, anti-tumor phenotype (Fig. 3.7B, 

C). Rexinoids also induce a significant (p = 0.00015) increase in expression of CCL6, a 

pro-inflammatory cytokine (Fig. 3.7D). 
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Figure 3.6. MSU 42011 increases IL-18 and H2-AA expression in mouse 
mammary tumors. Tumors treated with MSU 42011 (100 mg/kg diet) or control were 
harvested and flash-frozen. Tumors were homogenized and RNA extracted. A, D. 
Gene expression was detected by qPCR on QuantStudio 7 Flex. N=5 mice/group. 
Error bars represent standard error. * p < 0.05  B. Immunohistochemical staining for 
IL-18, representative of 4 mice per group and quantified using ImageJ. C. Kmplot 
survival curve correlates expression of Il-18 with survival in breast cancer patients (n = 
4929; 2456 high, 2473 low). 
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3.5: Discussion 

RXR agonists are a class of drugs with anti-tumor activity in preclinical models of 

breast and lung cancer. While the known target of these drugs is the nuclear receptor 

RXR, different RXR agonists have markedly different effects on downstream gene 

Figure 3.7. MSU 42011 differentially regulates genes in bone marrow-derived 
macrophages (BMDMs) relevant to polarization towards an anti-tumor 
phenotype.  A- D. BMDMs were isolated from WT C57BL/6 mice and differentiated 
with MCSF. On day 5, BMDMs were treated with conditioned media from E18-14C-27 
cells, either alone or with 300 nM RXR agonist. RNA was extracted using TRIzol 
reagent and gene expression was detected by qPCR on QuantStudio 7 Flex. Error 
bars represent standard error of 3 biological replicates. * p < 0.05 
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expression. The nature of nuclear receptors – their ability to homodimerize or to 

heterodimerize with other nuclear receptors, the diversity of the structures of their 

ligands, and the vast number of target genes – makes RXR an interesting drug target in 

its modularity.  

For the first time, this paper characterized the downstream effects on gene 

expression of several novel RXR agonists in the MMTV-Neu model of breast cancer. 

Using RNA-seq, we compared pathway activation and biological activity of these 

molecules. Comparison of pathways activated by the novel RXR agonist MSU 42011 

and the FDA-approved bexarotene reveals the regulation of many similar pathways, 

including focal adhesion and extracellular matrix components, are shared by these two 

molecules. Immune-related pathways such as cytokine signaling pathways, complement 

activation, and genes related to phagosome activity are also shared by both MSU 

42011 and bexarotene. Interestingly, validation of individual genes within these 

pathways shows that while one RXR agonist upregulates an immune- or ECM-related 

gene, other RXR agonists do not – for example, MSU 42011 increases expression of IL-

18 and Col6a3, but neither of these two gene products are increased in tumors treated 

with bexarotene.  

Several pathways were identified through enrichment analysis that were unique 

to a single RXR agonist. For example, the ribosome pathway and the fatty acid 

biosynthesis pathway, through which macromolecules critical to cellular function are 

synthesized, were prominent in enrichment analysis for MSU 42011 but not bexarotene 

enrichment analysis. Conversely, the proteoglycans in cancer pathway, containing 

genes which code for matrix metalloproteinases (MMP), WNT signaling molecules, and 
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growth factors such as IGF1 and FGF2, is prominent in bexarotene differential 

expression analysis but not MSU 42011. 

Immune response genes differentially expressed in tumors treated with RXR 

agonists, confirmed by qPCR and/or IHC, may be beneficial in the context of cancer 

treatment. The increase in IL-18 in tumors treated with MSU 42011 suggests that this 

RXR agonist promotes a pro-inflammatory tumor microenvironment, which can be 

harnessed for breast cancer treatment. IL-18 has been investigated as a possible 

prognostic indicator in breast cancer patients288 and augments the cytotoxicity of NK 

cells289. Further investigation into the mechanism of MSU 42011 is necessary to 

determine if IL-18 is a critical mediator of anti-tumor immune response, and if it can be 

used as an indicator of response to therapy. Furthermore, the increase in H2-Aa 

observed in MSU 42011-treated tumors provides further evidence of the immune 

modulatory effects of MSU 42011. H2-AA is an MHC class II component which is 

correlated with survival in ovarian cancer290. MHC II is responsible for antigen 

presentation to CD4+ T cells, which have more recently gained recognition for their 

roles in supporting the activation of cytotoxic T cells and mediating checkpoint inhibition 

response in cancer291. The MHC II pathway is involved in antitumor immunity in several 

cancer types and is upregulated by HDAC inhibitor treatment292,293. In triple negative 

breast cancer, high expression of genes associated with the MHC II pathway correlates 

with progression-free survival294. Pharmacologic means of augmenting MHC II signaling 

and component expression may be a valuable therapeutic strategy in enhancing anti-

tumor immunity. The increase in expression in IL-18 and H2-AA seen in MSU 42011-
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treated tumors but not bexarotene-treated tumors may provide insight into the unique 

immunomodulatory properties of these two RXR agonists. 

While COL6A3 expression has been explored as a prognostic biomarker in 

colorectal cancer295, less is known about the role of COL6A3 in breast cancer. There is 

a trend of decreased COL6A3 expression with increasing tumor stage in breast cancer 

patients286, which suggests a propensity for invasion and metastasis in these tumors296. 

