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ABSTRACT: Sarcomas are rare and heterogeneous cancer variants of mesenchymal origin. Their genetic heterogeneity
coupled with uncertain histogenesis makes them difficult to treat and results in poor prognosis. In this work, we show that
structure-based drug discovery involving computational modeling can be used to identify a new retinoid X receptor (RXR)
agonist ligand with a bis(indolyl)methane scaffold. This agent co-self-assembles with an amphiphilic diblock copolymer
resulting in nanoparticles (Nano-RXR) with excellent kinetic stability, which were evaluated for efficacy and safety in
transformed sarcoma cells, 63-3 Cre and 141-10 Cre of pig origin, and in rodent xenograft models. Responses at gene and
protein levels established the treatment approach as a highly effective RXR agonist across cell, rodent, and “Oncopig” models.
Interestingly, Nano-RXR was not only able to modulate metabolic and transporter genes related to orphan nuclear receptors but
also played a major role in modulating programmed cell death in sarcomas developed in Oncopigs.

■ INTRODUCTION

Sarcomas generally require surgical resection and radiation as
standard care in high-risk patients.1 Despite aggressive
intervention, nearly 50% of patients suffer from recurrent
disease leading to death. Some sarcomas are sensitive to
chemotherapy with greatly improved treatment results. One
such group of sarcomas where chemotherapy increased survival
from 20% to 70% is localized osteosarcoma.2 The effectiveness
of immunotherapy in the metastatic soft tissue sarcomas is also
being evaluated in clinical trials.3 Despite this promise, the last
two decades have seen a plateau in this progress, and
chemotherapy has not altered the poor patient outcome
associated with metastatic disease. There is no universally
accepted neoadjuvant therapy standard of care.2−11 Though
several clinical studies indicated that neoadjuvant therapy with

doxorubicin (DOX) and ifosfamide (AIM), epirubicin and
ifosfamide, or doxorubicin, ifosfamide, and dacarbazine (MAID)
with or without radiation therapy improved survival in high-risk
patients, none of the phase III randomized trials offered
unequivocal positive results for neoadjuvant therapy in soft
tissue sarcomas, making these chemotherapy trials heteroge-
neous and outcomes conflicting. Furthermore, the response of
older patients toward current medication is constrained by
factors such as the associated toxicity. This plus other
comorbodities arising from chemotherapy warrants the pursuit
of novel therapies for this aggressive disease. Future progress
may include the discovery of new cytotoxic chemotherapeutics
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and development of targeted therapies with controlled release
pathways.12−23 An evaluation of their role in metabolic and
transport gene regulation and their effective induction of genes
in the programmed cell death cascade would enhance their
utility in future clinical trials.
Retinoid X receptor (RXR) is a master regulator of multiple

biological processes due to the formation of heterodimers with
other nuclear receptors. RXR ligands or rexinoids are found to
activate permissive heterodimers, or subordinate to the partner
ligand in nonpermissive heterodimers to act cooperatively or
synergistically. The negative cooperativity in RXR−thyroid
hormone receptor (TR) heterodimers has been found to be due
to the allosteric repression of TR by rexinoids. In general,
agonists, partial agonists, and antagonists exert different roles in
the heterodimers by strengthening or disrupting the interaction
surface with co-regulators. The activity of the partial agonists
and antagonists could depend on the cellular context and the

nature of co-regulators. Thus use of partial antagonists or
agonists to overcome undesired effects of rexinoids is a
promising new avenue for therapy. For instance, bexarotene
and alitretinoin (9-cis-retinoic acid) are in the clinic for topical
and systemic treatment of cutaneous T cell lymphoma (CTCL)
and for the topical treatment of Kaposi’s sarcoma and systemic
treatment of refractory chronic hand eczema, respectively. RXR
modulators also hold therapeutic potential for the treatment of
diabetes and obesity, as well as atherosclerosis, other
cardiovascular indications, and inflammatory diseases, but
important secondary effects have been noted in rodent models,
among them hypertriglyceridemia, suppression of the thyroid
hormone axis, and induction of hepatomegaly. Recently
described therapeutic options for rexinoids in cancer and
neurodegeneration have opened exciting avenues for drug
design and discovery of this important family of modulators.
Nuclear hormone receptors, including RXR and peroxisome

Figure 1. Outline of planned research to evaluate in vitro and in vivo efficiencies. (a) Progression of computational, chemical, and biological
experiments and (b) summary of gene regulations expected from newly designed RXR agonist in vivo. In-silico studies to identify RXR agonist through
lead optimization. (c) Elongated shape of RAR and (d) globular shape of RXR structures; (e) Molcad Surfaces of 1MVC, RXR agonist conformation
crystal structure and (f) ligand interaction pictures of docking structures of compound 8.
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proliferator-activated receptor (PPAR), represent therapeutic
targets in sarcoma. RXRs have been considered as “auxiliary”
receptors that enhance DNA binding of retinoic acid receptor
(RAR) and other nuclear hormone receptors, including PPARγ.
More recent studies, however, showed that selective activation
of RXR could lead to transcriptional activation, apoptosis, and
redifferentiation of embryonal carcinoma cells and that the
effects of RAR and RXR selective agents in combination had
synergistic effects. PPARγ receptors have been studied in
primary human tissues with positive immunostaining for PPARγ
in 14/14 nevi, 10/11 primary sarcoma lesions, and 6/8 sarcoma
metastases. Similarly, high in vitro and in vivo activities were
reported on PPARγ expressing sarcoma cells with significant
reduction in cell proliferation.
Toward this aim, we provide an “in silico to in vivo” approach

