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ABSTRACT

Although the roles of PPARα and PPARγ have been widely explored and agreed upon,
the role of PPARβ/δ in carcinogenesis has been widely contested. atRA has been postulated to
act on RARα or PPARβ/δ in a context-specific manner to cause differentiation and cell survival,
respectively, depending on the ratio of FABP-II/CRABP5 protein. However, recent research has
directly contested these results, and suggested atRA is not a ligand for PPARβ/δ, and that ligand
activation of PPARβ/δ causes an arrest in cell growth. The purpose of this paper was to explore
the effects of all-trans retinoic acid (atRA), GW0742, and DG172 on the nuclear receptors
PPARβ/δ and RARα in atRA-sensitive neuroblastoma (NGP) cells. Western blot was used to
confirm the presence of RARα, RXRα, and PPARβ/δ proteins in NGP cells. mRNA analysis
using qPCR suggested that atRA acts through RARα, but not PPARβ/δ. Cell growth and cell
count were measured through a cell proliferation assay. This showed that ligand activation of
PPARβ/δ through GW0742-treated NGP cells significantly inhibited cell growth. Cell
morphology was closely monitored over a period of 72 hours and suggested that atRA caused
differentiation of NGP cells. This data suggests that atRA only acts through RARα to cause cell
differentiation. In addition, it shows that ligand activation of PPARβ/δ inhibits cell survival.
Taken together, these results refute the hypothesis that atRA acts in a context-specific manner to
activate PPARβ/δ and induce cell survival.
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Introduction
Neuroblastoma, caused by the arrested differentiation of neural crest sympatho-adrenal
progenitor cells, is one of the deadliest childhood cancers, as it results in 12% of all childhood
cancer-related deaths1,2. Even when combining multiple therapy options, such as chemotherapy,
stem cell support, surgery, radiation therapy, and immunotherapy, patient mortality rates are
extremely high3. Patients with metastatic neuroblastoma have a 5-year survival rate of less than
40-50%, and late relapse and lingering effects of treatment can decrease this rate even further4.
Current treatments may result in hearing loss, renal toxicity, ovarian failure, hypothyroidism,
growth failure, and second malignancies, which can significantly decrease quality of life as these
children grow older4. Researchers seek to understand the mechanism behind neuroblastoma
tumor growth, and thus find new treatment methods to improve patient prognosis.
Peroxisome proliferator-activated receptors (PPARs) are ligand activated transcription
factors that have been the focus of crucial drug research into metabolism, carcinogenesis, and
diabetes5. Retinoic acid receptor (RAR) and PPARs, collectively called nuclear hormone
receptors (NRs), recruit RXR after ligand activation to form a heterodimer complex6,7. and
binding to enhancer regions of target genes5. When the new PPAR and RXR heterodimer
complex forms, it displaces nuclear repressors, undergoes a conformational change, and binds to
short DNA sequences called peroxisome proliferator response elements (PPREs), which consist
of a series of direct repeat (DR)-1 elements. DR1 elements are structurally specific to their
nuclear receptors. After this complex forms, transcriptional coactivators or corepressors are
recruited6. In the case of PPARs, corepressors such as nuclear receptor co-repressor (NCoR) and
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the silencing mediator for retinoid and thyroid hormone receptor (SMRT) interact with the
nuclear receptors and suppress transcription8. Coactivators such as steroid receptor co-activator
(SRC)-1 and the PPAR binding protein (PBP) help the nuclear receptors initiate transcription8.
As over 20 nuclear receptrs, including vitamin D3 receptor (VDR), thyroid hormone receptor
(TR), the nerve growth factor induced-B (NGFI-B) receptor, RAR, and PPAR all require RXR to
form a heterodimer complex, the activation of a single nuclear receptor can interfere with the
activation of another6,7.
The three classes of PPARs, PPARα, PPARβ/δ, and PPARγ are structurally similar, but
have only 65% similarity in their ligand-binding domains (LBDs)9. This variation allows for
ligand specificity within each PPAR isoform9. The PPARβ/δ LBD includes a bundle of thirteen
α-helices and one four-stranded β-sheet. Its large size, as compared to other nuclear receptor may
allow for binding of a broad subset of ligands9. The LBD is divided into three sections: arm I,
arm II, and the stalk9. Arm I and arm II make up the branches of the Y-shaped cavity, while the
stalk is the entrance to the ligand-binding cavity9. The activation-function (AF)-2 domain of the
LBD forms the coactivator binding pocket, where corepressors bind to inhibit ligand activation
of PPAR9. Five hydrophilic and three hydrophobic amino acids guard the ligand-binding cavity,
but do not create a well-defined structure until after a ligand binds9. The hydrophilic groups help
stabilize the structure after ligand binding, allowing PPARβ/δ to take on an active confirmation9.
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Figure 1: The ligand-binding domain structure of activated PPARβ/δ while bound to a fatty acid
ligand9.

