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Abstract
Human pregnane X receptor (hPXR) is an orphan nuclear receptor that regulates key drug
metabolism enzymes (DMESs) and drug-transport proteins (DTPs), including Cytochrome p450
3A4 (CYP3A4) and multidrug resistance protein 1 (MDR1), respectively. hPXR is activated by a
diverse group of xenobiotics, including anticancer drugs. Activation of hPXR has been associated
with induction of chemoresistance via upregulation of CYP3A4 and MDR1. CYP3A4 and MDR1
together contribute to the metabolism and disposition of more than 50% of clinically active drugs.
Therefore, during multidrug chemotherapy, drug induction of hPXR-mediated CYP3A4 and

MDR1, can affect the therapeutic response of co-administered drugs, leading to chemoresistance.

It has been shown that such hPXR-mediated chemoresistance, via upregulated DMEs and DTPs,
can be reversed with use of an hPXR antagonists that specifically abrogate agonist-mediated hPXR
activation. However, proposed hPXR inhibitors and antagonists fall short of their clinical utility,
as it is unlikely for them to achieve in vivo concentration levels to antagonize hPXR without
causing severe unacceptable toxicity. This negative attribute could be overcome if an FDA
approved drug could be repurposed as an hPXR antagonist. We propose that, ideally, an hPXR
antagonist would be an FDA approved drug that can be part of a “cancer drug cocktail”, and
effective as an hPXR antagonist at therapeutic concentrations. Therefore, we screened a panel of
FDA approved drugs to identify potential hPXR antagonists. From the primary screening, we
selected two promising candidates, Belinostat (BEL) and Gefitinib (GEF). Both BEL and GEF
were further tested to determine their ability to antagonize the agonist-activated hPXR at their

therapeutically relevant concentrations.



BEL, a histone deacetylase inhibitor approved for the treatment of relapsed/refractory peripheral
T-cell lymphoma, repressed the hPXR agonist-induced gene expression of CYP3A4 and MDR1,
as well as their respective protein activities. BEL also suppressed the hPXR agonist-induced
chemoresistance. Similarly, GEF, an EGFR inhibitor for the treatment of advanced non-small cell
lung cancer, repressed the hPXR agonist-induced CYP3A4 gene expression. Mechanistically, both
BEL and GEF attenuated the agonist-induced SRC-1 interaction with hPXR, and together with
molecular docking studies, suggest that BEL and GEF directly interact with multiple sites on
hPXR. Taken together, our results suggest that BEL and GEF, at their clinically relevant
therapeutic concentrations, can antagonize hPXR agonist-induced gene expression. Thus, BEL and
GEF could be potential candidates to overcome hPXR agonists-induced chemoresistance during

combination chemotherapies.
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Chapter I

Review of the Literature

Chemoresistance

Chemoresistance is the leading cause of treatment failure in cancer therapy [1]. Chemoresistance
can be primarily described as either innate or acquired [2, 3]. In brief, innate resistance refers to
the characteristic phenotypes of the cancer that occurs normally during disease development and
progression and allows for evasion of immune response and/or targeted therapy. Acquired
resistance refers to an initial positive response to cancer therapy, but overtime various mechanisms
allow the cancer to successfully adapt to an extent that the therapy response is reduced or
completely negated. The general cellular mechanisms of cancer chemoresistance are numerous
and include reduced drug influx, increased DNA repair, increased in pro-survival and anti-
apoptosis genes, drug target loss/modification, and increased drug-metabolism and efflux (Figure

1.1).

Combinational chemotherapy

In an attempt to reduce the occurrence of acquired resistance and increase the likelihood of
responsiveness, combinatorial cancer treatments are commonly used [4]. These combinations can
include drug-drug, surgery-drug, radiation-drug, and work by targeting multiple cellular
mechanisms of cancer growth and progression [5, 6]. For example, oxaliplatin (advanced
colorectal cancer treatment) works by forming inter and intra-strand DNA crosslinks to inhibit
DNA replication and transcription in cancer cells. Oxaliplatin is commonly given in combinational

treatment with 5-fluorouracil, causing oxaliplatin to exhibit additional effects of advanced anti-
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proliferative activity. This combinational therapy effectively targets metastasis and invasion while

simultaneously overriding some anti-apoptotic defenses [7].