to identify and synthesize an RXR agonist. Furthermore, we
developed it as a nanotherapy24−29 treatment for “soft” tissue
sarcoma, which can provide potent and controlled delivery of
the newly discovered retinoid X-receptor (RXR)-selective
agonist (Figure 1a). RXR-selective agonists with new chemistry
and approach were identified through structure-based drug
discovery and computational modeling to transcriptionally
activate the orphan nuclear receptor target.30−40 The delivery
of the potent agent has been accomplished by a micellar
polymeric nanoparticle. The structurally new scaffold-based
RXR selective agonist is different from either bexarotene or
alitretinoin (9-cis-retinoic acid)-based structures, basic frames
for most reported RXR ligands. Our results demonstrated
significant efficacy in vitro. In order to realize the translational
supremacy of the work, the agents were studied simultaneously
in a rodent and a transgenic swine model (Oncopigs) of soft
tissue sarcoma.41−43 The Oncopig provides an inducible and
reproducible tumormodel in a large animal that is comparable to
humans in both size and physiology and is being used for
development, validation, safety, and efficacy assessment of the
RXR agent intended for human translation. Studies with rodent
and Oncopig models elucidate mechanistic insights into the
modulations of RXRα PPAR transcriptional activation and
downstream target genes along with genes involved in phase-I,
phase-II, and phase-III metabolism and transport regulation in
treated and control tumor tissues (Figure 1b).

■ RESULTS AND DISCUSSION

Structure-Based Design, Lead Optimization, and
Synthesis of RXR Agonists. Due to the high similarity of
RXR and RAR structures, the selectivity of RXR over RAR is the
key for the design of RXR ligands. Computationally, the RAR

structure has an elongated shape (Figure 1c), whereas RXR is
globular and “L” shaped (Figure 1e). The interactions between
the hinge region of the ligand and residues C432 and I268 are
important for RXR selectivity. The Molcad surface picture in
Figure 1d shows a relatively large L-shaped binding cavity in
RXR structure, with hydrogen bond and ion−salt interactions
on one end and a hydrophobic interaction on the other end. The
thiol group from C432 forms a hydrogen bond with the oxygen
in the bridge of a known RXRmodulator SR11237 (alternatively
called BMS649), making an important contribution to maintain
the “L” shape of the structure. This suggests that an RXR agonist
with an indole as the hydrophobic ring and another indole as the
bridge substituent could be successfully derived from the
bis(indolyl)methane moiety via structure-based lead optimiza-
tion approach. Through computational modeling (Flow charts
S1 and S2), we predicted that compound 8 could be a proper
RXR ligand due to the ion−salt and hydrogen bond interactions
with R316 and A327, and the hydrophobic interactions with
I345, F346, and V349. Moreover, the N atom in the 1-
methylindole of compound 8 forms a hydrogen bond with C432,
and the 1-methyl group forms hydrophobic interactions with
N306 and W305. Figure 1f shows the ligand interactions of
compound 8with residues in the 1MVC (crystal structure of the
human RXRα ligand binding domain bound to the synthetic
agonist compound BMS 649 and a coactivator peptide)
structure. Based on these observations, compound 8 was
synthesized as a structurally optimized RXR ligand. Our lead
candidate is one of the first RXR agonists with an indole as the
hydrophobic ring and another indole as the bridge substituent.
Increasing the length of the bridge by a double bond makes
stronger hydrogen bonds of the carboxylic acid with residues in
the target. In addition, we anticipate that N-methylation makes
stronger hydrophobic interactions. The flexible bridge between
the hydrophobic end and the COOH end will make the
compound more RXR selective.
For the synthesis of RXR-agonist 8 (RXR-8), aryl bromide 5

with acrolein diethyl acetal in the presence of n-Bu4OAc, K2CO3,
KCl, and DMF catalyzed by Pd(OAc)2 afforded cinnamalde-
hyde 6 in 73% yield. Bis(indolyl)methane compound 7 was
obtained in 81% yield from 6 and 1-methylindole catalyzed by
molecular iodine in CH3CN at room temperature. Hydrolysis of
7 with LiOH·H2O in methanol and acidification afforded the
final product 8 in 91% yield (Scheme 1, HRMS m/z [M + H] +

calcd for C26H23N2O2S 427.1480, found 427.1468) (Figure
S1a). The compound was also thoroughly characterized by 1D
1H (Figure S1b) and 13C (Figure S1c) nuclear magnetic
resonance (NMR) spectroscopy.

Scheme 1. Chemical Synthesis and Characterization of Compound 8a

aFor the designed RXR-agonist 8, aryl bromide 5 with acrolein diethyl acetal in the presence of n-Bu4OAc, K2CO3, KCl, and DMF catalyzed by
Pd(OAc)2 afforded cinnamaldehyde 6 in 73% yield. Bis(indolyl)methane compound 7 was obtained in 81% yield from 6 and 1-methylindole
catalyzed by molecular iodine in CH3CN at room temperature. Hydrolysis of 7 with LiOH·H2O in methanol and acidification afforded the final
product 8 in 91% yield.
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Synthesis of Nano-RXR. We introduced a strategy for
synthesizing nanoscopic RXR agonists based on “rigid cored”
micelles (RCMs).44−48 In brief, Nano-RXR were produced by
the molecular co-self-assembly of amphiphilic PS67-b-PAA27
(polystyrene-b-poly(acrylic acid)) and polyoxyethylene (20)
cetyl ether. (Figure 2A) In a typical procedure, polyethylene

glycol cetyl ether (0.5 mg) was melted at 65 °C for 5 min, and
then 1 mL of water was added dropwise while stirring the
mixture. The micellar suspension was allowed to stir for 20 min
at 1150 rpm. A solution of amphiphilic diblock copolymer (PS67-
b-PAA27) and the solution of RXR-8was prepared to achieve 2.5
mM in chloroform followed by dropwise addition to the
mixture. The solution was left to stir overnight to evaporate the
organic solvents; additional water was added, and the
suspension was stored at 4 °C overnight for curing the core of

the particle. Arresting the core of these polymeric-based
nanoassemblies reduces the flexibility of the nanoconstruct
leading to a more robust arrangement for systemic admin-
istration. The characterization of Nano-RXR was performed for
hydrodynamic diameter, dry state morphology, height profile,
and ordered assembly.
This resulted in hydrodynamic size of Nano-RXR as 32 ± 6

