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Abstract
Nuclear receptor RAR-related orphan receptor gamma (RORY) and its isoform RORyt are
major transcriptional regulators in control of mammalian metabolism, circadian rhythm, and
immune responses. Recent studies have highlighted their significant roles in tumor
development and progression in different cancer types, including cancers of prostate, breast,
pancrease and lung. Despite being initially recognized as an orphan receptor, recent studies
have unveiled many small-molecule modulators targeting RORY/RORyt. In my dissertation
studies, | investigated the cell growth-inhibitory effects of several synthetic compounds,
including VTP-23, TAK828F, XY018, and GSK805 and found that they display distinct and
sometimes contrasting activities in a tissue or cell-specific manner. Specifically, VTP-23 and
TAKB828F effectively inhibit the inflammatory gene program in Th17 cells but exhibit limited
potency in inhibiting triple-negative breast cancer (TNBC) tumor cell growth. Conversely,
antagonists such as XY018 and GSK805 effectively suppress tumor cell growth but modestly
affect the cytokine expression in Th17 cells. My further investigations uncovered distinct
chromatin accessibility alteration elicited by the RORy modulators as a key determinant in their
tissue selectivity. Similar tissue-specific activities were also observed in natural compounds
targeting RORYy, such as ursolic acid (UA) and digoxin. I found that UA inhibits RORy-
dependent transactivation function, leading to the down-regulation of AR signaling in prostate
cancer cells and cholesterol biosynthesis gene programs in TNBC cells. In contrast, digoxin
does not affect RORy-controlled gene programs in TNBC cells and instead up-regulates AR
signaling in prostate cancer cells. These novel findings not only illustrate, for the first time, the
tissue-dependent, context-specific activities of the RORy-targeting compounds but also suggest
that the mechanisms of RORy-function in regulation of specific gene programs are tissue/cell-
context dependent. Also, they will likely be valuable information for future development of

RORy-targeting compounds with context-specific activities that are tailored to the disease
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treatment, including unique compounds that act as agonists in certain tissue or cells (e.g. some
immune cells) and at the same time as potent antagonists in other tissue or cells (e.g. cancer
cells). Such dual strategy may hold great promise for effectively treatment of different cancer

types where RORY plays a crucial role in the disease progression.
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Chapter 1
Introduction

1.1 Nuclear receptors as potential therapeutic targets
Nuclear receptors (NRs) comprise a superfamily of structurally conserved, ligand-regulated
transcription factors, serving as receptors for steroid hormones and derivatives of lipids and
fatty acids [1,2]. NRs share a common structure including a central DNA-binding domain
(DBD) and a carboxy-terminal ligand-binding domain (LBD). Ligand binding induces a
conformational change in the receptor, which results in its association with other co-regulatory
proteins and regulation of gene expression. Notably, NR function is diverse and context-
specific. For instance, glucocorticoid binding to glucocorticoid receptor (GR) can induce the
death of thymocytes and osteoblasts or promote cell survival in liver and heart [3]. Aberrant
function of NR signaling leads to proliferative, reproductive and metabolic diseases such as
cancer, infertility, obesity and diabetes. Thus, the NR superfamily is one of the primary classes
of therapeutic drug targets for human diseases [4,5]. For example, dexamethasone and many
other potent agonists of GR are used in treatment of autoimmune and inflammatory diseases.
Tamoxifen, a selective estrogen receptor modulator (SERM) acting as an antagonist in
mammary tumor cells but as a partial agonist in the uterus, has been widely used for treatment
of estrogen receptor (ER)-positive breast cancer [6].

1.2 RORy and RORyt as members of the nuclear receptor super family
Similar to NRs mentioned above, recent studies have uncovered important roles played by
retinoic acid receptor-related orphan receptors (RORs) in control of immunity, circadian
rhythm, metabolism and certain type of cancer [7,8,9]. The RORs subfamily has three
members—RORa, 3 and y which are encoded respectively by RORA, RORB and RORC genes
and display distinct expression patterns. RORa and RORYy are widely expressed in a variety of

tissues, including kidney, lung, liver, skeletal muscle, thymus, prostate and adipose tissue.
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RORSp has a restricted pattern of expression in certain regions of the central nervous system
(CNS), retina and pineal gland [10,11]. Due to its critical connection to many auto-immune
and inflammatory diseases, including multiple sclerosis and rheumatoid arthritis [12,13],
RORY is one of the most studied members in RORs. RORY has two isoforms, RORy1/RORYy
and RORy2/RORyt, which are translated from mRNAs that are transcribed from alternative
promoters and have the two isoforms differ in their N-terminus. RORYy is widely expressed in
liver, adipose, skeletal muscle, and kidney, while RORyt is exclusively highly expressed in
thymus and other immune cells [8]. Although RORy was initially characterized as an orphan
receptor, recent studies strongly suggest that certain intermediates of cholesterol biosynthesis
and specific metabolites of cholesterol and bile acids are its endogenous ligands [7,8]. Similar
to GR [3], RORy also displays tissue-specific functions. RORy displays an oscillatory
expression in liver and pancreatic B cells [9,14,15] and regulates circadian rhythm gene
expression [9,16,17]. RORy also plays a key role in gluconeogenesis, insulin sensitivity as well
as lipid metabolism [18,19], whereas RORyt is critical in T helper 17 cells (Thl7)
differentiation, innate lymphoid cell (such as ILC3) development and functions of yd T cells
[20,21,22]. Studies from us and others demonstrated that RORy in tumor cells can promote
tumor growth and metastasis in castration-resistant prostate cancer, triple-negative breast
cancer (TNBC) and pancreatic adenocarcinoma [23,24,25,26,27,28]. Thus, targeting RORYy is
a promising strategy for effective treatment of autoimmune diseases and specific types of
cancer.
1.3 Functions of RORy and RORyt in metabolism, immunity and cancer

Functions of RORy in metabolism and immunity

RORy is involved in the control of several metabolic pathways, including gluconeogenesis,
lipid metabolism and sterol metabolism [18,19,29,30]. RORy knockout mice showed decreased
hepatic gluconeogenesis, leading to improved insulin sensitivity and glucose tolerance. ChlP-
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seq analysis of mouse liver tissue demonstrated that RORy directly binds to the regulatory
regions of glucose metabolism genes, including G6PC, SLC2A2, GCK, GCKR, KLF15,
PPARD, PKLR and GYS2. Loss of RORY reduced the expression of these genes in a zeitgeber
time (ZT)-dependent manner [18]. Exogenous over-expression of RORy in skeletal muscle
cells increased expressions of several genes involved in lipid metabolism, such as SLC2A5,
ADIPOR2, IL-15 and MSTN [19]. In addition, RORYy directly controls lipid metabolic gene
INSIG2A and ELOVL3. RORy knockout mice exhibited a reduced expression level of
INSIG2A, ELOVL3 and CYP8B1, resulting in decreased cholesterol and bile acids levels in
both liver and serum [29,30]. Decreased INSIG2 expression can then further activate
lipogenesis through activation of SREBP1 [30].

The role of RORyt in the regulation of Th17 cell differentiation is well-studied [20]. RORyt
expression can be upregulated by IL-6 and TGF-f [8,20,31]. Although not necessary for Th17
differentiation, IL-23 maintains the differentiated state by stimulating RORyt expression via
inducing expression of Runx1 [32]. Induced RORyt can then bind to ROR response elements
(RORES) on various Th17 differentiation-associated gene loci, including IL-17A, IL-17F and
IL-23R, activating their transcription [8]. The differentiation of regulatory T cell (Treg) or
Th17 lineages also relies on the relative abundance of FOXP3 and RORyt [33,34,35]. Other
than Th17 cells, RORyt also plays an important role in innate lymphoid cells. It is selectively
expressed in ILC3 cells. RORyt can be regulated by Runx3 and in turn directly regulate aryl
hydrocarbon receptor (AHR) gene, which is required for the development and function of ILC3
cells [36]. Moreover, RORyt-deficient mice fail to develop secondary lymphoid organs [37].
In addition, y3 T cells also express IL-17 in a RORyt-dependent manner and is involved in

several autoimmune diseases [38,39].



Functions of RORYy in cancer

Research on the role of RORy in cancer did not begin until recent years. Through a meta-
analysis of NR gene expression profile in prostate cancer data sets followed by IHC analysis,
a study in 2016 found that the expression level of RORYy is higher in metastatic tumors when
compared with benign prostate tissue or primary prostate tumors, while RORa and RORJ
appeared to have lower expression in the metastatic tumors [23]. RORy gene knockdown and
treatment with its antagonists caused castration resistant prostate cancer (CRPC) cell apoptosis
and inhibited the cell proliferation and survival. RNA-seq analysis showed that AR signaling
pathway is controlled by RORY, and that AR-signaling gene expression was downregulated by
RORy antagonists. Further investigation using ChlIP-seq revealed that RORy inhibition
diminished AR chromatin binding and altered genome-wide H3K27ac histone modification.
Additional ChIP assays confirmed that RORYy directly binds to an RORE in the first exon region
of AR gene and regulates the expression of full-length AR as well as its variant forms including
AR-V7. Together these results demonstrated that RORy plays a crucial role in control of bother
AR gene overexpression and AR tumorigenic signaling in prostate cancer. Interestingly, the
role of RORYy in AR expression was not observed in non-malignant, human prostate epithelial
cells. Moreover, RORY antagonists alone or combined with AR inhibitor enzalutamide
significantly inhibited CRPC tumor growth and metastasis in the xenograft tumor models [23].
In addition to control of AR signaling in prostate cancer, a recent study [40] demonstrated that
RORy controls the expression of MDR1/ABCBL1, which is one of the major mediators of
chemotherapy drug taxane resistance in CRPC cells. It was also shown that RORy antagonists
re-sensitized taxane-resistant CRPC cells and tumors to taxanes in an AR-independent manner.
Interestingly, RORy was found to be highly elevated in doxorubicin-resistant CRPC cells to
promote resistance to the chemotherapy drug [41]. Another recent study showed that RORy
can regulate genes of epithelial-mesenchymal transition (EMT) in CRPC cells [42]. PBK, one
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of the EMT-related signature genes was identified as a downstream target of RORy. RORy
positively regulates the expression of PBK which in turn stabilizes RORy and AR proteins.
Together with previous findings that RORy activates AR gene, these recent results support a
model where RORy, PBK and AR form interlocked feedforward loops in enforcing the
hyperactive signaling by AR and RORy in CRPC [42]. Moreover, pharmacological inhibition
of both RORy and PBK synergistically inhibited the expression and function of AR and AR-
V7, leading to a strong inhibition of the growth of CRPC cells and tumors [42].

Pancreatic cancer is one of the deadly cancer types due to a lack of effective therapies. RORy
was recently identified as an important player in pancreatic cancer [27]. Based on a genome-
wide CRISPR screening, RORy was reported as necessary for pancreatic cancer stem cell
growth and survival. RNA-seq also showed it has a higher expression in cancer stem cells than
non-stem cells. Its expression level increased dramatically in mouse tumor epithelial cells
relative to normal pancreatic cells. Knockdown of RORYy led to increase in cell death, decrease
in cell proliferation and depletion of stem cells. RNA-seq analysis suggested that RORy may
control gene programs of stem cell and tumorigenesis. Pharmacological inhibition of RORy
alone or combined with chemo-drug in tumor-bearing, immunocompetent mice significantly
reduced tumor growth, depleted stem cell burden and improved survival. Similar effect was
observed in immuno-compromised mice, indicating the anti-tumor activity of RORYy inhibitor
is tumor cell-specific and Th17- and other immune cells-independent. Moreover, RORy mRNA
expression was found to positively correlate with aggressiveness of pancreatic ductal
adenocarcinoma (PDAC) [27].

TNBC is an aggressive cancer subtype, largely due to its lack of effective therapeutic targets
such as estrogen receptor a (ERa), progesterone receptor (PR) and epidermal growth factor
receptor 2 (HER2). In arecent study, RORYy was demonstrated as an attractive therapeutic target
and a master regulator of tumor cholesterol biosynthesis in TNBC [28]. First, meta-analysis of
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breast cancer tumor datasets revealed that the expression of RORy gene is significantly
associated with the poor survival of TNBC patients but not with ER+ breast cancer patients.
CRISPR knockout, siRNA and pharmacological inhibition of RORy caused strong inhibition
of TNBC cell growth and survival, but not on ER+ breast cancer cells and non-tumorigenic
epithelial cells, further suggesting that RORy functions selectively in a subtype of breast cancer.
RNA-seq data analysis indicated that genetic and pharmacological inhibition of RORy
suppressed the mRNA and protein expression of the majority cholesterol biosynthesis genes in
the TNBC cells but not in ER+ cells. In the TNBC cells, ChlP-seq analysis demonstrated that
RORy and the master regulator of cholesterol biosynthesis SREBP2 adjacently bind to
promoter region of most of the cholesterol biosynthesis genes. Further studies demonstrated
that RORYy interacts with SREBP2 and that the interaction between the two proteins can be
diminished by the RORy antagonist. Additional ChIP-seq analysis also demonstrated that
RORy mediates SREBP2 chromatin recruitment and activation. Treatment of tumors with
RORYy inhibitors alone or in combination with cholesterol lowering drug statin led to strong
tumor regression and blocking of metastasis in multiple models including patient-derived
xenograft (PDX) models and an immunocompetent mouse model [28].
In summary, recent research has revealed a multi-facet role of RORYy in cancer, which include
the control of tumor cholesterol biosynthesis, its regulation of key cancer drivers such as AR,
major tumorigenic pathways such as the AR signaling pathway, cancer stem cell program,
EMT, and therapeutic resistance.

1.4 Endogenous and synthetic ligands of RORy
Endogenous ligands of RORy
RORYy and its related subfamily members, RORa and ROR, were identified initially as orphan
nuclear receptors without any known physiologically relevant ligands [10]. The strong
transcriptional activation activity displayed by RORYy in reporter gene assays with mammalian
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cells in the absence of an exogenous ligand supported the notion that RORy may act as a
constitutive activator independent of any ligand binding-invoked regulation. In line with this
notion, X ray crystallography studies showed that, without ligand binding, the LBD of RORy
adopts a transcriptionally active conformation with its C-terminal helix 12 positioned for
recruiting coactivator peptides [43]. However, further structural studies revealed that the major
helices of LBDs (e.g. H3, H5, H6, H7, H11 and H12) of RORs form specific pocket structures
with a relatively large size that would allow high affinity interactions with small molecules
with different structures. Indeed, in year 2015, RORy as well as RORa was found to bind to
specific cholesterol metabolites such as cholesterol sulfate and hydroxysterols [44]. Using in
vitro binding assay and reporter gene assays performed in mammalian and insect cells, in
combination with knockdown of specific cholesterol biosynthesis genes, several studies
identified additional cholesterol biosynthesis intermediates (CBIs) as likely endogenous
ligands of RORY, which include zymosterol, zymosterone, 7-DHC and desmosterol whereas
cholesterol, lanosterol and T-MAS displayed only weak agonist activity [44,45]. Among the
oxysterols, 7P, 27-dihydroxycholesterol or 7f, 27-OHC, 7keto, 27-OHC, 27-OHC and 7a, 27-
OHC (listed in the order of efficacy) appeared to possess strong activity in further activating
RORYy [46]. Although several sulfated sterols such as 25-OHC sulfate, desmosterol sulfate and
5a, 6a-epoxycholestanol sulfate showed high affinity binding to RORy LBD, only desmosterol
sulfate appeared to show strong biological activities in stimulation of RORy functions [45]. For
the biological significance of the endogenous ligands identified, the studies so far have all
focused on their role in modulation of the RORyt function in Th17 cell differentiation and/or
the production of IL-17A. In each case, the agonistic ligands significantly enhanced the
differentiation of Th17 cells. In agreement, genetic depletion of genes (e.g. MSMO1, TM7SF2,
SC5D) encoding enzymes responsible for producing the different ligands strongly impaired
Th17 cell development [44,45,46]. On the oxysterols, in addition to CYP27A1, a key enzyme
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that produces 27-OHCs, 11B-hydroxysteroid dehydrogenase (11B-HSD) has also been shown
to regulate RORYy by controlling its access to 73, 27-OHC [46,47].

In addition to the oxysterols mentioned above, certain oxysterols in the bile acid biosynthesis
pathways have also been strongly suggested as endogenous ligands of RORYy in year 2010. 7-
OHCs such as 7a, 7, or 7keto-OHC can bind to RORa and RORy with high affinities and
interestingly suppress the transactivation by RORYy [48]. 7a-OHC is the product of CYP7AL,
the first and rate-limiting enzyme of bile acid biosynthesis in cholesterol metabolism. Moreover,
in a screen of primary and secondary bile acids that can modulate Th17 cell differentiation, a
recent study published in year 2019 showed that 3-OxoLCA can directly bind RORy and inhibit
its transcriptional activity whereas other bile acids such as 3-OxoCA and 3-OxoDCA possess
much weaker activities than 3-OxoLCA [49]. Feeding a strain of mice that contain a relatively
high population of Th17 cells in their small intestine with chow containing 0.3% 3-OxoLCA
for a week was sufficient to decrease the Th17 cell population.

Currently, the role of CBls, oxysterols or bile acids in control of RORy function in other normal
tissue or in cancer is largely unknown. Given that the expression and function of RORYy is likely
elevated in metastatic tumors [23,28], it is conceivable that certain CBIs and oxysterols might
play an important role in regulation of RORy in tumor growth and metastasis in specific
subtypes of cancer.

Ligands of RORyt identified in early years

As members of the orphan NR subfamily, the demonstration of potential functions of RORy in
the control of metabolism and immunity stirred strong interest in searching for synthetic ligands
in hope of developing effective agents for treatment of inflammatory diseases and metabolic
disorders. The synthetic ligands identified early on are compound T0901317 and its SR-series
of derivatives[50]. The nonsteroidal benzenesulfonamide T0901317 was initially identified in
year 2000 as a potent agonist of LXRs with strong activities in induction of fatty acid
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biosynthesis gene program in cell culture and mice [51]. T0901317 was later shown to be
somewhat promiscuous in targeting other nuclear receptors including RORa and RORy. It
binds to the RORs with good affinity and significantly inhibits their activation of G6Pase,
CYP7BL1 and IL-17A in reporter assays [52]. The findings that RORyt plays crucial roles in
promoting CD4+ T cell differentiation to Th17 and in Thl7-associated autoimmune diseases
(such as psoriasis, Crohn’s disease and rheumatoid arthritis) prompted the search for its
synthetic ligands with therapeutic values. Through optimization of T0901317, more selective
compounds were identified [11]. In year 2011, SR1001 was identified as a first-in-a-class of
synthetic inverse agonist/antagonist with better selectivity to RORa and RORy and potent
activities in inhibition of Th17 cell differentiation and Th17-mediated multiple sclerosis in
animal models [53]. SR1001 binds to the LBD and induces a conformational change with helix
12 re-positioning, which is linked to a switch of RORy co-factor association from coactivator
to corepressor. Through modification of the scaffold of SR1001, a study conducted in 2012
identified SR2211 as a RORy-selective antagonist with an EC50 of 0.3 uM and more than 100-
fold selectivity over RORa and LXRa in reporter gene assays [54]. SR2211 also displays potent
activities in suppression of IL-17A gene expression and reduction of inflammation in animal
models [54,55]. Differential hydrogen/deuterium exchange (HDX) mass spectrometry analysis
demonstrated that SR2211 likely makes multiple direct contacts with the LBD of RORy.
Through structure-based optimization, many other derivatives of T0901317 with improved
RORy-inhibitory biochemical and cellular activities were also identified [56].

Other than synthetic compounds, some natural products isolated from plants or microorganisms
were also identified with anti-RORYy activity in early research. Based on results from reporter
gene assays, ursolic acid (UA), a pentacyclic triterpenoid presented in plants, fruits and herbs,
was characterized as modulators of NRs family, specifically as agonist of PPARa [57], and
antagonist of LXRa [58] and RORyt [59]. UA strongly reduces IL-17 expression in naive
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CD4+ T cells and blocks the differentiation of T helper 17 (Th17) cells. In another compound
screening of over 4800 candidates using a Drosophila cell-based reporter assay system, one
study conducted in 2011 identified digoxin as a potent, RORy-selective antagonist with EC50
of close to 2 uM [60]. Digoxin can be isolated from foxglove plant. It is used in the treatment
of atrial fibrillation and heart failure via inhibition of the cellular Na+/K+ ATPase.
Interestingly, digoxin, not structurally related digoxigenin, can suppress IL-17A gene induction
and Th17 cell differentiation. It displays a strong anti-inflammatory effect in a mouse model
of Th17-mediated autoimmune disease, thus providing a prove-of-principle evidence that
RORyt-targeting, small molecule therapeutics can be developed for many forms of
inflammatory diseases [60].

Inverse agonists/antagonists of RORyt identified for autoimmune diseases in recent years
The excellent potency and different structural features of the few synthetic ligands identified
by the early studies strongly suggest that RORy is highly amenable to modulation by
structurally distinct ligands. In the years following the pioneer work, several pharmaceutical
industry and academic laboratories reported their discoveries of a large number of RORyt
inverse agonists with diverse chemical structures [61,62]. The high throughput screening of a
compound library was carried out either in a cell-based luciferase reporter system or in an in
vitro binding assay. The reporter system was used to identify compounds that strongly suppress
the transcriptional activation activity of RORy LBD. In addition to IL-17 gene promoter-driven
reporter, to facilitate the screening, the reporter could also be driven by fusion proteins of RORy
LBD and GAL4 DBD assembled at multimerized GAL4 binding sites in culture of Jurkat or
other cell lines [63]. The in vitro, TR-FRET based binding screen identified compounds that
could disrupt the association of recombinant RORy LBD protein with a co-activator peptide
[64,65,66]. Following the screening, hit compounds were subject to the in vitro binding assay
and/or cell-based reporter assay to identify compounds with excellent profiles in binding
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affinity and activation inhibition and with strong selectivity to RORy when assayed against the
other NR members. Their activity in suppression of IL-17A gene expression was also measured
with CD4+ T cells. Experiments of structure-activity relationship (SAR) were usually
performed to obtain candidate compounds with optimized profiles of solubility, PK and PD
before they were tested in animal models of autoimmune disorders.

Structural analyses revealed that most of those ligands bind to the previously defined pocket
of RORy LBD (and thus are considered as orthosteric). Representative compounds that have
entered or completed clinical trials include AUR-101 [67], RTA-1701 [68], BI-730357 [62,69]
BMS-986251 [70], GSK-2981278 [71,72], GSK-805 [73], VTP-43742 [61], AZD-0284 [61],
TAK-828F [74], JTE-451[75]. Most of those compounds have been at phase | or phase Il
clinical trials for potential use in treating autoimmune diseases. Other RORyt inhibitors such
as JTE-151, ARN-6039, PF-06763809 and ABBV-157 have also been reported at clinical
development for autoimmune diseases such as psoriasis [76]. Except for JTE-451, BI-730357,
RTA-1701 and AUR-101, trials of the other compounds have ended after phase | or 11 for the
autoimmune disorders largely due to their lack of expected efficacies.

In a binding-based screen followed by hit optimization for compounds that disrupt the
interaction of RORy and SRC1 coactivator, MRL-871 with indazole chemotype was identified
and later found to bind to an alternative site of RORy LBD [77]. The co-crystal structures
revealed that MRL-871 binds to an allosteric pocket that is predominantly hydrophobic and
formed by helices H3, H4, H11 and H12 where MRL-871 binding reorients H12 in a
conformation that precludes the LBD binding by the coactivator peptide. Other biochemical
and cellular assays demonstrated that MRL-871 possesses high potency and selectivity to
RORy and RORyt-dependent Th17 production of IL-17. Further SAR studies of MRL-871 led
to the identification of N-(Indazol-3-yl)piperidine-4-carboxylic acid as a new lead allosteric
inhibitor with attractive profiles of PK, metabolic stability, anti-Th17 differentiation potency
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and potentially clean off-targeting [78]. In an in silico pharmacophore screen, a recent study
identified FM26 with isoxazole chemotype as another allosteric inhibitor of RORy [79].
Interestingly, in a competitive TR-FRET coactivator peptide recruitment assay, increasing
amount of cholesterol (as an allosteric ligand) reduced the IC50 value of FM26 and thus
enhanced FM26 binding to the LBD. Such a cooperative binding mode was also observed
between cholesterol precursors such as desmosterol and its metabolites 20a-hydroxycholesterol
and 25-hydroxycholesterol, and the other allosteric ligand MRL-871 and FM26 [80]. The
discovery of a RORY allosteric site significantly expands the strategy in searching for ligands
with distinct profiles because amino acid sequences constituting the allosteric pocket are less
conserved in the different RORs. Also, the existence of two pockets in one LBD would allow
discovery of dual targeting drugs. In a recent prove-of-principle study, Bit-L-15 was identified
as a bitopic ligand of RORy with cholesterol and MRL-871 linked by a polyethylene glycol
(PEG) linker. Bit-L-15 displayed improved potency in disrupting coactivator recruitment and
improved NR selectivity over its orthosteric and allosteric parental compounds [81].
Inhibitors/antagonists of RORy with strong anti-cancer activities

In contrast to the large number of compounds identified for inhibition of RORyt function in
Th17 cell differentiation and autoimmune diseases, very few chemical structures have been
reported that target RORYy in cancer cells and tumors. The finding that RORy plays a crucial
role in prostate cancer [23] prompted identification of RORy inhibitors with high potency in
cancer cells. One initial attempt was combining the structural features of SR2211 and one of
the GSK compounds which displayed excellent activities in suppressing RORyt function in
Th17 cells [55,73]. By combining the hexafluoropropan-2-ol group of SR2211 and the amide
group of GSK805 and by structure-based optimization, the study identified XY018/compound
23 and compound 31 with amide linker to possess a potent inverse agonist with a strong activity
in decreasing AR full-length and variant protein expression and AR signaling in the prostate

12



cancer cells [23,42,82]. Those compounds, like SR2211, displayed excellent potency in
inhibition of the growth of prostate and breast cancer xenograft tumors [23,28,42,82].
Additional SAR analysis with the luciferase reporter and thermal shift assay (TSA) identified
XY101 and XY 123 with ethyl sulfonyl connected to a benzyl group at the side of amide linker
as another potent inhibitor of RORy with good selectivity over the other NRs and excellent
activities in disruption of RORYy interaction with the coactivator peptide [83,84]. In a most
recent study, a natural pentacyclic triterpenoid—Betulinic acid and its structurally optimized
derivatives were shown to directly bind to RORy in crystal structure assay. The compound 22
exhibited strong binding affinity with RORy and potent anti-tumor efficacy in pancreatic
cancer xenograft model [85]. Intriguingly, recent studies also reported that some natural
products can target RORY in different cancer cells and tumors. Elaiphylin, an antibiotic isolated
from a marine species of Streptomyces, can directly bind to RORy LBD and exert strong
inhibition of its activation function including its target genes in prostate cancer cells. It also
displayed strong activities in inhibition of xenograft tumor growth [24]. Another natural marine
product N-hydroxyapiosporamide, also directly bound to RORy and inhibited its
transcriptional activity regulating neuroendocrine signaling in small cell lung cancer.
Therapeutically, N-hydroxyapiosporamide displayed a strong anti-tumor growth effect in
SCLC mice xenograft models without significant toxicity [86].