Further, increased expression of COL6A3 in breast cancer after chemotherapy may 

predict for responsiveness to chemotherapy297. Finally, a cleavage fragment of COL6A3 

known as endotrophin recruits macrophages through induction of monocyte 

chemoattractant protein-1 (MCP1) and increases IL-6 and TNFα in the tumor 

microenvironment298. Similarly, in obesity, collagen VI expression in omental white 

adipose tissue is correlated with expression of MCP-1, CD68, and CD86, providing 

further evidence that this collagen influences macrophage infiltration and phenotype299.  

As the role of COL6A3 is complex and can vary between cancer types and across 

tumor staging, the increase in expression of Col6a3 in MSU 42011-treated tumors and 

resultant effect on invasion and immunity merits further investigation. 

The expression of the microtubule-associated protein MAP9 is altered in both 

colorectal cancer and breast cancer, leading to cell cycle dysregulation287. MAP9 

hypermethylation in breast cancer leads to decreased expression and may have utility 

as an epigenetic biomarker300. Further, MAP9 transcription is induced upon DNA 

damage, and MAP9 protein interacts with and stabilizes p53 in Sa-OS-2 cells, leading to 

increased tumor suppressor activity301. As expression of Map9 is increased in tumors 



91 

 

treated with MSU 42011, an exploration of the effects of MSU 42011 on cell cycle 

control and the ways this may be exploited for therapeutic purposes is warranted. 

Based on MSU 42011’s RNA Sequencing data, particularly differentially expressed 

genes and pathways relating to immunity, we investigated the effects of MSU 42011 

treatment on gene expression in BMDMs. MSU 42011 induced a decrease in the 

expression of IL-13, an immunosuppressive cytokine, and an increase in expression of 

CCL6, a pro-inflammatory cytokine. Furthermore, treatment with MSU 42011 increased 

expression of TLR9 and IRF1, an interferon-regulatory factor known to be induced by 

ligation of TLR9. The TLR9-IRF1-IFN signaling axis has been implicated in macrophage 

polarization302. Taken together, this data provides supporting evidence that MSU 42011 

skews macrophages away from a tumor-promoting, immunosuppressive phenotype, 

and toward an anti-tumor, proinflammatory phenotype. This effect on macrophages may 

be important for the anti-tumor activity of MSU 42011 and warrants further study. 

In conclusion, RXR agonists are promising candidates for several types of 

cancer. Treatment with RXR agonists results in modulation of gene expression in ways 

that could be beneficial to cancer treatment. As a drug class, RXR agonists display a 

broad range of activities, regulating different genes and biological pathways. The 

diversity of these compounds may allow them to be utilized as targeted cancer therapy.  
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CHAPTER 4 

 

Conclusions and future directions 
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Figure 4.1. RXR agonists regulate cancer-relevant processes through control of 
gene expression.  In the absence of ligand, the nuclear receptor RXR is bound to 
DNA, corepressors, and a partner nuclear receptor (homodimer or heterodimer). Upon 
binding of an RXR agonist, RXR recruits co-activators and initiates transcription of 
genes involved in cancer-relevant biological processes. These gene products include 
proinflammatory cytokines and chemoattractants for immune cells, as well as 
components like adhesion molecules and extracellular matrix proteins. Different RXR 
agonists result in different profiles of gene transcription in bulk tumors, necessitating 
further mechanistic studies. 
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4.1: Conclusions 

In summary, this dissertation contributed to the field by investigating the efficacy 

of the new RXR agonist, V-125, in two mouse models, providing preliminary information 

about the mechanism of new RXR agonists, and using omics approaches to 

characterize the similarities and differences in gene expression in tumors treated with 

RXR agonists.  

Chapter 2 describes the activity of the novel rexinoid V-125, which delayed tumor 

formation in the MMTV-Neu model of breast cancer and the A/J model of lung cancer 

and reduced tumor growth in a treatment study in the MMTV-Neu model264. The efficacy 

of V-125 in both models was significantly better than the only FDA-approved RXR 

agonist, bexarotene. Importantly, V-125 did not elevate triglycerides/cholesterol, a 

known adverse effect of bexarotene treatment. 

Chapter 3 describes the effects of another novel RXR agonist, MSU 42011, on 

gene expression in MMTV-Neu tumors. Comparison of differentially regulated pathways 

with bexarotene-treated tumors revealed many common themes in gene expression 

altered by treatment with RXR agonists, such as focal adhesion and ECM-receptor 

interactions. Genes associated with these KEGG pathways, such as those that code for 

collagens, growth factors, integrins, and matrix proteins, participate in regulation of 

metastasis and invasion. Modulation of these pathways may have significant effects on 

cancer progression and metastasis. RNA Seq analysis also identified pathways unique 

to MSU 42011, such as rheumatoid arthritis and ribosomes.  
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Genes in the rheumatoid arthritis pathway differentially expressed in tumors 

treated with MSU 42011 include CXCL12, MMP3, IL-18, and genes coding for various 

MHC components. These genes code for cytokines and chemokines involved in 

immune regulation, providing further evidence that immunomodulation is a major 

component of the biological effects of RXR activation. More specifically, these signaling 

molecules play interesting roles in macrophage phenotype and function. CXCL12 is 

secreted by cancer cells, recruits monocytes, participates in macrophage polarization, 

and thereby affects tumor growth303,304. MMPs are secreted by macrophages in the 

tumor microenvironment, where they degrade ECM components and contribute to 

cancer progression and metastasis305. In addition to its relevance for cancer prognosis 

and treatment discussed in chapter 3 of this dissertation, IL-18 is secreted by activated 

macrophages, resulting in IFN secretion and regulation of angiogenesis306. Together, 

the genes in this pathway differentially regulated by MSU 42011 add to the collective 

evidence presented in previous Liby lab publications105,265 that this RXR agonist 

promotes an anti-tumor phenotype in macrophages. 