nm and a bigger assembly of rigid cored micelles (RCM) at 45±
5 nm (Figure 2B). This sub-100 nm spheroidal anhydrous
morphology of Nano-RXR was further confirmed by trans-
mission electron microscopy and found to be∼20± 5 nm in the
anhydrous state (Figure 2C). The stability of nanoparticles and
Nano-RXR formulations in 5% and 10% (v/v) concentration of
fetal bovine serum (FBS) showed greater stability of Nano-RXR
compared to nanoparticle alone (Figure 2D). Retinoid X
receptor (RXR) agonist ligand with a bis(indolyl)methane
scaffold co-self-assembled with PS67-b-PAA27 resulting in
nanoparticles with excellent kinetic stability through π−π
stacking and hydrophobic interactions. The incorporation of
RXR molecules in nanoassembly was further confirmed by XRD
pattern of Nano-RXR and nanoparticles (Figure 2E). It was
observed that Nano-RXR showed greater order with d-spacing at
a higher value of 38.5 nm compared to a common peak with d
spacing of 35 nm in case of nanoparticles alone. It is likely that
the incorporation of RXR agonist in the nanoassembly makes
wider repeating units in Nano-RXR. This representative X-ray
diffraction study revealed the incorporation of RXR agonist
molecules inside intralayer arrangements of micelles. Shelf life
stability (in vial) of the nanoparticles was monitored over time
(0, 7, 14, and 30 days and over six months) by observing the
changes in hydrodynamic diameters, zeta potential, and
polydispersity, and these were found not to be changing to
any considerable extent (data not shown).

In Vitro Cell Toxicity Assay for Evaluating Efficacy of
the RXR-Selective Agonist. Cell toxicity studies were
performed using MTT assay on sarcoma cells (63-3 cre and
141-10 cre) and compared with effects on their noncancerous
counterparts (63-3 and 141-10) generated fromOncopig tissues
(Figure 3a,b). RXR-8 and Nano-RXR were added to cultures at
concentrations of RXR ranging from 3.125 to 100 μM for 48 h
prior to performing the MTT assay. Empty nanoparticles were
added at an equivalent amount as a negative control.
Nanoparticle encapsulated RXR-8 demonstrated increased
cytotoxicity over that of RXR-8 alone (p ≤ 0.01). Comparison
of the effects of these agents on controls (nontransformed 63-3
and 141-10) and matched transformed cell lines (63-3 Cre and
141-10 Cre) were determined by measuring half-maximal
inhibitory concentrations (IC50). The observed maximum
effects of Nano-RXR treatment in 63-3 Cre with minimum
IC50 value was 44 ± 2.2 compared to 38 ± 2.5 μM in the case of
141-10 Cre. To evaluate the selectivity of Nano-RXR toward
sarcoma cells, MTT assays were also performed in noncancerous
cells of same origin, 63-3 and 141-10. It was found that IC50 for
Nano-RXR in 63-3 was significantly higher (p = 0.001) at 70 ±
3.5 compared to 44 ± 2.2 in 63-3 Cre (Figure 3a) and 100 ± 5
μM for 141-10 compared to 38 ± 2.5 μM in 141-10 Cre (p =
0.0001) (Figure 3b). These evaluations reveal not only a greater
toxicity response for Nano-RXR compared to free RXR in
sarcoma cells but elevated selectivity against noncancerous cells
of same origin.

Oncopig Cancer Model of Soft Tissue Sarcoma. The
Oncopig cancer model (OCM) was developed as a model of
human disease because pigs are similar in size, anatomy,

Figure 2. Physicochemical characterization of Nano-RXR. (A)
Synthesis of rigid nanoparticles loaded with RXR-8 to prepare Nano-
RXR; (B) hydrodynamic diameter of Nano-RXR compared to
nanoparticles; (C) TEM image (drop deposited over carbon grid) of
Nano-RXR; (D) stability of nanoparticles and Nano-RXR formulations
in 5% and 10% (v/v) concentration of fetal bovine serum (FBS); (E)
XRD pattern of nanoparticles and effect of RXR-8 loading in
nanoassembly.
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metabolism, and genetics compared to humans. This line of pigs
carries an inducible KRASG12D and TP53R167H transgene,
allowing for soft tissue sarcoma modeling in a spatial and
temporal manner.50,43 This study utilized both Oncopig soft
tissue sarcoma cell lines (fibroblast origin) and in vivo tumors
(leiomyosarcoma). Both of these have been shown to have
similar transcriptional alterations as do human STS including
altered TP53 signaling, Wnt signaling activation, and some
master regulators such as FOSL1 which have been identified as
potential therapeutic targets.50

In Vivo Tumor Regression in Rodent Using Nano-RXR.
An in vivo study to evaluate the effects of RXR-8 and Nano-RXR
on tumor growth was completed utilizing a porcine tumor cell

xenograft into SCID mice. The tumorigenic sarcoma line 63-1
(sarcoma cells) was injected subcutaneously into two sites per
mouse. When tumors reached approximately 5 × 5 mm, each
tumors was injected with buffer, RCM, RXR-8, or Nano-RXR
(total four injections, on day 0, 4, 8, and 12 with 40 μL
containing RXR-8 concentration of 62.5 μg/mL), and tumor
volume was monitored by caliper measurements through day 35
before euthanization of the animals (Figure 3c). Body weight
measurement of mice revealed no significant loss in any group
(Figure 3d). Treatment with either RXR-8 or Nano-RXR
increased survival time of the mice and retarded the tumor
volume when compared to untreated animals or those receiving
nanoparticles alone (RCM). Treatment with Nano-RXR was