Overall, recent research highlights the diverse roles of RORy in various metabolic pathways,
immune system, and its significant impact on specific cancers, including prostate, breast,
pancreatic, and triple-negative breast cancer. Many synthetic compounds and natural products
exhibit potent inhibition of RORy function, demonstrating promising outcome in both pre-
clinical models and clinical trials for treating autoimmune diseases and certain cancer types.
Consequently, RORy emerges as a highly promising therapeutic target for both immune-related
diseases and cancer treatment.
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Chapter 2

RORYy is a context-specific master regulator of cholesterol biosynthesis and an
emerging therapeutic target in cancer and autoimmune diseases

2.1 Abstract

Aberrant cholesterol metabolism and homeostasis in the form of elevated cholesterol
biosynthesis and dysregulated efflux and metabolism is well recognized as a major feature of
metabolic reprogramming in solid tumors. Recent studies have emphasized on major drivers
and regulators such as Myc, mutant p53, SREBP2, LXRs and oncogenic signaling pathways
that play crucial roles in tumor cholesterol metabolic reprogramming. Therapeutics such as
statins targeting the mevalonate pathway were tried at the clinic without showing consistent
benefits to cancer patients. Nuclear receptors are prominent regulators of mammalian
metabolism. Their de-regulation often drives tumorigenesis. RORy and its immune cell-
specific isoform RORyt play important functions in control of mammalian metabolism,
circadian rhythm and immune responses. Although RORYy, together with its closely related
members RORa and ROR were identified initially as orphan receptors, recent studies strongly
support the conclusion that specific intermediates and metabolites of cholesterol pathways
serve as endogenous ligands of RORYy. More recent studies also reveal a critical role of RORy
in tumorigenesis through major oncogenic pathways including acting a new master-like
regulator of tumor cholesterol biosynthesis program. Importantly, an increasing number of
RORy orthosteric and allosteric ligands are being identified that display potent activities in
blocking tumor growth and autoimmune disorders in preclinical models. This review
summarizes the recent preclinical and clinical progress on RORy with emphasis on its role in
reprogramming tumor cholesterol metabolism and its regulation. It will also discuss RORy
functional mechanisms, context-specificity and its value as a therapeutic target for effective

cancer treatment.
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2.2 Abbreviation
ACAT2, acetyl-CoA acetyltransferase 2; HMG-CoA, 3-hydroxy-3-methylglutaryl-CoA;
HMGCS, hydroxymethyl glutaryl-CoA synthase; HMGCR, 3-hydroxy-3-methylglutaryl-CoA
reductase; MVK, mevalonate kinase; PMVK, phosphomevalonate kinase; FPP, farnesyl
pyrophosphate; LDL, low-density lipoprotein; LDLR, low-density lipoprotein receptor; ABC,
ATP-binding cassette; CEs, cholesterol esters; CYP7A1, cholesterol 7a-hydroxylase; SREBP2,
sterol regulatory element-binding protein 2; LXRs, liver X receptors; RXR, retinoid X receptor;
ER, endoplasmic reticulum; SCAP, SREBP-cleavage activating protein; INSIG, insulin-
induced gene; PI3K, phosphatidylinositol 3-kinase; ER+, estrogen receptor-positive; SOATL,
Sterol O-acyltransferase 1; GGPP, geranylgeranyl-diphosphate; OCDO, 6-0xo-cholestan-
3B,5a-diol; CRPC, castration-resistant prostate cancer; NR, Nuclear receptor; AR, androgen
receptor; RORs, retinoic acid receptor-related orphan receptors; DBD, DNA-binding domain;
LBD, ligand-binding domain; Th17, T helper 17 cell; ROREs, ROR response elements; EMT,
epithelial-mesenchymal transition; PDAC, pancreatic ductal adenocarcinoma; TNBC, triple-
negative breast cancer; PDX, patient-derived xenograft; CBI, cholesterol biosynthesis
intermediate; 7-DHC, 7-dehydrocholesterol; 73, 27-OHC, 73, 27-dihydroxycholesterol; 7keto,
27-OHC, 7-keto-27-hydroxycholesterol; 27-OHC, 27-hydroxycholesterol; 7a, 27-OHC, 7a,
27-dihydroxycholesterol; 7a, 25-OHC, 7a, 25-dihydroxycholesterol; 70-OHC, 7a-
hydroxycholesterol; 7B-OHC, 7B-hydroxycholesterol; 25-OHC, 25-hydroxycholesterol; 24S-
OHC, 24S-hydroxycholesterol; 4ACDS, 4a-carboxy, 4B-methyl-zymosterol; 3-OxoLCA, 3-
oxolithocholic acid; 3-oxoCA, 3-oxocholic acid; 3-OxoDCA, 3-oxodeoxycholic acid; VDR,
vitamin D receptor; TF, transcriptional factor; PTM, posttranslational modification; IKK,
kappa B kinase; AhR, aryl hydrocarbon receptor; PBK, PDZ binding kinase; SAR, structure-

activity relationship;
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2.3 Introduction
Proper control of cholesterol biosynthesis, metabolism and homeostasis is vital to growth,
survival and differentiation of mammalian cells [1]. Cholesterol is a crucial cellular membrane
component that controls membrane structural fluidity and forms lipid rafts, which confers
important cellular signaling [2]. It is also a precursor to steroid hormones that play important
roles in mammalian development and physiological processes such as reproduction and
metabolism, and in development and progression of hormone-responsive cancers [3,4].
Intermediate products of mevalonate/cholesterol biosynthesis pathway are also the sources of
isoprenoids that are vital to cellular signaling via protein prenylation [5,6].
2.4 Regulation of cholesterol biosynthesis and homeostasis in mammalian cells

In mammalian cells, cholesterol is synthesized through the mevalonate pathway. Initially, two
acetyl-CoA molecules condensate by acetyl-CoA acetyltransferase 2 (ACAT2) to form
acetoacetyl-CoA; then a third acetyl-CoA join to form 3-hydroxy-3-methylglutaryl-CoA
(HMG-CoA) by hydroxymethyl glutaryl-CoA synthase (HMGCS). HMG-CoA is then reduced
to mevalonate by HMG-CoA reductase (HMGCR), a rate-limiting step of
mevalonate/cholesterol biosynthesis pathway. Mevalonate then gets phosphorylated by
mevalonate kinase (MVK) and phosphomevalonate kinase (PMVK) to mevalonate
pyrophosphate. Through a series of decarboxylation and isomerization reactions, mevalonate
pyrophosphate gets converted to an important intermediate farnesyl pyrophosphate (FPP),
which is the precursor to isoprenoids. Two FPP molecules can further condensate to squalene,
which is committed to sterol formation. Squalene gets converted to epoxysqualene through
squalene epoxidase and then lanosterol, which has the four-ring structure. Finally, lanosterol
gets converted to cholesterol through additional steps that modifies the four-ring structure [1,7].
To mediate cellular cholesterol homeostasis, mammalian cells can also transport cholesterol in
both directions. When cellular cholesterol levels are low, cells can acquire cholesterol by
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importing cholesterol-rich low-density lipoprotein (LDL) from the serum via cell surface LDL
receptor (LDLR) [8]. On the contrary, when cellular cholesterol levels are higher than demand,
the cells express cholesterol transporters belonging to the ATP-binding cassette (ABC) family
transporters, including ABC subfamily A member 1 (ABCA1), ABCG1, ABCG5, and ABCGS.
Cholesterol can also be esterified to cholesterol esters (CEs) and stored in intracellular lipid
droplets, or catalyzed to bile acids by cholesterol 7a-hydroxylase (CYP7AL1) and secreted out
of the cell [9].

In mammalian cells, cholesterol homeostasis is under tight regulation by transcription factors
(TFs), such as sterol regulatory element-binding protein 2 (SREBP2), which plays a
predominant role in controlling cholesterol biosynthesis [6] and liver X receptors (LXRS),
which function as a master regulator of cholesterol efflux [10]. The wo isoforms of LXRs,
LXRa and LXRp (encoded by NR1H3 and NR1H2, respectively), are members of the nuclear
receptor (NR) superfamily of transcription factors. The two LXRs display high sequence
homology and respond to the same endogenous ligands, namely sterol metabolites. LXRa is
mainly expressed in the liver while LXRp is universally expressed. When cellular cholesterol
and its metabolites levels are high, LXRs are activated by their ligands and form heterodimer
complexes with retinoid X receptor (RXR). The LXR/RXR heterodimer binds to LXR-
responsive elements (LXRES) in their target genes, including cholesterol efflux transporters
ABCA1, ABCG1 and enzyme CYP7AL, and activates their expression [10,11]. When cellular
cholesterol falls below a normal level, de novo cholesterol biosynthesis and import are
activated by SREBP2. SREBP2 is expressed initially in an inactive form and anchored to the
endoplasmic reticulum (ER). It has an N-terminal trans-activation domain and a C-terminal
regulatory domain bound by SREBP-cleavage activating protein (SCAP) [12]. SCAP serves as
an ER cholesterol level sensor, which can change conformation with cholesterol level
fluctuation to modify its binding with COPII-coated vesicles [13]. When ER membrane
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cholesterol levels are low, the SCAP-SREBP2 complex is transported to the Golgi via the
COPII-coated vesicles, where SREBP2 is subject to enzymatic cleavages by site 1 protease
(S1P) and S2P [13]. The resulting N-terminal of SREBP2 then enters the nucleus and activates
the transcription of its target genes, including cholesterol biosynthesis gene HMGCR, MVK,
and SQLE, and cholesterol import gene LDLR [13,14]. When ER cholesterol levels are high,
SCAP associates with insulin-induced gene (INSIG) protein, which blocks its binding with
CORPII and retains the SCAP-SREBP2 complex in the ER. In addition, cholesterol metabolite
oxysterols can directly bind INSIG and promote its association with SCAP [15]. Increased
levels of certain oxysterols can also activate LXRs to enhance cholesterol efflux. The concerted
actions of decreased biosynthesis and increased efflux will maintain cellular cholesterol
homeostasis.

The question whether retinoic acid receptor-related orphan receptor gamma (RORY), another
member of the NR family, directly regulates cholesterol biosynthesis and/or metabolism in
normal mammalian tissue or cells is currently unclear. In this regard, findings from two lines
of studies strongly implicate such a role for RORy. The first is mouse RORy gene knockout
studies which showed that the expression of INSIG2 was reduced in the liver and that
cholesterol levels in liver and serum were decreased in the knockout mice [11,12]. The other
is studies with different approaches demonstrating that cholesterol biosynthesis intermediates
(CBIs) and oxysterols can act as endogenous ligands of RORy, which will be described in more
details in section 5.

2.5 Deregulation of cholesterol biosynthesis and homeostasis in cancer cells

Cancers cells are generally fast proliferating and thus require a relatively high level of
cholesterol not only for membrane formation but also for cellular signaling. Membrane lipid
rafts are hubs for signaling by different families of proteins such as receptor tyrosine kinases
(e.g. EGFR), phosphatidylinositol 3-kinase-protein kinase Akt (PI3K-AKT), CD44, cell death
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receptors and mucin 1, which play critical roles in cancer cell growth, survival, invasion and
metastasis [2,16]. Cholesterol is one of the major components of lipid rafts. It promotes lipid
raft formation by facilitating packing of phospholipids and phase separation. Prostate cancer
and breast cancer cells are found to contain elevated levels of lipid rafts. Disruption of these
membrane rafts would result in inhibition of cell growth [17-19]. Moreover, in steroid-
responsive tumors such as those of prostate cancer and estrogen receptor-positive (ER+) breast
cancer, cholesterol is the precursor of different steroid hormones such as androgens and
estrogens which are de novo synthesized by prostate cancer and breast cancer cells respectively
and are major promoters of cancer progression [20,21]. As a result, aberrant cholesterol
metabolism is a major contributor to various types of cancer progression, making it a potential
therapeutic target [22].

Increasing evidence from clinical and experimental studies clearly indicates an important role
of aberrant cholesterol metabolism in cancer development and progression. In prostate cancer,
high levels of circulating cholesterol are positively associated with the development of high-
grade prostate cancer [23]. Use of statins, drugs that are prescribed for patients with
hypercholesterolemia to lower circulating levels of cholesterol, was found to associate
significantly with a decreased risk in prostate cancer death or with longer time to progression
[24,25]. Analysis of patient tumors also revealed that de novo cholesterol biosynthesis is a key
characteristic of lethal prostate cancers. The mRNA of SQLE, a major enzyme in the pathway,
is highly elevated in the tumors and is positively correlated with high Gleason grade and the
lethal form of prostate cancer [26,27]. On the other hand, lower mRNA levels of cholesterol
uptake gene LDLR and cholesterol esterification enzyme SOATL1 appear to associate with the
disease lethality [27]. Besides prostate cancer, genes of de novo cholesterol biosynthesis
pathway is also found to be upregulated in breast cancer [28], glioblastoma multiforme [29],
colon carcinoma [30], and pancreatic adenocarcinoma [31].
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With the upregulated cholesterol biosynthesis pathway, production of CBIs in the pathway and
cholesterol metabolites downstream may also be deregulated in the tumors. Their abnormal
levels can also promote cancer progression. For example, FPP and geranylgeranyl-diphosphate
(GGPP) are involved in protein prenylation, which attaches proteins to the cell membrane to
facilitate their localization and cellular function [31,32]. Protein prenylations are involved in
cellular signaling by the G-protein coupled receptor (GPCR) and small GTPases (e.g. RAS and
RHO) [33], which are important players in cancer development and progression [34,35].
Moreover, accumulation of cholesterol metabolites such as CEs and oxysterols is another
common characteristic in cancer. CE is found to promote pancreatic cancer and lymphocytic
leukemia progression [36,37]. Inhibition of CE catalyzing enzyme sterol O-acyltransferase 1
(SOATL, as known as ACAT1) can significantly inhibit cancer progression, including prostate
cancer [38], breast cancer [39], and glioma models [40]. Mechanistically, loss of tumor
suppressor PTEN in high grade prostate cancer results in activation of PI3K/AKT, which
further leads to accumulation of CE. CE accumulation can promote prostate cancer tumor
growth and invasion [38] and may also stimulate secretion of Wnt3a, an important signaling
factor of Wnt/B-catenin pathway [41]. In addition to CE, cholesterol metabolites oxysterols
may also be potential cancer promoters. For example, 27-hydroxycholesterol (27-OHC) is
elevated in ER+ breast cancer, which promotes tumor growth and metastasis to the lung [42,43].
It is also found to suppress tumor suppressor p53 activation [44] and promote angiogenesis by
activating VEGF signaling [45]. Interestingly, in prostate cancer, CYP27A1 was identified as
one of the most down-regulated genes involved in cholesterol metabolism [46]. CYP27Al
encodes sterol 27-hydrolase that converts cholesterol to 27-OHC. Treatment of prostate cancer
cells in vitro with 27-OHC inhibited the activation of SREBP2 and decreased cellular
cholesterol content. These results together suggest that tumors can adopt a mechanism to
silence the expression of certain cholesterol metabolism and efflux genes such as CYP27Al
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and ABCAL to raise the tumor cholesterol content [46,47]. Interestingly, certain cholesterol
metabolites were demonstrated to possess either pro-tumorigenic or anti-tumorigenic activities
[48,49]. Cholesterol can be epoxidated to 6-oxo-cholestan-3f3,5a-diol (OCDO) by cholesterol
epoxide hydrolase (ChEH) which has 3B-hydroxysteroid 68-67-isomerase (D8D7I, also known
as EBP) as its catalytic subunit and the 3B-hydroxysteroid 67 reductase (DHCR?7) as its
regulatory subunit. Interestingly, OCDO level was found to be significantly elevated in breast
cancer tumors and OCDO stimulates ER+ breast cancer cell growth via acting through
glucocorticoid receptor (GR) [50].

In addition to its biosynthesis and metabolism, efflux of cholesterol is also dysregulated in
several types of cancer that may contribute to tumor progression. For example, tumor
suppressor TERE1 has been shown to regulate cholesterol efflux in castration-resistant prostate
cancer (CRPC). Loss of TEREZ1 resulted in decreased levels of vitamin K-2, which is a potent
LXR agonist, thus downregulating LXR transcription activation and its target genes. As a result,
cholesterol efflux rate decreased in CRPC cells and cholesterol levels built up to allow more
endogenous androgen synthesis [51]. Also, in prostate cancer cells, cholesterol efflux was
downregulated by loss of ABCAL, the major cholesterol transporter and target gene of LXR.
ABCA1 gene was found to be hypermethylated, leading to decrease in its expression and
increase in intracellular cholesterol levels [47]. Also, loss-of-function mutations in ABCA1
promoted colon cancer cell survival [52]. ABCAL expression has also been found to be
inversely related to aggressive phenotype in breast cancer [53]. Dysregulation of another
important cholesterol transporter ABCG1 was also found to associate with progression of lung
and prostate cancer [54,55]. Pharmacological agonism of LXR induced apoptosis in breast
cancer cells via increased expression of ABCG1 transporter [56]. Activation of LXR by its
agonist T0901317 decreased intratumoral cholesterol levels by upregulating ABCG1 in
prostate cancer cells, resulting in disrupted lipid raft dependent AKT survival signaling
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pathway, thus induced apoptosis [57]. In summary, different cancer types display various
dysregulation of cholesterol efflux, pointing to therapeutics targeting of targets such as LXRs
as potentially effective strategy in treating tumors with cholesterol pathway aberration.
In tumor cells, in addition to LXRs, several other TFs and signaling pathways play major roles
in the deregulation of cholesterol metabolism [6,7]. The expression and function of SREBP2
as well as SREBP1 are often hyper-activated by oncogenic PI3K-AKT and mTORC1 signaling.
Oncoprotein MYC functionally interacts with SREBPs to promote their transcriptional
activities in cholesterol biosynthesis. Interestingly, p53 protein with gain-of-function mutations
can also interact with SREBP2 to stimulate the mevalonate pathway. As described in more
details below, recent studies revealed that RORy can play an important role in cholesterol
biosynthesis in tumor cells of specific cancer types.

2.6 RORY, RORyt and their functions in metabolism, immunity and cancer
RORy and RORyt
NRs comprise a superfamily of structurally conserved, ligand-regulated transcription factors
which include steroid hormone receptors such as androgen receptor (AR) and estrogen
receptor o and P, and non-steroid receptors such as aforementioned LXRs and RORy [58].
Aberrant function of NR signaling leads to proliferative, reproductive and metabolic diseases
as well as specific types of cancer such as prostate cancer and ER+ breast cancer [59,60].
Recent studies have uncovered important roles of RORs in control of metabolism, circadian
rhythm and in cancer [61-65]. The RORs subfamily has three members—RORa, 3 and y
(Figure. 2.1) which are encoded respectively by RORA, RORB and RORC genes and display
distinct expression patterns. RORa and RORYy are widely expressed in a variety of tissues,
including kidney, lung, liver, skeletal muscle, thymus, prostate and adipose tissue. ROR has
a restricted pattern of expression in certain regions of the central nervous system (CNS),
retina and pineal gland [61,66]. Like other NRs, the three RORs share high structural
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similarities in DNA-binding domain (DBD) and the carboxy-terminal ligand-binding domain
(LBD) [66,67]. Potential natural ligands of RORs identified thus far include steroids,
terpenoids, polyketides and cardiac glycosides [68]. Ligand binding to ROR LBD leads to a
conformational change in the receptor and recruitment of other co-regulatory proteins,
affecting the transcriptional activity of RORs. However, except for certain cholesterol
intermediates and oxysterols as described below, the precise physiological role and action

mechanism of the other potential natural ligands in control of RORs are yet to be established.

99 193 305 556
oRe ™

14 108 221 470
RORp 94% - 62%

24 118 268 518

4 97 247 497

Figure 2.1 Diagram of domains of the retinoic acid receptor-related orphan receptors (RORs). Numbers
above each RORs indicate the amino acid positions at the junction of different domains. Protein sequences
displayed here are from the following NCBI reference sequences: RORa, NP_599022.1; RORf, NP_001351952.1;
RORy, NP _005051.2; RORyt, NP_001001523.1. Percentages indicate amino acid identity within a particular

domain relative to RORa. DBD, DNA-binding domain; LBD, ligand-binding domain.

Various biological processes have been reported to be regulated by RORs, including circadian
rhythm, metabolism and immune functions [61,62,64]. Due to its critical connection to many
auto-immune and inflammatory diseases, including multiple sclerosis and rheumatoid arthritis

[69,70], RORy is one of the most studied members in RORs. RORy has two isoforms,
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RORy1/RORy and RORY2/RORyt (Figure. 2.1), which are translated from mRNAs that are
transcribed from alternative promoters. Therefore, they display distinct expression patterns in
a tissue-specific manner. RORy1/RORYy is widely expressed in many tissues, while RORyt is
exclusively highly expressed in thymus and sub-populations of immune cells [61,62]. RORy
displays an oscillatory expression in liver and pancreatic B cells [64,71,72] and regulates
circadian rhythm gene expression [64,73,74]. RORYy also plays a key role in gluconeogenesis,
insulin sensitivity as well as lipid metabolism [75,76], whereas RORyt is critical in T helper 17
cells (Th17) differentiation, innate lymphoid cell (such as ILC3) development and functions of
vo T cells [77-79].

Functions of RORy and RORyt in metabolism and immune system

RORy has been found to be involved in the control of several metabolic pathways, including
gluconeogenesis, lipid metabolism and sterol metabolism [75,76,80,81]. RORy gene RORC
knockout mice showed decreased hepatic gluconeogenesis, leading to improved insulin
sensitivity and glucose tolerance. ChIP-seq analysis of mouse liver tissue demonstrated that
RORYy directly binds to the regulatory regions of glucose metabolism genes, including G6PC,
SLC2A2, GCK, GCKR, KLF15, PPARD, PKLR and GYS2. Loss of RORy reduced the
expression of these genes in a ZT-dependent manner [75]. Exogenous over-expression of
RORy in skeletal muscle cells increased expressions of several genes involved in lipid
metabolism, such as SLC2A5, ADIPOR2, IL-15 and MSTN [76]. In addition, RORy directly
controls lipid metabolic gene INSIG2A and ELOVL3. RORy knockout mice exhibited a
reduced expression level of INSIG2A, ELOVL3 and CYP8BI1, resulting in decreased
cholesterol and bile acids levels in both liver and serum [80,81]. Decreased INSIG2 expression
can then further activate lipogenesis through activation of SREBP1 [81].

The well-studied role of RORyt is its regulation of Th17 cell differentiation [77]. RORyt
expression can be upregulated by IL-6 and TGF-f [63,77,82]. Although not necessary for Th17
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differentiation, 1L-23 maintains the differentiated state by stimulating RORyt expression via
inducing expression of Runx1 [83]. Induced RORyt can then bind to ROR response elements
(RORES) on various Th17 differentiation-associated gene loci, including IL-17A, IL-17F and
IL-23R, activating their transcription [63]. The differentiation of regulatory T cell (Treg) or
Th17 lineages also relies on the relative abundance of FOXP3 and RORyt [84-86]. Other than
Th17 cells, RORyt also plays an important role in innate lymphoid cells. It is selectively
expressed in ILC3 cells. RORyt is regulated by Runx3 and in turn directly regulate aryl
hydrocarbon receptor (AHR) gene, which is required for the development and function of ILC3
cells [87]. Moreover, RORyt-deficient mice fail to develop secondary lymphoid organs [62].
In addition, y3 T cells also express IL-17 in a RORyt-dependent manner and is involved in
several autoimmune diseases [88,89].

Functions of RORy in cancer

Research on the role of RORY in cancer did not begin until recent years. Through a meta-
analysis of NR gene expression profile in prostate cancer data sets followed by IHC analysis,
a study in 2016 found that the expression level of RORYy is higher in metastatic tumors when
compared with benign prostate tissue or primary prostate tumors, while RORa and RORf
appeared to have lower expression in the metastatic tumors [90]. RORy gene knockdown and
treatment with its antagonists caused CRPC cell apoptosis and inhibited the cell proliferation
and survival. RNA-seq analysis showed that AR signaling pathway is controlled by RORy, and
that AR-signature gene expression was downregulated by RORy antagonists. Further
investigation using ChlP-seq revealed that RORY inhibition diminished AR chromatin binding
and altered genome-wide H3K27ac histone modification. Additional ChIP assays confirmed
that RORy directly binds to an RORE in the first exon region of AR gene and regulates the
expression of full-length AR as well as its variant forms including AR-V7. Together these
results demonstrated that RORy plays a crucial role in control of bother AR gene
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overexpression and AR tumorigenic signaling in prostate cancer (Figure 2.2). Interestingly, the
role of RORy in AR expression was not observed in non-malignant, human prostate epithelial
cells. Moreover, RORy antagonists alone or combined with AR inhibitor enzalutamide

significantly inhibited CRPC tumor growth and metastasis in the xenograft tumor models [90].
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Figure 2.2 A simplified illustration of RORYy functions in the different types of cancer. Note: “?” denotes a
postulated feedforward loop in tumor cells where RORYy increases the level of specific cholesterol intermediates
and/or metabolites, which in turn bind to RORy and further enhance its function in stimulating the metabolic
pathways and activating the pro-tumorigenic programs. PCa, prostate cancer; TNBC, triple-negative breast cancer;
PDAC, pancreatic adenocarcinoma; AR, androgen receptor; CSC, cancer stem-like cells; EMT, epithelial

mesenchymal transition.

In addition to control of AR signaling in prostate cancer, a recent study [91] demonstrated that
RORy controls the expression of MDR1/ABCBI1, which is one of the major mediators of
chemotherapy drug taxane resistance in CRPC cells. It was also shown that RORy antagonists

re-sensitized taxane-resistant CRPC cells and tumors to taxanes in an AR-independent manner.
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Interestingly, RORy was found to be highly elevated in doxorubicin-resistant CRPC cells to
promote resistance to the chemotherapy drug [92]. Another recent study showed that RORy
can regulate genes of epithelial-mesenchymal transition (EMT) in CRPC cells [93]. PBK, one
of the EMT-related signature genes was identified as a downstream target of RORy. RORy
positively regulates the expression of PBK which in turn stabilizes RORy and AR proteins.
Together with previous findings that RORy activates AR gene, thes recent results support a
model where RORy, PBK and AR form interlocked feedforward loops in enforcing the
hyperactive signaling by AR and RORy in CRPC [93]. Moreover, pharmacological inhibition
of both RORy and PBK synergistically inhibited the expression and function of AR and AR-
V7, leading to a strong inhibition of the growth of CRPC cells and tumors [93].

Pancreatic cancer is one of the deadly cancer types due to a lack of effective therapies. RORy
was recently identified as an important player in pancreatic cancer [94]. Based on a genome-
wide CRISPR screening, RORy was reported as necessary for pancreatic cancer stem cell
growth and survival. RNA-seq also showed it has a higher expression in cancer stem cells than
non-stem cells. Its expression level increased dramatically in mouse tumor epithelial cells
relative to normal pancreatic cells. Knockdown of RORY led to increase in cell death, decrease
in cell proliferation and depletion of stem cells. RNA-seq analysis suggested that RORy may
control gene programs of stem cell and tumorigenesis. Pharmacological inhibition of RORy
alone or combined with chemo-drug in tumor-bearing, immunocompetent mice significantly
reduced tumor growth, depleted stem cell burden and improved survival. Similar effect was
observed in immuno-compromised mice, indicating the anti-tumor activity of RORy inhibitor
is tumor cell-specific and Th17- and other immune cells-independent. Moreover, RORy mRNA
expression was found to positively correlate with aggressiveness of pancreatic ductal

adenocarcinoma (PDAC) [94].
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TNBC is an aggressive cancer subtype, largely due to its lack of effective therapeutic targets
such as estrogen receptor o (ERa), progesterone receptor (PR) and epidermal growth factor
receptor 2 (HER2). In arecent study, RORy was demonstrated as an attractive therapeutic target
and a master regulator of tumor cholesterol biosynthesis in TNBC [95]. First, meta-analysis of
breast cancer tumor datasets revealed that the expression of RORy gene is significantly
associated with the poor survival of TNBC patients but not with ER+ breast cancer patients.
Further analysis indicated that high levels of RORYy expression correlates with the expression
of cholesterol biosynthesis genes in TNBC tumors but not in ER+ tumors. CRISPR knockout,
siRNA and pharmacological inhibition of RORYy caused strong inhibition of TNBC cell growth
and survival, whereas its knockout or antagonists had marginal effects on ER+ breast cancer
cells and non-tumorigenic epithelial cells, suggesting that RORy functions selectively in a
subtype of breast cancer. Treatment of tumors with RORy inhibitors alone or in combination
with cholesterol lowering drug statin led to strong tumor regression and blocking of metastasis
in  multiple models including patient-derived xenograft (PDX) models and an
immunocompetent mouse model. Further investigations revealed that one major mechanism of
RORy function in TNBC is its direct control of cholesterol biosynthesis program [95], as
described below.

Function of RORy in control of tumor cholesterol metabolism

As described in more details in the section below, certain intermediates of cholesterol
biosynthesis pathway can act as potent, agonistic or antagonistic ligands of RORy, therefore
implicating a potential role of RORy in control of cholesterol metabolism. However, direct
evidence was lacking for such a role until a recent study [95]. In its initial pharmacological
interrogation of different nuclear receptors in control of the expression of key cholesterol
biosynthesis gene program in breast cancer cells, the study found that only two antagonists
(XY018 and GSK805) of RORYy consistently suppressed the expression of key cholesterol
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biosynthesis genes such as HMGCS1, HMGCR, SQLE, MVK and MVD in a TNBC cell line.
Interestingly, the antagonists did not display any strong effect on the genes in the ER+ breast
cancer cells. In agreement with the established function of LXRs in control of cholesterol intake,
agonists of LXRs such as GW3965 and LXR623 strongly induced the expression of cholesterol
efflux gene ABCAL in both the TNBC and ER+ cells. Further analyses revealed that
knockdown of RORY or treatment with the antagonists at low uM suppressed the mRNA and
protein expression of the majority of the 21 cholesterol biosynthesis genes in the TNBC cells
and a PDX tumor, with HMGCS1, HMGCR, MVK and SQLE being inhibited more
pronouncedly than the other genes. Such a prominent function of RORy appeared to echo the
role of SREBP2. Indeed, RORy knockdown and its antagonists significantly reduced the
cellular cholesterol content in the TNBC cell culture and in the xenograft tumors. Measurement
of cholesterol biosynthesis rate by GC-MS revealed that inhibition of RORy by antagonist
XY018 significantly decreased the rate of cholesterol biosynthesis in the tumors [95].

The cholesterol master regulator SREBP2 directly controls the majority of cholesterol
biosynthesis genes as revealed by ChIP-seq with mouse liver tissues [96,97] and reporter gene
assays [98,99]. In the TNBC cells, ChIP-seq analysis demonstrated SREBP2 binding to
promoter region of most of the 21 genes except HSD17B7 [95], suggesting that the master
function of SREBP2 is largely conserved in cancers such as TNBC. Remarkably, in the same
study, RORy ChIP-seq analysis revealed that RORYy binds to sites adjacent to SREBP2 binding
sites in the promoter region of most of the cholesterol biosynthesis genes. Further studies
demonstrated that RORy interacts with SREBP2 and that the interaction between the two
proteins can be diminished by the RORY antagonist. Histone acetylase p300 is a coactivator of
both RORy and SREBP2 and a major epigenetic writer of H3K27ac mark. Interestingly, the
occupancy of p300 and the H3K27ac mark at the promoter region of cholesterol biosynthesis
genes were strongly inhibited by the RORy antagonist [95], suggesting a critical role of RORy
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in mediating transcriptional activation of the gene program through recruitment of histone

acetylase p300 (Figure 2.3).
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Figure 2.3 A hypothetic model depicting the functional mechanisms of RORY in control of tumor cholesterol
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biosynthesis program. Ac, H3K27ac mark; RORE, ROR response element; SRE, sterol regulatory element.

One striking observation made in the recent study [95,100] is that in the TNBC cells RORy
antagonist XY018 markedly reduced genome-wide SREBP2 binding without altering its
protein expression. The impact of XY018 was particularly pronounced at the cholesterol
biosynthesis genes. On the other hand, the inhibitor did not significantly alter the binding of
RORYy either at genome-wide or at the cholesterol biosynthesis genes, which is in line with
other studies that RORy antagonists can inhibit the receptor function without significantly
perturbing its binding to the targets [101]. Intriguingly, activation of cholesterol biosynthesis

genes by the constitutively active/nuclear form of SREBP2 was strongly inhibited by the RORy
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antagonist whereas stimulation of those genes by ectopic RORy was not affected by SREBP2
knockdown, suggesting that RORY acts as a key determinant in the SREBP2 function. Together,
these findings support a model that in TNBC cells RORYy interacts with SREBP2 and facilitates
the recruitment of SREBP2 to its chromatin targets, and that under certain conditions RORy
acts dominantly over that of SREBP2 (Figure 2.3).