Another pathway differentially regulated by MSU 42011 is the ribosome pathway, 

which contains genes which regulate the synthesis of proteins. This pathway has been 

implicated in tumor progression and metastasis. In a study of metastasis in HER2+ 

breast cancer patients, RNA Sequencing of tumors from patients either with or without 

brain metastases yielded a list of differentially expressed pathways via KEGG 

differential expression analysis285. This list includes not only cell adhesion and 

extracellular matrix, but also plasma membrane components and ribosome285. The 

ribosome pathway in particular plays an important role in HER2+ breast cancer 



97 

 

pathogenesis, as tumor progression requires enhanced ribosomal component synthesis 

and protein translation285,307. Differential regulation of ribosomal synthesis is a feature of 

breast cancer cell lines with increased invasiveness307. As a pathway that is regulated 

by MSU 42011 treatment and correlates with tumor progression and invasion, this 

pathway may have significant implications for cancer treatment and may play a key role 

in mediating the anti-tumor effects of RXR agonists. To investigate these effects of MSU 

42011, several methods exist to evaluate and quantify mRNA translation in treated 

versus untreated cells, including fluorescence in situ hybridization methods which 

visualize interactions between mRNA and ribosomes308, fluorescent reporter assays309, 

and novel single-cell microscopic imaging techniques310  

We can utilize the data in chapters 2 and 3 to guide the development of novel 

RXR agonists - a critical area of research. In addition to cancer treatment, RXR agonists 

could be used to treat autoimmune and neurodegenerative diseases. Elucidating the 

mechanisms of RXR agonists, particularly the immunomodulatory effects, may lead to 

effective treatments for many diseases in which immune dysfunction plays an important 

role. RXR agonists are effective in preclinical models of obesity and type II diabetes, 

non-alcoholic fatty liver disease, Alzheimer’s disease, intracerebral hemorrhage, 

rheumatoid arthritis, and inflammatory bowel disease263. To employ RXR agonists in 

other disease settings, a more comprehensive picture of the mechanism of action of 

RXR agonists would be useful. 
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4.2: Future Directions 

4.2.1: Further synthesis of RXR agonists 

This dissertation has documented the efficacy and safety of two novel RXR 

agonists, V-125 and MSU 42011. Building on existing effective RXR agonists, we can 

alter the structure of these compounds and use both in vitro assays and in vivo studies 

to determine which structural changes are most beneficial for our designated outcomes. 

For example, modifications to the ring of bexarotene which bears the carboxylic acid 

has yielded several compounds with varying potency and toxicity. Adding an electron 

withdrawing group to this ring, such as the nitrogen atom in the case of LG100268, 

increases compound potency, as does the cyclopropyl bridge of LG100268311. Adding 

groups which influence aromaticity of these compounds can alter pharmacological 

characteristics such as maximum serum concentration (Cmax) in predictable ways based 

on structure-activity relationship (SAR) studies311.  We can use in vitro assays to quickly 

identify characteristics of these newly synthesized compounds that produce relevant 

effects in preclinical models and in patients. For example, in the search for an RXR 

agonist with potent immunomodulatory activity, we can use the NO assay to identify 

compounds which reduce the secretion of nitric oxide from macrophage-like cells in 

response to an inflammatory stimulus. We can use a fluorescent binding assay to 

assess the compound’s ability to bind to and activate RXR which is relevant to 

compound potency, and we can use qPCR to look at gene expression downstream of 

RXR. We also use the expression of SREBP in HepG2 cells as a surrogate for 

hypertriglyceridemia induced by these compounds, which is a known side effect of 

treatment with RXR agonists. This system of evaluating compounds in vitro is an 
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efficient means of identifying promising RXR agonist candidates, effectively expediting 

the development process. Using this platform, further synthesis and development of 

novel rexinoids could lead to even greater efficacy. 

4.2.2: Mechanisms of action of RXR agonists 

Immunomodulatory mechanisms 

There is still much to be learned regarding the mechanism of RXR agonists in 

cancer models. Our previous publications on LG100268, MSU 42011 and V-125 have 

explored the immunomodulatory activity of these compounds, including but not limited 

to their effects on T cells. For example, the tool compound LG100268 increases the 

ratio of CD8/CD4+ activated T cells in MMTV-Neu mice, and reduces expression of 

Foxp3, altering the phenotype of T cells in the tumor microenvironment from 

immunosuppressive to pro-inflammatory120. Treatment with MSU 42011 in the A/J 

model in combination with carboplatin/paclitaxel increases infiltration of CD8+ T cells, 

and increases cell surface expression of the activation marker CD69 and the 

degranulation marker CD107a105. RNA Sequencing data on tumors treated with V-125 

indicate that genes associated with the T cell receptor signaling pathway, such as JUN, 

PI3K signaling pathway members, TNF, RASGRP1, IL-4, and CD28, are differentially 

regulated by V-125. It has yet to be explored to what extent these effects on T cell 

function contribute to the anti-tumor activity of V-125.  