Figure 3. Cytotoxic effect of Nano-RXR and RXR on porcine sarcoma cell lines. RXR and Nano-RXR were used at various concentrations of RXR
ranging from 3.125 to 100 μM for 48 h before performing the MTT assay. Nanoparticles alone at equivalent amount were used as negative control to
evaluate the safety pattern of nanoparticles in the same conditions. Biostatistical analysis showed nanoparticle-based improvement enhanced cell
growth inhibition with p value of 0.01 as **. As an indication of cytotoxic selectivity with lowering in IC50 values, Nano-RXR showed statistically lower
IC50 in (a) 63-3 Cre and (b) 141-10 Cre cells compared to that in noncancerous cells of the same origin, 63-3 and 141-10, respectively. p Values of
0.001 and 0.0001 are shown as *** and ****, respectively, as obtained after unpaired t test. In vivo tumor regression studies in mouse and subsequent
effects on protein expression. (c) Timeline of the in vivo experiment in rodent xenograft model; (d) weight percentages of group of animals used for
tumor regression studies; (e) survival (%) of group of animals treated with RXR or Nano-RXR compared to controls on 18th day of experiment; (f)
tumor volume regression after treatment with RXR and Nano-RXR; nanoparticles alone (RCM) or untreated animals were used as controls; (g)
protein expression in tissues collected from treated and untreated groups of animals: (1) buffer; (2) RCM; (3) RXR; (4) Nano-RXR as obtained from
(i) tumor tissue and (ii) tissue collected from liver.
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more effective in reducing tumor volume compared to RXR-8
alone (Figure 3f). Protein expression analysis clearly showed the
upregulation of RXRs with maximum effect in level of RXRα and
RXRβ for collected tumors at the end of the tumor regression
experiment, while effects were minimal in liver tissue collected
from the same animals (Figure 3g).
Safety Profile and Tumor Regression Efficiency in Pig

Model. It was observed that none of the formulations at these
doses (4 mL; 0.5 mg of RXR/kg) produced any significant toxic
changes in any of the clinical chemistries of the Oncopigs treated
(Table S1). A transient increase in CPK, total bilirubin, and
glucose were seen following the treatments, which returned to
normal with longer time interval (24 h). Histopathological
evaluations performed on various organ tissues collected from
these animals were found to be within normal animal variations
(See details in Supporting Information). To study the tumor
regression efficiency, the volume of the tumors was determined
from ultrasound images after different treatments. On day 0 (17
days after AdCre injection), a single tumor on each animal was
injected with either buffer, RXR-8, or Nano-RXR, which was
followed by 2 additional injections on days 3 and 10 (1 mL
volume of 62.5 μg/mL). The tumor size was evaluated for 13
days after the first injection (Figure 4a). Tumors were first
identified based on palpation and visual inspection (Figure 4b)
and then by ultrasound (US) imaging. Tumor sizes were
visualized by US imaging; tumor (Figure 4d) treated with buffer
alone continued to grow until the end of the study (Figure 4e),
whereas tumor (Figure 4f) treated with Nano-RXR had
significantly retarded growth (Figure 4g).
Further US imaging was done to accurately identify the

treatment region so that tissue was dissected appropriately for
gross pathology and histology analysis. The tumor volume was
found to be significantly (p < 0.001) lower following RXR-8 or
Nano-RXR treatment when compared to buffer (Figure 4c).
Nano-RXR was more effective compared to RXR-8 alone.

Animals were inspected daily for body weight and behavioral
changes and showed no change. At day 13, immediately after
imaging, animals were euthanized; tumors were resected and
weighed, and half of the tissue was snap frozen in liquid N2 prior
to storage at−80 °C, while other half was put in formalin (10%).
Formalin samples were harvested for histopathological analysis.
The treatment region plus boundary (1−2 cm) was dissected
and used for the pathological analysis. Frozen samples were used
for extracting RNA and protein for expression studies. Protein
expression analysis clearly showed the upregulation of RXRs
with maximum effect on levels of RXRα and RXRγ for collected
tumors at the end of the tumor regression experiment, while
effects were minimal in liver tissues collected from the same
animals (Figure 4h).
Expression of protein from tumor post-treatment in animal

models gives additional proof for the activity of small molecule
and nanotherapeutics through certain cellular cascades. An
extensive protein expression analysis was performed on tumors
collected from the mouse model post-treatment and sacrifice.
RXR protein level was found to increase significantly (p < 0.05)
post-Nano-RXR treatment compared to RXR-8 or nano-
particles. Protein level changes were noted to be maximal for
RXRα, while RXRβ and RXRγ showed little or no effect. Protein
expression was also measured in liver tissue of the treated
animals, and it was found that the expression levels were not
significantly different across different treatment groups. This
signifies that the RXR agonist mediated upregulation of RXRα in
the animal model for tumor tissues causing tumor regression as
an after effect. Effect and side effects49 of Nano-RXR treatment
in Oncopigs were evaluated by post-treatment necropsies and
histopathology (see details in Supporting Information).

Differential Expression of Drug Metabolism, Regu-
lation, and Transport Genes. Differential gene expression
was studied for genes involved in drug metabolism, regulation,
and transport. Drug clearance and pharmacokinetics are highly

Figure 4. In vivo tumor regression studies in pig and post-treatment effects on protein expression. (a) Timeline of in vivo experiment in onco-pig
model. (b) Tumor appearance on day 1 of buffer injection. (c) Tumor volume regression after treatment with RXR and Nano-RXR; animals treated
with buffer were used as controls. Ultrasound imaging to follow the tumor growth after treatment with buffer on (d) day 1 and (e) day 13 and animals
treated withNano-RXR on (f) day 1 and (g) day 13. (h) Protein expression in tissues collected from treated and untreated group of animals: (1) Buffer;
(2) RXR; (3) Nano-RXR as obtained from tumor tissue and tissue collected from liver.