Currently, it is unclear to what extent the physical and functional interplays between RORy and
SREBP2 operate in other cancer types or normal tissues. Recent studies in this laboratory
confirmed a crucial role of RORy in control of several genes in cholesterol biosynthesis
program in prostate cancer cells. However, studies of RORY in pancreatic cancer did not show
any significant role of RORY in control of cholesterol gene programs [94]. As to the role of
RORYy in normal tissues, an earlier study with RORC KO mice revealed that liver-specific
deletion of RORC significantly reduced liver and serum levels of bile acids, triglycerides and
cholesterol in mice fed with high fat diet (HFD). Its ChlP-seq and qRT-PCR analyses showed
that RORy plays an important role in direct activation of lipid metabolic genes such as INSIG2,
ELOVL3 and CYP27A1. However, any potential role of RORy in direct control of liver
cholesterol biosynthesis and metabolism was not reported [80]. INSIG2, like INSIG1, is an
endoplasmic reticulum (ER) protein. Their up-regulation attenuates the activation of SREBPs
via retaining SCAP in the ER and thus preventing SREBP translocation to the Golgi for
processing to the active form. Thus, in the liver, RORy may be involved in maintaining the
homeostasis of cholesterol by fine-tuning of cholesterol biosynthesis, unlike the predominant
function in TNBC where it activates almost the entire program of cholesterol biosynthesis.
Studies of RORyt in immune cells led to the elucidation of a critical role of RORyt in
differentiation and function of T cell subtypes including Th17, ILC3 and a subset of yd T cells
[63]. Recent studies uncovered that certain intermediates and metabolites of cholesterol
metabolisms (details are described below) can serve as RORyt modulators. However, the
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question whether RORyt directly controls cholesterol metabolism programs is yet to be
addressed. Overall, it is conceivable that the function of RORY in control of cholesterol
biosynthesis and metabolism may be tissue-specific in that in some tissues such as TNBC
RORYy can play a master-like role in cholesterol biosynthesis whereas in other tissues it may
act as an important modulator of cholesterol homeostasis.
In summary, recent research has revealed a multi-facet role of RORY in cancer, which include
a SREBP2 master-like function in control of tumor cholesterol biosynthesis, its regulation of
key cancer drivers such as AR, major tumorigenic pathways such as the AR signaling pathway,
cancer stem cell program, EMT, and therapeutic resistance (Figure 2.2). Interestingly, its
function in activation of cholesterol biosynthesis appears to be most prominent in specific
subtypes of cancer such as TNBC.

2.7 Regulation of RORY function
Cholesterol biosynthesis intermediates (CBIs), oxysterols and bile acids as endogenous
ligands of RORy
RORy and its related subfamily members, RORa and ROR, were identified initially as orphan
nuclear receptors without any known physiologically relevant ligands [61]. The strong
transcriptional activation activity displayed by RORY in reporter gene assays with mammalian
cells in the absence of an exogenous ligand supported the notion that RORy may act as a
constitutive activator independent of any ligand binding-invoked regulation. In line with this
notion, X ray crystallography studies showed that, without ligand binding, the LBD of RORy
adopts a transcriptionally active conformation with its C-terminal helix 12 positioned for
recruiting coactivator peptides [102]. One key structural element appears to be a hydrogen bond
formed between His479 in helix 11 (H11) and Tyr502 in helix 12 (H12) which may keep the
LBD in the active conformation and is often referred to as His-Tyr lock. However, further
structural studies revealed that the major helices of LBDs (e.g. H3, H5, H6, H7, H11 and H12)

38



of RORs form specific pocket structures with a relatively large size that would allow high
affinity interactions with small molecules with different structures. Indeed, RORy as well as
RORa was found to bind to specific cholesterol metabolites such as cholesterol sulfate and
hydroxysterols [103]. The bindings in RORy involve amino acid residues Q286 and L287 in
interactions with the 3B-hydroxy group of oxysterols or the carboxy group of CBI 4a-carboxy,
4B-methyl-zymosterol or 4ACD8 [103]. Using in vitro binding assay and reporter gene assays
performed in mammalian and insect cells, in combination with knockdown of specific
cholesterol biosynthesis genes, several studies identified additional CBIs as likely endogenous
ligands of RORy, which include zymosterol, zymosterone, 7-DHC and desmosterol whereas
cholesterol, lanosterol and T-MAS displayed only weak agonist activity [103,104] (Table 2.1).
Among the oxysterols, 7B, 27-dihydroxycholesterol or 7B, 27-OHC, 7keto, 27-OHC, 27-OHC
and 7a, 27-OHC (listed in the order of efficacy) appeared to possess strong activity in further
activating RORy [105]. Other oxysterols such as 7a, 25-OHC, 70-OHC, 7B3-OHC, 25-OHC,
and 24S-OHC were either inactive or weakly active, as demonstrated in the above studies.
Although several sulfated sterols such as 25-OHC sulfate, desmosterol sulfate and 5a, 6a-
epoxycholestanol sulfate showed high affinity binding to RORy LBD, only desmosterol sulfate
appeared to show strong biological activities in stimulation of RORy functions [104]. For the
biological significance of the endogenous ligands identified, the studies have all focused on
their role in modulation of the RORyt function in Thl7 cell differentiation and/or the
production of IL-17A. In each case, the agonistic ligands such as 4ACD8, desmosterol,
zymosterol, 7B, 270HC and 7a, 27-OHC significantly enhanced the differentiation of Th17
cells. In agreement, genetic depletion of genes (e.g. MSMO1, TM7SF2, SC5D) encoding
enzymes responsible for producing the different ligands strongly impaired Th17 cell

development [103-105]. On the oxysterols, in addition to CYP27A1, a key enzyme that
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produces 27-OHCs, 11B-hydroxysteroid dehydrogenase (11B-HSD) has also been shown to

regulate RORy by controlling its access to 7, 27-OHC [105,106].

Table 2.1 Natural ligands of RORy and its related receptors

Name Structure Precursor Catalytic enzyme Receptor bound Ligand type Ref.
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In addition to the oxysterols mentioned above, certain oxysterols in the bile acid biosynthesis
pathways have also been strongly suggested as endogenous ligands of RORy (Table 2.1). 7-
OHC:s such as 7a, 7B, or 7keto-OHC can bind to RORa and RORy with high affinities and
interestingly suppress the transactivation by RORy [107]. 7a-OHC is the product of CYP7A1,
the first and rate-limiting enzyme of bile acid biosynthesis in cholesterol metabolism. Moreover,
in a screen of primary and secondary bile acids that can modulate Th17 cell differentiation, a
recent study showed that 3-OxoLCA can directly bind RORy and inhibit its transcriptional
activity whereas other bile acids such as 3-OxoCA and 3-OxoDCA possess much weaker
activities than 3-OxoLCA [108]. Feeding a strain of mice that contain a relatively high
population of Th17 cells in their small intestine with chow containing 0.3% 3-OxoLCA for a
week was sufficient to decrease the Th17 cell population. Of note, 3-OxoLCA was previously
identified as a potent activator of vitamin D receptor (VDR) [109]. Bile acids-activated VDR
can also play an important role in the induction of a subtype of Treg immune cells that express
both FoxP3 and RORYyt in the intestine [110]. Although it is currently unclear how 3-OxoLCD
is produced and whether 3-OxoLCA and RORyt is involved in the subtype of Treg cell
development, these recent findings highlight the importance of bile acid-derived oxysterols in
regulation of RORyt and other NR’s function in mammalian immune system.

Currently, the role of CBIs, oxysterols or bile acids in control of RORy function in other normal
tissue or in cancer is largely unknown. CBIs such as desmosterol and oxysterols such as 27-
OHC are endogenous activating ligands of LXRs [11]. Interestingly, 27-OHC which is
relatively abundant in circulation can also act as an agonist of ERa to stimulate tumor growth
of ER+ breast cancer [42,111,112]. Recent studies show that plasma levels of certain oxysterols
such as 7-OHC and 27-OHC are associated with tumor clinicopathology such as tumor size
and the survival of breast cancer patients [113]. Given tumor heterogeneity and complex tumor
microenvironment, an accurate measurement of CBIs and oxysterols in tumor tissues is
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technically challenging. On the other hand, studies have shown that specific enzymes and genes
responsible for their production can be particularly important in growth and metastasis of
certain subtypes of cancer. MSMO1/SC4MOL that produces 4ACD8 and HSDHL for
zymosterol were found to be critical for EGFR signaling in skin and lung cancer cells [114].
NSDHL is also shown to be a potential driver of TNBC metastasis [115]. Genes for CBIs such
as MSMO1, TM7SF2, SC5D and DHCR7 were elevated in AR-driven CRPC bone metastasis
[116]. Given that the expression and function of RORY is likely elevated in metastatic tumors
[90,95], it is conceivable that certain CBIs and oxysterols might play an important role in
regulation of RORY in tumor growth and metastasis in specific subtypes of cancer, in addition
to their activities in modulation of the other NRs (e.g. LXRs and ERa). Future investigations
to define the role of tissue-endogenous ligands in control of RORy in non-immune cells
including cancer cells will provide insights to better understanding of RORy functions in
circadian rhythm, metabolism and cancer.

Other major mechanisms of regulation of RORy function

One well established mode of NR function in gene activation is through association with the
three NCOA co-activators (also known as SRC1-3) and/or the lysine acetyltransferases such as
p300 and CBP [65,117]. In prostate cancer cells, RORy recruits NCOA1 and NCOA3 to the
RORE site at the AR gene. Knockdown experiments demonstrated that NCOAL and NCOAZ3,
but not NCOAZ2, play a crucial role in mediating the AR gene expression [90]. In TNBC cells,
ChlIP assay showed that p300 is recruited to the promoter regions of cholesterol biosynthesis
genes such as HMGCS1, MVK, and SQLE although it is unclear whether the NCOAs are
involved in the RORYy function [95].

Like other TFs, RORy or RORYt can be subject to posttranslational modifications (PTMs) such
as phosphorylated, ubiquitinated, acetylated and sumoylated [63,118]. However, most of the
studies on the biological role of RORyt PTMs were performed in the context of mouse immune
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cells [118-123]. The inhibitor of kappa B kinase (IKK) family members such as IKKa and
IKK phosphorylates a number of transcription factors such as NFk-B and IRF3/4 to regulate
inflammation and innate immunity [124]. One study demonstrated by mass spectrometry that
RORyt in Th17 cells are phosphorylated at multiple sites. It also showed that IKKa
phosphorylates S376 of mouse RORyt, which enhances its function in Th17 differentiation
whereas phosphorylation of RORyt at S484 by an un-identified kinase reduces the RORyt
function [125]. Interestingly, another study found that IKK[} phosphorylates S489 of mouse
RORyt and that the phosphorylation promotes RORyt interaction with and transportation by
aryl hydrocarbon receptor (AhR) [126], another major TF that is involved in IL-17A induction
[127,128].

Several studies revealed the role of RORyt ubiquitination in regulation of its function in Th17
cells. RORyt can be K48-ubiquitinated by ITCH, a HECT E3 ubiquitin ligase, which promotes
RORyt degradation [122]. In line with the importance of RORyt ubiquitination, its
deubiquitination by USP4 deubiquitinase results in RORyt stabilization and enhanced
expression of Thl7-associated genes [129]. Interestingly, in a different mode of regulation,
DUBA, a deubiquitinase, stabilizes the ubiquitin ligase UBRS which in turn promotes RORyt
instability and suppresses Th17 differentiation [130]. In addition to the above (de)ubiquitinases,
ubiquitin-specific protease USP17 can prevent polyubiquitination of human RORyt at Lys360
and stabilize RORyt. USP15 can deubiquitinate mouse RORyt at Lys446 to stimulate
recruitment of coactivator NCoA1/SRCL1 to IL-17A gene in promoting Th17 differentiation
[131,132].

As one can expect, the major lysine acetyltransferase KAT3B/p300 interacts with RORyt and
acetylates the receptor at several sites. One study demonstrated that acetylation in the DBD of
mouse RORyt at Lys69, Lys81 and Lys 99 strongly impairs RORyt interaction with RORE and
its induction of Th17 differentiation [121]. The study continued to show that deacetylase SIRT1
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also interacts with the receptor and deacetylates its DBD, thus promoting the RORyt function
in Th17 differentiation and its associated autoimmunity, particularly in the context of RORyt-
expressing CD4+ T cells. However, a different study found that SIRT1, when activated by
pharmacological reagents such as resveratrol, metformin and SRT1720, interacts with and
deacetylates STAT3 which results in STAT3 localization to the cytoplasm and suppression of
Th17 induction [133]. Activation of STAT3 induces the expression of RORyt and thus is
required for the initiation of Th17 transcription program [134]. Intriguingly, in syngeneic
models of B16F10 melanoma and CT26 colon cancer, pharmacological activation of SIRT1
inhibits the tumor growth and Thl7 polarization from CD4+ T cells isolated from mouse
draining lymph nodes, tumor-infiltrating lymphocytes and circulating lymphocytes of
metastatic colon cancer patients [133]. Given the lineage plasticity and distinct chromatin
landscape of different immune cells, it is likely that the exact role of RORyt or RORy PTMs in
regulation of the receptor function will depend on the cellular status of the NR-expressing cells
and their microenvironment.

In cancer cells, a recent study demonstrated that PDZ binding kinase (PBK, also known as
TOPK) interacts with RORy and stabilizes RORY protein by inhibition of RORYy ubiquitination
[93]. PBK is a serine/threonine kinase that relates to the dual specific MAPKK family and
displays pro-tumorigenic function in several cancer types [135]. PBK is overexpressed in a
number of malignancies including prostate cancer, breast cancer and pancreatic cancer.
Overexpressed PBK promotes therapeutic resistance and metastasis. Interestingly, studies
showed that PBK is a downstream target of RORy and AR in prostate cancer cells [93,135].
Combined with the previous finding that RORy controls AR gene, the data together support a
model where RORYy, AR and PBK reciprocally regulates each other and constitutes interlocked
feedforward loops in amplifying AR signaling in metastatic CRPC [93]. However, the role of
PBK in regulation of RORyt in immune cells is currently unclear.
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2.8 Therapeutics targeting RORy and RORyt

Synthetic ligands of RORyt identified in early years

As members of the orphan NR subfamily, their initial gene identification and demonstration of
potential functions in control of metabolism and immunity stirred strong interests of the field
in searching for synthetic ligands in hope of developing effective agents for treatment of
inflammatory diseases and metabolic disorders. The synthetic ligands identified early on are
compound T0901317, its SR-series of derivatives and digoxin [136] (Table 2.2). The
nonsteroidal benzenesulfonamide T0901317 was initially identified as a potent agonist of
LXRs with strong activities in induction of fatty acid biosynthesis gene program in cell culture
and mice [137]. T0901317 was later shown to be somewhat promiscuous in targeting other
nuclear receptors including RORa and RORy. It binds to the RORs with good affinity and
significantly inhibits their activation of G6Pase, CYP7B1 and IL-17A in reporter assays [138].
The findings that RORyt plays crucial roles in promoting CD4+ T cell differentiation to Th17
and in Thl7-associated autoimmune diseases (such as psoriasis, Crohn’s disease and
rheumatoid arthritis) prompted the search for its synthetic ligands with therapeutic values. In a
screen of over 4800 compounds using a Drosophila cell-based reporter assay system, one study
identified digoxin as a potent, RORy-selective antagonist with EC50 of close to 2 uM [139].
Digoxin belongs to the cardiac glycoside family of drugs for treatment of atrial fibrillation and
heart failure via inhibition of the cellular Na+/K+ ATPase. Interestingly, digoxin, not
structurally related digoxigenin, can suppress IL-17A gene induction and Th17 cell
differentiation. It displays a strong anti-inflammatory effect in a mouse model of Thl7-
mediated autoimmune disease, thus providing a prove-of-principle evidence that RORyt-
targeting, small molecule therapeutics can be developed for many forms of inflammatory
diseases [139]. Through optimization of T0901317, more selective compounds were identified
[66]. SR1001 was identified as a first-in-a-class of synthetic inverse agonist/antagonist with
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better selectivity to RORa and RORy and potent activities in inhibition of Th17 cell
differentiation and Th17-mediated multiple sclerosis in animal models [140]. SR1001 binds to
the LBD and induces a conformational change with helix 12 re-positioning, which is linked to
a switch of RORy co-factor association from coactivator to corepressor. Through modification
of the scaffold of SR1001, a study identified SR2211 as a RORy-selective antagonist with an
EC50 of 0.3 uM and more than 100-fold selectivity over RORa and LXRa in reporter gene
assays [141]. SR2211 also displays potent activities in suppression of IL-17A gene expression
and reduction of inflammation in animal models [141,142]. Differential hydrogen/deuterium
exchange (HDX) mass spectrometry analysis demonstrated that SR2211 likely makes multiple
direct contacts with the LBD of RORY. Through structure-based optimization, other derivatives
of T0901317 with improved RORy-inhibitory biochemical and cellular activities were also

identified [143] (Table 2.2).

Table 2.2 Synthetic ligands of RORy
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Inverse agonists/antagonists of RORyt identified for autoimmune diseases

The excellent potency and different structural features of the few synthetic ligands identified
by the early studies (Table 2.2) strongly suggest that RORY is highly amenable to modulation
by structurally distinct ligands. In the years following the pioneer work, several pharmaceutical
industry and academic laboratories reported their discoveries of a large number of RORyt
inverse agonists with diverse chemical structures [144] (Table 2.2). The high throughput
screening of a compound library was carried out either in a cell-based luciferase reporter
system or in an in vitro binding assay. The reporter system was used to identify compounds
that strongly suppress the transcriptional activation activity of RORy LBD. In addition to IL-
17 gene promoter-driven reporter, to facilitate the screening, the reporter could also be driven
by fusion proteins of RORy LBD and GAL4 DBD assembled at multimerized GAL4 binding
sites in culture of Jurkat or other cell lines [145]. The in vitro, TR-FRET based binding screen
identified compounds that could disrupt the association of recombinant RORy LBD protein
with a co-activator peptide [146-148]. Following the screening, hit compounds were subject to

the in vitro binding assay and/or cell-based reporter assay to identify compounds with excellent
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profiles in binding affinity and activation inhibition and with strong selectivity to RORy when
assayed against the other NR members. Their activity in suppression of IL-17A gene
expression was also measured with CD4+ T cells. Experiments of structure-activity
relationship (SAR) were usually performed to obtain candidate compounds with optimized
profiles of solubility, PK and PD before they were tested in animal models of autoimmune
disorders. In most of the published studies, co-crystal structures of the identified compounds
with RORy LBD were also presented. Based on the notion that cholesterol metabolites could
be endogenous ligands of RORy, a library screening was performed for compounds that
displace radio-labeled 25-hydroxycholesterol from RORy LBD and led to identification of
tertiary sulfonamides as inverse agonists [149].

Structural analyses revealed that most of those ligands bind to the previously defined pocket
of RORy LBD (and thus are considered as orthosteric). Interestingly, some binds to an
allosteric site. In a recent summary, the majority of the orthosteric ligands were categorized
into four types based on their chemotypes, which include sulfonamides of cyclic amines,
acyclic sulfonamides and sultam derivatives, aryl sulfonyl compounds, and amide/bis-amide
derivatives [144] (Table 2.2). Representative compounds include bicyclic hexafluoroisopropyl
alcohol sulfonamide or compound 35 from BMS[145] and their recent tricyclic analog BMS-
986251 [150], GSK-2981278 [151,152], GNE-3500 [153], compound 9a [154], GSK805 [101],
VTP43742 [144], AZD-0284 [144], and TAK-828F [155]. Most of those compounds have been
at phase | or phase Il clinical trials for potential use in treating autoimmune diseases. Other
RORyt inhibitors such as JTE-151, JTE-451, ARN-6039, PF-06763809, ABBV-157 and SAR-
441169 have also been reported at clinical development for autoimmune diseases such as
psoriasis [156]. Except for ABBV-157, SAR-441169 and AZD-0284, trials of the other
compounds have ended after phase | or Il for the autoimmune disorders largely due to their
lack of expected efficacies.
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In a binding-based screen followed by hit optimization for compounds that disrupt the
interaction of RORy and SRC1 coactivator, MRL-871 with indazole chemotype was identified
and later found to bind to an alternative site of RORy LBD [157]. The co-crystal structures
revealed that MRL-871 binds to an allosteric pocket that is predominantly hydrophobic and
formed by helices H3, H4, H11 and H12 where MRL-871 binding reorients H12 in a
conformation that precludes the LBD binding by the coactivator peptide. Other biochemical
and cellular assays demonstrated that MRL-871 possesses high potency and selectivity to
RORy and RORyt-dependent Th17 production of IL-17. Further SAR studies of MRL-871 led
to the identification of N-(Indazol-3-yl)piperidine-4-carboxylic acid as a new lead allosteric
inhibitor with attractive profiles of PK, metabolic stability, anti-Th17 differentiation potency
and potentially clean off-targeting [158]. In an in silico pharmacophore screen, a recent study
identified FM26 with isoxazole chemotype as another allosteric inhibitor of RORy [159].
Interestingly, in a competitive TR-FRET coactivator peptide recruitment assay, increasing
amount of cholesterol (as an allosteric ligand) reduced the IC50 value of FM26 and thus
enhanced FM26 binding to the LBD. Such a cooperative binding mode was also observed
between cholesterol precursors such as desmosterol and its metabolites 20a-hydroxycholesterol
and 25-hydroxycholesterol, and the other allosteric ligand MRL-871 and FM26 [160]. The
discovery of a RORy allosteric site significantly expands the strategy in searching for ligands
with distinct profiles because amino acid sequences constituting the allosteric pocket are less
conserved in the different RORs. Also, the existence of two pockets in one LBD would allow
discovery of dual targeting drugs. In a recent prove-of-principle study, Bit-L-15 was identified
as a bitopic ligand of RORy with cholesterol and MRL-871 linked by a polyethylene glycol
(PEG) linker. Bit-L-15 displayed improved potency in disrupting coactivator recruitment and

improved NR selectivity over its orthosteric and allosteric parental compounds [161].
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Inhibitors/antagonists of RORy with strong anti-cancer activities

In contrast to the large number of compounds identified for inhibition of RORyt function in
Th17 cell differentiation and autoimmune diseases, very few chemical structures have been
reported that target RORy in cancer cells and tumors. The finding that RORY plays a crucial
role in prostate cancer [90] prompted identification of RORY inhibitors with high potency in
cancer cells. One initial attempt was combining the structural features of SR2211 and one of
the GSK compounds which displayed excellent activities in suppressing RORyt function in
Th17 cells [101,142]. By combining the hexafluoropropan-2-ol group of SR2211 and the amide
group of the GSK compound and by structure-based optimization, the study identified
XY018/compound 23 and compound 31 with amide linker to possess a potent inverse agonist
with a strong activity in decreasing AR full-length and variant protein expression and AR
signaling in the prostate cancer cells [90,93,162]. Those compounds, like SR2211, displayed
excellent potency in inhibition of the growth of prostate and breast cancer xenograft tumors
[90,93,95,162]. Additional SAR analysis with the luciferase reporter and thermal shift assay
(TSA) identified XY101/compound 27 with ethyl sulfonyl connected to a benzyl group at the
side of amide linker as another potent inhibitor of RORy with good selectivity over the other
NRs and excellent activities in disruption of RORy interaction with the coactivator peptide.
Cocrystal structure with XY 101 revealed several interactions in the form of H-bonds and n-n
interactions between the amino acids of the LBD mainly in the region of H3 to H6 and the
compound linker amide, the middle phenyl ring and the ethyl sulfone. In addition, there appears
a potential disruption by the hexafluoisopropanol group of the so called His-Tyr lock, namely
hydrogen bond between His479 in helix 11 and Tyr502 in helix 12 [162]. This later engagement
with the LBD has also been observed in many of the other inverse agonists [144,145,163,164].
Intriguingly, a recent study reported that elaiphylin, an antibiotic isolated from a marine species
of Streptomyces, can directly bind to RORy LBD and exert strong inhibition of its activation
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function including its target genes in prostate cancer cells. It also displayed strong activities in
inhibition of xenograft tumor growth [165].
2.9 Conclusion and future perspectives

The last decade has witnessed a tremendous progress in elucidation of aberrant cholesterol
metabolism and homeostasis in cancer development and progression and identification of the
underlying major drivers and regulators. The statistically positive association between the use
of statins among cancer patients and better clinical outcomes of their malignant disease and the
excellent safety profile of statins as drugs for cardiovascular diseases prompted a large number
of preclinical and clinical studies with the goal to re-purpose statins for cancer therapy. Despite
the promising results from preclinical studies, statins either alone or in combination with other
cancer therapies have not shown any significant and consistent benefits to cancer patients in
the trials. Many factors may contribute to the lack of success which include the prominent
feedback up-regulation of cholesterol biosynthesis program in treated tumors, the lack of
reliable biomarkers to patient selection, and the realization that effective cancer treatment by
statins demands doses higher than what safe use would allow [5]. Because of the pivotal
regulatory role of SREBP2 in cholesterol metabolism, therapeutic strategies targeting SREBP2
were also proposed and examined in preclinical setting [6]. However, with its crucial role in
both normal and cancer cells, safe targeting of SREBP2 for cancer therapy is likely to be
challenging.

NR family member RORy and its immune cell isoform RORyt, a well-known player in
circadian rhythm, metabolism, Th17 differentiation and autoimmune disorders, emerged
recently as a major regulator of cholesterol biosynthesis in a subtype of breast cancer [95]. Like
the established master regulator SREBP2, RORY directly activates almost the entire cholesterol
biosynthesis program in the cancer cells. Unlike SREBP2 which exerts its function in most of
the normal and cancerous tissues, this newly defined RORy function appears to be restricted to
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certain types of cancer cells and tumors, which suggest that other tumor subtype-specific
regulators of cholesterol metabolism are likely in play and await to be identified. Although
both SREBP2 and RORY can be regulated by products of cholesterol pathways, the mode of
regulation is vastly different for these two TFs. While SREBP2 is usually subject to a negative
feedback regulation by increased level of cholesterol, based on the results from the immune
cells, RORy is likely further activated by increased level of certain cholesterol precursors which
would constitute a positive feedforward loop in the biosynthesis pathway (Figure 2.3).
However, future investigations are needed to establish the loop in the immune cells and tumors.
Such a positive loop, if confirmed, would beg a question about its biological importance. It is
well established that most solid tumors exhibit a hyperactive activity in cholesterol biosynthesis
and metabolism and possess a significantly higher content of cholesterol than normal tissues.
One possibility is that regulators such as RORy are needed to sustain the relatively high
metabolic flux and cellular content of cholesterol in tumors where SREBP2 maintains the
baseline of the metabolic activity as it does in normal tissues. It is also possible that the positive
feedforward loop may serve as a fail-safe mechanism for cancer cells to ensure a constant
supply of not only cholesterol but also other cholesterol metabolites that are needed for the
high rate of cell proliferation and hyperactive cell membrane-engaged signaling. However,
given the fact that excess cholesterol is toxic to the cells, it is conceivable that the RORYy-
mediated positive loop is also subject to attenuation. One source of the possible attenuation
might be specific cholesterol metabolites such as certain oxysterols that can act as an antagonist
ligand of RORY.

Compared to SREBP2, RORy is a more attractive therapeutic target. One advantage over
SREBP?2 is that the LBD of RORy intrinsically binds small molecules with excellent affinity
and selectivity and thus permits effective targeting by synthetic small molecule ligands. The
recent finding that RORy possesses both orthosteric and allosteric sites for small molecules
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increases the likelihood of identification of RORy-targeting therapeutics with the most
desirable potency and selectivity. The fact that RORy controls the cholesterol pathway in a
subtype of cancer supports the notion that therapeutics targeting the receptor could feature
cancer subtype-specific response and better safety than therapeutics targeting SREBP2 which
plays an essential role in both normal and tumor tissues. Nonetheless, a number of future
investigations are warranted, which include identification of cholesterol intermediates and
metabolites in specific tumor subtypes that modulate RORy function, delineation of major
oncogenic pathways that impinge on RORy, and development of novel small-molecule
inhibitors that preferentially target the unique function of RORy in control of tumor metabolism.
Moreover, studies on biomarkers or gene signatures of RORY in tumor subtypes can facilitate
rational design of combinatorial strategies with other drugs such as statins for more effective
treatment of advanced cancers.

2.10 Acknowledgement
This work was supported in part by grants from the NIH (R01 CA206222 and RO1CA224900),
the Prostate Cancer Foundation (16CHALO02), and the US Department of Veterans Affairs,
Office of Research & Development BL&D (101 BX004271) to H-W. C.

2.11 References

[1] J. Luo, H. Yang, B.L. Song, Mechanisms and regulation of cholesterol homeostasis, Nat Rev Mol
Cell Biol 21 (2020) 225-245. 10.1038/s41580-019-0190-7.

[2] F. Mollinedo, C. Gajate, Lipid rafts as signaling hubs in cancer cell survival/death and invasion:
implications in tumor progression and therapy: Thematic Review Series: Biology of Lipid Rafts, J Lipid
Res 61 (2020) 611-635. 10.1194/jlr. TR119000439.

[3] J. Finlay-Schultz, C.A. Sartorius, Steroid hormones, steroid receptors, and breast cancer stem cells,
J Mammary Gland Biol Neoplasia 20 (2015) 39-50. 10.1007/s10911-015-9340-5.

[4] G. Attard, C.S. Cooper, J.S. de Bono, Steroid hormone receptors in prostate cancer: a hard habit to
break?, Cancer Cell 16 (2009) 458-462. 10.1016/j.ccr.2009.11.006.

[5] B. Guerra, C. Recio, H. Aranda-Tavio, M. Guerra-Rodriguez, J.M. Garcia-Castellano, L. Fernandez-
Perez, The Mevalonate Pathway, a Metabolic Target in Cancer Therapy, Front Oncol 11 (2021) 626971.
10.3389/fonc.2021.626971.

[6] P.J. Mullen, R. Yu, J. Longo, M.C. Archer, L.Z. Penn, The interplay between cell signalling and the
mevalonate pathway in cancer, Nat Rev Cancer 16 (2016) 718-731. 10.1038/nrc.2016.76.

[7] B. Huang, B.L. Song, C. Xu, Cholesterol metabolism in cancer: mechanisms and therapeutic
opportunities, Nat Metab 2 (2020) 132-141. 10.1038/s42255-020-0174-0.

56



[8] J.L. Goldstein, M.S. Brown, The LDL receptor, Arterioscler Thromb Vasc Biol 29 (2009) 431-438.
10.1161/atvbaha.108.179564.