We have also previously published on the effects of RXR agonists on 

macrophages in the tumor microenvironment. Treatment with MSU 42011 in 

combination with carboplatin/paclitaxel in the A/J model decreases CD206 expression 

on alveolar macrophages105, suggesting a polarizing effect on macrophages away from 
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a tumor-promoting phenotype and towards a tumor-suppressive phenotype. As 

described in chapter 2 of this dissertation, 10 day-treatment with 100 mg/kg diet V-125 

also decreased CD206 expression in MMTV-Neu tumors. Even if the number of 

macrophages in the tumor microenvironment or the expression of common macrophage 

cell surface markers are not altered, the phenotype and function of these cells may be 

affected – for example through the increase of phagocytic markers, and increased 

expression of survival genes312. The implementation of functional assays will help us 

determine the effects of RXR agonist treatment on macrophage activity, such as 

phagocytosis. Cancer cell phagocytosis assays can be performed using bright field 

microscopy or flow cytometry to evaluate this functional activity313,314. 

We have yet to determine the extent to which the effects on these immune cells 

contribute to the anti-tumor activity of RXR agonists. Immune cell depletion techniques 

can be used to answer this question. In vivo depletion antibodies directed against 

macrophage-specific markers such as CSF1R or depletion using liposomal clodronate 

would allow us to compare treatment efficacy of RXR agonists in wild-type animals 

versus macrophage-depleted animals. 

Effects of nuclear receptor heterodimerization 

While RXR agonists bind to and activate RXR, the biological nature of RXR 

requires either homodimerization or heterodimerization. As noted in chapter 3, the 

nuclear receptor binding partner of RXR will affect the gene transcription that occurs 

upon ligand binding. For example, RXR binding to PPAR results in transcription of 

genes such as PDK1 and malic enzyme gene (ME)315. RXR binding to LXR leads to 

transcription of genes including SREBP1c, FAS, and SCD1316. Nuclear receptor 
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screens, such as the Nuclear Hormone Receptor Panel offered by Eurofins317 or 

Nuclear Receptor Profiling through Indigo Biosciences318 would allow us to fully 

examine the complexity of receptor activation profiles and compare these profiles from 

one compound to the next. Furthermore, genetic knockout and/or pharmacologic 

inhibition of nuclear receptors may allow us to better attribute certain biological activity 

of an RXR agonist to activation of a particular nuclear receptor. In the case of LXR, 

while some of the adverse effects of RXR agonist treatment (hypertriglyceridemia and 

hypercholesterolemia) can be attributed to LXR activation, gene transcription 

downstream of this nuclear receptor may also contribute to the anti-tumor activity of 

RXR agonists. It is known that activation of LXR in macrophages contributes not only to 

metabolism of cholesterol, but also to cellular survival and function in innate 

immunity319. Evaluating the role of LXR activation in the mechanism of RXR agonists 

presents challenges, as whole-body KO of LXR in mice leads to significant morbidity, 

such as reduced fertility320 and decreased myelination25 and may interfere with study 

design. Furthermore, genetic KO of LXR may result in compensatory nuclear receptor 

activation and gene transcription. Therefore, the role of LXR in mediating the anti-tumor 

effects of RXR agonists should be evaluated using multiple experimental techniques. 

Tissue-specific knockout of LXR in the mammary gland may allow us to evaluate the 

role of LXR activation in the tumor microenvironment and how this contributes to RXR 

agonist efficacy. Co-treatment of a specific pharmacological antagonist of LXR such as 

GSK2033 and RXR agonist could also help us determine how much of the anti-tumor 

activity of rexinoids is mediated through LXR activation, and to what extent the 

immunomodulatory activity of rexinoids is dependent on LXR activation. 
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Signaling pathways involved in mediating RXR agonist activity 

Many mechanistic questions have been raised by the RNA Seq data in chapter 3 

of this dissertation and by the additional RNA Seq data in the appendix of this 

dissertation. Several signaling pathways which emerged from RNA Seq analysis merit 

further investigation, including the AGE-RAGE signaling pathway, cGMP-PKG signaling 

pathway, and the PI3K-Akt-mTOR pathway. The AGE-RAGE signaling pathway was 

identified in both V-125 vs control and bexarotene vs control analysis. This pathway, in 

which advanced glycation end products (AGE) bind to the receptor for advanced 

glycation end products (RAGE) and initiate a positive feedback loop which generates 

additional oxidative stress, is commonly associated with diabetes mellitus and other 

metabolic disorders. AGE-RAGE signaling has recently been implicated in cancer 

development and progression, which may provide a foundation for understanding the 

link between metabolic disorders and increased rates of cancer321. As we see 

differential expression of genes involves in flux through this pathway in tumors treated 

with RXR agonists, this may indicate a potential not only for cancer treatment, but for 

cancer prevention in high-risk populations, particularly patients with metabolic disorder. 