Journal of Medicinal Chemistry Article

DOI: 10.1021/acs.jmedchem.8b01387
J. Med. Chem. 2018, 61, 10739−10752

10744

http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.8b01387/suppl_file/jm8b01387_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.8b01387/suppl_file/jm8b01387_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.8b01387/suppl_file/jm8b01387_si_001.pdf
http://dx.doi.org/10.1021/acs.jmedchem.8b01387


regulated by the drug metabolism route, which in turn can affect
the clinical efficiency and drug toxicity.50,51 During metabolism

of drug, it undergoes two phases: Initially, in phase I, the drug
experiences oxidation due to the oxidative pathways and

Figure 5. RXR and Nano-RXR induced transcriptional alteration of genes involved in phase-I and phase-II drug metabolism, phase-III transport, and
nuclear receptors in liver measured by qPCR. Real time (RT)-PCR was performed to analyze the expression of the 21 genes. Fold change in transcript
upon RXR or Nano-RXR treatment is presented with respect to control. CYP2C33, CYP2E1, and PXR were downregulated, SULTA1, FXR, and
PPARγ were unchanged, and the rest of the genes were upregulated. The values and error bars represent average and standard deviations of three
independent sets of experiments. One-way analysis of variance (ANOVA) followed by Bonferroni post-test was performed to determine significant
differences among control and treatments. p Values of 0.05, 0.01, 0.001 and 0.0001 are shown as *, **, *** and ****, respectively.
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Figure 6. RXR and Nano-RXR induced transcriptional alteration of genes involved in phase-I and phase-II drug metabolism, phase-III transport, and
nuclear receptors in tumor measured by qPCR. Real time RT-PCR was performed to analyze the expression of the 21 genes. Fold change in transcript
upon RXR or Nano-RXR treatment is presented with respect to control. FXR was downregulated, CYP1A2 was unchanged, and all the other genes
were upregulated by treatment. The values and error bars represent average and standard deviations of three independent sets of experiments. One-way
analysis of variance (ANOVA) followed by Bonferroni post-test was performed to determine significant differences among control and treatments. p
Values of 0.05, 0.01, 0.001 and 0.0001 are shown as *, **, *** and ****, respectively.
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therefore becomes more a polar substance. Specifically,
cytochrome P450 (CYP) monooxygenases, a major class of
membrane-associated heme proteins, have an essential role in
exerting oxidative metabolism in a wide gamut of xenobiotics
and endogenous compounds.52 P450 enzymes responsible for
drugmetabolism have been extensively studied in pig liver, and it
was determined that the main subcategories are 1A1, 1A2, 2A19,
2C33, 2C49, 2E1, 3A, and 7A1.53−55 On the other hand, in
phase II metabolism, conjugation with hydrophilic compounds
occurs, which leads to improved polarity and water solubility.
This would ultimately increase the chances of excretion in bile
and urine for detoxification.56,57 Toward this, we identified
genes responsive to the treatment of ligand Nano-RXR and
RXR-8, including orphan nuclear receptors (regulators), RXRα,
RXRβ, RXRγ, CAR, PPARα, PPARγ, FXR, pregnane X receptor
(PXR), genes involved in phase I drug metabolism (oxidation
reactions), for example, CYP1A1, CYP1A2, CYP2A19,
CYP2B22, CYP2C33, CYP2C49, CYP2E1, CYP3A, and
CYP7A1, and genes involved in phase II drug metabolism
(conjugation reactions), for example, glutathione-S-transferase,
SULTA1, and transporters such as ABCB1 and ABCC2.
Significant upregulation (3−20-fold) of all the three isoforms

of RXR was observed in treated porcine livers over that of
control liver (Figures 5−7). Nuclear hormone receptors,
namely, the farnesoid X receptor (FXR), the liver X receptors
(LXRs), and the peroxisome proliferator-activated receptors
(PPARs) are a class of ligand-activated transcription factors
involved in regulation of hepatic lipid metabolism.58 There are
several biological processes that are regulated in liver, such as
bile acid synthesis and metabolism, lipoprotein metabolism,
lipogenesis, and fatty acid degradation, controlled by these
hormones. Moreover, they turn on the gene transcription when
complexed with the retinoid X receptor, RXR, and next by
activation of the heterodimeric complex to initiate the response
elements in the DNA.59 It was found that ligand Nano-RXR and
RXR-8 both could induce overexpression of PPARα (Figure 5t),
and PPARγ (Figure 5u) and FXR (Figure 5s) showed no
significant change, whereas LXR (Figure 5r) showed significant
decrease in gene expression.
Transcript levels of all the three RXR isoforms were higher in

Nano-RXR treated liver than RXR-8 treated liver. All the studied
genes except CYP2C33 and CYP2E1, which were involved in
phase I drug metabolism, were upregulated in ligand treated
livers when compared to that of control liver. Significant

Figure 7. (a−e) RXR and Nano-RXR induced transcriptional alteration of downstream target genes measured by qPCR. Real time RT-PCR was
performed to analyze the expression of the six genes. Fold change in transcript upon RXR or Nano-RXR treatment is presented with respect to control.
CRBP-1, CRABP-1, PEPCK1, and PEPCK2 were upregulated, and BTG2 and CIP1 were downregulated by treatment (n = 3). One-way analysis of
variance (ANOVA) followed by Bonferroni post-test was done to determine significant differences among control and treatments where n = 3. pValues
of 0.05, 0.01, 0.001 and 0.0001 are shown as *, **, *** and ****, respectively.
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difference between Nano-RXR and RXR-8 was observed for
most of the genes involved in phase I drug metabolism. Whereas
glutathione-S-transferase was significantly upregulated in ligand
treated groups compared to the control group, no difference in
transcript level of SULTA1was observed among the groups. The
mRNA levels of two transporters (ABCB1, ABCC2) were
increased in treated liver over that of control liver for both
treatment with RXR-8 and Nano-RXR with higher effect in the
case of Nano-RXR (Figure 5o). CAR and PPARα were
upregulated in ligand treated groups compared with control;
no differences in FXR and PPARγ were observed, and PXR was
downregulated in treated groups. This clearly confirms the
involvement of ligand Nano-RXR and RXR-8 through RXR and
other gene cascade pathways of the porcine liver.
Differential Expression of Drug Metabolism, Regu-

lation, and Transport Genes from Control and Treated
Tumor Tissues. We also studied the differential gene
expression of genes that are involved in drug metabolism,
regulation, and transport in treated and control tumor tissues.
The expression of RXRγ, CYP1A1, CYP2C33, CYP2E1, CAR,
PXR, PPARG, and ABCC2 was not detected in control tumor.
The differential expression patterns of the other genes were
similar to that of liver mentioned above. Significant upregulation
in RXRα and β was observed in ligand treated tumors in
comparison to control tumor. In case of genes involved in phase
I drug metabolism, all the studied genes except CYP1A2 were
upregulated in treated groups compared to control group. The
two genes involved in phase II drug metabolism (SULTA1 and
glutathione-S-transferase) and transporter ABCB1 were upregu-
lated in treated groups. PPARα was upregulated but FXR was
downregulated in treated groups compared with control group.
Effect of Nano-RXR and RXR-8 on Downstream Target