There are three types of characterized PPARs, including PPARα, PPARγ, and
PPARβ/δ10. PPARα, which is mostly expressed in tissues that obtain energy from fatty acid
oxidation, helps maintain lipid homeostasis10. PPARα target genes regulate lipid transport and
catabolism, along with glucose and amino acid metabolism10. Potential ligands for PPARα may
include endogenous fatty acids and fatty acid derivatives10. Although ligand activation of PPARα
has been shown to cause liver cancer in rats, PPARα is a promising receptor in diabetes research,
as it can improve insulin resistance through changes in gene expression10.
PPARγ promotes lipid storage and adipocyte terminal differentiation10. Four different
mRNAs, including PPARG1, PPARG2, PPARG3, and PPARG4 mediate the physiological
effects of PPARγ, which is crucial for placental and heart development and adipogenesis and fat
storage10. PPARγ is activated by polyunsaturated fatty acids, fatty acid derivatives, and nitrated
fatty acids10. PPARγ primarily targets white adipose tissue to increase the expression of
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adipokines and therefore increase insulin sensitivity, making PPARγ a potential target of diabetic
therapies10.
The function of PPARβ/δ is less defined than that of the other two known PPARs11.
PPARβ/δ primarily regulates glucose and lipid homeostasis, as its expression is highest in
intestine, colon, and skin epithelial cell nuclei10. Activation of PPARβ/δ through high-affinity
ligands, such as GW0742, increases serum high-density lipoprotein levels, decrease serum
triglycerides, prevent obesity, increase insulin sensitivity, and improve metabolic syndrome10-23,.
Some evidence suggests that PPARβ/δ activation may promote terminal differentiation in
keratinocytes, intestinal epithelial cells, oligodendrocytes, and osteoblasts10. Terminal
differentiation causes cells to stop growing, and therefore has strong implications in cancer
research11.
PPARβ/δ regulates cellular function through at least three mechanisms, including nuclear
receptor-mediated transcription of responsive target genes, controlling expression patterns of
target genes through altering chromatin structure, and interfering with other proteins through
trans-repression13. The classic model, in which the nuclear receptor helps increase or decrease
transcription of target genes, occurs when PPARβ/δ binds to a ligand, undergoes a
conformational change, releases co-repressors and recruits co-activators to induce expression of
target genes13. This is the most common and most highly studied mechanism of PPARβ/δ
transcriptional regulation. In addition, PPARs could potentially change expressions of target
genes by selectively altering chromatin structure through differences in enzymatic activities13.
This would allow access to the coding sequences of target genes, thus inducing transcription13.
This type of regulation has yet to be examined in-depth in any PPARs, although it has strong
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implications in the regulation of various biological functions . Lastly, trans-repression occurs
when PPARβ/δ interacts with subunits or co-factors for other proteins or transcription factors,
thus interfering with the function of such pathways13.
Evidence of PPARβ/δ-mediated differentiation can be found throughout different cell
types, and its effects have been examined in terms of colon, breast, and lung carcinogenesis. In
both the small and large intestine, PPARβ/δ is required for differentiation of intestinal Paneth
cells, which are the primary cells that make up the small intestine epithelium14. Ligand activation
of PPARβ/δ increases the number of fully differentiated Paneth cells, while PPARβ/δ-null
specimen have severely reduced numbers of Paneth cells14. When treated with a PPARβ/δ
ligand, expression of genes linked to terminal differentiation of colon epithelial cells increased
significantly15. Various studies hypothesized that upregulation of PPARβ/δ had a role in colon
carcinogenesis, but recent evidence shows that expression of PPARβ/δ in colon cancer cells is
decreased or unchanged as compared to controls12.
The suggested roles that PPARβ/δ plays in carcinogenesis has been controversial for the
past decade10-23. Two contrasting hypotheses surrounding PPARβ/δ and carcinogenesis have
varying level of evidence to support them. Some research suggests that PPARβ/δ inhibits
apoptosis and increases cell proliferation, contributing to tumor growth, and is overexpressed in
tumors10. On the contrary, recent research indicates that PPARβ/δ induces terminal
differentiation of cancer cells and inhibits pro-inflammatory signaling, helping fight tumor
growth10.
All-trans retinoic acid (atRA) has been used to treat patients with acute promyelocytic
leukemia (APL) and renal cell carcinoma, among other cancers20,21. In APL, atRA has been
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shown to resume the differentiation of APL cells that have arrested prematurely or not properly
differentiated20. The combination of atRA with various chemotherapeutic agents, such as arsenic
trioxide or traditional chemotherapy, has shown extremely promising in the treatment of
aggressive cancers in vivo20. In addition, atRA has been shown to cause differentiation of
immature myeloid suppressor cells (ImC) into myeloid dendritic cells in patients with renal cell
carcinoma21. Abnormal accumulation of ImC is a major cause of tumor escape, and can be
effectively eliminated by high enough dosages of atRA21. In patients with renal cell carcinoma,
treatment with atRA significantly reduced the number of ImC, improved myeloid/lymphoid
dendritic cell ratio, and improved the ability of patients’ to stimulate T cells21.
Different retinoids such as 13-cis-retinoic acid (13-cis-RA) and atRA have demonstrated
promising anti-carcinogenic effects in neuroblastoma cells in vitro22-25. Treatment of human
neuroblastoma cells with atRA has shown to stop growth of cells both during treatment and more
than 60 days after treatment was removed22. Additionally, alternating on-and-off treatment with
13-cis-RA could cause the prolonged arrest of neuroblastoma proliferation in vitro22. In other
studies, atRA has been shown to induce differentiation in neuroblastoma cell lines, as
characterized by the extension of neurites as least twice the length of the cell body23. atRA was
also shown to regulate homeodomain transcription factors, PHOX2B and PHOX2A, to induce
cell differentiation in neuroblastoma24. In 2015, Gao et al. showed that atRA treatment of
neuroblastoma not only caused cell differentiation, but also significantly upregulated TrkA
mRNA expression, which is associated with improved patient prognosis25.
Despite the evidence shown above, the role of atRA and PPARβ/δ in tumorigenesis has
been strongly debated over the past several years. Beginning in 2003, several papers were
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published which suggested that treatment with atRA caused context-specific PPARβ/δ activation,
in which the treatment could promote cell survival or inhibit apoptosis (Figure 2)26-29.
Traditionally, atRA is shuttled from the cytosol to RARs in the nucleus by cellular retinoic acidbinding protein II (CRABP-II)30. Fatty acid binding protein-5 (FABP5) and CRABP-II bind to
lipophilic compounds, allowing such compounds to be delivered to a target area31. It was
postulated that when cells with a high CRABP-II:FABP5 ratio were treated with RA, this RA
acted as traditionally expected through RAR and apoptosis resulted27. However, when cells had a
high FABP5:CRABP-II ratio, RA acted through PPARβ/δ, causing cell survival and
tumorigenesis to occur27. Evidence suggests that FABP5 may associate with PPARs to mediate
the transcriptional activities of common ligands31. Additionally, CRABP-II may stimulate the
transcriptional activity of RAR, while FABP5 may enhance the transcriptional activity of
PPARs31.
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Figure 2: atRA activates either PPAR or RAR depending on the relative cellular concentration of
FABP5 and CRABP-II.
After entering a cell, Vitamin A is metabolized to Retinoic acid, which is hypothesized to lead to
either cell survival and tumor growth or apoptosis and anticancer activity28.