4.2.3: Combination therapy 

While we have seen striking single-agent efficacy in preclinical studies using 

RXR agonists, their use in combination therapies may further enhance anti-tumor 

activity. We have documented several instances in which treatment with RXR agonists 

in combination with chemotherapy provides increased efficacy over either treatment 

alone. Combination treatment using rexinoids and selective estrogen receptor 

modulators182 or triterpenoids68 enhance treatment efficacy in preclinical cancer models. 
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Combination treatment with MSU 42011 and anti-PD1 or MSU 42011 and anti-PD-L1 

decreases tumor burden in the AJ model of lung cancer265. Combination treatment with 

LG100268 and anti-PD-L1 antibodies increases intratumoral infiltration of CD8+ T 

cells120, contributing to increased cytotoxic anti-tumor activity. The increase in PD-L1 

staining in MMTV-Neu tumors treated with V-125 by immunohistochemistry in chapter 2 

of this dissertation may indicate a potential for synergistic anti-tumor activity in 

combination with anti-PD-L1 antibodies. Comprehensive evaluation of drug 

combinations featuring MSU 42011 and V-125 may uncover novel treatment 

combinations which lead to tumor prevention and/or regression. 
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APPENDIX A – SUPPLEMENTAL FIGURES 

 

 

 

 

 

Figure S.1. V-125 displays unique activity in principal component analysis 
(PCA). Unit variance scaling is applied to rows; singular value decomposition (SVD) 
with imputation is used to calculate principal components. X and Y axis show 
principal component 1 and principal component 2 that explain 52.1% and 31.2% of 
the total variance, respectively. Prediction ellipses are such that with probability 0.95, 
a new observation from the same group will fall inside the ellipse. N = 12 data points.   
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Figure S.2. Heat map of activity of novel rexinoids in in vitro screening assays. 
Rows are centered; unit variance scaling is applied to rows. Rows are clustered 
using correlation distance and average linkage. Columns are clustered using 
maximum distance and average linkage. 3 rows, 12 columns.  SREBP = SREBP 
activation.  RXR = RXR activation.  iNOS = iNOS suppression.  Scale is centered 
around average value for each column. 

 



134 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S.3. V-125 does not decrease weight of A/J or MMTV-Neu mice in 
prevention studies. A/J mice (A) were fed bexarotene (80 mg/kg diet), V-125 (80 
mg/kg diet) or control diet for 16 weeks, as described in Figure 2.2. Mice were weighed 
weekly throughout the course of the study. MMTV-Neu mice (B) were fed control or V-
125 (30 mg/kg diet) in a prevention study, as described in Figure 2.3. A. N = 14-15 
mice/group. B. N = 14 mice/group.  
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Figure S.4. Bexarotene reduces total tumor weight in MMTV-Neu mice. Female 
MMTV-Neu mice with established mammary tumors 5 mm in diameter were placed 
on control or bexarotene (100 mg/kg diet) for 10 days. Tumor weight at the end of 10 
days is presented as a percent of mouse body weight. *, P < 0.05 vs. control; N=8-9 
mice per group.  
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Figure S.5. V-125 differentially regulates 20 genes on PCR array. Female MMTV-
Neu mice with established mammary tumors 5 mm in diameter were placed on control 
or V-125 (100 mg/kg diet) for 10 days. Total RNA was extracted from tumors for PCR 
array. Analysis was performed using GeneGlobe software (Qiagen). 
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Figure S.6. MSU 42011 and bexarotene regulate cancer-relevant biological 
pathways in MMTV-Neu tumors. Female MMTV-Neu mice with established 
mammary tumors 4 mm in diameter were fed control diet, bexarotene (100 mg/kg in 
diet), or MSU 42011 (100 mg/kg in diet) for 10 days. The Wikipathways 2019 mouse 
database was used for enrichment analysis. A. Bar graph of top differentially 
expressed pathways. Scatterplot (B) and volcano plot (C) of top differentially 
expressed pathways.  
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Figure S.7. Bexarotene does not increase expression of IL-18 and Col6a3 in 
mouse mammary tumors. Tumors treated with bexarotene (100 mg/kg diet) or 
control were harvested and flash-frozen. Tumors were homogenized and RNA 
extracted. A, D. Gene expression was detected by qPCR on QuantStudio 7 Flex. 
N=5 mice/group. Error bars represent standard error. * p < 0.05  B, E. 
Immunohistochemical staining for IL-18 and Col6a3, representative of 3 mice per 
group. C, F. Kmplot survival curves correlate expression of C. Il-18 with survival in 
breast cancer patients (n = 4929; 2456 high, 2473 low) and F. Col6a3 with survival in 
HER2+ breast cancer patients (n = 379; 183 high, 196 low). 
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APPENDIX B – SUPPLEMENTAL DATA: THE NOVEL RXR AGONIST V-125 

REGULATES GENE EXPRESSION IN MMTV-NEU TUMORS 

As shown in Chapter 2 of this dissertation, the novel RXR agonist has striking 

efficacy and is well tolerated in multiple preclinical cancer models. As with MSU 42011, 

we used RNA Sequencing as a tool to generate hypotheses regarding the mechanisms 

of anti-tumor activity of V-125. 