[9] T.Y. Chang, C.C. Chang, N. Ohgami, Y. Yamauchi, Cholesterol sensing, trafficking, and
esterification, Annu Rev Cell Dev Biol 22 (2006) 129-157. 10.1146/annurev.cellbio.22.010305.104656.
[10] R. Zhu, Z. Ou, X. Ruan, J. Gong, Role of liver X receptors in cholesterol efflux and inflammatory
signaling (review), Mol Med Rep 5 (2012) 895-900. 10.3892/mmr.2012.758.

[11] B. Wang, P. Tontonoz, Liver X receptors in lipid signalling and membrane homeostasis, Nat Rev
Endocrinol 14 (2018) 452-463. 10.1038/s41574-018-0037-x.

[12] X. Gong, H. Qian, W. Shao, J. Li, J. Wu, J.J. Liu, W. Li, HW. Wang, P. Espenshade, N. Yan,
Complex structure of the fission yeast SREBP-SCAP binding domains reveals an oligomeric
organization, Cell Res 26 (2016) 1197-1211. 10.1038/cr.2016.123.

[13] M.S. Brown, A. Radhakrishnan, J.L. Goldstein, Retrospective on Cholesterol Homeostasis: The
Central Role of Scap, Annu Rev Biochem 87 (2018) 783-807. 10.1146/annurev-biochem-062917-
011852.

[14] A.R. Miserez, P.Y. Muller, L. Barella, S. Barella, H.B. Staehelin, E. Leitersdorf, J.D. Kark, Y.
Friedlander, Sterol-regulatory element-binding protein (SREBP)-2 contributes to polygenic
hypercholesterolaemia, Atherosclerosis 164 (2002) 15-26. 10.1016/s0021-9150(01)00762-6.

[15] A. Radhakrishnan, Y. Ikeda, H.J. Kwon, M.S. Brown, J.L. Goldstein, Sterol-regulated transport of
SREBPs from endoplasmic reticulum to Golgi: oxysterols block transport by binding to Insig, Proc Natl
Acad Sci U S A 104 (2007) 6511-6518. 10.1073/pnas.0700899104.

[16] J.D. Greenlee, T. Subramanian, K. Liu, M.R. King, Rafting Down the Metastatic Cascade: The
Role of Lipid Rafts in Cancer Metastasis, Cell Death, and Clinical Outcomes, Cancer Res 81 (2021) 5-
17.10.1158/0008-5472.Can-20-2199.

[17] R.M. Adam, N.K. Mukhopadhyay, J. Kim, D. Di Vizio, B. Cinar, K. Boucher, K.R. Solomon, M.R.
Freeman, Cholesterol sensitivity of endogenous and myristoylated Akt, Cancer Res 67 (2007) 6238-
6246. 10.1158/0008-5472.CAN-07-0288.

[18] L. Zhuang, J. Kim, R.M. Adam, K.R. Solomon, M.R. Freeman, Cholesterol targeting alters lipid
raft composition and cell survival in prostate cancer cells and xenografts, J Clin Invest 115 (2005) 959-
968. 10.1172/jci19935.

[19] Y.C. Li, M.J. Park, S.K. Ye, C.W. Kim, Y.N. Kim, Elevated levels of cholesterol-rich lipid rafts
in cancer cells are correlated with apoptosis sensitivity induced by cholesterol-depleting agents, Am J
Pathol 168 (2006) 1107-1118; quiz 1404-1105. 10.2353/ajpath.2006.050959.

[20] R. Stuchbery, P.J. McCoy, C.M. Hovens, N.M. Corcoran, Androgen synthesis in prostate cancer:
do all roads lead to Rome?, Nat Rev Urol 14 (2017) 49-58. 10.1038/nrurol.2016.221.

[21] T. Suzuki, T. Moriya, T. Ishida, N. Ohuchi, H. Sasano, Intracrine mechanism of estrogen synthesis
in breast cancer, Biomed Pharmacother 57 (2003) 460-462. 10.1016/j.biopha.2003.09.007.

[22] X. Ding, W. Zhang, S. Li, H. Yang, The role of cholesterol metabolism in cancer, Am J Cancer
Res 9 (2019) 219-227.

[23] K. Shafique, P. McLoone, K. Qureshi, H. Leung, C. Hart, D.S. Morrison, Cholesterol and the risk
of grade-specific prostate cancer incidence: evidence from two large prospective cohort studies with up
to 37 years' follow up, BMC Cancer 12 (2012) 25. 10.1186/1471-2407-12-25.

[24] O. Yu, M. Eberg, S. Benayoun, A. Aprikian, G. Batist, S. Suissa, L. Azoulay, Use of statins and
the risk of death in patients with prostate cancer, J Clin Oncol 32 (2014) 5-11.
10.1200/JC0.2013.49.4757.

[25] L.C. Harshman, X. Wang, M. Nakabayashi, W. Xie, L. Valenca, L. Werner, Y. Yu, A.M. Kantoff,
C.J. Sweeney, L.A. Mucci, M. Pomerantz, G.S. Lee, P.W. Kantoff, Statin Use at the Time of Initiation
of Androgen Deprivation Therapy and Time to Progression in Patients With Hormone-Sensitive
Prostate Cancer, JAMA Oncol 1 (2015) 495-504. 10.1001/jamaoncol.2015.0829.

[26] K.H. Stopsack, T.A. Gerke, J.A. Sinnott, K.L. Penney, S. Tyekucheva, H.D. Sesso, S.O. Andersson,
O. Andrén, J.R. Cerhan, E.L. Giovannucci, L.A. Mucci, J.R. Rider, Cholesterol Metabolism and
Prostate Cancer Lethality, Cancer Res 76 (2016) 4785-4790. 10.1158/0008-5472.Can-16-0903.

[27] K.H. Stopsack, T.A. Gerke, O. Andrén, S.O. Andersson, E.L. Giovannucci, L.A. Mucci, J.R. Rider,
Cholesterol uptake and regulation in high-grade and lethal prostate cancers, Carcinogenesis 38 (2017)
806-811. 10.1093/carcin/bgx058.

57



[28] S. Ehmsen, M.H. Pedersen, G. Wang, M.G. Terp, A. Arslanagic, B.L. Hood, T.P. Conrads, R.
Leth-Larsen, H.J. Ditzel, Increased Cholesterol Biosynthesis Is a Key Characteristic of Breast Cancer
Stem Cells Influencing Patient Outcome, Cell Rep 27 (2019) 3927-3938.e3926.
10.1016/j.celrep.2019.05.104.

[29] C.A. Lewis, C. Brault, B. Peck, K. Bensaad, B. Griffiths, R. Mitter, P. Chakravarty, P. East, B.
Dankworth, D. Alibhai, A.L. Harris, A. Schulze, SREBP maintains lipid biosynthesis and viability of
cancer cells under lipid- and oxygen-deprived conditions and defines a gene signature associated with
poor survival in glioblastoma multiforme, Oncogene 34 (2015) 5128-5140. 10.1038/onc.2014.439.
[30] F. Maione, S. Oliaro-Bosso, C. Meda, F. Di Nicolantonio, F. Bussolino, G. Balliano, F. Viola, E.
Giraudo, The cholesterol biosynthesis enzyme oxidosqualene cyclase is a new target to impair tumour
angiogenesis and metastasis dissemination, Sci Rep 5 (2015) 9054. 10.1038/srep09054.

[31] B.M. Willumsen, A. Christensen, N.L. Hubbert, A.G. Papageorge, D.R. Lowy, The p21 ras C-
terminus is required for transformation and membrane association, Nature 310 (1984) 583-586.
10.1038/310583a0.

[32] S.L. Moores, M.D. Schaber, S.D. Mosser, E. Rands, M.B. O'Hara, V.M. Garsky, M.S. Marshall,
D.L. Pompliano, J.B. Gibbs, Sequence dependence of protein isoprenylation, J Biol Chem 266 (1991)
14603-14610.

[33] P.J. Casey, M.C. Seabra, Protein prenyltransferases, J Biol Chem 271 (1996) 5289-5292.
10.1074/jbc.271.10.5289.

[34] E. Sahai, CJ. Marshall, RHO-GTPases and cancer, Nat Rev Cancer 2 (2002) 133-142.
10.1038/nrc725.

[35] A.R. Moore, S.C. Rosenberg, F. McCormick, S. Malek, RAS-targeted therapies: is the undruggable
drugged?, Nat Rev Drug Discov 19 (2020) 533-552. 10.1038/s41573-020-0068-6.

[36] J. Li, D. Gu, S.S. Lee, B. Song, S. Bandyopadhyay, S. Chen, S.F. Konieczny, T.L. Ratliff, X. Liu,
J. Xie, J.X. Cheng, Abrogating cholesterol esterification suppresses growth and metastasis of pancreatic
cancer, Oncogene 35 (2016) 6378-6388. 10.1038/onc.2016.168.

[37] M.F. Mulas, C. Abete, D. Pulisci, A. Pani, B. Massidda, S. Dessi, A. Mandas, Cholesterol esters
as growth regulators of lymphocytic leukaemia cells, Cell Prolif 44 (2011) 360-371. 10.1111/j.1365-
2184.2011.00758.x.

[38] S. Yue, J. Li, S.Y. Lee, H.J. Lee, T. Shao, B. Song, L. Cheng, T.A. Masterson, X. Liu, T.L. Ratliff,
J.X. Cheng, Cholesteryl ester accumulation induced by PTEN loss and PISK/AKT activation underlies
human prostate cancer aggressiveness, Cell Metab 19 (2014) 393-406. 10.1016/j.cmet.2014.01.019.
[39] C.J. Antalis, A. Uchida, K.K. Buhman, R.A. Siddiqui, Migration of MDA-MB-231 breast cancer
cells depends on the availability of exogenous lipids and cholesterol esterification, Clin Exp Metastasis
28 (2011) 733-741. 10.1007/s10585-011-9405-9.

[40] F. Geng, X. Cheng, X. Wu, J.Y. Yoo, C. Cheng, J.Y. Guo, X. Mo, P. Ru, B. Hurwitz, S.H. Kim, J.
Otero, V. Puduvalli, E. Lefai, J. Ma, |. Nakano, C. Horbinski, B. Kaur, A. Chakravarti, D. Guo,
Inhibition of SOAT1 Suppresses Glioblastoma Growth via Blocking SREBP-1-Mediated Lipogenesis,
Clin Cancer Res 22 (2016) 5337-5348. 10.1158/1078-0432.Ccr-15-2973.

[41] H.J. Lee, J. Li, R.E. Vickman, J. Li, R. Liu, A.C. Durkes, B.D. Elzey, S. Yue, X. Liu, T.L. Ratliff,
J.X. Cheng, Cholesterol Esterification Inhibition Suppresses Prostate Cancer Metastasis by Impairing
the Wnt/beta-catenin Pathway, Mol Cancer Res 16 (2018) 974-985. 10.1158/1541-7786.MCR-17-0665.
[42] E.R. Nelson, S.E. Wardell, J.S. Jasper, S. Park, S. Suchindran, M.K. Howe, N.J. Carver, R.V. Pillai,
P.M. Sullivan, V. Sondhi, M. Umetani, J. Geradts, D.P. McDonnell, 27-Hydroxycholesterol links
hypercholesterolemia and breast cancer pathophysiology, Science 342 (2013) 1094-1098.
10.1126/science.1241908.

[43] A.E. Baek, Y.-R.A. Yu, S. He, S.E. Wardell, C.-Y. Chang, S. Kwon, R.V. Pillai, H.B. McDowell,
J.W. Thompson, L.G. Dubois, P.M. Sullivan, J.K. Kemper, M.D. Gunn, D.P. McDonnell, E.R. Nelson,
The cholesterol metabolite 27 hydroxycholesterol facilitates breast cancer metastasis through its actions
on immune cells, Nature Communications 8 (2017) 864. 10.1038/s41467-017-00910-z.

[44] S. Raza, J.E. Ohm, A. Dhasarathy, J. Schommer, C. Roche, K.D. Hammer, O. Ghribi, The
cholesterol metabolite 27-hydroxycholesterol regulates p53 activity and increases cell proliferation via
MDMZ2 in breast cancer cells, Mol Cell Biochem 410 (2015) 187-195. 10.1007/s11010-015-2551-7.

58



[45] D. Zhu, Z. Shen, J. Liu, J. Chen, Y. Liu, C. Hu, Z. Li, Y. Li, The ROS-mediated activation of
STAT-3/VEGF signaling is involved in the 27-hydroxycholesterol-induced angiogenesis in human
breast cancer cells, Toxicol Lett 264 (2016) 79-86. 10.1016/j.toxlet.2016.11.006.

[46] M.A. Alfagih, E.R. Nelson, W. Liu, R. Safi, J.S. Jasper, E. Macias, J. Geradts, J.W. Thompson,
L.G. Dubois, M.R. Freeman, C.Y. Chang, J.T. Chi, D.P. McDonnell, S.J. Freedland, CYP27AL1 Loss
Dysregulates Cholesterol Homeostasis in Prostate Cancer, Cancer Res 77 (2017) 1662-1673.
10.1158/0008-5472.CAN-16-2738.

[47] B.H. Lee, M.G. Taylor, P. Robinet, J.D. Smith, J. Schweitzer, E. Sehayek, S.M. Falzarano, C.
Magi-Galluzzi, E.A. Klein, A.H. Ting, Dysregulation of cholesterol homeostasis in human prostate
cancer through loss of ABCA1, Cancer Res 73 (2013) 1211-1218. 10.1158/0008-5472.CAN-12-3128.
[48] S. Silvente-Poirot, F. Dalenc, M. Poirot, The Effects of Cholesterol-Derived Oncometabolites on
Nuclear Receptor Function in Cancer, Cancer Res 78 (2018) 4803-4808. 10.1158/0008-5472.CAN-18-
1487.

[49] M. Poirot, S. Silvente-Poirot, The tumor-suppressor cholesterol metabolite, dendrogenin A, is a
new class of LXR modulator activating lethal autophagy in cancers, Biochem Pharmacol 153 (2018)
75-81. 10.1016/j.bcp.2018.01.046.

[50] M. Vaoisin, P. de Medina, A. Mallinger, F. Dalenc, E. Huc-Claustre, J. Leignadier, N. Serhan, R.
Soules, G. Segala, A. Mougel, E. Noguer, L. Mhamdi, E. Bacquie, L. luliano, C. Zerbinati, M. Lacroix-
Triki, L. Chaltiel, T. Filleron, V. Cavailles, T. Al Saati, P. Rochaix, R. Duprez-Paumier, C. Franchet,
L. Ligat, F. Lopez, M. Record, M. Poirot, S. Silvente-Poirot, Identification of a tumor-promoter
cholesterol metabolite in human breast cancers acting through the glucocorticoid receptor, Proc Natl
Acad Sci U S A 114 (2017) E9346-E9355. 10.1073/pnas.1707965114.

[51] W.J. Fredericks, J. Sepulveda, P. Lai, J.E. Tomaszewski, M.F. Lin, T. McGarvey, F.J. Rauscher,
3rd, S.B. Malkowicz, The tumor suppressor TERE1 (UBIADL) prenyltransferase regulates the elevated
cholesterol phenotype in castration resistant prostate cancer by controlling a program of ligand
dependent SXR target genes, Oncotarget 4 (2013) 1075-1092. 10.18632/oncotarget.1103.

[52] B. Smith, H. Land, Anticancer activity of the cholesterol exporter ABCA1 gene, Cell Rep 2 (2012)
580-590. 10.1016/j.celrep.2012.08.011.

[53] S. Schimanski, P.J. Wild, O. Treeck, F. Horn, A. Sigruener, C. Rudolph, H. Blaszyk, M.
Klinkhammer-Schalke, O. Ortmann, A. Hartmann, G. Schmitz, Expression of the lipid transporters
ABCA3 and ABCAL is diminished in human breast cancer tissue, Horm Metab Res 42 (2010) 102-1009.
10.1055/5-0029-1241859.

[54] C. Tian, D. Huang, Y. Yu, J. Zhang, Q. Fang, C. Xie, ABCGL1 as a potential oncogene in lung
cancer, Exp Ther Med 13 (2017) 3189-3194. 10.3892/etm.2017.4393.

[55] R. Demidenko, D. Razanauskas, K. Daniunaite, J.R. Lazutka, F. Jankevicius, S. Jarmalaite,
Frequent down-regulation of ABC transporter genes in prostate cancer, BMC Cancer 15 (2015) 683.
10.1186/512885-015-1689-8.

[56] A. El Roz, J.M. Bard, J.M. Huvelin, H. Nazih, LXR agonists and ABCG1-dependent cholesterol
efflux in MCF-7 breast cancer cells: relation to proliferation and apoptosis, Anticancer Res 32 (2012)
3007-3013.

[57] A.J. Pommier, G. Alves, E. Viennois, S. Bernard, Y. Communal, B. Sion, G. Marceau, C. Damon,
K. Mouzat, F. Caira, S. Baron, J.M. Lobaccaro, Liver X Receptor activation downregulates AKT
survival signaling in lipid rafts and induces apoptosis of prostate cancer cells, Oncogene 29 (2010)
2712-2723. 10.1038/0nc.2010.30.

[58] R.M. Evans, D.J. Mangelsdorf, Nuclear Receptors, RXR, and the Big Bang, Cell 157 (2014) 255-
266. 10.1016/j.cell.2014.03.012.

[59] H. Gronemeyer, J.A. Gustafsson, V. Laudet, Principles for modulation of the nuclear receptor
superfamily, Nat Rev Drug Discov 3 (2004) 950-964. 10.1038/nrd1551.

[60] T.P. Burris, L.A. Solt, Y. Wang, C. Crumbley, S. Banerjee, K. Griffett, T. Lundasen, T. Hughes,
D.J. Kojetin, Nuclear receptors and their selective pharmacologic modulators, Pharmacol Rev 65 (2013)
710-778. 10.1124/pr.112.006833.

[61] A.M. Jetten, Retinoid-related orphan receptors (RORs): critical roles in development, immunity,
circadian rhythm, and cellular metabolism, Nucl Recept Signal 7 (2009) e003. 10.1621/nrs.07003.

59



[62] A.M. Jetten, H.S. Kang, Y. Takeda, Retinoic acid-related orphan receptors o and y: key regulators
of lipid/glucose metabolism, inflammation, and insulin sensitivity, Front Endocrinol (Lausanne) 4
(2013) 1. 10.3389/fendo.2013.00001.

[63] A.M. Jetten, D.N. Cook, (Inverse) Agonists of Retinoic Acid-Related Orphan Receptor y:
Regulation of Immune Responses, Inflammation, and Autoimmune Disease, Annu Rev Pharmacol
Toxicol 60 (2020) 371-390. 10.1146/annurev-pharmtox-010919-023711.

[64] D.N. Cook, H.S. Kang, A.M. Jetten, Retinoic Acid-Related Orphan Receptors (RORs): Regulatory
Functions in Immunity, Development, Circadian Rhythm, and Metabolism, Nucl Receptor Res 2 (2015).
10.11131/2015/101185.

[65] S. Rutz, C. Eidenschenk, J.R. Kiefer, W. Ouyang, Post-translational regulation of RORgammat-A
therapeutic target for the modulation of interleukin-17-mediated responses in autoimmune diseases,
Cytokine Growth Factor Rev 30 (2016) 1-17. 10.1016/j.cytogfr.2016.07.004.

[66] D.J. Kojetin, T.P. Burris, REV-ERB and ROR nuclear receptors as drug targets, Nat Rev Drug
Discov 13 (2014) 197-216. 10.1038/nrd4100.

[67] C.K. Glass, K. Saijo, Nuclear receptor transrepression pathways that regulate inflammation in
macrophages and T cells, Nat Rev Immunol 10 (2010) 365-376. 10.1038/nri2748.

[68] A. Ladurner, P.F. Schwarz, V.M. Dirsch, Natural products as modulators of retinoic acid receptor-
related orphan receptors (RORS), Nat Prod Rep 38 (2021) 757-781. 10.1039/d0Onp00047g.

[69] G. Sanati, Z. Aryan, M. Barbadi, N. Rezaei, Innate lymphoid cells are pivotal actors in allergic,
inflammatory and autoimmune diseases, Expert Rev Clin Immunol 11 (2015) 885-895.
10.1586/1744666x.2015.1050382.

[70] P.J. Mease, Inhibition of interleukin-17, interleukin-23 and the TH17 cell pathway in the treatment
of psoriatic arthritis and psoriasis, Curr Opin Rheumatol 27 (2015) 127-133.
10.1097/bor.0000000000000147.

[71] H.R. Ueda, W. Chen, A. Adachi, H. Wakamatsu, S. Hayashi, T. Takasugi, M. Nagano, K.
Nakahama, Y. Suzuki, S. Sugano, M. lino, Y. Shigeyoshi, S. Hashimoto, A transcription factor response
element for gene expression during circadian night, Nature 418 (2002) 534-539. 10.1038/nature00906.
[72] E. Mihlbauer, I. Bazwinsky-Wutschke, S. Wolgast, K. Labucay, E. Peschke, Differential and day-
time dependent expression of nuclear receptors RORa, RORB, RORy and RXRa in the rodent pancreas
and islet, Mol Cell Endocrinol 365 (2013) 129-138. 10.1016/j.mce.2012.10.001.

[73] Y. Takeda, R. Jothi, V. Birault, A.M. Jetten, RORy directly regulates the circadian expression of
clock genes and downstream targets in vivo, Nucleic Acids Res 40 (2012) 8519-8535.
10.1093/nar/gks630.

[74] L.A. Solt, D.J. Kojetin, T.P. Burris, The REV-ERBs and RORs: molecular links between circadian
rhythms and lipid homeostasis, Future Med Chem 3 (2011) 623-638. 10.4155/fmc.11.9.

[75] Y. Takeda, H.S. Kang, J. Freudenberg, L.M. DeGraff, R. Jothi, A.M. Jetten, Retinoic acid-related
orphan receptor Y (RORYy): a novel participant in the diurnal regulation of hepatic gluconeogenesis and
insulin sensitivity, PLoS Genet 10 (2014) €1004331. 10.1371/journal.pgen.1004331.

[76] S. Raichur, P. Lau, B. Staels, G.E. Muscat, Retinoid-related orphan receptor gamma regulates
several genes that control metabolism in skeletal muscle cells: links to modulation of reactive oxygen
species production, J Mol Endocrinol 39 (2007) 29-44. 10.1677/jme.1.00010.

[77] Ilvanov, 11, B.S. McKenzie, L. Zhou, C.E. Tadokoro, A. Lepelley, J.J. Lafaille, D.J. Cua, D.R.
Littman, The orphan nuclear receptor RORgammat directs the differentiation program of
proinflammatory IL-17+ T helper cells, Cell 126 (2006) 1121-1133. 10.1016/j.cell.2006.07.035.

[78] S. Sawa, M. Cherrier, M. Lochner, N. Satoh-Takayama, H.J. Fehling, F. Langa, J.P. Di Santo, G.
Eberl, Lineage relationship analysis of RORgammat+ innate lymphoid cells, Science 330 (2010) 665-
669. 10.1126/science.1194597.

[79] C.E. Sutton, S.J. Lalor, C.M. Sweeney, C.F. Brereton, E.C. Lavelle, K.H. Mills, Interleukin-1 and
IL-23 induce innate IL-17 production from gammadelta T cells, amplifying Th17 responses and
autoimmunity, Immunity 31 (2009) 331-341. 10.1016/j.immuni.2009.08.001.

[80] Y. Takeda, H.S. Kang, F.B. Lih, H. Jiang, W.S. Blaner, A.M. Jetten, Retinoid acid-related orphan
receptor v, RORy, participates in diurnal transcriptional regulation of lipid metabolic genes, Nucleic
Acids Res 42 (2014) 10448-10459. 10.1093/nar/gku766.

60



[81] Y. Zhang, R. Papazyan, M. Damle, B. Fang, J. Jager, D. Feng, L.C. Peed, D. Guan, Z. Sun, M.A.
Lazar, The hepatic circadian clock fine-tunes the lipogenic response to feeding through RORa/y, Genes
Dev 31 (2017) 1202-1211. 10.1101/gad.302323.117.

[82] S. Zhang, The role of transforming growth factor B in T helper 17 differentiation, Immunology 155
(2018) 24-35. 10.1111/imm.12938.

[83] F. Zhang, G. Meng, W. Strober, Interactions among the transcription factors Runx1, RORgammat
and Foxp3 regulate the differentiation of interleukin 17-producing T cells, Nat Immunol 9 (2008) 1297-
1306. 10.1038/ni.1663.

[84] E. Bettelli, Y. Carrier, W. Gao, T. Korn, T.B. Strom, M. Oukka, H.L. Weiner, V.K. Kuchroo,
Reciprocal developmental pathways for the generation of pathogenic effector TH17 and regulatory T
cells, Nature 441 (2006) 235-238. 10.1038/nature04753.

[85] X.O. Yang, R. Nurieva, G.J. Martinez, H.S. Kang, Y. Chung, B.P. Pappu, B. Shah, S.H. Chang,
K.S. Schluns, S.S. Watowich, X.H. Feng, A.M. Jetten, C. Dong, Molecular antagonism and plasticity
of regulatory and inflammatory T cell programs, Immunity 29 (2008) 44-56.
10.1016/j.immuni.2008.05.007.

[86] L. Zhou, J.E. Lopes, M.M. Chong, Ivanov, II, R. Min, G.D. Victora, Y. Shen, J. Du, Y.P. Rubtsov,
AY. Rudensky, S.F. Ziegler, D.R. Littman, TGF-beta-induced Foxp3 inhibits T(H)17 cell
differentiation by antagonizing RORgammat function, Nature 453 (2008) 236-240.
10.1038/nature06878.

[87] T. Ebihara, C. Song, S.H. Ryu, B. Plougastel-Douglas, L. Yang, D. Levanon, Y. Groner, M.D.
Bern, T.S. Stappenbeck, M. Colonna, T. Egawa, W.M. Yokoyama, Runx3 specifies lineage
commitment of innate lymphoid cells, Nat Immunol 16 (2015) 1124-1133. 10.1038/ni.3272.

[88] I. Bank, The Role of Gamma Delta T Cells in Autoimmune Rheumatic Diseases, Cells 9 (2020).
10.3390/cells9020462.

[89] S. Paul, Shilpi, G. Lal, Role of gamma-delta (yd) T cells in autoimmunity, J Leukoc Biol 97 (2015)
259-271. 10.1189/j1b.3RU0914-443R.

[90] J. Wang, J.X. Zou, X. Xue, D. Cai, Y. Zhang, Z. Duan, Q. Xiang, J.C. Yang, M.C. Louie, A.D.
Borowsky, A.C. Gao, C.P. Evans, K.S. Lam, J. Xu, H.J. Kung, R.M. Evans, Y. Xu, H.W. Chen, ROR-
gamma drives androgen receptor expression and represents a therapeutic target in castration-resistant
prostate cancer, Nat Med 22 (2016) 488-496. 10.1038/nm.4070.

[91] Y. Wang, Z. Huang, C.Z. Chen, C. Liu, C.P. Evans, A.C. Gao, F. Zhou, H.W. Chen, Therapeutic
Targeting of MDR1 Expression by RORgamma Antagonists Resensitizes Cross-Resistant CRPC to
Taxane via Coordinated Induction of Cell Death Programs, Mol Cancer Ther 19 (2020) 364-374.
10.1158/1535-7163.MCT-19-0327.

[92] M. Gao, L. Guo, H. Wang, J. Huang, F. Han, S. Xiang, J. Wang, Orphan nuclear receptor
RORgamma confers doxorubicin resistance in prostate cancer, Cell Biol Int 44 (2020) 2170-2176.
10.1002/chin.11411.

[93] X. Zhang, Z. Huang, J. Wang, Z. Ma, J. Yang, E. Corey, C.P. Evans, A.M. Yu, HW. Chen,
Targeting Feedforward Loops Formed by Nuclear Receptor RORy and Kinase PBK in mCRPC with
Hyperactive AR Signaling, Cancers (Basel) 13 (2021). 10.3390/cancers13071672.

[94] N.K. Lytle, L.P. Ferguson, N. Rajbhandari, K. Gilroy, R.G. Fox, A. Deshpande, C.M. Schiirch, M.
Hamilton, N. Robertson, W. Lin, P. Noel, M. Wartenberg, I. Zlobec, M. Eichmann, J.A. Galvéan, E.
Karamitopoulou, T. Gilderman, L.A. Esparza, Y. Shima, P. Spahn, R. French, N.E. Lewis, K.M. Fisch,
R. Sasik, S.B. Rosenthal, M. Kritzik, D. Von Hoff, H. Han, T. Ideker, A.J. Deshpande, A.M. Lowy,
P.D. Adams, T. Reya, A Multiscale Map of the Stem Cell State in Pancreatic Adenocarcinoma, Cell
177 (2019) 572-586.522. 10.1016/j.cell.2019.03.010.

[95] D. Cai, J. Wang, B. Gao, J. Li, F. Wu, J.X. Zou, J. Xu, Y. Jiang, H. Zou, Z. Huang, A.D. Borowsky,
R.J. Bold, P.N. Lara, J.J. Li, X. Chen, K.S. Lam, K.F. To, H.J. Kung, O. Fiehn, R. Zhao, R.M. Evans,
H.W. Chen, RORgamma is a targetable master regulator of cholesterol biosynthesis in a cancer subtype,
Nat Commun 10 (2019) 4621. 10.1038/s41467-019-12529-3.

[96] Y.K. Seo, T.I. Jeon, H.K. Chong, J. Biesinger, X. Xie, T.F. Osborne, Genome-wide localization of
SREBP-2 in hepatic chromatin predicts a role in autophagy, Cell Metab 13 (2011) 367-375.
10.1016/j.cmet.2011.03.005.

61



[97] Y.C. Kim, S. Byun, Y. Zhang, S. Seok, B. Kemper, J. Ma, J.K. Kemper, Liver ChlP-seq analysis
in FGF19-treated mice reveals SHP as a global transcriptional partner of SREBP-2, Genome Biol 16
(2015) 268. 10.1186/513059-015-0835-6.

[98] R.A. DeBose-Boyd, J. Ye, SREBPs in Lipid Metabolism, Insulin Signaling, and Beyond, Trends
Biochem Sci 43 (2018) 358-368. 10.1016/j.tibs.2018.01.005.