Evidence for the proposed theory postulates that RA typically activates RAR and
promotes differentiation and promotes apoptosis, but under precise physiological circumstances,
activates PPARβ/δ and inhibits apoptosis28. This theory states that RA is a high affinity ligand
for PPARβ/δ, as demonstrated with fluorescence titrations, but not for PPARα or PPARγ28.
Protease sensitivity assays further supported the idea of RA as a PPARβ/δ ligand, as the addition
of a PPARβ/δ ligand has been shown to decrease the sensitivity of PPARβ/δ to chymotrypsin
digestion28. RA decreased the sensitivity of PPARβ/δ to chymotrypsin as well4.

9

In 2007, Schug et al. suggested that both GW0742, a PPARβ/δ agonist, and RA activated
PPARβ/δ by showing an increase in the expression of PPRE-driven reporter for both ligands26. A
2008 study showed that RA activated PPARβ/δ in RA-resistant breast cancer, MMTV-neu27. In
such cells, it was hypothesized that RA resistance was due to the deregulation of binding proteins
CRABP-II and FABP5, which allowed RA to activate PPARβ/δ instead of RAR27. Cells in this
study had an extremely high FABP5/CRABP-II ratio27. When this ratio was decreased, RA was
supposedly diverted from PPARβ/δ to RAR, and tumor growth decreased as well27.
The claims that RA causes context-specific activation of various receptors have been
contested by further research since 2007. In 2008, Rieck et al. found evidence to dispute the
claim that atRA was a ligand for PPARβ/δ32. atRA did not induce transcriptional activity of
PPARβ/δ, as a traditional agonist would32. atRA did not affect the expression of typical PPARβ/δ
target genes, ADRP or ANGPTL432. However, it did increase expression of the RAR target gene
Cytochrome P450-26A1 (CYP26A1), as would have been if atRA were simply an RAR ligand,
and not a PPARβ/δ ligand32. In a ligand binding assay, atRA did not compete with known highaffinity PPARβ/δ agonists GW501516 and L165,041 or with low-affinity natural ligands,
disputing claims that atRA is a ligand for PPARβ/δ32.
Additionally, various studies found that activation of PPARβ/δ did not cause tumor
growth, but the opposite33,34. Overexpression of PPARβ/δ caused a decrease in cell proliferation
in breast cancer cell lines MDA-MB-231 and MCF733. Ligand activation of PPARβ/δ was also
found to decrease tumor volume and to inhibit tumorigenicity in breast cancer cell lines in
general33. In human testicular cancer cell lines, stable expression of PPARβ/δ resulted in

10

decreased cell proliferation, decreased tumor growth, increased necrosis, and increased cellular
differentiation34.
Yet another study, published by Borland et al. in 2011, directly contested the results
published in 2007 by Schug et al35. HaCaT keratinocyte cell lines that overexpressed PPARβ/δ
were treated with atRA, which increased expression of a known RAR target gene (CYP26A1) but
did not affect a known PPARβ/δ target gene (ANGPTL4)35. Even when FABP5 was
overexpressed over CRABP-II, PPARβ/δ target genes were not upregulated35. The combination
of these studies directly disputes the idea of a context-specific cellular reaction to atRA and that
ligand activation of PPARβ/δ causes cell survival or tumorigenesis32-35.
After years of contradicting research, the role of atRA and PPARβ/δ in neuroblastoma
cells remains unclear. The purpose of this study is to examine the role, if any, that atRA plays in
PPARβ/δ activation in a context-dependent setting, specifically regarding the CRABP-II/FABP5
ratio within neuroblastoma cells. In addition, activation and repression of PPARβ/δ was studied
to determine the role of PPARβ/δ in carcinogenesis and tumorigenesis. In this study,
neuroblastoma (NGP) cells were treated with atRA, a known PPARβ/δ agonist (GW0742), and a
known selective repressor for PPARβ/δ (DG172). The synthetic selective repressor for PPARβ/δ,
DG172, acts to repress PPARβ/δ target genes and recruit transcriptional corepressors, while
GW0742 activates PPARβ/δ target genes36. Protein expression, target gene expression, cell
proliferation, and cell morphology were examined to evaluate the results of said treatments.
As more recent evidence supports the idea that atRA activates RARα, and not PPARβ/δ,
to cause cell differentiation in vitro, it is hypothesized that atRA treatment of NGP will cause an
increase of expression of RARα target genes, have no effect on PPARβ/δ target genes, and
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decrease the measured cell index as compared to the control. In addition, it is hypothesized that
ligand activation of NGP through GW0742, a known agonist of PPARβ/δ, will cause an increase
in expression of PPARβ/δ target genes and a decrease in cell index. Treatment with the selective
repressor, DG172, will inhibit PPARβ/δ target gene expression.