Genes in Liver. In the present study, we have analyzed the
differential expression of six downstream target genes of RXR,
CRBP-1, CRABP-1, BTG2, CIP1, PEPCK1, and PEPCK2, in
liver samples from control pigs and Nano-RXR and RXR-8
treated Oncopigs. Upregulation of CRBP-1, CRABP-1,
PEPCK1, and PEPCK2 were observed in treated liver whereas
BTG2 and CIP1 were downregulated (Figure 5). Significant
difference between Nano-RXR and RXR-8 was found in
CRABP-1 and PEPCK2.
The heterodimer of RARs with RXRs works as a transcription

factor to regulate the target genes of RA. They tend to bind to
DNA sequences called RA-response elements localized with the
promoter of target genes.60 Cellular retinol binding protein 2
and fatty acid binding protein 5 are responsible for the
partitioning of RAs between the two receptors. These proteins
specially deliver RAs from the cytosol to nuclear RAR and RXR,
followed by the activation of a variety of downstream target
genes like upregulation of CRBP-1, PEPCK, and CRABP-1 after
RXR treatment.
It has recently been demonstrated that retinoids regulate the

gene for the gluconeogenic enzyme, cytosolic phosphoenolpyr-
uvate carboxykinase (PEPCK, EC 4.1.1.32), in liver.61−64 One
of the target genes that RAR and RXR family would bind to are
the ones encoding cytosolic PEPCK. It contains specific retinoic
acid response elements (RAREs) in the 5′-flanking sequence.
CIP1 encodes a potent cyclin-dependent kinase inhibitor and

inhibits the activity of cyclin−cyclin-dependent kinase 2 or
−cyclin-dependent kinase 4 complexes. As a result of this
activity, CIP1 functions as a regulator of cell cycle progression at
G1. The tumor suppressor protein p53 tightly controls the

expression of this gene and helps to mediate the p53-dependent
cell cycle G1 phase arrest under various stress stimuli.

■ CONCLUSION

We present an “in silico to in vivo” approach to discover,
synthesize, and deliver highly potent payloads of retinoid-
selective receptor (RXR) agonists specifically to sarcoma cells
while minimizing off-target effects and toxicity by nanoparticle-
enabled delivery. RXR-selective agonists were identified through
structure-based drug discovery involving computational model-
ing studies for transcriptional activation of orphan nuclear
receptor. The chemical synthesis of the agent was accomplished
followed by inclusion of these molecules into stable micellar
particles for nanoenabled delivery. Once the in vitro efficacy was
established, a holistic approach was adopted to establish their
potency first in a mouse model and then in a translational
transgenic Oncopig cancer model of sarcoma.65 Oncopig
represents a genetically malleable large animal model with
high similarity of anatomy, physiology, metabolism, and genetics
to human. To our knowledge, a study to evaluate actual tumor
treatment response to RXR therapy in a large animal has never
been done due to the lack of an appropriate tumor model. Our
results suggest that this agent inducedmodulations of expression
of RXR related genes in tumor as well as in liver of treated
animals including rodents and Oncopigs. As RXR forms a
heterodimer with other orphan nuclear receptors to induce
expression of drug metabolism genes, the expression of several
other nuclear receptors also increased. A significant upregulation
of phase I drug metabolism genes (CYP isoforms) also was
reported with a few exceptions supporting the no-retention
possibility of newly synthesized drug molecule RXR-8 and
negating the possibility of retention related toxicities in subjects.
In general, the Nano-RXR was more effective than the RXR-8
drug alone in tumor regression, gene expression, and protein
modulation. We anticipate that outcome of this work would
have a necessary advancement of significant translational impact
to achieve the survival of patients with soft tissue sarcoma.

■ EXPERIMENTAL SECTION
Materials. Unless otherwise mentioned, all chemicals and reagents

were obtained from Sigma-Aldrich, Inc. (St. Louis, MO), and used with
no more purification. The hydrodynamic diameter was measured on a
Malvern Zetasizer instrument operating with a 633 nm laser. Zeta
potential measurement was done on a Malvern Zetasizer instrument
(Nanoseries, Malvern Instruments Ltd., United Kingdom). The TEM
images were acquired on a JEOL 2100 Cryo TEM using Gatan
UltraScan 2k × 2k CCD. The XRD data was collected on instrument
Siemens-Bruker D5000 diffractometer and analyzed using software
Jade X-ray analysis. The absorbance reading of MTT cell viability assay
was done on a plate reader (Synergy HT, Bio-Tek). Bright field imaging
was done using microscope DMI3000 B, Leica Microsystems, Buffalo
Grove, IL.