Materials and Methods 

Drugs: V-125 was synthesized as previously described264, and bexarotene was 

procured from LC Laboratories. For in vivo studies, RXR agonists were dissolved in a 

vehicle of 1 part ethanol:3 parts Neobee oil (Thermo Fisher Scientific). 50 mL vehicle or 

drug dissolved in vehicle was mixed into 1 kg of powdered 5002 rodent chow (PMI 

Nutrition) in a KitchenAid mixer. Stability of rexinoids in powdered mouse chow for up to 

6 weeks at 4°C has been confirmed using liquid chromatography-mass spectrometry. 

In vivo experiments: Animal studies were approved by the Institutional Animal 

Care and Use Committee at Michigan State University (IACUC protocol number 

202100188). MMTV-Neu mice241 from our breeding colony (founders were purchased 

from Jackson Laboratory) were fed pelleted chow and palpated for tumors. Once tumors 

were detected, mice were switched to powder 5002 chow. Tumors were measured 

twice weekly with a caliper until reaching 5 mm in diameter, at which time mice were 

randomized and fed control diet or 100 mg per kg diet of RXR agonist (V-125 or 

bexarotene) diet (~25 mg per kg body weight) for 10 days. Tumors were harvested after 

10 day treatment and sections were either flash frozen for RNA-seq/qPCR or saved in 

neutral buffered formalin for immunohistochemistry  
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RNA Sequencing: Frozen tumor sections (4 samples per treatment group) were 

weighed and homogenized. RNA was extracted using RNeasy Mini Kit (Qiagen), and 

RNA integrity was analyzed using Agilent Bioanalyzer through the RTSF Genomics 

Core at Michigan State University. RNA sequencing was completed by Novogene 

(Sacramento, CA) as described previously272. Raw read counts were processed using 

the DESeq2 package in R to generate differential expression data, and EnrichR was 

used for enrichment analysis.  

qPCR: RNA harvested from frozen tumor sections was normalized across 

samples using Nanodrop, and 500 ng of RNA was used to synthesize cDNA using a 

High Capacity cDNA Reverse Transcription Kit (Applied Biosystems). qPCR was run on 

QuantStudio 7 Flex using SYBR green fluorescence. PCR data was analyzed using the 

delta-delta CT method using the housekeeping control gene GAPDH. Error bars 

represent standard error of the mean of biological replicates. The following 

forward/reverse primers (Integrated DNA Technologies) were used: Slit2, 5’ – 

CCATGTAAAAATGATGGCACCTG – 3’ / 5’ – ATCACAGTCCTGACCCTTGAA – 3’, 

Mat1a, 5’ – GTGCTGGATGCTCACCTCAAG – 3’ / 5’ – CCACCCGCTGGTAATCAACC 

– 3’. 

Immunohistochemistry: Formalin-fixed tissues were embedded in paraffin and 

sectioned by the Histology Core at Michigan State University. Boiling citrate buffer was 

used for antigen retrieval, and hydrogen peroxide was used to quench endogenous 

peroxidase activity. Tissue sections were stained with antibodies against Mat1a 

(Thermo Fisher Scientific) and Slit2 (Thermo Fisher Scientific) as described120. Sections 

were then labeled with biotinylated secondary antibodies (anti-rabbit, Cell Signaling; 
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anti-rat, Vector Labs), as previously described.120 A DAB substrate (Cell Signaling) was 

used for signal detection, as per manufacturer-provided protocols, and sections were 

counterstained with hematoxylin (Vector Labs). The Fiji ImageJ image processing 

package was used for quantification of intensity of DAB staining by the color 

deconvolution method273 and mean gray value was used to calculate optical density by 

the formula OD = log (max intensity/mean intensity, with a maximum intensity of 255 for 

8–bit images274. 

Statistical analysis: Results were expressed as the mean ± standard error. 

Data from tumor qPCR experiments were analyzed by one-tailed t test. p < 0.05 was 

considered statistically significant throughout all experiments. For RNAseq, differential 

expression analysis was performed using DESeq2. P values were adjusted to correct 

for multiple comparisons, and padj < 0.05 was considered statistically significant.  

Results 

Top genes differentially expressed in tumors treated with V-125 are correlated 

with survival in breast cancer patients 

Genes differentially expressed in V-125 versus control were given a log fold 

change expression cutoff of 2 and sorted by adjusted p value. From the top 10 

differentially expressed genes, genes in Figure S.8 were altered in V-125 tumors in a 

manner correlated with significantly increased overall survival in breast cancer patients 

(i.e. upregulation of NFASC in V-125-treated tumors) as per Kmplot data2. 
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Figure S.8. Top genes differentially expressed in tumors treated with V-125 
correlate with increased survival in breast cancer patients. Kaplan-Meier 
survival curves from the top 10 differentially expressed genes from V-125 vs control 
in breast cancer patients (n=2976; 1342 high 1634 low in A, 1858 high 1118 low in 
B, 1091 high 1885 low in C, 1039 high 1937 low in D). Data generated using KMPlot 
(http://www.kmplot.com). No stratification strategies were used. 