[99] L. Xue, H. Qi, H. Zhang, L. Ding, Q. Huang, D. Zhao, B.J. Wu, X. Li, Targeting SREBP-2-
Regulated Mevalonate Metabolism for Cancer Therapy, Front Oncol 10 (2020) 1510.
10.3389/fonc.2020.01510.

[100] D. Cai, X. Zhang, H.W. Chen, A master regulator of cholesterol biosynthesis constitutes a
therapeutic liability of triple negative breast cancer, Mol Cell Oncol 7 (2020) 1701362.
10.1080/23723556.2019.1701362.

[101] S. Xiao, N. Yosef, J. Yang, Y. Wang, L. Zhou, C. Zhu, C. Wu, E. Baloglu, D. Schmidt, R. Ramesh,
M. Lobera, M.S. Sundrud, P.Y. Tsai, Z. Xiang, J. Wang, Y. Xu, X. Lin, K. Kretschmer, P.B. Rahl, R.A.
Young, Z. Zhong, D.A. Hafler, A. Regev, S. Ghosh, A. Marson, V.K. Kuchroo, Small-molecule RORyt
antagonists inhibit T helper 17 cell transcriptional network by divergent mechanisms, Immunity 40
(2014) 477-489. 10.1016/j.immuni.2014.04.004.

[102] X. Li, M. Anderson, D. Collin, I. Muegge, J. Wan, D. Brennan, S. Kugler, D. Terenzio, C.
Kennedy, S. Lin, M.E. Labadia, B. Cook, R. Hughes, N.A. Farrow, Structural studies unravel the active
conformation of apo RORyt nuclear receptor and a common inverse agonism of two diverse classes of
RORyt inhibitors, J Biol Chem 292 (2017) 11618-11630. 10.1074/jbc.M117.789024.

[103] F.R. Santori, P. Huang, S.A. van de Pavert, E.F. Douglass, Jr., D.J. Leaver, B.A. Haubrich, R.
Keber, G. Lorbek, T. Konijn, B.N. Rosales, D. Rozman, S. Horvat, A. Rahier, R.E. Mebius, F.
Rastinejad, W.D. Nes, D.R. Littman, Identification of natural RORgamma ligands that regulate the
development of lymphoid cells, Cell Metab 21 (2015) 286-298. 10.1016/j.cmet.2015.01.004.

[104] X. Hu, Y. Wang, L.Y. Hao, X. Liu, C.A. Lesch, B.M. Sanchez, J.M. Wendling, R.W. Morgan,
T.D. Aicher, L.L. Carter, P.L. Toogood, G.D. Glick, Sterol metabolism controls T(H)17 differentiation
by generating endogenous RORY agonists, Nat Chem Biol 11 (2015) 141-147. 10.1038/nchembio.1714.
[105] P. Soroosh, J. Wu, X. Xue, J. Song, S.W. Sutton, M. Sablad, J. Yu, M.I. Nelen, X. Liu, G. Castro,
R. Luna, S. Crawford, H. Banie, R.A. Dandridge, X. Deng, A. Bittner, C. Kuei, M. Tootoonchi, N.
Rozenkrants, K. Herman, J. Gao, X.V. Yang, K. Sachen, K. Ngo, W.P. Fung-Leung, S. Nguyen, A. de
Leon-Tabaldo, J. Blevitt, Y. Zhang, M.D. Cummings, T. Rao, N.S. Mani, C. Liu, M. McKinnon, M.E.
Milla, A.M. Fourie, S. Sun, Oxysterols are agonist ligands of RORyt and drive Th17 cell differentiation,
Proc Natl Acad Sci U S A 111 (2014) 12163-12168. 10.1073/pnas.1322807111.

[106] K.R. Beck, S.G. Inderbinen, S. Kanagaratnam, D.V. Kratschmar, A.M. Jetten, H. Yamaguchi, A.
Odermatt, 11B-Hydroxysteroid dehydrogenases control access of 7,27-dihydroxycholesterol to
retinoid-related orphan receptor y, J Lipid Res 60 (2019) 1535-1546. 10.1194/jir.M092908.

[107] Y. Wang, N. Kumar, L.A. Solt, T.l. Richardson, L.M. Helvering, C. Crumbley, R.D. Garcia-
Ordonez, K.R. Stayrook, X. Zhang, S. Novick, M.J. Chalmers, P.R. Griffin, T.P. Burris, Modulation of
retinoic acid receptor-related orphan receptor alpha and gamma activity by 7-oxygenated sterol ligands,
J Biol Chem 285 (2010) 5013-5025. 10.1074/jbc.M109.080614.

[108] S. Hang, D. Paik, L. Yao, E. Kim, J. Trinath, J. Lu, S. Ha, B.N. Nelson, S.P. Kelly, L. Wu, Y.
Zheng, R.S. Longman, F. Rastinejad, A.S. Devlin, M.R. Krout, M.A. Fischbach, D.R. Littman, J.R.
Huh, Bile acid metabolites control T(H)17 and T(reg) cell differentiation, Nature 576 (2019) 143-148.
10.1038/s41586-019-1785-z.

[109] M. Makishima, T.T. Lu, W. Xie, G.K. Whitfield, H. Domoto, R.M. Evans, M.R. Haussler, D.J.
Mangelsdorf, Vitamin D receptor as an intestinal bile acid sensor, Science 296 (2002) 1313-1316.
10.1126/science.1070477.

[110] X. Song, X. Sun, S.F. Oh, M. Wu, Y. Zhang, W. Zheng, N. Geva-Zatorsky, R. Jupp, D. Mathis,
C. Benoist, D.L. Kasper, Microbial bile acid metabolites modulate gut RORy(+) regulatory T cell
homeostasis, Nature 577 (2020) 410-415. 10.1038/s41586-019-1865-0.

[111] Q. Wu, T. Ishikawa, R. Sirianni, H. Tang, J.G. McDonald, I.S. Yuhanna, B. Thompson, L. Girard,
C. Mineo, R.A. Brekken, M. Umetani, D.M. Euhus, Y. Xie, P.W. Shaul, 27-Hydroxycholesterol
promotes cell-autonomous, ER-positive breast cancer growth, Cell Rep 5 (2013) 637-645.
10.1016/j.celrep.2013.10.006.

62



[112] L. Ma, E.R. Nelson, Oxysterols and nuclear receptors, Mol Cell Endocrinol 484 (2019) 42-51.
10.1016/j.mce.2019.01.016.

[113] A. Kloudova-Spalenkova, Y.F. Ueng, S. Wei, K. Kopeckova, F. Peter Guengerich, P. Soucek,
Plasma oxysterol levels in luminal subtype breast cancer patients are associated with clinical data, J
Steroid Biochem Mol Biol 197 (2020) 105566. 10.1016/j.jsbmb.2019.105566.

[114] A. Sukhanova, A. Gorin, I.G. Serebriiskii, L. Gabitova, H. Zheng, D. Restifo, B.L. Egleston, D.
Cunningham, T. Bagnyukova, H. Liu, A. Nikonova, G.P. Adams, Y. Zhou, D.H. Yang, R. Mehra, B.
Burtness, K.Q. Cai, A. Klein-Szanto, L.E. Kratz, R.1. Kelley, L.M. Weiner, G.E. Herman, E.A. Golemis,
I. Astsaturov, Targeting C4-demethylating genes in the cholesterol pathway sensitizes cancer cells to
EGF receptor inhibitors via increased EGF receptor degradation, Cancer Discov 3 (2013) 96-111.
10.1158/2159-8290.Cd-12-0031.

[115] M. Chen, Y. Zhao, X. Yang, Y. Zhao, Q. Liu, Y. Liu, Y. Hou, H. Sun, W. Jin, NSDHL promotes
triple-negative breast cancer metastasis through the TGFp signaling pathway and cholesterol
biosynthesis, Breast Cancer Res Treat (2021). 10.1007/s10549-021-06213-8.

[116] E.B. Ylitalo, E. Thysell, E. Jernberg, M. Lundholm, S. Crnalic, L. Egevad, P. Stattin, A. Widmark,
A. Bergh, P. Wikstrom, Subgroups of Castration-resistant Prostate Cancer Bone Metastases Defined
Through an Inverse Relationship Between Androgen Receptor Activity and Immune Response, Eur
Urol 71 (2017) 776-787. 10.1016/j.eururo.2016.07.033.

[117] V. Perissi, M.G. Rosenfeld, Controlling nuclear receptors: the circular logic of cofactor cycles,
Nat Rev Mol Cell Biol 6 (2005) 542-554. 10.1038/nrm1680.

[118] S. Rutz, C. Eidenschenk, J.R. Kiefer, W. Ouyang, Post-translational regulation of RORyt-A
therapeutic target for the modulation of interleukin-17-mediated responses in autoimmune diseases,
Cytokine Growth Factor Rev 30 (2016) 1-17. 10.1016/j.cytogfr.2016.07.004.

[119] M. Ermisch, B. Firla, D. Steinhilber, Protein kinase A activates and phosphorylates RORa4 in
vitro and takes part in RORa activation by CaMK-IV, Biochem Biophys Res Commun 408 (2011) 442-
446. 10.1016/j.bbrc.2011.04.046.

[120] E.J. Hwang, J.M. Lee, J. Jeong, J.H. Park, Y. Yang, J.S. Lim, J.H. Kim, S.H. Baek, K.I. Kim,
SUMOylation of RORalpha potentiates transcriptional activation function, Biochem Biophys Res
Commun 378 (2009) 513-517. 10.1016/j.bbrc.2008.11.072.

[121] H.W. Lim, S.G. Kang, J.K. Ryu, B. Schilling, M. Fei, I.S. Lee, A. Kehasse, K. Shirakawa, M.
Yokoyama, M. Schnélzer, H.G. Kasler, H.S. Kwon, B.W. Gibson, H. Sato, K. Akassoglou, C. Xiao,
D.R. Littman, M. Ott, E. Verdin, SIRT1 deacetylates RORyt and enhances Th17 cell generation, J Exp
Med 212 (2015) 607-617. 10.1084/jem.20132378.

[122] M. Kathania, P. Khare, M. Zeng, B. Cantarel, H. Zhang, H. Ueno, K. Venuprasad, Itch inhibits
IL-17-mediated colon inflammation and tumorigenesis by ROR-yt ubiquitination, Nat Immunol 17
(2016) 997-1004. 10.1038/ni.3488.

[123] Z. He, J. Ma, R. Wang, J. Zhang, Z. Huang, F. Wang, S. Sen, E.V. Rothenberg, Z. Sun, A two-
amino-acid substitution in the transcription factor RORyt disrupts its function in T(H)17 differentiation
but not in thymocyte development, Nat Immunol 18 (2017) 1128-1138. 10.1038/ni.3832.

[124] R.J. Antonia, R.S. Hagan, A.S. Baldwin, Expanding the View of IKK: New Substrates and New
Biology, Trends Cell Biol 31 (2021) 166-178. 10.1016/j.tch.2020.12.003.

[125] Z. He, F. Wang, J. Zhang, S. Sen, Q. Pang, S. Luo, Y. Gwack, Z. Sun, Regulation of Th17
Differentiation by IKK a-Dependent and -Independent Phosphorylation of RORyt, J Immunol 199 (2017)
955-964. 10.4049/jimmunol.1700457.

[126] H.C. Chuang, C.Y. Tsai, C.H. Hsueh, T.H. Tan, GLK-IKK signaling induces dimerization and
translocation of the AhR-RORyt complex in IL-17A induction and autoimmune disease, Sci Adv 4
(2018) eaat5401. 10.1126/sciadv.aat5401.

[127] M. Veldhoen, K. Hirota, A.M. Westendorf, J. Buer, L. Dumoutier, J.C. Renauld, B. Stockinger,
The aryl hydrocarbon receptor links TH17-cell-mediated autoimmunity to environmental toxins, Nature
453 (2008) 106-109. 10.1038/nature06881.

[128] A. Kimura, T. Naka, K. Nohara, Y. Fujii-Kuriyama, T. Kishimoto, Aryl hydrocarbon receptor
regulates Statl activation and participates in the development of Th17 cells, Proc Natl Acad Sci U S A
105 (2008) 9721-9726. 10.1073/pnas.0804231105.

63



[129] J. Yang, P. Xu, L. Han, Z. Guo, X. Wang, Z. Chen, J. Nie, S. Yin, M. Piccioni, A. Tsun, L. Lv,
S. Ge, B. Li, Cutting edge: Ubiquitin-specific protease 4 promotes Thl7 cell function under
inflammation by deubiquitinating and stabilizing RORyt, J Immunol 194 (2015) 4094-4097.
10.4049/jimmunol.1401451.

[130] S. Rutz, N. Kayagaki, Q.T. Phung, C. Eidenschenk, R. Noubade, X. Wang, J. Lesch, R. Lu, K.
Newton, O.W. Huang, A.G. Cochran, M. Vasser, B.P. Fauber, J. DeVoss, J. Webster, L. Diehl, Z.
Modrusan, D.S. Kirkpatrick, J.R. Lill, W. Ouyang, V.M. Dixit, Deubiquitinase DUBA is a post-
translational brake on interleukin-17 production in T cells, Nature 518 (2015) 417-421.
10.1038/nature13979.

[131] L. Han, J. Yang, X. Wang, Q. Wu, S. Yin, Z. Li, J. Zhang, Y. Xing, Z. Chen, A. Tsun, D. Li, M.
Piccioni, Y. Zhang, Q. Guo, L. Jiang, L. Bao, L. Lv, B. Li, The E3 deubiquitinase USP17 is a positive
regulator of retinoic acid-related orphan nuclear receptor yt (RORyt) in Th17 cells, J Biol Chem 289
(2014) 25546-25555. 10.1074/jbc.M114.565291.

[132] Z. He, F. Wang, J. Ma, S. Sen, J. Zhang, Y. Gwack, Y. Zhou, Z. Sun, Ubiquitination of RORyt at
Lysine 446 Limits Th17 Differentiation by Controlling Coactivator Recruitment, J Immunol 197 (2016)
1148-1158. 10.4049/jimmunol.1600548.

[133] E. Limagne, M. Thibaudin, R. Euvrard, H. Berger, P. Chalons, F. VVégan, E. Humblin, R. Boidot,
C. Rébé, V. Derangére, S. Ladoire, L. Apetoh, D. Delmas, F. Ghiringhelli, Sirtuin-1 Activation Controls
Tumor Growth by Impeding Th17 Differentiation via STAT3 Deacetylation, Cell Rep 19 (2017) 746-
759. 10.1016/j.celrep.2017.04.004.

[134] M. Ciofani, A. Madar, C. Galan, M. Sellars, K. Mace, F. Pauli, A. Agarwal, W. Huang, C.N.
Parkhurst, M. Muratet, K.M. Newberry, S. Meadows, A. Greenfield, Y. Yang, P. Jain, F.K. Kirigin, C.
Birchmeier, E.F. Wagner, K.M. Murphy, R.M. Myers, R. Bonneau, D.R. Littman, A validated
regulatory network for Th17 cell specification, Cell 151 (2012) 289-303. 10.1016/j.cell.2012.09.016.
[135] A.Y. Warren, C.E. Massie, K. Watt, K. Luko, F. Orafidiya, L.A. Selth, H. Mohammed, B.S.
Chohan, S. Menon, A. Baridi, W. Zhao, C. Escriu, T. Pungsrinont, C. D'Santos, X. Yang, C. Taylor, A.
Qureshi, V.R. Zecchini, G.L. Shaw, S.M. Dehm, I.G. Mills, J.S. Carroll, W.D. Tilley, 1.J. McEwan, A.
Baniahmad, D.E. Neal, M. Asim, A reciprocal feedback between the PDZ binding kinase and androgen
receptor drives prostate cancer, Oncogene 38 (2019) 1136-1150. 10.1038/s41388-018-0501-z.

[136] M.R. Chang, D. Goswami, B.A. Mercer, P.R. Griffin, The therapeutic potential of RORYy
modulators in the treatment of human disease, J Exp Pharmacol 4 (2012) 141-148. 10.2147/jep.S27078.
[137] J.R. Schultz, H. Tu, A. Luk, J.J. Repa, J.C. Medina, L. Li, S. Schwendner, S. Wang, M. Thoolen,
D.J. Mangelsdorf, K.D. Lustig, B. Shan, Role of LXRs in control of lipogenesis, Genes Dev 14 (2000)
2831-2838. 10.1101/gad.850400.

[138] N. Kumar, L.A. Solt, J.J. Conkright, Y. Wang, M.A. Istrate, S.A. Busby, R.D. Garcia-Ordonez,
T.P. Burris, P.R. Griffin, The benzenesulfoamide T0901317 [N-(2,2,2-trifluoroethyl)-N-[4-[2,2,2-
trifluoro-1-hydroxy-1-(trifluoromethyl)ethyl]phenyl]-benzenesulfonamide] is a novel retinoic acid
receptor-related orphan receptor-alpha/gamma inverse agonist, Mol Pharmacol 77 (2010) 228-236.
10.1124/mol.109.060905.

[139] J.R. Huh, M.W. Leung, P. Huang, D.A. Ryan, M.R. Krout, R.R. Malapaka, J. Chow, N. Manel,
M. Ciofani, S.V. Kim, A. Cuesta, F.R. Santori, J.J. Lafaille, H.E. Xu, D.Y. Gin, F. Rastinejad, D.R.
Littman, Digoxin and its derivatives suppress TH17 cell differentiation by antagonizing RORyt activity,
Nature 472 (2011) 486-490. 10.1038/nature09978.

[140] L.A. Solt, N. Kumar, P. Nuhant, Y. Wang, J.L. Lauer, J. Liu, M.A. Istrate, T.M. Kamenecka,
W.R. Roush, D. Vidovi¢, S.C. Schiirer, J. Xu, G. Wagoner, P.D. Drew, P.R. Griffin, T.P. Burris,
Suppression of TH17 differentiation and autoimmunity by a synthetic ROR ligand, Nature 472 (2011)
491-494. 10.1038/nature10075.

[141] N. Kumar, B. Lyda, M.R. Chang, J.L. Lauer, L.A. Solt, T.P. Burris, T.M. Kamenecka, P.R. Griffin,
Identification of SR2211: a potent synthetic RORy-selective modulator, ACS Chem Biol 7 (2012) 672-
677.10.1021/ch200496y.

[142] M.R. Chang, B. Lyda, T.M. Kamenecka, P.R. Griffin, Pharmacologic repression of retinoic acid
receptor-related orphan nuclear receptor v is therapeutic in the collagen-induced arthritis experimental
model, Arthritis Rheumatol 66 (2014) 579-588. 10.1002/art.38272.

64



[143] B.P. Fauber, G. de Leon Boenig, B. Burton, C. Eidenschenk, C. Everett, A. Gobbi, S.G. Hymowitz,
A.R. Johnson, M. Liimatta, P. Lockey, M. Norman, W. Ouyang, O. René, H. Wong, Structure-based
design of substituted hexafluoroisopropanol-arylsulfonamides as modulators of RORc, Bioorg Med
Chem Lett 23 (2013) 6604-6609. 10.1016/j.bmcl.2013.10.054.

[144] V.B. Pandya, S. Kumar, Sachchidanand, R. Sharma, R.C. Desai, Combating Autoimmune
Diseases With Retinoic Acid Receptor-Related Orphan Receptor-y (RORy or RORc) Inhibitors: Hits
and Misses, J Med Chem 61 (2018) 10976-10995. 10.1021/acs.jmedchem.8b00588.

[145] H. Gong, D.S. Weinstein, Z. Lu, J.J. Duan, S. Stachura, L. Haque, A. Karmakar, H. Hemagiri,
D.K. Raut, A.K. Gupta, J. Khan, D. Camac, J.S. Sack, A. Pudzianowski, D.R. Wu, M. Yarde, D.R.
Shen, V. Borowski, J.H. Xie, H. Sun, C. D'Arienzo, M. Dabros, M.A. Galella, F. Wang, C.A. Weigelt,
Q. Zhao, W. Foster, J.E. Somerville, L.M. Salter-Cid, J.C. Barrish, P.H. Carter, T.G.M. Dhar,
Identification of bicyclic hexafluoroisopropyl alcohol sulfonamides as retinoic acid receptor-related
orphan receptor gamma (RORy/RORc) inverse agonists. Employing structure-based drug design to
improve pregnane X receptor (PXR) selectivity, Bioorg Med Chem Lett 28 (2018) 85-93.
10.1016/j.bmcl.2017.12.006.

[146] W. Zhang, J. Zhang, L. Fang, L. Zhou, S. Wang, Z. Xiang, Y. Li, B. Wisely, G. Zhang, G. An, Y.
Wang, S. Leung, Z. Zhong, Increasing human Th17 differentiation through activation of orphan nuclear
receptor retinoid acid-related orphan receptor y (RORy) by a class of aryl amide compounds, Mol
Pharmacol 82 (2012) 583-590. 10.1124/mol.112.078667.

[147] T. Yang, Q. Liu, Y. Cheng, W. Cai, Y. Ma, L. Yang, Q. Wu, L.A. Orband-Miller, L. Zhou, Z.
Xiang, M. Huxdorf, W. Zhang, J. Zhang, J.N. Xiang, S. Leung, Y. Qiu, Z. Zhong, J.D. Elliott, X. Lin,
Y. Wang, Discovery of Tertiary Amine and Indole Derivatives as Potent RORyt Inverse Agonists, ACS
Med Chem Lett 5 (2014) 65-68. 10.1021/m14003875.

[148] J. Shirai, Y. Tomata, M. Kono, A. Ochida, Y. Fukase, A. Sato, S. Masada, T. Kawamoto, K.
Yonemori, R. Koyama, H. Nakagawa, M. Nakayama, K. Uga, A. Shibata, K. Koga, T. Okui, M.
Shirasaki, R. Skene, B. Sang, I. Hoffman, W. Lane, Y. Fujitani, M. Yamasaki, S. Yamamoto, Discovery
of orally efficacious RORyt inverse agonists, part 1: Identification of novel phenylglycinamides as lead
scaffolds, Bioorg Med Chem 26 (2018) 483-500. 10.1016/j.bmc.2017.12.006.

[149] B.P. Fauber, O. Rene¢, B. Burton, C. Everett, A. Gobbi, J. Hawkins, A.R. Johnson, M. Liimatta,
P. Lockey, M. Norman, H. Wong, Identification of tertiary sulfonamides as RORc inverse agonists,
Bioorg Med Chem Lett 24 (2014) 2182-2187. 10.1016/j.bmcl.2014.03.038.

[150] R.J. Cherney, L.A.M. Cornelius, A. Srivastava, C.A. Weigelt, D. Marcoux, J.J. Duan, Q. Shi,
D.G. Batt, Q. Liu, S. Yip, D.R. Wu, M. Ruzanov, J. Sack, J. Khan, J. Wang, M. Yarde, M.E. Cvijic, A.
Mathur, S. Li, D. Shuster, P. Khandelwal, V. Borowski, J. Xie, M. Obermeier, A. Fura, K. Stefanski,
G. Cornelius, J.A. Tino, J.E. Macor, L. Salter-Cid, R. Denton, Q. Zhao, P.H. Carter, T.G.M. Dhar,
Discovery of BMS-986251: A Clinically Viable, Potent, and Selective RORyt Inverse Agonist, ACS
Med Chem Lett 11 (2020) 1221-1227. 10.1021/acsmedchemlett.0c00063.

[151] S.H. Smith, C.E. Peredo, Y. Takeda, T. Bui, J. Neil, D. Rickard, E. Millerman, J.P. Therrien, E.
Nicodeme, J.M. Brusg, V. Birault, F. Viviani, H. Hofland, A.M. Jetten, J. Cote-Sierra, Development of
a Topical Treatment for Psoriasis Targeting RORy: From Bench to Skin, PLoS One 11 (2016) e0147979.
10.1371/journal.pone.0147979.

[152] E.G. Kang, S. Wu, A. Gupta, Y.L. von Mackensen, H. Siemetzki, J.M. Freudenberg, W. Wigger-
Alberti, Y. Yamaguchi, A phase | randomized controlled trial to evaluate safety and clinical effect of
topically applied GSK2981278 ointment in a psoriasis plaque test, Br J Dermatol 178 (2018) 1427-
1429.10.1111/bjd.16131.

[153] B.P. Fauber, O. René, Y. Deng, J. DeVoss, C. Eidenschenk, C. Everett, A. Ganguli, A. Gobbi, J.
Hawkins, A.R. Johnson, H. La, J. Lesch, P. Lockey, M. Norman, W. Ouyang, S. Summerhill, H. Wong,
Discovery of  1-{4-[3-fluoro-4-((3s,6r)-3-methyl-1,1-dioxo-6-phenyl-[1,2]thiazinan-2-ylmethyl)-
phenyl]-piperazin-1-yl}-ethanone (GNE-3500): a potent, selective, and orally bioavailable retinoic acid
receptor-related orphan receptor C (RORc or RORY) inverse agonist, ] Med Chem 58 (2015) 5308-
5322. 10.1021/acs.jmedchem.5b00597.

[154] Y. Wang, W. Cai, Y. Cheng, T. Yang, Q. Liu, G. Zhang, Q. Meng, F. Han, Y. Huang, L. Zhou,
Z. Xiang, Y.G. Zhao, Y. Xu, Z. Cheng, S. Lu, Q. Wu, J.N. Xiang, J.D. Elliott, S. Leung, F. Ren, X. Lin,

65



Discovery of Biaryl Amides as Potent, Orally Bioavailable, and CNS Penetrant RORyt Inhibitors, ACS
Med Chem Lett 6 (2015) 787-792. 10.1021/acsmedchemlett.5b00122.

[155] M. Kono, A. Ochida, T. Oda, T. Imada, Y. Banno, N. Taya, S. Masada, T. Kawamoto, K.
Yonemori, Y. Nara, Y. Fukase, T. Yukawa, H. Tokuhara, R. Skene, B.C. Sang, I.D. Hoffman, G.P.
Snell, K. Uga, A. Shibata, K. Igaki, Y. Nakamura, H. Nakagawa, N. Tsuchimori, M. Yamasaki, J. Shirai,
S. Yamamoto, Discovery of [ cis-3-({(5 R)-5-[(7-Fluoro-1,1-dimethyl-2,3-dihydro-1 H-inden-5-
yl)carbamoyl]-2-methoxy-7,8-dihydro-1,6-naphthyridin-6(5 H)-yl}carbonyl)cyclobutyl]acetic Acid
(TAK-828F) as a Potent, Selective, and Orally Available Novel Retinoic Acid Receptor-Related Orphan
Receptor yt Inverse Agonist, J Med Chem 61 (2018) 2973-2988. 10.1021/acs.jmedchem.8b00061.
[156] N. Sun, H. Guo, Y. Wang, Retinoic acid receptor-related orphan receptor gamma-t (RORyt)
inhibitors in clinical development for the treatment of autoimmune diseases: a patent review (2016-
present), Expert Opin Ther Pat 29 (2019) 663-674. 10.1080/13543776.2019.1655541.

[157] M. Scheepstra, S. Leysen, G.C. van Almen, J.R. Miller, J. Piesvaux, V. Kutilek, H. van
Eenennaam, H. Zhang, K. Barr, S. Nagpal, S.M. Soisson, M. Kornienko, K. Wiley, N. Elsen, S. Sharma,
C.C. Correll, B.W. Trotter, M. van der Stelt, A. Oubrie, C. Ottmann, G. Parthasarathy, L. Brunsveld,
Identification of an allosteric binding site for RORyt inhibition, Nat Commun 6 (2015) 8833.
10.1038/ncomms9833.

[158] H. Zhang, B.T. Lapointe, N. Anthony, R. Azevedo, J. Cals, C.C. Correll, M. Daniels, S.
Deshmukh, H. van Eenenaam, H. Ferguson, L.G. Hegde, W.J. Karstens, J. Maclean, J.R. Miller, L.Y.
Moy, V. Simov, S. Nagpal, A. Oubrie, R.L. Palte, G. Parthasarathy, N. Sciammetta, M. van der Stelt,
J.D. Woodhouse, B.W. Trotter, K. Barr, Discovery of N-(Indazol-3-yl)piperidine-4-carboxylic Acids
as RORyt Allosteric Inhibitors for Autoimmune Diseases, ACS Med Chem Lett 11 (2020) 114-119.
10.1021/acsmedchemlett.9b00431.

[159] F.A. Meijer, R.G. Doveston, R. de Vries, G.M. Vos, A.A.A. Vos, S. Leysen, M. Scheepstra, C.
Ottmann, L.G. Milroy, L. Brunsveld, Ligand-Based Design of Allosteric Retinoic Acid Receptor-
Related Orphan Receptor yt (RORyt) Inverse Agonists, J Med Chem 63 (2020) 241-259.
10.1021/acs.jmedchem.9b01372.

[160] R. de Vries, F.A. Meijer, R.G. Doveston, |.A. Leijten-van de Gevel, L. Brunsveld, Cooperativity
between the orthosteric and allosteric ligand binding sites of RORyt, Proc Natl Acad Sci US A 118
(2021). 10.1073/pnas.2021287118.

[161] F.A. Meijer, G.J.M. Oerlemans, L. Brunsveld, Orthosteric and Allosteric Dual Targeting of the
Nuclear Receptor RORyt with a Bitopic Ligand, ACS Chem Biol 16 (2021) 510-519.
10.1021/acschembio.0c00941.

[162] Y. Zhang, X. Wu, X. Xue, C. Li, J. Wang, R. Wang, C. Zhang, C. Wang, Y. Shi, L. Zou, Q. Li,
Z. Huang, X. Hao, K. Loomes, D. Wu, H.W. Chen, J. Xu, Y. Xu, Discovery and Characterization of
XY101, a Potent, Selective, and Orally Bioavailable RORy Inverse Agonist for Treatment of Castration-
Resistant Prostate Cancer, J Med Chem 62 (2019) 4716-4730. 10.1021/acs.jmedchem.9b00327.

[163] O. René, B.P. Fauber, L. Boenig Gde, B. Burton, C. Eidenschenk, C. Everett, A. Gobbi, S.G.
Hymowitz, A.R. Johnson, J.R. Kiefer, M. Liimatta, P. Lockey, M. Norman, W. Ouyang, H.A.
Wallweber, H. Wong, Minor Structural Change to Tertiary Sulfonamide RORc Ligands Led to Opposite
Mechanisms of Action, ACS Med Chem Lett 6 (2015) 276-281. 10.1021/mI500420y.