Structure-Based Design, Lead Optimization, and Synthesis
of RXRAgonists. In order to identify the better RXR agonist with high
binding affinity and selectivity, hydrogen bond, ion-salt, and hydro-
phobic interactions of the bis(indolyl)methane framework and globular
shape of RXR were fine-tuned as depicted in Figure 1c−f. Changes in
structural units were made at the bridge region, hydrophobic end, and
carboxylic acid end: (1) phenyl instead of thiophene; (2) hydrogen and
isopropyl instead of methyl; (3) 2,4-thiazolidinedione instead of
carboxylic group. Three-dimensional structures of prospective DIM-
arenes were constructed using the SKETCH module in Sybyl 7.1
(Tripos, St. Louis, MO, USA). Energy was minimized with the Tripos
force-field using the conjugated gradient method until a convergence
value of 0.005 kcal/mol was achieved. Subsequently, docking was
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performed on docking program AutoDock 4.0. A 50 point grid map in
the x, y, and z directions was created using the Arg316 residue of the
RXRa LBD (PDB code 1MVC) as the central residue and 0.375 as the
grid spacing. A distance-dependent function of the dielectric constant
was used for the energetic map calculations. In order to identify the
ligand’s torsion angle, the AutoDockTools suite was utilized, and
Gasteiger and Kollman partial atomic charges to DIM-arenes and the
RXRa LBD were assigned, respectively. One hundred independent
docking runs were performed for eachDIM-arene using the Lamarckian
genetic algorithm and a maximum number of 2 500 000 energy
evaluations. Other parameters were assigned default values, imple-
mented by the program. Cluster analysis performed on the results from
100 runs gave a root-mean-square tolerance of 2, validating the
significance of the program.
Synthesis of Bis(indolyl)methane-based RXR Agonist. Syn-

thesis and Characterization of 6 (Precursor). To a stirred solution of
5, ethyl 5-bromothiophene-2-carboxylate (352.7 mg, 1.5 mmol), in 10
mL of DMF were added acrolein diethyl acetal (585 mg, 4.5 mmol),
nBu4NOAc (862 mg, 3 mmol), K2CO3 (310.5 mg, 2.25 mmol), KCl
(111.8 mg, 1.5 mmol), and Pd(OAc)2 (10.1 mg, 0.045 mmol). The
mixture was stirred for 1.5 h at 90 °C. After cooling, 2 NHCl was slowly
added, and the reaction mixture was stirred at room temperature for 10
min. Then, it was diluted with EtOAc and washed with water. The
organic layer was dried over Na2SO4 and concentrated under reduced
pressure. The residue was purified by chromatography (hexane/EtOAc
8:1) to give the product as a white solid (255 mg, 81% yield). HRMS:
m/z [M + H]+ calcd for C10H11O3S 211.0429, found 211.0429.
Synthesis and Characterization of RXR-8. Aldehyde (210 mg, 1.00

mmol), 1-methylindole (262 mg, 2.00 mmol), and I2 (25.38 mg, 0.1
mmol) in MeCN (3 mL) was stirred for 2 h, at which time TLC
indicated complete reaction. The mixture was treated with 5%
Na2S2O3(aq) (5 mL) and extracted with EtOAc (3 × 5 mL). The
extract was washed (H2O and brine) and dried. Concentration and
chromatography (33% EtOAc/hexane) afforded 7 as a tan solid (36.83
mg, yield: 81%) HRMS: m/z [M + H]+ calcd for C28H27N2O2S
455.1793, found 455.1784. Lithium hydroxide monohydrate (21 mg,
0.5 mmol) was added to a solution of 7 (45.46 mg, 0.1 mmol) in
MeOH. This mixture was heated at reflux under nitrogen for 3 h, cooled
to room temperature, acidified with 1 N HCl, and extracted with
EtOAc. The extract was washed (H2O and brine). Concentration and
drying gave the pure carboxylic acid (RXR-8) as tan solid (38.8 mg,
yield 91%). HRMS: m/z [M + H]+ calcd for C26H23N2O2S 427.1480,
found 427.1468. Elemental analysis: calcd for C26H23N2O2S C 73.21%,
H 5.2%, and N 6.57%; found C 73.42%, H 5.52%, and N 7.06%. From
the elemental analysis results, purity of the compound RXR-8 was
found to be ≥95%.
Dynamic Light Scattering. Average hydrodynamic diameter

distributions for Nano-RXRwere determined using aMalvern Zetasizer
nanoseries, Nano ZS90, with fixed angle of 90°. The stability of the
nanoparticles was assessed by measuring the hydrodynamic diameter at
0, 24, 48, 72, 96, and 120 h postsynthesis (n = 5).
Zeta Potential Determination. Zeta potential (ζ) values for the

Nano-RXR formulations were determined with a nanoseries Malvern
Zetasizer zeta potential analyzer. The data for the dialyzed nano-
particles (MWCO 20 kDa dialysis tubing, Spectrum Laboratories,
Rancho Dominguez, CA) was collected in the phase analysis light
scattering (PALS) mode using the Smoluchowski equation for ζ
potential determination. The mean and SD value of 10 data
accumulations were reported.
Transmission Electron Microscopy. To observe the morphology

of Nano-RXR, transmission electron microscopy (TEM) was
performed. The sample was deposited on a carbon coated Cu grid
and negatively stained with uranyl acetate.
X-ray Diffraction Studies. The ordered behavior of Nano-RXR

was determined by X-ray diffraction measurement. The aqueous
suspension of each formulation was drop cast on a microscopic glass
slide and fully dried. X-ray diffraction (XRD) of was performed using
the θ−2θ configuration on a Siemens-Bruker D5000 diffractometer.
The X-ray beamwas generated with aCu anode, and the CuKα beamof

wavelength 1.5418 Å was used for the experiments. Scans were
performed for 2θ range of 2 to 50.

MTT Assay. The cytotoxic effects of RXR and Nano-RXR were
evaluated on control porcine fibroblast lines (63-3, 141-10) and
compared with matched transformed (AdCre treated 63-3 Cre, 141-10
Cre) sarcoma cell lines. The in vitro cytotoxicity was determined by the
MTT assay.66 Tetrazolium MTT (3-(4, 5-dimethylthiazolyl-2)-2,5-
diphenyl-tetrazolium bromide) is converted to purple formazan crystals
as a result of dehydrogenase enzymes in the metabolically active cells.67

The salt was solubilized in DMSO, and the absorbance at 570 nm was
recorded. For theMTT assay, cell lines were seeded in a 96 well plate (1
× 104 cell/well) in basal medium, and after 24 h of adherence, the cells
were treated with various concentrations (0 to 100 μM) of RXR and
Nano-RXR and incubated for another 48 or 72 h at 37 °C in an
atmosphere of 5% CO2 in air. At the appropriate time, the medium was
removed, 200 μL of PBS was used to wash the cells, and 100 μL MTT
solution (1 mg/mL) was added to each well followed by incubation for
4 h under condition mentioned above. Then the MTT containing
media was removed, and the formazan crystals were dissolved with 200
μL of DMSO. Absorbance was measured at 570 nm using microplate
reader.