12

Materials and Methods
Cell Culture
NPG cells, a human neuroblastoma cell line derived from an abdominal mass, were a gift
from Dr. Ugra Singh. They were grown in Dulbecco’s Minimal Essential Medium (DMEM),
supplemented with 10% Fetal Bovine Serum (FBS), 100 IU/mL penicillin, and 100 μL/mL
streptomycin. Cells were propagated at 37°C, 5% CO2, and 95% O2.

Treatment
Various treatments were applied to cells at times of 0, 6, 12, 24, 36, or 48 hours in order
to measure cell proliferation, cell morphology, changes in mRNA expression, and protein
concentrations using a cell proliferation assay, microscopy, quantitative real-time polymerase
chain reaction (qPCR), and western blotting, respectively. All-trans retinoic acid (atRA) was
applied at a concentration of 10 μM for 6-12 hour intervals between 0-48 hours. Cells were
treated with 1 μM GW0742, a PPARβ/δ agonist, or 1 μM DG172, a selective repressor for
PPARβ/δ, for times of 0, 24, and 48 hours to use as a method of comparison for atRA-treated
cells.

Protein Isolation
Protein was isolated from cells for western blot analysis. Cells in a 6-well plate were
washed with 1mL PBS. 0.5 mL PBS was added to each well, and cells were scraped and
transferred to individual Eppendorf tubes. Cells were centrifuged at room temperature, 12,000
rpm, for 30 seconds. The pellets were resuspended in 40 μL homogenation buffer (1mL radio-
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immunoprecipitation assay (RIPA) buffer and 150 μL protease inhibitor cocktail). Samples were
stored at -80°C.

Western Blot Analyses
NGP cells were cultured in 6-well plates. Cells were maintained for 24 hours in DMEM,
supplemented with 10% Fetal Bovine Serum (FBS), 100 IU/mL penicillin, and 100 μL/mL
streptomycin. At this time, cells were treated with 10 μM atRA, 1 μM DG172, or 1 μM
GW0742. After 0, 12, 24, 36, or 48 hours of treatment, protein samples were collected using the
methods detailed above. A total of 30 μg of protein per sample was resolved using SDSpolyacrylamide gels at 120V for 90 minutes. The samples were transferred onto polyvinylidene
fluoride (PVDF) membrane using an electrophoresis blotting method, then washed for 10
minutes with 1x TBST.
The PVDF membrane was then blocked using 5 mL blocking buffer (0.25 g BSA in 5 mL
TBST) for 45 minutes. The membrane was incubated with primary antibodies at 4°C overnight,
then washed three times with 1x TBST for ten minutes each. The solution was discarded, and 1.5
μL of a biotinylated secondary antibody was added to 12 mL 1x TBST and incubated at room
temperature for 60-120 minutes. The PVDF membrane was then washed three times with 1x
TBST at room temperature for 10 minutes each. The membrane was incubated with a solution of
2 μL 125I-streptavidin in 10 mL 1x TBST buffer for 30 minutes, then washed twice with 1x
TBST for 10 minutes each. The membrane was exposed on a phosphoscreen and scanned by a
phosphoimager. All hybridization for specific proteins were compared to the signal for ACTIN
The following primary antibodies were used: rabbit anti-human RXR𝛂, rabbit anti-human
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RAR𝛂, goat anti-human PPARβ/δ, rabbit anti-human CRABP-II, rabbit anti-human FABP5,
rabbit anti-human ACTIN, and rabbit anti-human CYP26A1. Mouse anti-rabbit or mouse antigoat secondary antibodies were used.

RNA Isolation
RNA was isolated from NGP cells for cDNA synthesis and qPCR. NGP cells were
cultured in 6-well plates. Cell pellets stored in eppendorf tubes at -80°C were thawed on ice, then
500 μL Ribozol reagent was added and allowed to sit on ice for 20 minutes. 300 μL chloroform
was added, mixed well, and allowed to sit on ice for 5 minutes. Samples were centrifuged at
13,000 rpm and 4°C for 30 minutes. The upper part of the solution was then added to a new 1.5
ml eppendorf tube, mixed with 300 μL cold isopropanol, and allowed to sit at -20°C overnight.
The mixture was then centrifuged at 13,000 rpm and 4°C for 30 minutes. The pellets were
washed with 500 μL 75% EtOH in DEPC-H2O and centrifuged at 13,000 rpm and 4°C for 5
minutes. The samples were allowed to air dry on ice for 15 minutes. 40 μL DEPC-H2O was used
to dissolve pellets. OD260/280 was measured with Nanodrop to determine needed
concentrations for further experimentation. Samples were stored at -80°C.

cDNA Synthesis and qPCR
cDNA was synthesized using a PCR machine and various mRNA samples. 1 μL dNTP
mix, 1 μL Random primers, 0.25 μL M-MLV Reverse Transcriptase, 5 μL 5x buffer, and 17.75
μL RNA (3 μg Total RNA in H2O) were mixed for each sample. The RT-REAL program (25°C
for 10 min, 37°C for 120 min, then 10°C till the end) was run on a PCR machine.
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Real-time quantitative reverse-transcription polymerase chain reaction (qPCR) was
carried out to analyze relative RNA concentrations in cell treatment groups. The qPCR reaction
mixture was made by mixing 2 μL cDNA, 10 μL SyBr Green, 1 μL Forward Primers (10 μM), 1
μL Reverse Primers (10 μM), 6 μL ddH2O. The qPCR reaction program (45 repeated cycles of
95°C for 30s, 60°C for 30s, and 72°C for 30s followed by 60°C for 10s and 30°C till the end)
was run to observe relative levels of glyceraldehyde 3-phosphate dehydrogenase (GAPDH),
cytochrome P450-26A1 (CYP26A1), and Angiopoeitin-like 4 (ANGPTL4). ANGPTL4 and
CYP26A1 values were normalized to GAPDH values and were analyzed for significance.