[164] J. Kallen, A. Izaac, C. Be, L. Arista, D. Orain, K. Kaupmann, C. Guntermann, K. Hoegenauer, S.
Hintermann, Structural States of RORyt: X-ray Elucidation of Molecular Mechanisms and Binding
Interactions for Natural and Synthetic Compounds, ChemMedChem 12 (2017) 1014-1021.
10.1002/cmdc.201700278.

[165] J. Zheng, J. Wang, Q. Wang, H. Zou, H. Wang, Z. Zhang, J. Chen, Q. Wang, P. Wang, Y. Zhao,
J. Lu, X. Zhang, S. Xiang, H. Wang, J. Lei, HW. Chen, P. Liu, Y. Liu, F. Han, J. Wang, Targeting
castration-resistant prostate cancer with a novel RORy antagonist elaiophylin, Acta Pharm Sin B 10
(2020) 2313-2322. 10.1016/j.apsb.2020.07.001.

[166] M. Heverin, S. Meaney, A. Brafman, M. Shafir, M. Olin, M. Shafaati, S. von Bahr, L. Larsson,
A. Lovgren-Sandblom, U. Diczfalusy, P. Parini, E. Feinstein, 1. Bjérkhem, Studies on the cholesterol-
free mouse: strong activation of LXR-regulated hepatic genes when replacing cholesterol with
desmosterol, Arterioscler Thromb Vasc Biol 27 (2007) 2191-2197. 10.1161/atvbaha.107.149823.

66



[167] J.A. Kallen, J.M. Schlaeppi, F. Bitsch, S. Geisse, M. Geiser, I. Delhon, B. Fournier, X-ray
structure of the hRORalpha LBD at 1.63 A: structural and functional data that cholesterol or a
cholesterol derivative is the natural ligand of RORalpha, Structure 10 (2002) 1697-1707.
10.1016/s0969-2126(02)00912-7.

[168] C. Liu, X.V. Yang, J. Wu, C. Kuei, N.S. Mani, L. Zhang, J. Yu, S.W. Sutton, N. Qin, H. Banie,
L. Karlsson, S. Sun, T.W. Lovenberg, Oxysterols direct B-cell migration through EBI2, Nature 475
(2011) 519-523. 10.1038/nature10226.

[169] M. Umetani, H. Domoto, A.K. Gormley, I.S. Yuhanna, C.L. Cummins, N.B. Javitt, K.S. Korach,
P.W. Shaul, D.J. Mangelsdorf, 27-Hydroxycholesterol is an endogenous SERM that inhibits the
cardiovascular effects of estrogen, Nat Med 13 (2007) 1185-1192. 10.1038/nm1641.

[170] E.R. Nelson, C.D. DusSell, X. Wang, M.K. Howe, G. Evans, R.D. Michalek, M. Umetani, J.C.
Rathmell, S. Khosla, D. Gesty-Palmer, D.P. McDonnell, The oxysterol, 27-hydroxycholesterol, links
cholesterol metabolism to bone homeostasis through its actions on the estrogen and liver X receptors,
Endocrinology 152 (2011) 4691-4705. 10.1210/en.2011-1298.

[171] J.J. Repa, S.D. Turley, J.A. Lobaccaro, J. Medina, L. Li, K. Lustig, B. Shan, R.A. Heyman, J.M.
Dietschy, D.J. Mangelsdorf, Regulation of absorption and ABC1-mediated efflux of cholesterol by
RXR heterodimers, Science 289 (2000) 1524-1529. 10.1126/science.289.5484.1524.

[172] K.A. Houck, K.M. Borchert, C.D. Hepler, J.S. Thomas, K.S. Bramlett, L.F. Michael, T.P. Burris,
T0901317 is a dual LXR/FXR agonist, Mol Genet Metab 83 (2004) 184-187.
10.1016/j.ymgme.2004.07.007.

[173] N. Mitro, L. Vargas, R. Romeo, A. Koder, E. Saez, T0901317 is a potent PXR ligand: implications
for the biology ascribed to LXR, FEBS Lett 581 (2007) 1721-1726. 10.1016/j.febslet.2007.03.047.
[174] K. Kara$, A. Satkowska, M. Sobalska-Kwapis, A. Walczak-Drzewiecka, D. Strapagiel, J. Dastych,
R.A. Bachorz, M. Ratajewski, Digoxin, an Overlooked Agonist of RORy/RORYT, Front Pharmacol 9
(2018) 1460. 10.3389/fphar.2018.01460.

[175] T. Xu, X. Wang, B. Zhong, R.I. Nurieva, S. Ding, C. Dong, Ursolic acid suppresses interleukin-
17 (IL-17) production by selectively antagonizing the function of RORgamma t protein, J Biol Chem
286 (2011) 22707-22710. 10.1074/jbc.C111.250407.

67



Chapter 3

Nuclear receptor RORY inverse agonists/antagonists display tissue- and gene-
context selectivity through distinct activities in altering chromatin accessibility
and master regulator SREBP2 occupancy

3.1 Abstract

The nuclear receptor RORy is a major driver of autoimmune diseases and certain types of
cancer due to its aberrant function in T helper 17 (Th17) cell differentiation and tumor
cholesterol metabolism, respectively. Compound screening using the classic receptor-
coactivator interaction perturbation scheme led to identification of many small-molecule
modulators of RORy(t). We report here that inverse agonists/antagonists of RORy such as
VTP-43742 derivative VTP-23 and TAK828F, which can potently inhibit the inflammatory
gene program in Th17 cells, unexpectedly lack high potency in inhibiting the growth of TNBC
tumor cells. In contrast, antagonists such as XY018 and GSK805 that strongly suppress tumor
cell growth and survival display only modest activities in reducing Th17-related cytokine
expression. Unexpectedly, we found that VTP-23 significantly induces the cholesterol
biosynthesis program in TNBC cells. Our further mechanistic analyses revealed that the VTP
inhibitor enhances the local chromatin accessibility, H3K27ac mark and the cholesterol master
regulator SREBP2 recruitment at the RORy binding sites whereas XY018 exerts the opposite
activities, despite their similar effects on circadian rhythm program. Similar distinctions
between TAK828F and SR2211 in their effects on local chromatin structure at 1117 genes were
also observed. Together, our study shows for the first-time that structurally distinct RORy
antagonists possess different or even contrasting activities in tissue/cell-specific manner. Our
findings also highlight that the activities at natural chromatin are key determinants of RORy

modulators’ tissue selectivity.
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3.2 Introduction

Nuclear receptors (NRs) comprise a superfamily of structurally conserved, ligand-regulated
transcription factors, serving as receptors for steroid hormones and derivatives of lipids and
fatty acids [1, 2]. NRs share a common structure including a central DNA-binding domain
(DBD) and a carboxy-terminal ligand-binding domain (LBD). Ligand binding induces a
conformational change in the receptor, which results in its association with other co-regulatory
proteins and regulation of gene expression. Notably, NR function is diverse and context-
specific. For instance, glucocorticoid binding to glucocorticoid receptor (GR) can induce the
death of thymocytes and osteoblasts or promote cell survival in liver and heart [3]. Dysfunction
of NR signaling can lead to proliferative, reproductive and metabolic diseases such as cancer,
infertility, obesity and diabetes. Thus, the NR superfamily is one of the primary classes of
therapeutic drug targets for human diseases [4, 5]. For example, dexamethasone and many
other potent agonists of GR are used in treatment of autoimmune and inflammatory diseases.
Tamoxifen, a selective estrogen receptor modulator (SERM) acting as an antagonist in
mammary tumor cells but as a partial agonist in the uterus, has been widely used for treatment
of estrogen receptor (ER)-positive breast cancer [6].

Recent studies have revealed important roles played by retinoic acid receptor-related orphan
receptor-gamma (RORYy) in control of immunity, circadian rhythm, metabolism and certain
type of cancer [7-9]. RORy is encoded by RORC/NR1F3 gene and belongs to the ROR
subfamily of NRs. RORY protein has two different isoforms, RORy and RORyt, which differ
only in the N-terminus but display distinct expression patterns [7]. RORy is widely expressed
in many tissues, including liver, adipose, skeletal muscle, and kidney, while RORyt is
exclusively highly expressed in thymus and other immune cells [8]. Although RORy was
initially characterized as an orphan receptor, recent studies strongly suggest that certain
intermediates of cholesterol biosynthesis and specific metabolites of cholesterol and bile acids
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are its endogenous ligands [7, 8]. Similar to GR [3], RORy also displays tissue-specific
functions. RORy is found to regulate circadian rhythm gene expressions in liver [10]. RORy
knock-out mice are protected from hyperglycemia and insulin resistance in obesity [11]. RORyt
is essential for differentiation of naive CD4" T cells to T helper 17 (Th17) cells that produce
interleukin 17 (IL-17) cytokines. Aberrant functions of RORyt result in overproduction of IL-
17 cytokines in Th17 and other immune cells which can lead to development of different
autoimmune diseases. Therefore, RORyt is a promising target for the autoimmune diseases [8,
12]. Studies from us and others demonstrated that RORy in tumor cells can promote tumor
growth and metastasis in castration-resistant prostate cancer, triple-negative breast cancer
(TNBC) and pancreatic adenocarcinoma [13-18]. Recent studies also demonstrated that RORy
is a novel master regulator of tumor cholesterol biosynthesis in TNBC [18]. Thus, targeting
RORy is a promising strategy for effective treatment of specific types of cancer.

An increasing number of synthetic and natural small molecules with distinct chemical
structures are being developed targeting RORy or RORyt with the majority of them displaying
inverse agonist (if RORy(t) in the cell is considered unliganded) or antagonist (if RORy(t) in
the cell is bound with an agonist ligand) activities [7, 19-21]. One common strategy used in
identification of those synthetic ligands is based on their activities in disrupting the interaction
between the receptor LBD and a LXXLL motif-containing peptide derived from an NCoA/SRC
coactivator. Among the inverse agonists identified (Fig. 3.1A), TAK828F [22], VTP-43742
[23] and its derivative VTP-23 [19] have been at clinical trials for treatment of autoimmune
diseases. Others such as GSK805 [24], SR2211 [25] and XY018 [13] display potent activities
in inhibition of tumor growth and metastasis [13-18]. However, there has not been any side-
by-side, direct comparison between those RORy modulators in a given platform or system.
Through measuring their activities in the immune and cancer cell models, we found that those
RORy modulators display a large difference in suppression of RORy function in the different
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cells. Unexpectedly, our study also revealed that compounds that are highly potent in blocking
RORyt in the immune cells appear to display agonist activities in the cancer cells. Using
epigenetic approaches, our study showed that differences in their cellular activities are linked
to their distinct ability in altering local chromatin structure and recruitment of the cholesterol
master regulator SREBP2 at the natural RORYy targets. Together, our study demonstrated for
the first-time that structurally distinct small-molecule RORy modulators possess tissue/cell-
selective activities in perturbing the function of RORy or RORyt through their distinct actions
at the natural chromatin site. We anticipate that our findings will entice future development of
truly tissue-selective RORy modulators.

3.3 Materials and Methods
Cell culture
HCCT70 cell was cultured in RPMI11640 supplemented with 10% FBS. MDA-MB-468 and EL4
cells were cultured in DMEM supplemented with 10% FBS. Cells were grown at 37 °C in 5%
CO2 incubators. Cells were obtained from ATCC and were regularly tested being negative for
mycoplasma.
Chemicals
Sources for chemicals are as follows: TAK828F, VTP compound 23 (VTP-23) [19], XY018
and GSK805 (purity > 99%) were synthesized by WuXi AppTec. Other chemicals (purity >
97%) are from Sigma and Cayman unless indicated otherwise.
Naive CD4+ T-cell isolation and Th17 differentiation
CD4+CD62L+ naive CD4+ T cells were purified from C57BL/6 mice (Envigo) using
EasySep™ Mouse CD4+CD62L+ T Cell Isolation Kit (Cat. 18765, Stemcell). Naive CD4+
cells were cultured in anti-CD3 (10 pg/ml) and anti-CD28 (5 pg/ml) antibody pre-coated 96-
well plates and treated with different RORy antagonists or vehicle. For Th17 cell differentiation,
cultures were supplied with IL-6 (20 ng/ml) and TGF-B1 (1 ng/ml). Forty-eight hours later,
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cultures were further supplied with IL-23 (10 ng/ml) and IL-1p (10ng/mL). After 96 hours of
compound incubation, cells were treated with phorbol 12-myristate 13-acetate (PMA, 50
ng/mL, Sigma) and ionomycin (1 pg/mL) for 4 hours before collected for further experiments.
Cell viability, proliferation and colony formation

For cell viability, cells were seeded in 96-well plates at 1000-2000 cells per well in a total
volume of 100 pL of media. After 4 days of incubation of compounds, Cell-Titer Glo reagents
(Promega) were added, and luminescence was measured on GLOMAX microplate
luminometer (Promega) or Varioskan™ LUX multimode microplate reader (Thermo
Scientific), according to the manufacturer’s instructions. All experimental points were set up
as triplicate as biological replication, and the entire experiments were repeated three times. The
data are presented as percentage of viable cells with vehicle-treated cells set as 100. The
estimated in vitro IC50 values were calculated by using GraphPad Prism 9 software. For cell
proliferation, cells were seeded in 6-well plates at 2 X 105 per well and treated as indicated.
Total viable cell numbers were counted using Countess™ |l Automated Cell Counter
(Invitrogen). For colony formation assay, 500 cells were seeded in a well of 6-well plate and
cultured for 21 days with the medium changing every 5 days. When the cell clone grew visible,
the medium was removed, and the cells were fixed with 10% formalin for 10 mins. The plated
were washed with PBS for two times, and cell colonies were stained with 0.2% crystal violet
(in 10% formalin) for 30 mins. The above assays were performed in duplicates, and the entire
experiments were repeated three times.

gRT- PCR and western blotting analysis

Total RNA was isolated from cells using TR1zol™ Reagent (Cat. 15596018, Invitrogen). The
cDNA was prepared using qScript™ cDNA SuperMix (Cat. 95048-100, QuantaBio).
Quantitative PCR were performed as previously described with modification [26]. Briefly,
cDNAs were mixed with SYBR Green gPCR master mix (B21203, Bimake) and gene specific
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primers. The PCR were performed using the CFX96 Real-Time PCR Detection System (Bio-
Rad). The fluorescent values were collected, and fold difference was calculated. GAPDH was
used as the internal reference to normalize the relative level of each transcript. The experiments
were performed at least three times. Primers are listed in Table 3.1.

Cell lysates were analyzed by immunoblotting with antibodies specifically recognizing RORy
and GAPDH. The antibodies used are shown in Table 3.2.

RNA-seq and bioinformatics analysis

MDA-MB-468 cells were treated as indicated before RNA extraction. RNA-seq libraries from
1 pg total RNA were prepared and validated as previously described. Sequencing was
performed on an Illumina HiSeq 2000 Sequencer at BGI Tech (Hong Kong). The FASTQ-
formatted sequence data were analyzed using a standard BWA-Bowtie-Cufflinks workflow.
Briefly, sequence reads were aligned to the reference human genome assembly (hgl19) with
BWA and Bowtie software. Subsequently, the Cufflinks package [27]. was applied for
transcript assembly and quantification gene expression. To avoid spurious fold levels due to
low expression values, only subsets of genes that have expression value of RPKM (reads per
kilobase per million mapped reads) or FPKM (fragments per kilobase of exon model per
million mapped reads) above 1 for either the vehicle treated cell, or the compound treated cells
are included. GSEA was performed wusing the Java desktop software
(http://www.broadinstitute.org/gsea) as described previously [28]. Genes were ranked
according to the shrunken limma log2 fold changes and the GSEA tool was used in 'pre-ranked’
mode with all default parameters. Previous reported cholesterol biosynthesis genes [29] were
used in the GSEA analysis.

Reporter constructs and reporter-gene assay

Transient transfection and reporter-gene assays were performed as previously described, with
the following modifications. For RORE reporter-gene assays 7 X RORE and 4 X AR-RORE-
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tk-luc was constructed as previously described [13]. Cells were co-transfected with pLX304-
RORYy or empty vector and indicated RORE reporter plasmid using lipofectamine 3000 (Cat.
L3000015, Invitrogen). Renila plasmid was co-transfected for normalization. After 12 hours of
incubation, cells were treated with vehicle or RORY inhibitors as indicated for another 24 hours.
The luciferase activity was analyzed using Dual-Glo Luciferase Assay System (Promega) on
GLOMAX microplate luminometer (Promega) or Varioskan™ LUX multimode microplate
reader (Thermo Scientific), according to the manufacturer’s instructions. All transfections were
performed in triplicate, and each experiment was repeated at least three times.

ChIP-gPCR analysis

ChIP-gPCR analysis was performed as described previously [18]. The antibodies used for the
ChlIP assay are SREBP2 (Cayman, 10007663); H3K27ac (Diagenode, C15410196) and IgG
(Cell signaling technology, 2729S). ChlIPs were performed with each experimental point in
triplicate, and each experiment was repeated three times. The primers are shown in Table 3.1.
Assay for Transposase-Accessible Chromatin using sequencing (ATAC-seq)

Samples were prepared as described previously [30]. Paired-end 100bp sequences were
generated from samples on an NovaSeq platform at BGI Tech (Hong Kong). Fastq files from
ATAC-seq were processed by the pipeline on Github (https://github.com/ENCODE-DCC/atac-
seg-pipeline). Briefly, sequencing tags were mapped against the murine genome (mm9) or
Homo sapiens (human) reference genome (hgl19) by using Bowtie 2.2.6. Mitochondrial and
duplicated reads were filtered through SAMtools (v 1.2) and picard (v 2.1.1,
https://www.broadinstitutegithubio/picard/). After filtering and deduping, uniquely mapped
tags were used for peak calling by model-based analysis (MACS; 2.1.0) to identify regions of
enrichment over background. Peaks that overlapped blacklisted regions were removed. After
normalization, genome-wide signal-coverage tracks from raw-read alignment files were built
by MACS2, UCSC tools (bedGraphToBigWig/bedClip;
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http://hgdownload.cse.ucsc.edu/admin/exe/linux.x86_64/), and bedTools
(https://github.com/arg5x/bedtools2). The ATAC-seq signal visualization at enriched genomic
regions  (avgprofile and heatmap) was achieved by using deepTools
(https://deeptools.readthedocs.io/en/develop/index.html). The resulting sets of ATAC-seq
peaks were inferred as high confidence Tn5 hypersensitive site (THSS) regions. The annotation
of THSS regions to genomic features was performed using the HOMER suite tool
annotatePeaks (http://homer.ucsd.edu/homer/index.html). Each of the sites was assigned to the
nearest gene. Further annotation information includes whether a peak is in the TSS

(transcription start site, from —1 kb to+ 100 bp), TTS (transcription termination site, from

—100 bp to + 1 kb), Exon (Coding), 5 UTR Exon, 3' UTR Exon, Intronic, or Intergenic.

Statistical analysis
Cell culture-based experiments were performed three times or more, with assay points
triplicated. The data are presented as mean values + SD. Statistical analyses were performed
by GraphPad Prism software 9.

3.4 Results
3.4.1 RORy antagonists with distinct structures display different potency in inhibition of
RORy-dependent transactivation function
Small-molecule modulators of RORy or RORyt such as TAK828F [22], VTP-43742 and its
improved analog VTP-23 [19], GSK805 [24] and XY018 [13] were previously developed by
different laboratories with potent activities in models of autoimmune and cancer (Fig. 3.1A)
(given the high likelihood that RORy or RORyt in the cells or tissues is bound with endogenous
agonistic ligands such as cholesterol biosynthesis intermediates or metabolites, hereafter we
will describe them as antagonists or modulators). To directly compare their activities, we first
performed luciferase reporter assays to measure their activities in antagonizing the

transactivation of RORy. Interestingly, in HEK293T cell, although all compounds diminished
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the 7X-RORE and 4X-AR-RORE dependent activation in a concentration dependent manner,
the inhibitory activities of those compounds differed markedly (Fig. 3.1B). Specifically, at 100
nM, TAKB828F and VTP-23 showed more than 50% inhibition of RORy-dependent
transactivation at 7X-RORE and 4X-AR-RORE luciferase reporters. In comparison, it takes 1
uM of SR2211 or 5 uM of XYO018 to elicit a similar percentage of inhibition. Similarly, over
10-fold difference in the inhibition potency among the antagonists were observed in a TNBC
cell model (Fig. 3.1C). These data suggest that those RORy antagonists with different structures
display remarkable differences in inhibition of RORy-dependent transactivation function in the

reporter gene assays.
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Figure 3.1. RORy antagonists with distinct structures display different inhibitory activities at RORy-
dependent reporters

A. Chemical structures of five RORy inhibitors: SR2211, XY018, GSK805, VTP-43742, VTP-23 and TAK828F.
B. 7X-RORE and AR-RORE luciferase reporter activity changes by treatment of different concentrations of RORy
inhibitors in 293T cells for 24 hours. Normalized luciferase activity from cells treated with vehicle and transfected
with RORy-expressing plasmid were set as 1. Data are shown as mean + SD. n=3. C. 7X-RORE luciferase reporter
activity changes by treatment of different concentrations of RORy inhibitors in MDA-MB-468 cells for 24 hours.
Normalized luciferase activity from cells treated with vehicle and transfected with RORy-expressing plasmid were

set as 1. Data are shown as mean + SD. n=3. Student’s t-test. ** p < 0.01.

3.4.2 The different RORy antagonists display marked difference in their potency of
inhibition of 1117 gene induction in Th17 cells

RORyt plays a crucial role in induction of IL-17 cytokines in Th17 cells. We thus examined
whether those RORy or RORyt antagonists also display different activities in suppressing
RORyt-dependent cytokine production in mouse Th17 cells. Naive mouse CD4+ T cells
isolated from C57BL/6 mice spleens were incubated with different RORy antagonists under
Th17 differentiation condition. As expected, all five compounds examined reduced both 1117a
and 1117f expression in a concentration-dependent manner (Fig. 3.2A and B). However,
although all of them inhibited 90% of 1117a and I117f expression at a high concentration (1 pM)
(Fig. 3.2C and D), TAK828F, VTP-23 and GSK805 showed significantly greater inhibitory
activities at lower concentrations (10 and 100 nM), compared with the other RORYy antagonists
SR2211 and XYO018 (Fig. 3.2A and B). Specifically, 100 nM of TAK828F and VTP-23
exhibited more than 90% Il117a inhibition, whereas the same concentration of XY018 and
SR2211 only inhibited 30% and 50% of 1117a mRNA expression, respectively. These results

show that the RORy antagonists examined display significant different potency in inhibiting
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RORy-mediated 1117 gene expression in mouse Th17 cell, with the potency difference similar

to that observed in the above luciferase reporter gene assays.
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Figure 3.2 RORYy inhibitors exhibit different potencies in suppressing IL-17 cytokine production in mouse

Th17 cells

A, B. Naive CD4+ T cells were isolated from C57BL/6 mice and activated under Th17-cell-polarizing conditions

in the presence of different RORY inhibitors at indicated concentrations (1 nM, 10 nM and 100 nM). After 4 days,

[117a (A) and 1117 (B) expressions were measured by gqRT-PCR. C, D. Naive CD4+T cells were isolated and

activated as in (A) in the presence of 1 uM of different RORy inhibitors. After 4 days, 1117a (C) and 1117f (D)

expressions were measured by gRT-PCR. Data are shown as mean + SD. n=3. Student’s t-test. * p < 0.05, ** p <

0.01.
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3.4.3 RORYy antagonists display opposing effects on cholesterol biosynthesis program but
similar effects on circadian rhythm program in the same cancer cells

In our previous study, we demonstrated that RORy is a novel master regulator for tumor
cholesterol biosynthesis in TNBC. Pharmacological and genetic inhibition of RORy reduces
tumor cholesterol level and synthesis rate, leading to inhibition of the tumor growth [18].

To investigate whether the different compounds also display distinct activities in RORy control
of TNBC cell cholesterol biosynthesis program, we performed RNA-seq analysis of MDA-
MB-468 TNBC cells treated with the RORy antagonists. Gene ontology (GO) analysis of the
104 transcripts downregulated by both XY018 (2.5 uM) and GSK805 (2.5 uM), but not
TAK828F (10 puM) or VTP-23 (10 uM), revealed that genes involved in cholesterol
biosynthesis pathway were among the most highly enriched (Fig. 3.3A and B). On the other
hand, transcripts that were downregulated only by TAK828F and VTP-23 were not involved
in cholesterol biosynthesis program (Fig. 3.3C and D). Further examination by gene-set
enrichment analysis (GSEA) also indicated clearly that hallmarks of cholesterol-biosynthesis
program were significantly altered by both XYO018 and GSK805 at a relatively low
concentration (2.5 uM). However, TAK828F or VTP-23 treatment at either a low (2.5 uM) or
a high (10 uM) concentration did not alter the cholesterol gene program (Fig. 3.3E). To
examine whether the effects of RORY antagonists on cholesterol biosynthesis program can be
extended to other cells, we analyzed the gene expression in mouse CD4+ T cells undergoing
differentiation to Th17 and treated by the antagonists and found that none of the antagonists
displayed a significant alteration of MRNA expressions of the major cholesterol biosynthesis
genes, including Hmgcr, Hmgcs1, Sqle and Mvk (Sup Fig.3.1). These data indicate that RORy
does not regulate cholesterol biosynthesis pathway in T cells.

Our further analysis revealed that the majority of genes involved in cholesterol-biosynthesis
pathway, including two genes that encode the rate-limiting enzymes, HMGCR and SQLE, were
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down-regulated in the TNBC cells by XY018 and GSK805 (Fig. 3.3F). To extend the analysis
to different cells and different concentrations, we treated HCC70 TNBC cells with 5 uM of
each compound and observed distinct effects by the different compounds similar to those
observed in MDA-MB468 cells (Fig. 3.3G). Twenty-four hours treatment of GSK805 and
XY018 resulted in a strong down-regulation of 19 out of the 21 cholesterol biosynthesis genes,
including HMGCS, HMGCR and SQLE. In contrast, the expression of those genes remained
largely unchanged when treated with TAK828F. Unexpectedly, a significant up-regulation by
VTP-23 of several genes in the pathway (e.g. HMGCS1, MVD, TM7SF2 and DHCR7) was
observed in the TNBC cells (Fig. 3.3F and G). Circadian rhythm is another major program
regulated by RORy. Interestingly, VTP-23 significantly inhibited the expression of key
circadian regulators such as ARNTL/Bmall, PER2, CRY1 and FBXL3, although its inhibition
potency is lower than XY018 (Fig. 3.3H). To summarize, the above results show that GSK805
and XYO018, but not TAK828F, strongly inhibit cholesterol biosynthesis gene expression
whereas VTP-23 induces the same gene program. On the other hand, both XY018 and VTP-23
inhibit circadian rhythm gene expressions in the same TNBC cells. Therefore, the results
strongly suggest that different RORy antagonists possess distinct activity in modulation of

RORYy functions in a cell- and gene program-specific manner.
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Figure 3.3 GSK805 and XY018, but not TAK828F and VTP-23, strongly inhibit cholesterol biosynthesis
pathway genes in TNBC cells

A. Venn diagram of the number of genes with expression significantly (1.5-fold) reduced, which is detected by
RNA-seq of MDA-MB-468 cell treated with XY018 (2.5 uM), GSK805 (2.5 pM), VTP-23 (10 uM) or TAK828F
(10 uM) for 24 hours. B-D. (B) Gene ontology analysis of 104 genes downregulated by both XY018 (2.5 uM)
and GSK805 (2.5 uM), but not TAK828F (10 uM) or VTP-23 (10 uM) as shown in (A). (C) Gene ontology
analysis of 119 genes downregulated by both TAK828F (10 uM) VTP-23 (10 uM), but not XY018 (2.5 uM) or
GSK805 (2.5 puM). (D) Gene ontology analysis of 298 genes downregulated by all of the four compounds.
Hypergeometric test and Benjamini-Hochberg p-value correction. E. GSEA plots depicting the enrichment of
genes downregulated (1.5-fold) in cholesterol-biosynthesis pathway in MDA-MB-468 cell treated with XY018
(2.5 M), GSK805 (2.5 uM), VTP-23 (2.5 uM and 10 uM) or TAK828F (2.5 uM and 10 uM) for 24 hours. FDR
false-discovery rate. F. Heat map display of fold changes (in log2) in mRNA expression of 21 cholesterol-
biosynthesis genes analyzed by RNA-seq in MDA-MB468 cells treated with different RORy inhibitors for 24
hours. G. Heat map display of fold changes (in log2) in mRNA expression of 21 cholesterol-biosynthesis genes
analyzed by qRT-PCR in HCC70 cells treated with 5 uM of different RORy inhibitors for 48 hours. H. Heat map
display of fold changes (in log2) in mMRNA expression of KEGG 28 circadian rhythm genes analyzed by RNA-

seq in MDA-MB468 cells treated with different RORy inhibitors for 24 hours.
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Supplementary figure 3.1 RORy antagonists do not alter mRNA expressions of the major cholesterol
biosynthesis genes in mouse Th17 cells

Naive CD4+ T cells were isolated from C57BL/6 mice and activated under Th17-cell-polarizing conditions in the
presence of different RORy inhibitors at indicated concentrations (1 nM, 10 nM and 100 nM). After 4 days, Hmgcr,

Hmgcs1, Sgle and Mvk mRNA expressions were measured by qRT-PCR.