AdCre Induction of Tumors in Pigs. All animal studies and
procedures were approved by the University of Illinois IACUC. Under
sedation, Oncopigs were injected intramuscularly (IM) in the upper
part of left and right legs. Ad5CMVCre-eGFP (AdCre) (Gene Transfer
Vector Core, University of Iowa) was diluted with minimal essential
medium (MEM, GIBCO) to a final concentration of 2 × 109 PFU/mL,
and 2 mM calcium chloride (to a final concentration of 0.01 M) was
added, mixed, and allowed to incubate at room temperature for 15 min
prior to injection. All injections were completed before 45 min of
incubation, injection sites were monitored daily, and ultrasound
measurements were made on day 10 postinjection. Ultrasound imaging
and palpation were used to monitor the growth of the tumor following
injection.

RXR and Nano-RXR Treatments in Oncopigs. Beginning on day
0 (17 days post-AdCre-injection), the animals were sedated, and
tumors were imaged by ultrasound to accurately measure and to guide
needle placement to ensure that the therapy was administered directly
into the tumor. Each animal was treated with a 1mL volume of 62.5 μg/
mL of RXR or RXR in the form of Nano-RXR or 1 mL of saline directly
into tumors. These measurements and treatments were repeated on
days 3 and 10. On day 13, the animals were euthanized, and full gross
necropsies were performed. Tissues were collected in 10% neutral
buffer formalin for histopathology.

Safety of RXR, Nano-RXR, and Nanoparticles in Pigs. Side
effects generated by various nanoparticle mediated drug delivery
treatments are always one of themajor concerns inmoving forward with
a therapy and are best investigated in large animal models prior to
clinical trials. We performed an initial safety profile study using primary
histopathology to assess toxic changes using primary histopathology
from the drug (RXR-8) or nanoparticle loaded drug treatments. The
initial safety profile study was conducted to assess toxic side effects in
various organs using histopathology and serum chemistry. Four 4
month old male pigs weighing approximately 68 kg/each were treated
with saline, nanoparticles, RXR andNano-RXR (4mL; 0.5 mg of RXR/
kg). Serum samples were collected at 1 h and 24 h postinjection.
Animals were euthanized 30 days postinjection. Pentobarbital was
administered at a dose of 100 mg/kg IV into the jugular vein of pig to
sacrifice the animals. For each animal, a full range of organ samples was
collected and fixed in neutral buffered 10% formalin for examination by
light microscopy.

Quantitative Real-Time PCR. Total RNA was isolated from
porcine liver tissue and tumor using RNeasy Mini Kit (Qiagen)
according to manufacturer’s protocol. RNA pellets were dissolved in
nuclease-free water and stored at −80 °C until analysis. Quality of the
RNA was determined by using a Nano Drop spectrophotometer and
analyzed by an Agilent 2100 Bioanalyzer using an RNA Nano
bioanalyzer chip to determine RNA integrity as well as the presence
of absence of gDNA by the Carver High-Throughput DNA Sequencing
and Genotyping Unit (HTS lab, University of Illinois, Urbana, IL,
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USA). Only RNA samples with an RNA integrity number (RIN)
greater than 7 were used for the study. The concentration of the RNA
was determined byQubit RNAHSAssay Kit (Thermo Fisher Scientific,
Life Technologies) as per manufacturer’s protocol.
Reverse transcription of RNA was performed from 1 μg of total RNA

in the presence of RNase inhibitor, random hexamer primers (50 ng/
μL), deoxynucleotides (dNTPs, 10 mM), SuperScript III reverse
transcriptase (200 U/μL), and reverse transcriptase buffer in a 20 μL
final reaction volume using SuperScript III First-Strand Synthesis
System for RT-PCR kit (Invitrogen, Life Technologies, IN, USA).
Relative quantification of the genes was performed using Power

SYBR green PCR Master Mix (2×) (Applied Biosystems) in Taqman
ABI 7900 Real-Time PCR system (Applied Biosystems). The
housekeeping genes GAPDH and β-actin were used as endogenous
controls to normalize for RNA loading or differences in reverse
transcription efficiency. The specificity of all primer pairs was checked
by melting curves of the amplified products. In order to calculate the
primer efficiency, each gene was first amplified in five scalar dilutions
(1:10 v/v) of a control cDNA. Ct values of each dilution were plotted
against the arbitrary number of copies, and the slope of the resulting
linear graph was utilized to calculate the efficiency. Amplification
reaction efficiency of each sample was checked to be similar to or higher
than 1.6. The relative expression levels were calculated with respect to
the normalized expression of the controls by delta delta Ct (ΔΔCt)
method.
Statistical Analysis. Statistical significance of differences between

control and test samples was evaluated using one-way or two-way
ANOVA using GraphPad Prizm 5.0 with Bonferroni post-test analysis
as applicable. Results were considered statistically significant when the p
value was less than 0.05 and represented as *, **, and *** for p values of
<0.05, 0.01, and 0.001, respectively.
Histopathological Analyses on Oncopig Tissues after Nano-

RXR Treatments. Microscopic diagnoses revealed that most lesions
within these piglets are background lesions. Mild chronic interstitial
nephritis was only present in pigs that received RXR agonist and Nano-
RXR. Ovarian zona granulosa apoptosis in RXR andNano-RXR treated
pigs is likely an incidental background lesion. A free RXR drug treated
animal had a focal myocardial degeneration, which could be secondary
to intracardiac euthanasia. Cardiotoxicity associated with RXR agents is
not known. Complement activation and secondary myocardial
degeneration have been reported in pigs that received various forms
of nanoparticles. A similar lesion was not present in pigs that received
nanoparticles in this study, which indicates safety of the nanoparticles in
a large animal model.
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