Cell Proliferation Assay
Cell proliferation Assay was carried out using xCELLigence RTCA DP system. NGP
cells were grown in a 100mm dish. Cells were trypsonized and counted by a cell counter. 100 μL
DMEM was added to each well of the E-Plate. Plates were loaded onto the DP analyzer and the
background step was run to ensure proper connection between the analyzer and control unit.
2000 cells/100 μL were added into each well. E-plates were allowed to sit for 30 minutes to
allow cells to attach to the bottom of each well. E-Plates were loaded onto DP analyzer.
Treatments of 10 μM atRA, 1 μM DG172, and 1 μM GW0742 were added to wells in replicates
of 4 after 25 hours. The instrument monitored cells for 72 hours.
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Data Analysis
Prism 6.0 (GraphPad Software Inc., La Jolla CA) was used to perform tests of
significance on all data. One-way analysis of variance (ANOVA) was used determine statistical
significance of results where p ≤ 0.05.
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Results: atRA

Western blotting was carried out to examine the expression of RARα, RXRα and
PPARβ/δ in NGP neuroblastoma cells (Figure 3). 30 μg of protein was isolated from NGP cells
and resolved in a 10% polyacrylamide gel, then transferred to a PVDF membrane. The
membrane was incubated with rabbit anti-human RXRα, rabbit anti-human RARα, or goat antihuman PPARβ/δ antibodies overnight, incubated with a biotinylated mouse anti-rabbit or mouse
anti-goat secondary antibodies for 1-2 hours, and labeled with 125I-streptavaidin. All signals were
normalized to ACTIN. RARα is a known target of atRA, while PPARβ/δ is a known target of
both GW0742 and DG172. RXRα is the required heterodimer for both receptors. (Figure 3). All
proteins were present in significant quantities, indicating that NGP cells should be sensitive to
atRA (Figure 3).

Figure 3: Expression of RARα, RXRα, and PPARβ/δ in NGP neuroblastoma cell line.
Protein was isolated from atRA-sensitive NGP cells to quantify using western blot analysis.
Expression of RARα, RXRα, and PPARβ/δ was examined. All protein levels were quantified using OptiQuant software and normalized to ACTIN. Values are presented as the mean  SEM. P ≤ 0.05.
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NGP cells were observed for 72 hours following treatment with 10 μM atRA to show
differentiation occurring as a result of such treatment (Figure 4). 2.5×105 NGP cells were plated
per well and treated after 24 hours with 10 μM atRA. NGP cells were observed under a light
microscope every 12 hours for 72 hours post-treatment.
NGP cells showed morphological alterations due to treatment with atRA as compared to
the control group (Figure 4). The elongation of cell processes to more than two times the cell
body diameter, or neurite extension, would indicate that differentiation has occurred.Some atRAtreated cells appeared to have differentiated as early as 36 hours into treatment (Figure 4).

Figure 4: Characterization of human NGP cell lines after treatment with atRA between 12 to 72
hours.
Cells were examined by light microscopy every 12 hours to observe potential changes in
morphology due to treatment and compared to the control. Cells show signs of differentiation as early as
36 hours after treatment.

qPCR was run to analyze expression of CYP26A1 and ANGPTL4 mRNA in atRA-treated
NGP cells (Figure 5A, 5B). cDNA was created through reverse transcription of 3μg mRNA,
then expression levels were measured using qPCR for CYP26A1, an RAR target gene, and
ANGPTL4, a PPARβ/δ target gene. atRA significantly increased CYP26A1 mRNA expression
400-fold at 24 hours (Figure 5B). Because CYP26A1 is a direct target of RARα, this indicates
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that RARα activity was also increased. atRA treatment did not significantly increase ANGPTL4
mRNA expression at any time point (Figure 5A). As ANGPTL4 is a direct target of PPARs, this
suggests that atRA did not act as a ligand for PPARβ/δ, directly contrasting the theory that atRA
is a ligand for PPARβ/δ.

Figure 5: atRA induces CYP26A1 mRNA and has no effect on ANGPTL4 mRNA at 24hr treatment.
qPCR analysis of ANGPTL4 and CYP26A1 mRNA from NGP cells normalized to GAPDH mRNA.
Values are presented as the mean  SEM. ANGPTL4 mRNA expression did not significantly increase over
24 hours, while CYP26A1 mRNA expression significantly increased at 24 hours. Significant differences
between control and test groups were measured using ANOVA, as indicated with an asterisk; P ≤ 0.05.

Western blotting was carried out to examine the expression of CYP26A1 protein after
treatment with 10 μM atRA (Figure 6). 30 μg of protein was resolved in a 10% polyacrylamide
gel and transferred to a PVDF membrane. The membrane was incubated with rabbit anti-human
CYP26A1 antibodies overnight, incubated with a biotinylated mouse anti-rabbit secondary
antibodies for 1-2 hours, and labeled with 125I-streptavaidin. atRA had no significant effect on
CYP26A1 protein expression after 48 hours of treatment (Figure 6).
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Figure 6: The effect of atRA on expression of CYP26A1 between 0 to 48 hours.
atRA-sensitive NGP cells were treated with 10 μM atRA and protein was analyzed using western
blot. Expression of CYP26A1 was examined. Protein levels were quantified using Opti-Quant software
and normalized to ACTIN. Values are presented as the mean  SEM. Significant differences between
control and test groups were measured using ANOVA, as indicated with an asterisk; P ≤ 0.05.