3.4.4 XY018 and GSK&805, not VTP-23 or TAK828F, potently inhibit TNBC cell growth
and survival

Notably, in contrast to their high potency in inhibiting cholesterol biosynthesis gene program
in TNBC, XY018 and GSK805 have a relatively low activity in suppressing Thl7-related
cytokine production in Th17 cell, if compared with TAK828F and VTP-23. These data indicate
a potential cell context-specific activity of different RORY antagonists. To further examine
their differential activities, we compared their effects on TNBC cell growth. Consistent with
previous study [18], XY018 and GSK805 showed the lowest ICso value in both HCC70 and
MDA-MB-468 cells. TAK828F, VTP-23 and a RORy agonist—LYC55716 all have an 1Cso
around or above 20 uM (Fig. 3.4A). Indeed, while 2.5 uM of GSK805 and XY018 displayed
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strong inhibition on MDA-MB-468 cell growth, TAK828F and VTP-23 at concentrations
below 20 uM did not significantly inhibit cell growth (Fig. 3.4B). The anti-growth activity of
XY018 and GSK805 in MDA-MB-468 sustained for six days without further addition of the
compounds. Similar inhibitory effects can be observed in a cell survival/colony-formation
assay. While 5 uM of XY018 and 2.5 uM of GSK805 treatment was able to completely prevent
colony formation of MDA-MB-468 cells, no effect can be observed when cells were treated
with 5 uM of TAK828F or VTP-23 (Fig. 3.4C). These data indicate that GSK805 and XY018
but not TAK828F or VTP-23 potently inhibit TNBC cell growth. Together with the other
results described above, we show that those structurally distinct RORY antagonists possess cell

context-specific activities in TNBC and Th17 cells.
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Figure 3.4 XY018, GSK805 and SR2211, not TAK828F or VTP-23, exhibit potent inhibition of TNBC cell
growth and survival
A. The growth inhibition IC50 (uM) for RORY antagonists XY018, GSK805, SR2211, TAK828F and VTP-23,

or agonists LYC55716 in indicated TNBC cell lines treated for 4 days. B. MDA-MBA468 cells were treated by
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different RORy antagonists as indicated. Two, four and six days later, viable cells were counted. C. MDA-MB468
cells were treated by different RORy antagonists as indicated. Fourteen days later, representative images of colony
formation were taken (top) and colonies were counted (bottom). Data are shown as mean = SD. n = 3. Student’s

t-test. ** p < 0.01.

3.45 VTP-23 increases whereas XY018 reduces SREBP2 recruitment at chromatin
targets of RORYy

We previously found that one of the major mechanisms of RORy function in up-regulating
tumor cholesterol biosynthesis is its novel activity of promoting recruitment of SREBP2, a
well-known master regulator of cholesterol metabolism [7, 18]. Thus, to study the mechanism
underlying the contrasting activities of the RORy inhibitors in cholesterol biosynthesis gene
expression, we performed ChIP analysis to measure their effects on the recruitment of SREBP2.
Consistent with our published results [18], XYO018 treatment and RORy knockdown
significantly reduced SREBP2 occupancy at the RORy binding site of promoters of key
cholesterol biosynthesis genes such as HMGCS1, SQLE, and DHCR7 in the TNBC cells. In
contrast, VTP-23 strongly increased occupancy of SREBP2 at the same RORYy target sites (Fig.
3.5A). Consistent with their contrasting effects on SREBP2 occupancy at the chromatin, we
also observed that the transcriptional activation-linked histone mark H3K27ac was strongly
increased by VTP-23 but reduced by XY018 at the promoter region of HMGCSL1, SQLE, and
DHCR24 (Fig. 3.5B). Western blotting and gRT-PCR analysis indicated that the
agonistic/activating effects on SREBP2 recruitment and H3K27ac mark by VTP-23 were not

due to the compound effect on RORy expression (Suppl Fig. 3.2).
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Figure 3.5 RORy knockdown and antagonist treatment differentially alters SREBP2 recruitment and
H3K27ac mark at RORy binding sites of its target genes

A. ChIP-gqPCR analysis of SREBP2 occupancy at the indicated RORy binding sites of cholesterol biosynthesis
genes in HCC70 cells treated by 5 uM of indicated RORYy antagonists (top) or transfected with sSiRORC (bottom)
for 48 hrs. The RORY binding sites and the genomic region analyzed by ChIP-qPCR are indicated by a short line
close to the transcription start sites of each gene. B. ChIP-gPCR analysis of H3K27ac mark at the indicated sites

of cholesterol biosynthesis genes in HCC70 cells treated by 5 uM of XY018 or VTP-23 for 48 hrs. n=3. Student’s

t-test. * p < 0.05, ** p < 0.01.
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Supplementary figure 3.2 RORY antagonists affect RORy expression in TNBC cells

A. Heat map display of fold changes (in log2) in mRNA expression of RORC gene analyzed by RNA-seq in
MDA-MB468 cells treated with 2.5 uM of different RORYy inhibitors or by gRT-PCR in HCC70 cells treated with
5 uM of different RORYy inhibitors for 48 hours. B. Immunoblotting of RORy in MDA-MB468 and HCC70 cells

treated with VTP-23 or XY018 for 2 days. Representative blots. n=3.

3.4.6 Different RORy antagonists display context-specific activity in altering chromatin
accessibility at cholesterol biosynthesis gene loci

Many factors contribute to the control of transcriptional factor recruitment to DNA. Among
them, one major determinant is chromatin accessibility which is regulated primarily by ATP-
dependent chromatin remodeling complexes [31, 32]. Chromatin accessibility or openness in
the cell can be measured by Assay for Transposase-Accessible Chromatin using sequencing
(ATAC-seq) [33]. We thus used ATAC-seq to measure the effects of the different RORYy
antagonists on local chromatin accessibility. Consistent with the generally inhibitory effect of
the antagonists on activator RORy, both XY018 and VTP-23 significantly reduced genome-
wide chromatin accessibility in the TNBC cells. Interestingly, XY018 caused a much greater
reduction in the chromatin accessibility when compared with VTP-23 (Fig. 3.6A). More
importantly, when we examined the effect on specific gene programs, we found that while
XYO018 strongly reduced the chromatin accessibility at the loci of cholesterol biosynthesis
genes, little effect was observed in cells treated by VTP-23 (Fig. 3.6B). Consistent with our
RNA-seq results, both XY018 and VTP-23 reduced chromatin accessibility at the loci of

circadian rhythm genes. Similar to the effect on genome-wide chromatin accessibility, XY018
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treatment resulted in a stronger reduction compared to VTP-23 (Fig. 3.6C). Our gene ontology
(GO) analysis of genes that displayed ATAC-seq peak reduction by XY018 also revealed that
cholesterol/steroid biosynthesis was among the significantly enriched programs (Fig. 3.6D).
Indeed, treatment of XY018 markedly reduced chromatin accessibility at promoter and/or
enhancer regions of major cholesterol biosynthesis genes, including SQLE, HMGCS1, DHCR7
and DHCR24 where RORYy occupancy can be detected by the RORy ChIP-seq peaks [18]) (Fig.
3.6E, green arrows). In contrast, little alteration or even increased chromatin accessibility
(indicated by red arrows) at the loci were observed when cells were treated with VTP-23. In
addition, circadian rhythm was among the highly enriched programs when performing GO
analysis of genes with reduced ATAC-seq peaks by either XY018 or VTP-23 treatment (Fig.
3.6D). Both XY018 and VVTP-23 strongly decrease chromatin accessibility at promoter and/or
enhancer regions of major circadian rhythm genes, such as ARNTL and CRY1. As expected,
XY018 caused greater chromatin accessibility reduction compared with VTP-23 (Fig. 3.6F,
green arrows). Together, these data strongly suggest that the RORy antagonists possess
context-specific activities in altering chromatin accessibility at RORy binding sites in TNBC
cells. While XY 018 and VVTP-23 both reduced chromatin accessibility at circadian rhythm gene
loci, only XY018 potently decreased chromatin accessibility at cholesterol biosynthesis gene
loci. Such distinctions in altering local chromatin structure are likely one of the underlying
mechanisms for their distinct, context-specific activities in modulation of specific gene

expression.
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Figure 3.6. XY018 and VTP-23 differentially alters chromatin accessibility at cholesterol biosynthesis and
circadian rhythm gene loci

A. Genome-wide ATAC-seq profile (top) and heat map (bottom) of genome-wide ATAC-seq signal intensity
within = 3 kb windows around the center of peak regions in MDA-MB-468 cells treated with vehicle, 5 uM of
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VTP-23 or XY018 for 24 hours. B. ATAC-seq profiles (top) and heat map (bottom) of signal intensity within + 3
kb windows around the center of peak regions of genes involved in cholesterol biosynthesis pathway in MDA-
MB-468 cells treated as in (A). C. ATAC-seq profiles (top) and heat map (bottom) of signal intensity within + 3
kb windows around the center of peak regions of genes involved in circadian rhythm in MDA-MB-468 cells
treated as in (A). D. Gene ontology (GO) analysis of genes that displayed reduced ATAC-seq peaks compared
with vehicle by XY018 (top) or VTP-23 (bottom) treatment in MDA-MB-468 cells. Hypergeometric and binomial
test p value. E. IGV display of ATAC-seq and RORy ChIP-seq signals in TNBC cells at representative cholesterol
biosynthesis genes. Light green frames include the areas with the transpose access/open chromatin measurements
significantly increased (red arrow) or decreased (green arrow) by the indicated treatments. F. IGV display of
ATAC-seq signals in TNBC cells at representative circadian rhythm genes. Light green frames include the areas
with the transpose access/open chromatin measurements significantly decreased (green arrow) by the indicated

treatments.

3.4.7 Distinct chromatin accessibility alterations underlie the different activities of
SR2211 and TAKS828F in modulation of 1117 genes

To further examine context-specific activities of the RORy inhibitors, we measured the
activities of SR2211 and TAK828F in EL4 mouse lymphoma cells. EL4 cells express high
levels of 1117a and 1117f upon stimulation by PMA and ionomycin and were used in the
development of SR2211 [25, 34]. Consistent with published data [25], 5 UM SR2211 can
significantly reduce I117a and 1117f gene upregulation induced by PMA and ionomycin.
Surprisingly, however, treatment of TAK828F further increased the mRNA level of 1117a and
[117f even after PMA and ionomycin stimulation (Fig. 3.7A). To understand how SR2211 and
TAKBS828F act so differently in EL4 cells, we measured their effects on chromatin accessibility.
Our ATAC-seq profiling of the entire chromatin regions of the RORyt-regulated Th17
signature genes revealed that after PMA and ionomycin stimulation, EL4 cells underwent a
marked chromatin accessibility induction at loci of the signature genes [35, 36] (Fig. 3.7B).

Importantly, we observed that TAK828F treatment further enhanced the induction of chromatin
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accessibility (Fig. 3.7C) whereas SR2211 significantly reduced the induction at the signature
genes as a whole (Fig. 3.7D). Indeed, the chromatin accessibility induction at promoter and/or
enhancer regions of 1117a, 1117f and 1123r gene loci was reduced by SR2211 (Fig. 3.7E, green
arrows). In contrast, TAK828F further enhanced the accessibility increase at those specific
chromatin loci (Fig. 3.7E, red arrows). These results provided further evidence that different
RORy antagonists’ distinct activities in specific cells are associated with their different
effectiveness in altering chromatin accessibility. In addition, it also revealed a cell context-
dependent opposing activity of TAK828F on a same RORyt target gene, namely TAK828F
down-regulates IL-17A and IL-17F production in Th17 cells but up-regulates their expression

in EL4 lymphoma cells.
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Figure 3.7 Opposing effects of SR2211 and TAKS828F on IL-17 expression and chromatin
accessibility/openness in EL4 lymphoma cells

A. qRT-PCR analysis of 1117a and 1117f gene expression in EL4 cells pretreated with 5 uM TAK828F or SR2211
for 20 hours, followed by stimulation with PMA and ionomycin for 4 hours. n=3. Student’s t-test. ** p < 0.01. B-
D. ATAC-seq profiles of signal intensity within + 3 kb windows around the center of peak regions on RORy-
regulated Th17 signature genes (1117a, 1117, 1121, 1122, 1123r, Ccr6, Ccl20) in EL4 cells treated with vehicle, PMA
and ionomycin stimulation, PMA and ionomycin stimulation together with 5 uM of TAK828F or SR2211. E. IGV
display of ATAC-seq signals on 1117a, 1117f and 1123r gene loci in EL4 cells treated as in (B). Light green frames
include the areas with the transpose access/open chromatin measurements significantly increased (red arrow) or

decreased (green arrow) by the indicated treatments.
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3.5 Discussion

The initial identification of small molecules such as SR2211 and GSK805 that displayed strong
antagonistic activities to RORyt in the autoimmune models provided a sustaining impetus to
development of an ever-increasing number of RORY inverse agonists/antagonists with diverse
structures [7, 19]. In this study, we unexpectedly found that representative RORy-targeting
small molecules displayed remarkably distinct activities that are context-specific. For example,
although VTP-23 and TAK828F can potently suppress the inflammatory gene expression in
Th17 cells, they lack strong activities in suppressing tumorigenesis-linked programs such as
cholesterol biosynthesis in TNBC cells that are controlled by RORy. On the other hand,
although GSK805 and XY 018 are potent in inhibition of the cholesterol biosynthesis program,
they are many folds less potent than the other two compounds in down-regulation of the
inflammatory genes. Therefore, these compounds possess cellular context-specific activities in
modulation of the RORy or RORyt functions. Our other analyses also support this notion. Thus,
consistent with the previous finding [25], SR2211 strongly inhibits the expression of 1117a and
117 in EL4 mouse lymphoma cells. Intriguingly, in EL4 cells, TAK828F significantly up-
regulates the expression of the two cytokines, suggesting an agonist activity to RORyt in the
lymphoma cells. Likewise, on the expression of cholesterol biosynthesis genes, in contrast to
the inhibitory effect displayed by GSK805, VTP-23 appears to stimulate their expression. The
results that VTP-23 and TAK828F display apparently agonistic activities in specific cells and
a highly potent antagonistic effect in the RORE-driven reporter assays in the TNBC cells
strongly argue against the possibility that their lack of high potency in inhibition of cholesterol
biosynthesis program is due to their inability to access the nucleus or the RORy-associated
regulatory complexes. In fact, VTP-23 is able to inhibit circadian rhythm gene program in the
same cells where it induces cholesterol biosynthesis program, thus underscoring the gene
context-specific modulation activities of the compound.
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Overall, among the five compounds examined, the distinct activities in modulating RORy
functions displayed by a same small molecule such as TAK828F include a high potency of
antagonist, a lack of significant effect and a significant stimulating effect or acting apparently
as an agonist. Those distinct activities are displayed in the context of different cells (e.g.,
normal Th17 vs malignant T lymphoma or TNBC), different target programs (cholesterol
biosynthesis vs circadian rhythm) or different target templates (e.g., plasmid-based reporters
vs natural chromatin, or non-naturally iterated RORES vs natural occurring sites). In our search
for mechanisms that underlie their context-specific activities, we found that their activities in
altering local chromatin structure at the target loci of RORy or RORyt are closely linked to
their distinct activities in regulation of the expression of RORy target genes. Thus, XY018
strongly decreases the open chromatin structures at the cholesterol biosynthesis genes and the
MRNA expression of those genes in the TNBC cells. In contrast, VTP-23 increases the open
chromatin structure at specific gene loci and stimulates their expression. Likewise, SR2211
decreases PMA-ionomycin-induced open chromatin structures and the expression of 1117a and
1117 genes whereas TAK828F increases the chromatin structure and the expression of the 1117
genes. Chromatin accessibility is a key determinant of transcription factor recruitment to their
target sites. Indeed, we found that RORy compounds such as VTP-23 that induce RORy-
controlled cholesterol biosynthesis genes in TNBC cells also increase the recruitment of master
regulator SREBP2 whereas compounds such as XYO018 that inhibit the cholesterol gene
program reduces SREBP2 recruitment at chromatin targets of RORY.

Currently, it is unclear how different RORy modulators targeting the same receptor in the same
cell can elicit such highly distinct effects on the local chromatin structure and recruitment of
SREBP2. Chromatin accessibility can be regulated by various co-factors, including ones that
possess chromatin modifying (e.g. histone acetylation or methylation) or de-modifying
enzymatic activities, and ATP-dependent chromatin remodeling activities [37]. RORy can
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interact several co-activators, including SRC/NCOA1-3 and p300, and also with co-repressors,
including NCOR1, NCOR2, RIP140 [38]. A recent study demonstrates that a component of
SWI/SNF complex is crucial for the induction of IL17 genes in Th17 cells and also for RORyt-
dependent histone activation marks, suggesting a functional interplay between the chromatin
remodeling complex and the histone modification complexes in RORy function [39]. One
possibility for the different RORy modulators to exert distinct effects at the local chromatin is
their ability to induce different conformational changes to the receptor which in turn leads to
the recruitment (or in some cases, lack of recruitment) by the liganded receptor of specific
protein complexes with the chromatin modifying or remodeling activities. The other possibility
is that the distinct conformational change leads to association or dissociation of proteins or
complexes such as other transcription factors or co-factors that are already assembled at the
RORy target sites. Even for the same chromatin locus (e.g., 1117a/f), different cells can have
distinctive chromatin structure and associated protein complexes. Therefore, the impact of the
distinct conformational change in RORy protein on the association and function of the local
protein complexes will likely be different.

NR superfamily represents a unique paradigm for identification of tissue-selective modulators.
Many selective modulators have been identified for ER-a, AR and GR [5, 40]. Indeed,
raloxifene, a second generation SERM, is effective in reducing the risk of breast cancer by
antagonizing the ER function in breast tissue, whereas it prevents bone loss by acting as an ER
agonist and lacks agonist activity in the uterus [41, 42]. Several selective GR modulators
(SEGRMs) have also been identified [43]. Drugs that selectively enhance the trans-repression
function of GR without significant effect on its transactivation have been in clinical trial for
inflammatory diseases. Several selective AR modulators (SARMs) displayed potential
therapeutic values for treatment of cachexia, osteoporosis, prostate cancer and AR+ breast
cancer [44-48]. However, currently no selective modulators have been reported for RORs.
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RORyt plays a critical role in the differentiation and function of subsets of immune cells such
as Thl7 [49]. On the other hand, recent findings that RORY in tumor cells plays important
roles in promoting tumor growth and metastasis would pose significant concerns for potential
use of agonist of RORYy in treating cancer. Therefore, an ideal RORy modulator for treatment
of autoimmune diseases will selectively suppress the heightened RORyt functions in the subset
of T cells. Likewise, antagonists targeting RORYy for cancer therapy will require the modulators
being selective to the tumor cells and sparing the normal function of RORy(t) in the host
immune system. Here we report evidence that several RORy modulators identified initially as
inverse agonists or antagonists display cell-selective modulator activities. Further studies
involving additional animal work are needed to demonstrate whether they or any other inverse
agonists/antagonists of RORy indeed possess properties of tissue-selective modulator.
Nonetheless, our results strongly suggest that development of tissue-selective RORYy
modulators or SERORMs for effective and safe treatment of diseases such as autoimmune and
cancer is not only desirable but also readily attainable.

3.6 Conclusion
In summary, our study shows that inverse agonists/antagonists of RORY possess different or
even contrasting activities in regulating RORYy targeted gene programs in tissue/cell-specific
manner. Our findings also highlight that the activities at natural chromatin are key determinants
of RORy modulators’ tissue selectivity.
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3.8 Supplementary Materials

Table 3.1 Primers used for g°PCR and ChIP assay

Primers for mouse gRT-PCR

Gapdh-F GGTGGACCTCATGGCCTACA
Gapdh-R CTCTCTTGCTCAGTGTCCTTGCT
l117a-F CTCCAGAAGGCCCTCAGACTAC
I117a -R AGCTTTCCCTCCGCATTGACACAG
117f -F GCCCAGTCTCTTTGTGTTAG

1117f -R CCATGTGTGCTTCTTCCTT

Hmgcr-F ATGGCTGGGAGCATAGGCGG
Hmgcr-R CTGCATCCTGGCCACATGCG
Hmgcs1-F AGGAACGTGGTATCTGGTCA
Hmgcs1-R TGTGTTACTATGCACGAGCC

Sqle-F CCGTTTACAGCCAGGCGAGC
Sgle-R ACTGATGGACACGGGCCTCT

Mvk-F AGGTCCCGCGGAGTACCAAG
Mvk-R CTAGCACGCGCTCACACTCC
Primers for human qRT-PCR

GAPDH-F GCAGGGATGATGTTCTG

GAPDH-R GTATGACAACAGCCTCAA
ACAT2-F GTGCTGCAGCTGTCGTTCTTAT
ACAT2-R CTTCCAGTGACCAACCTGCTTT
HMGCS1-F CTTTCGTGGCTCACTCCCTTTC
HMGCS1-R AGGGCAACAATTCCCACATCTT
HMGCR-F GCACCAAGAAGACAGCCTGAATAG
HMGCR-R TCTGAGGAGTCTGCATGGAAAGA
MVK-F CCTCAGCTTACCCAACATTGGTATC
MVK-R TCCGGCAGATGGACAGGTATAA
PMVK-F AGTGGTTTCGGGAGGCCTAT
PMVK-R TCAGGTTCTCCAACTGCTCCT
MVD-F TGGCATCGGTGAACAACTTCC
MVD-R CCCATCTGCCACTCCACAAAG
IDI1-F CACACCCTGGATATGTGTTCTGTTT
IDI1-R TCTGCAAGTGCTCCGGAAATG
GGPS1-F GGCAGTTCCAAGCCAGTTTCTA
GGPS1-R CCTCCCAAAGTGCTGGGATTAC
FDPS-F GCCAAGGAAACAGGATGCTGATAG
FDPS-R AGCTTCAGCAGGCGGTAGATA
FDFT1-F GGTCCCGCTGTTACACAACTTT
FDFT1-R GCCATCCCAATGCCCATTCT
SQLE-F CCATGCTCCACTGACTGTTGTT
SQLE-R AGATGAGAACTGGACTCGGGTTAG
LSS-F GCGAGGAGCGGCGTTATTT

LSS-R TGTAGGAGATGGCACAGGACTT
CYP51A1-F TTGGCTGCCTTTGCCTAGTT
CYP51A1-R GCTGCCCTGCCAAGAGTAAT
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TM7SF2-F CACCCTCACCGCTTTCATCTT
TM7SF2-R CGGGTCGCAGTTCACAGAAATA
SC4MOL-F CCTCCCAAAGTGCTGGGATTAC
SC4MOL-R AAGTTCTTGGTGCCGGCTTT
NSDHL-F GCCAGGAACGGCAAGATGAA
NSDHL-R GCGAGACAGGAATGTCCAGAAAG
HSD17B7-F CCACCACTGGCTTTGGAAGAA
HSD17B7-R GCCTCCCAAAGTGCTGGAATTA
EBP-F ACTGGCCTCAGCACCTAAGA
EBP-R AACCCACACACTGCAAACCA
SC5D-F GTTGCACCATCCCTGGTTTCT
SC5D-R CTGCCCTCTGCAACTGATTTCT
DHCR7-F CATTGACATCTGCCATGACC
DHCR7-R ACAGGTCCTTCTGGTGGTTG
DHCR24-F TGTTGCCTGAGCTTGATGAC
DHCR24-R GACCAGGGTACGGCATAGAA
Primers for ChIP-gPCR

HMGCS1-F GCCGTATCTCGCAGCTCCGTCA
HMGCS1-R GCCGGTAGAGTTGCCCGGCAG
SQLE-F GCTAGCGGAATGAATGGAAACG
SQLE-R ACTGAGGTGTGCTCGCTTTG
DHCR7-F CCCGGATGATGTCAGCGATT
DHCR7-R GCCTGGGCCGTCAATCT
DHCR24-F CTGCTGAGCTTGAACACCAC
DHCR24-R GAGTTCGTGCTCATCCACCA

Table 3.2 Antibodies used in immunoblotting

Antibody Vendor Catalog number Dilution
RORYy Ebioscience 14-6988-82 1:1000
GAPDH Cell signaling #2118 1:2000
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Chapter 4

Natural compounds ursolic acid and digoxin exhibit inhibitory activities to cancer
cells in RORy-dependent and -independent manner

4.1 Abstract
Natural compounds ursolic acid (UA) and digoxin isolated from fruits and other plants display
potent anti-cancer effects in preclinical studies. UA and digoxin have been at clinical trials for
treatment of different cancers including prostate cancer, pancreatic cancer and breast cancer.
However, they displayed limited benefit to patients. Currently, a poor understanding of their
direct targets and mechanisms of action (MOA) severely hinders their further development.
We previously identified nuclear receptor RORY as a novel therapeutic target for castration-
resistant prostate cancer (CRPC) and triple-negative breast cancer (TNBC) and demonstrated
that tumor cell RORy directly activates gene programs such as androgen receptor (AR)
signaling and cholesterol metabolism. Previous studies also demonstrated that UA and digoxin
are potential RORyt antagonists in modulating the functions of immune cells such as Th17
cells. Here we showed that UA displays a strong activity in inhibition of RORy-dependent
transactivation function in cancer cells, while digoxin exhibits no effect at clinically relevant
concentrations. In prostate cancer cells, UA down-regulates RORy-stimulated AR expression
and AR signaling, whereas digoxin up-regulates AR signaling pathway. In TNBC cells, UA
but not digoxin alters RORy-controlled gene programs of cell proliferation, apoptosis and
cholesterol-biosynthesis. Together, our study reveals for the first-time that UA, but not digoxin,
acts as a natural antagonist of RORY in the cancer cells. Our finding that RORY is a direct target
of UA in cancer cells will help select patients with tumors that likely respond to UA treatment.
4.2 Introduction
Natural products isolated from plants or microorganisms are excellent sources for novel drug

discovery [1,2]. These naturally active products have relatively high oral bioavailability,
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special biological activities and known insights of safety and efficacy. Among the natural
products, ursolic acid (UA) and digoxin have been reported to possess anti-cancer activity by
disrupting multiple signaling pathways. UA is a pentacyclic triterpenoid presented in plants,
fruits and herbs, including apple, basil and rosemary. It can inhibit NF-xB and STAT3 signaling
[3,4], and activate JNK-mediated apoptosis [5] in prostate cancer cells and tumors. UA also
down-regulates STAT3 [6] and FoxM1 [7] signaling pathways in breast cancer cells. Digoxin
can be isolated from foxglove plant. It potently inhibits the sodium potassium adenosine
triphosphatase (Na+/K+ ATPase) and is clinically used for heart diseases, including atrial
fibrillation and heart failure. Recent studies suggest that digoxin can display anti-proliferation
activity in cells of prostate cancers and breast cancers [8,9]. Both UA and digoxin have been
evaluated in ongoing or completed clinical trials for treatment of several types of cancer.
However, their direct targets in cancer cells and tumors remained unclear.

UA has been reported as an inhibitor of amyloid B interaction with its receptor CD36 [10].
Largely based on results from reporter gene assays, UA was also characterized as modulators
of members of the nuclear receptor (NR) family of transcription factors, specifically as agonist
of PPARa [11], and antagonist of LXRa [12] and RORyt, a T cell-specific isoform of RORy
[13]. UA strongly reduces IL-17 expression in naive CD4+ T cells and blocks the
differentiation of T helper 17 (Th17) cells. Interestingly, UA does not appear to modulate the
function of RORa, which is another member of the ROR subfamily of NR. In an early search
for modulators of RORyt, digoxin was also shown to possess antagonistic activities to RORyt
in Th1l7 cells [14]. Thus, UA and digoxin are the two major natural compounds that were
identified as modulators of RORyt in the early studies [13,14].

Recently, in search for alternative therapeutic targets for advanced cancer, RORy in tumor cells
was identified to play a critical role in tumor progression in certain types of cancer [15],
including castration-resistant prostate cancer (CRPC) [16,17,18,19], triple-negative breast
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cancer (TNBC) [20,21], small cell lung carcinoma (SCLC) [22] and pancreatic ductal
adenocarcinoma (PDAC) [23]. In CRPC tumors and cells, RORy directly activates androgen
receptor (AR) expression and AR signaling [16,17,19]. In TNBC cells and tumors, RORYy acts
as a master activator of tumor cholesterol biosynthesis program [20,21]. Pharmacological and
genetic inhibition of RORYy strongly block prostate cancer (PCa) and TNBC cell growth and
metastasis, suggesting that RORYy is a novel therapeutic target for cancer [16,17,18,19,20,21].
Although a large number of synthetic, small-molecule modulators of RORY/RORyt have been
identified [15,24], few studies made a direct comparison of their activities. Recently, it was
reported that structurally distinct, small-molecule modulators can display large differences in
their activities in altering the function of RORY/RORyt in control of its target gene expression
[21]. Here we examined the activities of UA and digoxin in cells of PCa and TNBC where the
function of RORy is relatively defined [16,20]. We found that UA but not digoxin disrupted
the previously defined, RORy-targeted gene programs. Our results demonstrate that UA, not
digoxin, acts as a natural antagonist of RORy in PCa and TNBC cells.

4.3 Materials and Methods
Cell culture
C4-2B, 22RV1, LNCaP, PC3 and HCC70 cells were cultured in RPMI1640 (Corning)
supplemented with 10% FBS. DU145 and MDA-MB-468 cells were cultured in DMEM
(Corning) supplemented with 10% FBS. Cells were grown at 37 °C in 5% CO2 incubators.
Cells were obtained from ATCC and were regularly tested being negative for mycoplasma.
Chemicals
XYO018 (purity > 99%) was synthesized by WuXi AppTec. Ursolic acid (purity > 95%) and

digoxin (purity > 98%) were purchased from Cayman.
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Cell viability, proliferation and colony formation

For cell viability, cells were seeded in 96-well plates at 1000-2000 cells per well in a total
volume of 100 pL of media. After 4 days of incubation of compounds, Cell-Titer Glo reagents
(Promega) were added, and luminescence was measured on Varioskan™ LUX multimode
microplate reader (Thermo Scientific), according to the manufacturer’s instructions. All
experimental points were set up in triplicate, and the entire experiments were repeated three
times. The estimated in vitro IC50 values were calculated by using GraphPad Prism 9 software.
For cell proliferation, cells were seeded in 6-well plates at 2 x 10° per well and treated as
indicated. Total viable cell numbers were counted using Countess™ Il Automated Cell Counter
(Invitrogen). For colony formation assay, 500 cells were seeded in a well of 6-well plate and
cultured for 21 days with the medium changing every 5 days. When the cell clone grew visible,
the medium was removed, and the cells were fixed with 10% formalin for 10 mins. The plated
were washed with PBS for two times, and cell colonies were stained with 0.2% crystal violet
(in 10% formalin) for 30 mins. The above assays were performed in duplicates, and the entire
experiments were repeated three times.