 

http://www.kmplot.com/
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Figure S.9. V-125 and bexarotene regulate cancer-relevant pathways in MMTV-
Neu tumors. Female MMTV-Neu mice with established mammary tumors 5 mm in 
diameter were fed control diet, bexarotene (100 mg/kg in diet), or V-125 (100 mg/kg 
in diet) for 10 days. KEGG 2019 mouse was used for enrichment analysis. A. Bar 
graph of top differentially expressed pathways. Scatterplot (B) and volcano plot (C) 
of top differentially expressed pathways. 
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V-125 and bexarotene regulate cancer-relevant biological pathways in MMTV-Neu 

tumors 

MMTV-Neu mice with established tumors measuring 5 mm in diameter were 

placed on V-125 at a dose of 100 mg/kg diet (~25 mg/kg body weight) for a period of 10 

days, followed by RNA isolation and RNA Sequencing. Enrichment analysis on control 

vs V-125 vs bexarotene differential expression data using EnrichR reveals a set of 

pathways enriched by treatment with RXR agonists (Figure S.9). These pathways 

include genes associated with cell adhesion molecules and macromolecule biosynthesis 

and metabolism. Genes within these pathways code for macromolecules involved in 

cellular structure and function, cellular behavior such as adhesion and migration, 

cellular proliferation and maintenance. KEGG 2019 mouse was used as a database for 

these analyses.  

V-125 and bexarotene enrich both similar and distinct pathways in treated tumors 

Enrichment analysis reveals pathways differentially regulated by V-125-treated 

tumors versus control (Figure S.10A, S.10C, S.10E) and by bexarotene-treated tumors 

versus control (Figure S.10B, S.10D, S.10F). This analysis highlights pathways 

enriched in both treatment groups, such as cell adhesion molecules, focal adhesion, 

and Rap1 signaling. This analysis also highlights pathway enrichment unique to V-125 

treatment, such as biosynthesis of unsaturated fatty acids, glycerolipid metabolism, and 

the prominence of steroid biosynthesis as a differentially regulated pathway (Figure 

S.10E). 
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Figure S.10. V-125 and bexarotene enrich both similar and distinct 
pathways in treated tumors. A-B. Bar graph of differentially regulated 
pathways in V-125-treated vs control tumors (A) and bexarotene-treated vs 
control tumors (B) using the KEGG 2019 Mouse database in Enrichr. C-F. 
Scatterplot (C,D) and volcano plot (E,F) depictions of differentially regulated 
pathways in V-125-treated vs control tumors (C,E) and bexarotene-treated vs 
control tumors (D,F).  
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Figure S.11. Novel RXR agonist V-125 regulates immune- and cancer-related 
genes in mouse mammary tumors. Tumors treated with V-125 (100 mg/kg diet) or 
control were harvested and flash-frozen. Tumors were homogenized and RNA was 
extracted. A, D. qPCR was performed on QuantStudio 7 Flex. N=5 mice/group. Error 
bars represent standard error of biological replicates. * p < 0.05. B. Kmplot survival 
curve correlates expression of Slit2 with survival in breast cancer patients (n = 2032; 
1013 high, 1019 low). C. Immunohistochemical staining for Slit2 in MMTV-Neu tumor 
tissue, representative of 3 mice/group. 
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Novel RXR agonist V-125 regulates immune- and cancer-related genes in mouse 

mammary tumors 

Following 10 day treatment, tumors were harvested and either flash frozen for 

RNA Sequencing and qPCR validation, or preserved in formalin for 

immunohistochemistry. Slit2, a gene upregulated in V-125 tumors by RNA Sequencing, 

was also found to be significantly upregulated in V-125-treated tumors by qPCR (Figure 

S.11A) and by immunohistochemistry of sectioned tumor tissue (Figure S.11C). High 

Slit2 expression is positively correlated with increased relapse-free survival in breast 

cancer patients, as per Kmplot (Figure S.11B). Mat1a, another gene found to be 

upregulated in V-125-treated tumors by RNA Sequencing, was also significantly 

upregulated in tumors evaluated by qPCR (Figure S.11D). 

Discussion 

The studies in chapter 3 of this dissertation provided the first comparative RNA 

Sequencing data on tumors treated with novel RXR agonists generated by the lab. The 

studies contained within this appendix sought to further explore the similarities and 

differences in gene expression induced by an additional novel RXR agonist, V-125.  

Genes identified by differential expression analysis using DESeq2 provides an 

interesting list of top genes differentially expressed by treatment with V-125, shown in 

Figure S.8. These genes, NFASC, COLCA2, ALDH1A3, and MGARP, were all altered 

by V-125 in the direction which is correlated with increased survival in breast cancer 

patients. Information in the literature suggests that these genes play important roles in 

tumor biology and the tumor microenvironment. NFASC, or neurofascin, is an adhesion 

molecule which regulates cell migration in NSCLC cell lines322. Outside the setting of 
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cancer, a subset of patients with chronic inflammatory demyelinating polyneuropathy 

(CIDP) are characterized as having anti-neurofascin antibodies, which are associated 

with worsened symptoms such as disabling tremor, poor response to therapy, and 

overall poor prognosis323. As antibodies against neurofascin are critical to prognosis and 

disease progression in CIDP, this suggests that a drug which regulates the expression 

of neurofascin might be clinically useful, particularly one which also has 

immunomodulatory properties. ALDH1A3, also identified as a gene differentially 

expressed in tumors treated with V-125, is an enzyme involved in retinoid metabolism 

which has also been implicated in cancer development and progression324. Further 

investigation of the role of ALDH1A3 in mediating not only metabolism of V-125 but also 

anti-tumor activity may yield interesting data. 