Using the xCELLigence system cell proliferation counter, NGP cell proliferation was
quantified over a period of 72 hours (Figure 7). 2000 cells were plated per well and treated after
24 hours with 10 μM atRA in replicates of 4. Treatment over 72 hours atRA significantly
increased NGP cell proliferation as compared to the control group (Figure 7).

Figure 7: atRA increases cell proliferation of atRA-sensitive NGP cells over 72 hours.
Cell proliferation was examined in real time in NGP cells with or without 10 μM atRA. Values
are presented as the mean  SEM. Significant differences between control and test groups were measured
using ANOVA; P ≤ 0.05.
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Results: PPAR Agonist GW0742

PPARβ/δ was present in significant quantities in NGP cells as indicated by a western
blot, showing that NGP cells should be sensitive to GW0742 (Figure 3). Western blotting was
then used to examine the relative expression of CRABP-II and FABP5 in NGP cells (Figure 8).
30 μg of protein was resolved in a 15% polyacrylamide gel and transferred to a PVDF
membrane. The membrane was incubated with either rabbit anti-human CRABP-II or rabbit antihuman FABP5 antibodies overnight, incubated with a biotinylated mouse anti-rabbit secondary
antibodies for 1-2 hours, and labeled with 125I-streptavaidin. FABP5 is a potential shuttling
protein that may shuttle atRA to PPARβ/δ, while CRABP-II is known to shuttle atRA to RARα
(Figure 8).

Figure 8: Expression of FABP5 and CRABP-II in NGP neuroblastoma cell line.
Protein was isolated from NGP cells examined using quantifiable western blot. All protein levels
were quantified using Opti-Quant software and normalized to ACTIN. Values are presented as the mean
 SEM.

NGP cells were observed every 12 hours to discover changes in morphology due to
GW0742 treatment (Figure 9). 2.5×105 cells were plated per well and treated after 24 hours with
1 μM GW0742. NGP cells were observed under a microscope every 12 hours for 72 hours post-
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treatment. NGP cells showed few observable morphological alterations due to treatment with
GW0742 as compared to the control group (Figure 9).

Figure 9: Characterization of human NGP cell lines after treatment with 1 μM GW0742 between 12
to 72 hours.
Photographs were taken with a light microscope every 12 hours to observe potential changes in
morphology due to treatment and compared to the control.

qPCR was run to analyze expression of ANGPTL4 mRNA in GW0742-treated NGP cells
(Figure 10). cDNA was created through reverse transcription of 3μg mRNA. Expression levels
were measured for ANGPTL4, a PPARβ/δ target gene, and all values were normalized to the
internal control GAPDH. Although a large increase in mRNA was seen for some sample groups,
high variability in the various 48 hour samples resulted in a loss of significance of such data.
When outliers were removed, GW0742 significantly increased mRNA expression of ANGPTL4
at 48 hours (Figure 10).
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Figure 10: GW0742 has no significant effect on ANGPTL4 mRNA after 48hr of treatment.
qPCR analysis of ANGPTL4 mRNA from NGP cells normalized to GAPDH mRNA. Values are
presented as the mean  SEM. Significant differences between control and test groups were measured
using ANOVA, as indicated with an asterisk; P ≤ 0.05.

Using the xCELLigence system cell proliferation counter, NGP cell proliferation was
quantified over a period of 72 hours (Figure 11). 2000 cells were plated per well and treated after
24 hours with 1 μM GW0742 in replicates of 4. Treatment over 72 hours with PPARβ/δ agonist
GW0742 significantly decreased NGP cell proliferation as compared to the control (Figure 11).

Figure 11: GW0742 significantly decreases cell proliferation of NGP cells over 72 hours.
Cell proliferation was examined in real time in NGP cells with or without 10 μM GW0742.
Values are presented as the mean  SEM. Significant differences between control and test groups were
measured using ANOVA; P ≤ 0.05.
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Results: PPAR Selective Repressor DG172

PPARβ/δ protein was present in significant quantities in NGP cells as indicated by a
western blot, showing that NGP cells should be sensitive to DG172 (Figure 3). NGP cells were
observed every 12 hours to discover changes in morphology due to DG172 treatment (Figure
12). 2.5×105 cells were plated per well and treated after 24 hours with 1 μM DG172. NGP cells
were observed under a microscope every 12 hours for 72 hours post-treatment. NGP cells
showed some morphological alterations due to treatment with DG172 as compared to the control
group (Figure 12). DG172-treated cells appeared rounder as compared to the control group
(Figure 12).

Figure 12: Characterization of human NGP cell lines after treatment with 1 μM DG172 between 12
and 72 hours.
Photographs were taken every 12 hours to observe potential changes in morphology due to
treatment and compared to the control.

qPCR was run to analyze expression of ANGPTL4 mRNA in DG172-treated NGP cells
(Figure 13). cDNA was created through reverse transcription of 3μg mRNA. Expression levels
were measured for ANGPTL4, a PPARβ/δ target gene and all values were normalized to the
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internal control GAPDH. DG172 had no significant effects on ANGPTL4 expression in NGP
cells as compared to control group (Figure 13).

Figure 13: DG172 has no effect on ANGPTL4 mRNA at 48hr treatment.
qPCR analysis of ANGPTL4 mRNA from NGP cells normalized to GAPDH mRNA. Values are
presented as the mean  SEM. Significant differences between control and test groups were measured
using ANOVA, as indicated with an asterisk; P ≤ 0.05.