Luciferase reporter gene assay and plasmid transfection

Transient transfection and reporter-gene assays were performed as previously described with
modification [21]. Briefly, cells were co-transfected with pLX304-RORY or empty vector and
7 X RORE reporter plasmid using lipofectamine 3000 (Cat. L3000015, Invitrogen). Renila
plasmid was co-transfected for normalization. After 12 hours of incubation, cells were treated
with vehicle or different compounds as indicated for another 24 hours. The luciferase activity
was analyzed using Dual-Glo Luciferase Assay System (Promega) on Varioskan™ LUX
multimode microplate reader (Thermo Scientific), according to the manufacturer’s instructions.
All transfections were performed at least in triplicate, and each experiment was repeated three
times.
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gRT- PCR and western blotting analysis

Total RNA was isolated from cells using TRIzol™ Reagent (Cat. 15596018, Invitrogen). The
cDNA was prepared using gScript™ cDNA SuperMix (Cat. 95048-100, QuantaBio).
Quantitative PCR were performed as previously described with modification [25]. Briefly,
cDNAs were mixed with SYBR Green qgPCR master mix (Cat. A25742, Applied Biosystems)
and gene specific primers. The PCR were performed using the CFX96 Real-Time PCR
Detection System (Bio-Rad). The fluorescent values were collected, and fold difference was
calculated. GAPDH was used as the internal reference to normalize the relative level of each
transcript. The experiments were performed at least three times. Primers are listed in
Supplementary Table 4.1.

After cells were lysed, protein concentrations were measured and adjusted using DC™ Protein
Assay Kit Il (Cat. 5000112, Bio-Rad). Proteins were separated by SDS-PAGE gel and
transferred onto PVDF membranes (Cat. IPVH00010, MilliporeSigma). Membranes were
incubated with indicated primary antibodies at 4 °C overnight and then subjected to second
antibody incubation. Antibody-recognized proteins were visualized using ChemiDocTM MP
imaging system (Bio-Rad) after incubation with HRP substrate (Cat. WBLURO0500,
MilliporeSigma). Antibodies used are shown in Supplementary Table 4.2.

RNA-seq and bioinformatics analysis

HCC70 cells were treated as indicated before RNA extraction. RNA-seq libraries from 1 ug
total RNA were prepared and validated as previously described [25]. Sequencing was
performed on an Illumina HiSeq 2000 Sequencer at BGI Tech (Hong Kong). The FASTQ-
formatted sequence data were analyzed using a standard BWA-Bowtie-Cufflinks workflow.
Briefly, sequence reads were aligned to the reference human genome assembly (hg38) with
BWA and Bowtie software. Subsequently, the Cufflinks package [26]. was applied for
transcript assembly and quantification gene expression. To avoid spurious fold levels due to
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low expression values, only subsets of genes that have expression value of RPKM (reads per
kilobase per million mapped reads) or FPKM (fragments per kilobase of exon model per
million mapped reads) above 1 for either the vehicle treated cell, or the compound treated cells
are included. GSEA was performed wusing the Java desktop software
(http://www.broadinstitute.org/gsea) as described previously [27]. Genes were ranked
according to the shrunken limma log2 fold changes and the GSEA tool was used in 'pre-ranked’
mode with all default parameters. Previous reported AR-activity signature genes [28] were
used in the GSEA analysis.

ChlP-seq data analysis

ChlP-seq assay was performed as previously described. [20].

Fastq files from ChlP-seq were processed by the pipeline of AQUAS Transcription Factor and
Histone (https://github.com/kundajelab/chipseq_pipeline). Briefly, sequencing tags were
mapped against the Homo sapiens (human) reference genome (hg19) by using BWA 0.7.1551.
Uniquely mapped tags after filtering and deduping were used for peak calling by model-based
analysis for ChlP-Seq (MACS; 2.1.0) to identify regions of enrichment over background.
Normalized genome-wide signal-coverage tracks from raw-read alignment files were built by
MACS?2, UCSC tools (bedGraphToBigWig/bedClip;
http://hgdownload.cse.ucsc.edu/admin/exe/linux.x86_64/), and bedTools
(https://github.com/arg5x/bedtools?2). Visualization of the ChlP-seq signal at enriched genomic
regions  (avgprofile and heatmap) was achieved Dby using deepTools
(https://deeptools.readthedocs.io/en/develop/index.html).

Statistical analysis

Cell culture-based experiments were performed three times or more, with assay points
triplicated. The data are presented as mean values + SD. Statistical analyses were performed
by GraphPad Prism software 9.
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4.4 Results

4.4.1 Ursolic acid (UA) and digoxin differs in effectiveness of killing cancer cells

To compare the anti-growth and -survival activities in cancer cells of UA and digoxin with
synthetic RORYy inhibitors, we included XY018, which was characterized in its activity in
antagonizing the function of RORY in control of gene programs in the cancer cells and tumors
[16,20,22]. In the PCa and TNBC cells, UA displayed slightly weaker but comparable
inhibitory activity in modulating cell growth and survival when compared to XY018.
Specifically, XY018 displayed an IC50 of 2 to 6 uM in the two PCa cell lines (C4-2B and
22RV1) and the two TNBC cell lines (HCC70 and MDA-MB-468), while UA showed an IC50
of 7 to 10 uM for the same cell models. On the other hand, Digoxin displayed an IC50 in the
sub-micromolar range for both PCa and TNBC cells with IC50 values over 50 fold lower than
those of XY018 in the PCa cells (Fig. 4.1A). Similar differences in their effectiveness were
observed in assays of cell numeration and cell survival/colony formation assay (Fig. 4.1B and
C).

4.4.2 UA but not digoxin blocks transactivation activity of RORYy in cancer cells

To examine whether the anti-growth effects of UA and digoxin is associated with their
inhibition of RORy functions in cancer cells, we performed luciferase reporter assay in
different cancer cells. In PCa (C4-2B and 22Rv1) and TNBC cells (HCC70), UA diminished
the RORy-dependent activation of the reporter in a concentration-dependent manner (Fig.
4.2A). Specifically, more than 70% inhibition of its transactivation was observed when cells
were treated with 1 uM UA. However, no significant inhibitory effect was observed when cells
were treated with digoxin (Fig. 4.2A) at concentrations that display potent cell growth
inhibition as shown in Fig. 4.1. Additionally, the protein expression of RORy remained

unchanged when cells were treated with UA or digoxin (Fig. 4.2B). Together, these data
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suggest that UA and digoxin may inhibit cancer cell growth through RORy-dependent and -

independent mechanisms.
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Figure 4.1 UA and digoxin display different effectiveness in inhibition of cancer cell growth when
compared to synthetic RORy antagonist XY018

A. The growth inhibition IC50 (uM) for synthetic RORy antagonist XY018, natural RORy antagonists ursolic
acid and digoxin in indicated PCa and TNBC cell lines treated for 4 days. B. C4-2B and HCC70 cells were treated
by different RORY antagonists as indicated. Viable cells were counted after four days. Data are shown as mean +
SD. n = 3. Student’s t-test. * p < 0.05, ** p < 0.01. C. 22RV1 and MDA-MB-468 cells were treated by different
RORy antagonists as indicated. Fourteen days later, representative images of colony formation were taken (top)

and colonies were counted (bottom). Data are shown as mean = SD. n > 3. Student’ s t-test. ** p < 0.01.
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Figure 4.2 UA but not digoxin blocks transactivation function of RORy in PCa and TNBC cells

A. 7X-RORE luciferase reporter activity changes by treatment of ursolic acid or digoxin in C4-2B (top), 22RV1
(middle) or HCC70 (bottom) cells for 24 hours. Normalized luciferase activity from cells treated with vehicle and
transfected with RORy-expressing plasmid were set as 1. Data are shown as mean + SD. n > 3. Student’s t-test.
**p <0.01. B. Immunoblotting of 22RV1 and HCC70 cells transfected with V5-RORC expression vector. Twelve

hours after transfection, cells were treated with UA or digoxin at indicated concentration for another 24 h.
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4.4.3 UA but not digoxin disrupts RORy-mediated AR expression and AR signaling

In our previous studies, we demonstrated that RORy directly activates AR gene expression and
that synthetic RORy antagonists reduce the expression of AR and its variant AR-V7 and AR-
controlled gene programs in PCa cell lines and tumors [16,17]. To further examine whether the
anti-growth effect of UA in PCa is through RORY, we performed RNA-seq analysis of C4-2B
cells treated by 10 uM UA. Gene-set enrichment analysis (GSEA) showed that an AR target
gene signature gene set [28] was significantly disrupted by UA treatment at 24 and 48 hours
(Fig. 4.3A, top panels). In contrast, 48 hours of digoxin treatment significantly enhanced the
expression of the AR target gene signature (Fig. 4.3A bottom right panel. Indeed, although
some of the previously classified androgen-induced genes such as KLK?2 and KLK3 [28] were
inhibited by both UA and digoxin treatment, AR and other AR-regulated genes like FKBP5
were downregulated by UA while upregulated by digoxin treatment (Fig. 4.3B). Consistent
with RNA-seq analysis, UA reduced protein expressions of AR and its variant AR-V7 in C4-
2B and 22RV1 cells. Conversely, digoxin treatment had no effects or slightly increased AR

expression in C4-2B or 22RV1 cells, respectively (Fig. 4.3C).
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Figure 4.3 UA but not digoxin inhibits AR expression and AR-signaling in PCa cells

A. GSEA of the AR signaling pathway in C4-2B cell treated with UA (10 pM) or digoxin (100 nM) for 24 or 48
hours. NES, normalized enrichment score. FDR, false-discovery rate. B. Heat map display of fold changes (in
log2) of AR-signature gene mRNA analyzed by RNA-seq in C4-2B cell treated with UA (10 uM) or digoxin
(100 nM) for 24 or 48 hours. C. Immunoblotting of AR (full length) in C4-2B cell, AR (full length) and AR-V7
in 22RV1 cell treated with UA or digoxin at indicated concentration for 48 hours (left). Quantification of
western blotting (right). AR expressions were normalized to that of GAPDH. Data are shown as mean = SD. n >

3. Student’s t-test. ** p < 0.01.
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4.4.4 UA displays potent anti-proliferation activity in AR-positive but not AR-negative
PCa cells

To further examine whether UA inhibits PCa cell growth through disrupting AR signaling, we
compared the anti-cancer effects of UA and digoxin in AR-positive and -negative PCa cells.
As expected, UA showed significant stronger inhibitory activity in AR-positive PCa cells
compared to AR-negative PCa. Specifically, 5 and 7.5 uM of UA was sufficient to strongly
inhibit AR-positive LNCaP and 22RV1 cell growth, while 10 uM of UA had little or no effect
on AR-negative DU145 and PC3 cell proliferation (Fig. 4.4A). In contrast, digoxin displayed
similar anti-growth effects in both AR-positive and AR-negative PCa cell lines (Fig. 4.4B). In
line with the cell growth effects, UA treatment potently reduced the protein expressions of key
cell proliferation genes, including C-MYC, Cyclin A, Cyclin D1 and Cyclin E in LNCaP, but
not in AR-negative PCa cell lines (PC3 and DU145). Additionally, expressions of critical cell
apoptosis genes including cleaved Caspase-3 and -7 were induced by UA treatment in LNCaP
cell and not in PC3 and DU145 cells (Fig. 4.4C). On the other hand, digoxin down-regulated
expressions of key cell cycle genes in all three cell lines tested (Fig. 4.4D). Together, these data
suggest that the anti-cancer PCa cell growth effects of UA is through its inhibition of RORy

function in control of AR-signaling pathway.
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Figure 4.4 UA exhibits stronger inhibitory activity in AR-positive PCa compared with AR-negative PCa

A-B. AR-positive PCa cells (LNCaP and 22RV1) and AR-negative PCa cells (PC3 and DU145) were treated by
UA (A) or digoxin (B) at indicated concentrations. One, two and three days later, viable cells were counted. C-D.
AR-positive PCa cell (LNCaP) and AR-negative PCa cells (PC3 and DU145) were treated by UA (A) or digoxin
(B) at indicated concentrations. Two days later, cells were harvested for western blotting analysis of indicated

proteins. Representative blots, n = 3.

4.4.5 UA not digoxin alters RORy-controlled expression of cell cycle and apoptosis genes
To further elucidate the effects of UA on RORYy function in cancer cells, we analyzed RNA-
seq data we obtained from TNBC cells treated by UA and our ChIP-seq data of RORy genome

occupancy in TNBC cells [20]. Our analysis revealed a strong overlap between genes with
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altered expression by UA and genes that displayed RORy ChIP-seq peaks. Specifically, 30.7%
of genes down-regulated by UA displayed reduced RORy ChIP-seq peaks after the antagonist
XY018 treatment (Fig. 4.5A), whereas 33.3% of genes up-regulated by UA had increased
RORy ChIP-seq peaks after XY018 treatment (Fig. 4.5B). Gene ontology (GO) analysis of
genes with both reduced expression and ChlP-seq peaks revealed that DNA replication and cell
proliferation/division were among the most enriched programs with representative genes such
as POLAL, MCM6 and MKI67 (Fig. 4.5C and Fig. 4.5E, top panels). On the other hand,
apoptotic process was one of the most enriched programs among genes being both UA-
increased in expressions and XY018-increased in ChlP-seq peaks (e.g. BNIP3, BMF and BIK)
(Fig. 4.5D and Fig. 4.5E, bottom panels). Our further RNA-seq and qRT-PCR analyses showed
that the mRNA expression of RORYy direct target genes involved in cell cycle/cell proliferation
was reduced by both XY018 and UA, while genes involved in apoptosis were induced. In
contrast, digoxin displayed either little or no effect at 24 hours, or mostly activating effects at
48 hours on those genes particularly those of the cell cycle/proliferation (Fig. 4.5F). Together,
the results suggest that like antagonist XY018, UA alters the expression of genes that are direct
targets of RORy whereas the effects of digoxin on gene expression in TNBC cells do not

support the notion that digoxin acts through RORY.
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Figure 4.5 Expression of RORy-controlled cell cycle and apoptosis genes was altered by UA but not

digoxin in TNBC cells

A-B. Venn diagram of number of genes with altered RORy ChIP-peaks overlapped with genes altered by UA

treatment. C-D. Gene ontology analysis of genes with both reduced (C) or increased (D) expression and RORy

ChIP-peaks as shown in A or B. E. Heat map display of fold changes (in log 2) of RORY direct target cell cycle

and apoptosis gene MRNA in HCC70 cells analyzed by RNA-seq (UA) or gPCR (XY018 and digoxin) at

indicated condition. F. ChlP-seq signal visualization of RORYy at representative cell cycle and apoptosis genes in

HCC70 cells treated with 2.5 pM of XY018 or vehicle for 24h.
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4.4.6 UA not digoxin suppresses RORy-mediated cholesterol biosynthesis gene program
Our previous study demonstrated that RORy directly controls cholesterol biosynthesis gene
expression in TNBC cells [20]. To further validate that UA but not digoxin targets RORYy-
mediated signaling in TNBC, we analyzed the effects of UA and digoxin on cholesterol
biosynthesis gene expression in HCC70 cells. Our RNA-seq and qRT-PCR analysis showed
that UA treatment down-regulated the expression of the majority of cholesterol-biosynthesis
genes including those of the rate-limiting or key enzymes such as HMGCS1, HMGCR, MVK
and SQLE. In contrast, digoxin up-regulated their expression (Fig. 4.6A). Indeed, GSEA
showed that cholesterol-biosynthesis gene programs were significantly disrupted by UA
treatment after 24 hours of treatment (Fig. 4.6B). Western blotting analysis also confirmed that
protein expression of some of the key cholesterol-biosynthesis enzymes such as HMGCSL,
HMGCR and SQLE were potently inhibited by UA treatment while remained unchanged when
treated with digoxin (Fig. 4.6C). Together with the other data in this study (Fig. 4.2 and 4.5),
these results strongly suggest that the anti-tumor effects of UA but not digoxin in TNBC is at

least partially through its inhibition of RORy-mediated signaling.
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Figure 4.6 Expressions of cholesterol biosynthesis genes were altered by ursolic acid in TNBC cells

A. Heat map display of fold changes (in log 2) in mRNA expression of 21 cholesterol-biosynthesis genes in
HCC70 cells treated by 5 uM UA (RNA-seq) or 250 nM digoxin (qPCR) for 24 hours. B. GSEA of genes
involved in cholesterol-biosynthesis pathway in HCC70 cell treated with 5 uM UA for 24 hours. NES,
normalized enrichment score. FDR, false-discovery rate. C. Immunoblotting of HMGCR, HMGCS1, SQLE and
GAPDH in HCC70 and MDA-MB-468 cells treated with UA or digoxin at indicated concentration for 48 hours.

Representative blots, n = 3.

4.5 Discussion
Digoxin, also known as digitalis, is prescribed to treat heart conditions. Its well-known
mechanism of action (MOA\) is its inhibition of Na+/K+ ATPase in the myocardium [29].
Recent studies also demonstrated that digoxin can modulate several cellular signaling pathways
including NF-xB [30] or EGFR-STAT3 signaling [31]. In an early search for RORy ligands,
digoxin was claimed as a natural RORyt inverse agonist/antagonist in Th17 immune cells [14].
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Several later studies also showed that 5-10 uM of digoxin can suppress RORyt-mediated Th17
differentiation and IL-17 production [32,33,34]. However, results from our study using cancer
cell models do not support the conclusion that digoxin, at concentrations that are comparable
to its use as an anti-cancer agent, can act as RORy antagonist. We demonstrated in PCa cells
that, at sub-micromolar concentrations, digoxin has modest but significant activating effects
on the expression of RORYy direct target gene AR and AR signaling genes. Likewise, in TNBC
cells, the expression of cell cycle and cholesterol biosynthesis gene programs that are directly
activated by RORY are also induced by digoxin treatment. These results strongly argue against
the notion that digoxin can act as an RORY antagonist in cancer cells. In fact, our finding is
consistent with a recent study showing that digoxin can act as an RORy agonist and induce
RORyt-dependent transcription at sub-micromolar concentrations in the cells examined [35].
However, considering that digoxin can target Na+/K+ ATPase [29] and regulate other
pathways [30,31], further studies are needed to determine whether any of the effects of digoxin
in the cancer cells is through RORYy or other pathways.

Unlike digoxin, in this study we found that UA strongly inhibits the expression of AR, a direct
target of RORy in PCa cells. In our RNA-seq analysis, we revealed that UA can inhibit the
expression of AR signaling genes that are positively regulated by AR [28], consistent with our
previous finding that RORy stimulates the AR signaling gene program. In addition, we found
that the strong anti-proliferation effect of UA can be observed only in AR-positive PCa cells
but not AR-negative cells. These data together strongly suggested that the effects by UA
treatment on AR expression and signaling is likely through its inhibition of RORYy function in
the PCa cells. Several studies showed that UA can inhibit cancer cell and tumor growth by
interfering with cell cycle, proliferation, apoptosis, inflammation, angiogenesis, and metastasis
[36,37,38]. However, there has been no evidence showing that UA can affect AR expression
and/or AR signaling, which is the key driver of PCa development and progression. Of note,
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inhibition of AR by UA can be observed as low as 10 uM of UA, while the effects by UA on
the other processes were reported at much higher concentration (20-50 uM) of UA [3,39,40,41].
Thus, it is possible that in PCa cells, disruption of AR signaling through inhibition of RORYy is
the primary MOA of UA.

UA has been shown to display anti-growth effects in cells of different cancers, including
prostate cancer, breast cancer, lung cancer, colorectal cancer, and pancreatic cancer [38,42].
However, the direct target of UA in cancer cells remains unclear. Our study here demonstrated
in PCa and TNBC cells that UA inhibits the expression of gene programs such as AR signaling
and cholesterol biosynthesis that are directly controlled by RORy. Our integrated analysis of
ChlP-seq and ATAC-seq data also revealed that gene programs affected by UA correlate
closely with the ones directly controlled by RORY in the cancer cells. Together, these results
strongly support the conclusion that in the cancer cells, UA can act as an antagonist to RORy.
Although previous studies showed that UA can act as RORyt inhibitor in immune cells such as
Th17 cells [13,43], our study here provides for the first-time evidence that UA displays RORy
antagonism activity in cancer cells. Similar to UA, recent studies identified additional natural
compounds such as elaiophylin [19] and N-hydroxyapiosporamide [22] as RORy antagonists.
Despite their structural differences, these natural compounds share similar inhibitory effects on
the gene programs controlled by RORY in the cancer cells and tumors. Given that natural agents
often possess effects on multiple cellular and molecular targets, it is critical that thorough
investigations are performed to better understand their MOA in order to further develop them
for effective clinical use.
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4.7 Supplementary Materials

Supplementary Table 4.1

Primers for human qRT-PCR

GAPDH-F GCAGGGATGATGTTCTG
GAPDH-R GTATGACAACAGCCTCAA
POLAl-F GCTTCACCTCTGACCTTTAC
POLA1-R GTACAGGGACTTGTCAGAATAC
E2F2-F CAGCTACTGCTACCTACTACA
E2F2-R CATCCACTCTGATGCACTTC
BRD7-F CTTGATGAGACCACCAGATTG
BRD7-R CGAACTCCATACGTGCTTAC
CDC25A-F CTCCTCTCGTCATGAGAACTA
CDC25A-R GGAAGATGCCAGGGATAAAG
MCM3-F CCTATGCCAAGCAGTATGAG
MCM3-R GGGTGGTGAGATCAGAATAAC
MCM4-F CCTCTGGCTAAAGAAGAAGAAA
MCM4-R CAGGGTAACGGTCAAAGAAG
MCM6-F GGAAACACCTGATGTCAATCTA
MCM6-R CCTCTTCTTCTTCCACCTTTC
MKI67-F GTCACACCGAGGAATTAGTG
MKI67-R CTTCACCTACTGATGGTTTAGG
CCNE2-F CCTCCATTGAAGTGGTTAAGA
CCNE2-R CCTCCAGCATAGCCAAATAG
CCNF-F TCACCGGATTCTCCTATGAA
CCNF-R CTGTCTTGTGTCACTCCTAATG
CDK8-F CGGAAGAAGAACCTGATGAC
CDKB8-R GTGGATTGGAACGCTGATAG
CDK18-F CCTATGCCACAGTCTTCAAA
CDK18-R CACTGTCCAGGTACTCAAAC
BBC3-F ATCCCATTGCATAGGTTTAGAG
BBC3-R CTACAGCAGCGCATATACAG
BNIP3-F CTCAGATTGGATATGGGATTGG
BNIP3-R CAAATGAGAGAGCAGCAGAG
BMF-F CAGTTTCCCAGCAGTCTTG
BMF-R GTTCCTGTTCTCTTCTCCATTC
BIK-F GGAGGACTTCGATTCTTTGG
BIK-R TCTCCTTAAGTGTGGTGAAAC
DAPK2-F GCTGACATGTGGAGCATAG
DAPK2-R GTTTCCGGGTCTCTTTAACC
DAPK3-F ATGCTGCTGGACAAGAAC
DAPK3-R CTCAGGAGGATATAGGTGATGA
ACAT2-F GTGCTGCAGCTGTCGTTCTTAT
ACAT2-R CTTCCAGTGACCAACCTGCTTT
HMGCS1-F CTTTCGTGGCTCACTCCCTTTC
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HMGCSI1-R

AGGGCAACAATTCCCACATCTT

HMGCR-F GCACCAAGAAGACAGCCTGAATAG
HMGCR-R TCTGAGGAGTCTGCATGGAAAGA
MVK-F CCTCAGCTTACCCAACATTGGTATC
MVK-R TCCGGCAGATGGACAGGTATAA
PMVK-F AGTGGTTTCGGGAGGCCTAT
PMVK-R TCAGGTTCTCCAACTGCTCCT
MVD-F TGGCATCGGTGAACAACTTCC
MVD-R CCCATCTGCCACTCCACAAAG
IDI1-F CACACCCTGGATATGTGTTCTGTTT
IDI1-R TCTGCAAGTGCTCCGGAAATG
GGPS1-F GGCAGTTCCAAGCCAGTTTCTA
GGPS1-R CCTCCCAAAGTGCTGGGATTAC
FDPS-F GCCAAGGAAACAGGATGCTGATAG
FDPS-R AGCTTCAGCAGGCGGTAGATA
FDFT1-F GGTCCCGCTGTTACACAACTTT
FDFT1-R GCCATCCCAATGCCCATTCT
SQLE-F CCATGCTCCACTGACTGTTGTT
SQLE-R AGATGAGAACTGGACTCGGGTTAG
LSS-F GCGAGGAGCGGCGTTATTT

LSS-R TGTAGGAGATGGCACAGGACTT
CYP51A1-F TTGGCTGCCTTTGCCTAGTT
CYP51A1-R GCTGCCCTGCCAAGAGTAAT
TM7SF2-F CACCCTCACCGCTTTCATCTT
TM7SF2-R CGGGTCGCAGTTCACAGAAATA
SC4AMOL-F CCTCCCAAAGTGCTGGGATTAC
SCAMOL-R AAGTTCTTGGTGCCGGCTTT
NSDHL-F GCCAGGAACGGCAAGATGAA
NSDHL-R GCGAGACAGGAATGTCCAGAAAG
HSD17B7-F CCACCACTGGCTTTGGAAGAA
HSD17B7-R GCCTCCCAAAGTGCTGGAATTA
EBP-F ACTGGCCTCAGCACCTAAGA
EBP-R AACCCACACACTGCAAACCA
SC5D-F GTTGCACCATCCCTGGTTTCT
SC5D-R CTGCCCTCTGCAACTGATTTCT
DHCRY7-F CATTGACATCTGCCATGACC
DHCR7-R ACAGGTCCTTCTGGTGGTTG
DHCR24-F TGTTGCCTGAGCTTGATGAC
DHCR24-R GACCAGGGTACGGCATAGAA

Supplementary Table 4.2

Antibody Vendor Catalog number
AR Santa Cruz SC-7305
AR-V7 Cell signaling 68492
Cleaved-Caspase 3 Cell signaling 9664
Cleaved-Caspase 7 Cell signaling 9491

C-MYC Santa Cruz SC-40

Cyclin A Santa Cruz SC-271682
Cyclin D1 Santa Cruz SC-8396
Cyclin E Santa Cruz SC-247
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HMGCR Santa Cruz SC-271595
HMGCS1 Santa Cruz SC-166763
RORy Invitrogen 14-6988-82
SQLE Santa Cruz SC-271651
GAPDH Cell signaling 2118
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Chapter 5

Conclusion

NR family member RORy and its immune cell isoform RORyt play a crucial role in control of
circadian rhythm, metabolism, Th17 cell differentiation and autoimmune disorders. They
emerged recently as a potential therapeutic target for treatment of autoimmune disease and
several types of cancer [1,2,3,4,5,6,7,8]. Consequently, many small molecules targeting RORY/
RORyt have been developed, demonstrating their effectiveness for cancer or auto-immune
disease treatment in pre-clinical studies and, notably, in ongoing clinical trials. As mentioned
previously, in contrast to treatment for auto-immune disease, the exploration of RORy as a
target for cancer therapeutics commenced only in recent years. The seminal study, published
in 2016, revealed that RORYy directly regulates AR gene expression and AR signaling in CRPC
cells and tumors [1]. The small molecule inhibitor, XY018, displayed potent inhibitory effects
on xenograft and PDX tumor growth. Subsequent studies have further elucidated the pivotal
role of RORY in tumor development and progression across various cancer types, including
breast, pancreatic, and lung cancer [2,3,6]. Importantly, all of the referenced studies utilized
small molecule inhibitors, either synthetic or natural, underscoring the significance of RORy
small molecule inhibitors as indispensable tools for studying RORy function in cancer research.
These findings also emphasize the potential for further development of these inhibitors as
effective therapeutics for cancer.

Recent advancements in synthetic small molecule inhibitors targeting RORy have expanded
our understanding of their potential in cancer treatment. Prominent among these inhibitors are
GSKB805, SR2211, XY018/XY101/XY123, and betulinic acid derivatives [1,2,9,10,11]. While
the XY compounds and betulinic acid derivatives were initially reported as RORY inhibitors in
cancer cells, GSK805 and SR2211 were developed to inhibit RORyt function in immune cells.

In my study (Chapter 3), I conducted a comparative analysis of several synthetic RORy
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inhibitors to evaluate their efficacy in inhibiting RORY function in triple-negative breast cancer
(TNBC) cells. This investigation revealed distinct context-specific activities of these
compounds between cancer cells and immune cells. Similarly, 1 examined the activities of
natural RORy antagonists, such as digoxin and UA, in disrupting RORYy function in prostate
cancer cells (Chapter 4). Only UA displayed inhibitory effects on tumor growth by disrupting
RORYy function, highlighting the context-specific modulation of RORy or RORYt functions of
different RORy inhibitors. The results also suggested that the distinct activities of various
RORYy antagonists are, in part, influenced by their ability to access RORy-associated regulatory
complexes or alter chromatin structure.

The observed context-specific activities of RORYy inhibitors offer promising avenues for future
development in cancer therapy. While recent studies have implicated RORy in promoting
cancer progression in prostate, breast, lung, and pancreatic cancers, its isoform, RORyt, has
long been recognized for its crucial role in immune system development, particularly in Th17
cell differentiation. It remains plausible that RORy antagonists targeting cancer cells may also
affect normal RORyt function in immune cells. Therefore, the promising inhibitory effects of
these inhibitors on tumor growth and progression may be mitigated by potential impacts on
immune system function. Indeed, compounds like XY018, GSK805, SR2211, and UA exhibit
moderate levels of antagonistic effects in immune cells, suggesting the need to minimize
antagonistic effects on immune cells while preserving efficacy in cancer cells through chemical
structure modifications.

Notably, RORyt agonists have been developed and examined in combination with anti-PD-1
or anti- CTLA-4 treatments as part of immune-based therapeutic approaches [12,13]. Indeed,
a RORyt agonists, LYC-55716, have emerged and are undergoing clinical investigations for
cancer treatment [ 14]. Finding from my studies described here that RORy-targeting compounds
display tissue-dependent, context-specific activities, indicating the potential for development
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of unique RORy-targeting compounds that act as agonists in immune cells while also
displaying potent antagonistic properties in cancer cells. Such unique RORy-targeting
compounds would disrupt RORy-mediated transcriptional programs in cancer cells, inhibiting
cancer development and progression, while simultaneously promoting Th17 and other immune
cell differentiation to enhance immune system’s anti-cancer activity. This dual mechanism
holds greater promise for effective treatment of the different cancer types where RORy plays a

crucial role in the disease progression.
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