Pathways identified as differentially regulated by V-125 include several metabolic 

pathways, such as steroid biosynthesis, biosynthesis of unsaturated fatty acids, and 

glycerolipid metabolism. The rapid rates of cellular proliferation involved in cancer 

progression require increased rates of macromolecule synthesis, and V-125’s effect on 

these processes may indicate that some of the anti-tumor effects of RXR agonist 

treatment are metabolic in nature. Further investigation into the metabolic effects of 

RXR agonist treatment is warranted. 

As previously noted in chapter 3 of this manuscript, RXR agonist effects on focal 

adhesion, extracellular matrix, and other pathways associated with cellular adhesion are 

common themes across the drugs we’ve studied in this class. Based on this information, 

some of the anti-tumor activity of RXR agonists may be attributed to their effects on 

invasion, migration, and metastasis. Further studies on the effects of RXR agonists on 



149 

 

these processes, such as scratch assays and other migration assays, would be a good 

way to begin evaluating these hypotheses generated through RNA Sequencing. 

V-125 induces differential regulation of genes associated with the disease states 

Amoebiasis and Leishmaniasis. While this may seem unusual, some of the genes in 

these pathways include ITGAM, TGFβ, TNF, JUN, and IL-4. These genes have known 

roles in cancer and immunity and would be excellent genes to validate in future 

mechanistic studies of V-125. 

The theme of Rap1 signaling emerging as a RXR agonist-regulated pathway is a 

potentially exciting observation. We have noted in previous publications105 that RXR 

agonists are effective in preclinical cancer models with elevated Ras signaling activity. 

Rap1, or Ras-associated protein 1, is another GTPase with notable sequence homology 

to Ras325. The role of Rap1 in promotion of cancer invasion and metastasis has been an 

area of recent interest326. Rap1 interacts with other proteins which function in cellular 

adhesion, proliferation, and cytoskeletal maintenance. Genes in the Rap1 enrichment 

pathway include RRAS, growth factors, PI3K signaling pathway members, and MAPK 

pathway members. Studies focused on RXR agonist effects on Rap1 signaling may 

provide insight into our previous observations about Ras signaling activity and into 

critical mechanistic features of these drugs. 

Tumors treated with V-125 demonstrate a significant (p = 0.02145) upregulation 

of Slit2 in comparison to control tumors (Figure S.11A). Interestingly, upregulation of 

Slit2 was not seen in MSU 42011 or bexarotene-treated tumors (data not shown). 

Furthermore, high expression of Slit2 is correlated with increased survival in breast 

cancer patients (Figure S.11B) and is relevant to anti-tumor immunity. V-125 also 
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induced a significant upregulation of Mat1a, which codes for a metabolic enzyme which 

is involved in cellular response to oxidative stress by catalyzing the formation of the 

methyl donor S-adenosylmethionine (SAM)327 (Figure S.11D). As methylation is 

required for epigenetic regulation of gene transcription, V-125-mediated upregulation of 

Mat1a may have significant implications for cancer treatment. In the liver, SAM 

deficiency creates oxidative stress, and Mat1a knockout mice have an increased 

susceptibility to developing hepatocellular carcinoma328. Low levels of MAT1A are found 

in precancerous lesions in a rat model of liver carcinogenesis, and this downregulation 

can be overcome by treatment with the retinoid N – (4 – hydroxyphenyl)retinamide 

(HPR), possibly due to crosstalk between MAT1A and NF-κB, and the effects of 

retinoids on NF-κB related pathways329. The upregulation of Mat1a induced by V-125 

treatment may provide insight into the mechanism of anti-tumor activity of V-125. 

Slit2, also upregulated in tumors treated with V-125, plays an established role in 

anti-tumor immunity. Slit2 is inactivated in breast and lung cancer, preventing SLIT2 

signaling through the Robo1 receptor259. SLIT2 activates M1-like tumor-associated 

macrophages in the tumor microenvironment and modulates IL-6 and matrix 

metalloprotease expression330. This confirmed upregulation of Slit2 expression indicates 

that macrophages may play an important role in mediating the anti-tumor activity of V-

125. Future studies are needed to determine if V-125’s effects on macrophages are 

necessary for the anti-tumor activity of the compound, such as an in vivo macrophage 

depletion in MMTV-Neu mice treated with V-125. Furthermore, the role of SLIT2 in 

tumors treated with V-125 can be confirmed by Slit2 conditional knockout, and analysis 
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of the treatment efficacy of V-125 in wild-type vs. Slit2 knockout mice, as well as 

analysis of macrophage polarization markers in wild-type vs. Slit2 knockout mice. 

In conclusion, RNA Sequencing data in this appendix adds to the pool of 

genomic data collected in this dissertation regarding the effects of RXR agonists on 

gene expression in mammary tumors. This information will aid us in developing 

hypotheses to further explore the mechanisms of anti-tumor activity of RXR agonists. 

 

 

 

 

 

 

 

 

 

 

 

 

 