Using the xCELLigence system cell proliferation counter, cell proliferation was
quantified over a period of 72 hours (Figure 14). 2000 cells were plated per well and treated after
24 hours with 1 μM DG172 in replicates of 4. Although there appeared to be a slight decrease in
cell index, DG172 had no significantly effect on NGP cell proliferation as compared to the
control group (Figure 14).
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Figure 14: DG172 has no significant effect on cell proliferation of NGP cells over 72 hours.
Cell proliferation was examined in real time in NGP cells with or without 1 μM DG172. Values
are presented as the mean  SEM. Significant differences between control and test groups were measured
using ANOVA. P ≤ 0.05.
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Discussion

Traditionally, atRA had been thought to act through RARα to cause the differentiation of
cells in vitro. Research published in the mid-2000’s brought forward the hypothesis that instead
of always acting through RARα, atRA may act through RARα or PPARβ/δ in a context-specific
manner13-15. It was postulated that atRA would act through RARα and cause cell differentiation
or apoptosis when cells had a high CRABP-II/FABP5 ratio13. However, if cells had a high
FABP5/CRABP-II ratio, atRA would act through PPARβ/δ and cause cell survival and
tumorigenesis13. FABP5 is a shuttling protein that brings atRA to PPARβ/δ, while CRABP-II
shuttles atRA to RARα15. Recent research has suggested that atRA is not a ligand for PPARβ/δ,
regardless of the FABP5/CRABP-II ratio21-23. Additionally, the true role of PPARβ/δ in
carcinogenesis has yet to be elucidated. This study sought to elucidate the true roles of atRA and
PPARβ/δ in neuroblastoma cells (NGP), which are susceptible to atRA. Protein expression,
mRNA expression, cell proliferation, and cell morphology of NGP cells were examined after
treatment with atRA, a PPARβ/δ agonist (GW0742), and a selective repressor for PPARβ/δ
(DG172). This thesis hypothesized that atRA treatment would only act through RARα to cause
cell differentiation, and that PPARβ/δ inhibits cell growth to cause a decrease in cell
differentiation
First, it was established the NGP cells had the potential to respond to atRA through
western blot. RARα and RXRα, the receptor for atRA and its heterodimer respectively, were able
to be isolated and quantified using western blot. This indicated that NGP cells would be atRAsensitive and therefore respond to atRA treatment. Over 72 hours of treatment of NGP cells with
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atRA, cell morphology indicated that cell differentiation was occurring. Neurite extensions,
beginning in some cells at 36 hours and as shown in most cells by 72 hours, were at least twice
the length of the cell body23. This is a key marker in differentiation and implies that atRA was
causing cell differentiation, not cell growth23. For future experiments, it would be useful to
characterize the relative concentrations of various differentiation markers within NGP over time.
Components such as ZNF423 are crucial for neuroblastoma differentiation and growth
inhibition37. Characterizing such markers could make it easier to definitively quantify the
differentiation in NGP cells due to atRA treatment.
Various downstream targets of both PPARβ/δ and RARα were examined through qPCR
in order to determine which pathway was triggered in NGP cells through treatment with atRA.
Both ANGPTL4 and CYP26A1 mRNA expression provided valuable insight into the effects of
such treatment. CYP26A1 mRNA was significantly increased more than 400-fold from the
control samples after 24 hours of treatment with atRA. CYP26A1 is a downstream RAR target
gene involved in the catabolism of retinoic acid. Therefore, increased expression of CYP26A1
indicates that atRA activated the RARα pathway, not the PPARβ/δ pathway. To further support
this conclusion, ANGPTL4 mRNA expression was examined as well. ANGPTL4 is a target gene
of PPARβ/δ signaling and showed no significant induction of mRNA in NGP at any point after
atRA treatment. Interestingly, western blot results for CYP26A1 protein did not show a
significant induction after 48 hours of treatment with atRA. It is possible that the primary
antibody used in this case did not have a high enough affinity for the CYP26A1 protein, as
protein expression appeared weak at all time points. In the future, higher concentrations of
protein and antibody should be used to ensure clear bands are able to be analyzed.
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Cell proliferation data showed a slight, but significant increase in cell index for atRA
treated cells as compared to the control groups. This is curious, as it directly contrasts other data
collected showing that atRA caused cell differentiation and a slowing of growth. This could
potentially be due to the fact that working with the xCELLigence system requires working with
extremely small concentrations of cells and treatment. Future research should conduct the same
test with various concentrations of atRA (1 μM, 5 μM, 10 μM, etc.) in order to determine if the
same effect applies, and to what degree is concentration-dependent.
Contrasting evidence suggests that PPARβ/δ either inhibits or contributes to tumor
growth. Recent in vitro research with testicular, breast, lung, and melanoma cell lines have
provided significant research toward the hypothesis that PPARβ/δ inhibits carcinogenesis, but
such results are yet to be confirmed. Protein expression of CRABP-II and FABP5, mRNA
expression of ANGPTL4, cell proliferation, and cell morphology of NGP cells were examined
after treatment with a PPARβ/δ agonist (GW0742), and a selective repressor for PPARβ/δ
(DG172).
Given the hypothesized mechanism above, the FABP5:CRABP-II ratio was examined in
NGP cells. First, it was established the NGP cells had a significant amount of PPARβ/δ protein.
This provides evidence that NGP cells should be sensitive to both GW0742 and DG172
treatment. Next, FABP5 and CRABP-II proteins were quantified using western blot to establish
that the proteins were present in NGP cells and to what relative ratio. FABP5, which could
potentially shuttle atRA to PPARβ/δ, and CRABP-II, which shuttles atRA to RARα, were able to
be isolated and quantified using western blot. This gave the basis to continue with further
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experimentation. The relative ratio of FABP5:CRABP-II was 0.07 ± 0.02 (mean ± SEM),
indicating that there was more CRABP-II present in NGP cells than FABP5.
There are strong limitations to using western blot to quantify relative concentrations of
different proteins within cells. Every antibody has a different affinity for its corresponding
protein. If anti-human CRABP-II antibodies had a higher affinity for CRABP-II than anti-human
FABP5 antibodies had for FABP5, it would appear that more CRABP-II protein was present in
cells than FABP5. Future research should compare the binding affinity of PPARβ/δ ligands for
CRABP-II and FABP5 to accurately quantify and compare relative concentrations of such
proteins within cells. A more accurate method of quantifying relative protein concentrations
would be to use isotope-coded affinity tags (ICAT). Until this is quantified, no reliable
conclusions can be drawn as to the effect of different FABP5:CRABP-II ratios within a cell.
Over 72 hours of treatment of NGP cells with GW0742, cell morphology indicated that
cell differentiation was not occurring. GW0742-treated NGP cells appeared slightly rounder than
the control group at 36 hours. However, no significant differences were observed between
control and GW0742-treated cells at 72 hours.
A downstream target gene of PPARβ/δ was examined through qPCR in order to show the
induction of such a pathway by GW0742. ANGPTL4 mRNA expression was not significantly
induced at 36 hours of treatment. However, this may be due to extremely high variability in
qPCR results. When outliers were removed, GW0742-treated cells show a significant increase in
ANGPTL4 mRNA as compared to the control. As ANGPTL4 is a prominent downstream target
of PPARβ/δ signaling, this confirms that the PPARβ/δ pathway was triggered by GW0742
treatment.
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Cell proliferation data showed a significant decrease in cell index for GW0742-treated
cells as compared to the control groups. This directly contrasts result set forth that has suggested
that PPARβ/δ could act as a pro-carcinogenic receptor, as discussed in various papers26-29. Not
only did GW0742, a PPARβ/δ agonist, not increase cell proliferation, but it significantly
decreased it.
Over 72 hours of treatment of NGP cells with DG172, cell morphology indicated that cell
differentiation was not occurring. DG172-treated NGP cells appeared very similar in appearance
to the control group throughout the 72 hour observation period.
ANGPTL4, a downstream target gene of PPARβ/δ, was examined through qPCR
analysis in order to show the effects of DG172 on NGP cells. ANGPTL4 mRNA expression was
not significantly induced between 0-36 hours of treatment with DG172. In addition, cell
proliferation data showed no significant change in cell index for DG172-treated cells as
compared to the control. These results were expected, as DG172 is a selective repressor of
PPARβ/δ, and would therefore not induce transcription of target genes of PPARβ/δ. Future
research should consider using concentrations of DG172 higher than 1 μM to see if a significant
depressing effect on ANGPTL4 mRNA can be seen.
Contrasting results regarding PPARβ/δ signaling show the difficulty of quantifying the
true function of atRA and PPARβ/δ in vitro. It should be noted that various shortcomings in
previous studies cast doubt on the validity of results that suggest PPARβ/δ activation causes cell
survival and tumorigenesis10. For example, one of the postulated pathways in which PPARβ/δ
activation causes cell survival suggests that PPARβ/δ increases expression of PDPK1 and
therefore promotes cell survival27. One issue with this theory is that, as demonstrated in this
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study as well, atRA does not increase expression of PPARβ/δ target genes (ANGPTL4 and
ADRP), even in cells with high FABP5:CRABP-II ratios38. atRA does not compete with highaffinity, or even low-affinity PPARβ/δ ligants in a ligand-binding assay, casting doubt on the
idea that atRA could compete for PPARβ/δ intracellularly32. Contrary to some reported results,
and demonstrated in Figure 10 of the current study, ligand activation of PPARβ/δ causes
enhanced apoptosis, not cell survival38. This was shown in human HaCaT keratinocytes, which
were the cells at the center of the original analysis that led to the theory that PPARβ/δ caused cell
survival26-29, 38.
Lastly, the central idea of this theory is that PPARβ/δ increases expression of PDPK1,
which therefore causes cell survival27. However, PDPK1 is not a known target gene of PPARβ/δ.
Even in cases where increases of PDPK1 were seen, these results were very unlikely to be due to
increased PPARβ/δ signaling and it is implausible that this change in PDPK1 protein expression
would induce cell survival on its own27.
Further research is needed to come to a definitive conclusion regarding the role, if any, of
atRA in PPARβ/δ signaling. atRA treatment of breast cancer, neuroblastoma, skin cancer, and
other cancer cells in vitro should be done to find a consensus regarding atRA as an anti-apoptotic
or apoptotic agent. In addition, atRA treatment of cells both sensitive and resistant to atRA
should be done, as previously published work suggested that atRA causes tumorigenesis through
PPARβ/δ especially in cases when cells are not typically susceptible at atRA29. Treatment with
atRA, GW0742, and DG172 should be done in varying concentrations to see if a dose-dependent
effect of treatment can be seen.

33

Based on the data presented in this paper, there is no evidence to suggest that atRA is a
ligand for PPARβ/δ in neuroblastoma cells. atRA induces expression of the RARα target gene
CYP26A1 at 24 hours of treatment, but does not have any significant effect on the PPARβ/δ
target gene ANGPTL4. In addition, NGP cells treated with atRA appeared to undergo
differentiation within 72 hours of treatment. Lastly, there is no evidence to support the idea that
ligand activation of PPARβ/δ inhibits apoptosis or promotes cell survival. Cell proliferation
significantly decreased after treatment with the PPARβ/δ agonist, GW0742. Taken together,
these results refute the hypothesis that atRA acts in a context-specific manner to activate
PPARβ/δ and induce cell survival.
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