Another example of combinatorial treatments with multiple mechanistic targets are the vascular
endothelial growth factor -A (VEGF-A) pathway inhibitors combined with immunotherapies such
anti- cytotoxic T-lymphocyte-associated protein -4 (anti-CTLA-4) drugs. VEGF-A inhibitors can
reduce both angiogenesis and expression of adhesion molecules, while anti-CTLA-4 inhibits the
CTLA-4 inhibitory signals to T-cells. A study to elucidate the effects of bevacizumab (VEGF-A
pathway inhibitor) and ipilimumab (anti-CTLA-4) in combination versus ipilimumab alone
revealed that the combination significantly increased adhesion molecule expression on advanced
metastatic melanoma tumors, while simultaneously increasing inter-tumoral immune cell invasion

resulting in an overall greater clinical response [8].

Increased intracellular and systemic metabolism

While combinational chemotherapeutics offer incredible opportunities of increased cancer therapy
response and reduced occurrence of chemoresistance, these multi-drug therapies may also come
with inherent risk of stimulating a particular mechanism of chemoresistance. Enzymes and proteins
responsible for metabolism and efflux of chemotherapeutics are often upregulated in some cancers
as a result of the cancers response to xenobiotics, such as a chemotherapeutics or supplements [9,

10].

When a patient is undergoing a combined therapy protocol, there is a possibility that one or several

of the drugs can trigger upregulation of these drug-metabolism enzymes (DMEs) and drug-
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transport proteins (DTPs). Following upregulation, any of the drugs in the therapy regimen that
are substrates for the upregulated DMEs and DTPs will have reduced intracellular concentration
and loss of efficaciousness. It is also important to note that in some cases, cancers have been shown
to have an innate upregulation of the DMEs and DTPs, hindering chemotherapy response from the
initiation of treatment [9, 10]. Additionally, the non-cancerous tissue expression of these DMEs
and DTPs may also be altered. Under normal circumstances, these DMEs and DTPs are highly
expressed in the major detoxifying organs of the body, such as the liver, where they work to
metabolize potentially toxic xenobiotics. Upregulation of DMEs and DTPs in these detoxifying
organs implies that their relevant substrates, such as a chemotherapeutic, will have significantly
reduced plasma concentrations. Reduced plasma concentrations of chemotherapy, coupled with
reduced intracellular concentrations in cancer cells, ultimately results in a highly resistant
environment that severely reduces the efficacy of chemotherapeutics. To that end, it may be
possible to reduce the drug-induced upregulated expression and activity of these DMEs and DTPs
with targeted therapies that are added to the combinational treatment in a unique “cancer cocktail”.
Such therapies may prevent or severely lessen the occurrence of chemoresistance that may arise
with use of combinational treatments. A strong understanding of the DMEs and DTPs and more
importantly the regulatory mechanisms that control them, is required to effectively overcome this

chemoresistance mechanism.

Drug-metabolizing enzymes (DMESs) and drug-transport proteins (DTPs)
The primary physiological role of many DMEs and DTPs is the metabolism and elimination of
potentially harmful endobiotics and xenobiotics, which unfortunately, can include chemotherapy

drugs. As expected, DMEs and DTPs are primarily expressed in the major detoxifying organs of
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the body such as the liver and intestines [11, 12]. This xenobiotic metabolism occurs in 4 distinct
phases: uptake (Phase 0), metabolism (Phase I and II), and efflux (Phase Ill). Consequently, the
major detoxifying organs contain a host of Phase 0 transporters, such as organic anion transporters
(OATSs) and organic cation transporters (OCTs) [13, 14], phase | drug-metabolizing enzymes
(DMEs), such as cytochrome P450s, phase Il drug-metabolizing enzymes such as, UDP-
glucuronosyltransferases (UGTs), and phase Il drug-transport proteins, such as ATP-

binding cassette transporters (ABC transporters) [13, 14].

DMEs are divided into phase | and phase 1l enzymes based on the type of reaction that occurs
during substrate metabolism. Phase | reactions generally involve the transformation of parent
compound into a more polar metabolite, by unmasking functional groups such as —OH, - NH2, and
—SH[15, 16], typically via oxidation, reduction, and hydrolysis reactions [16]. Phase Il metabolism
will conjugate either the parent compound or metabolite from Phase | metabolism with a more
polar charged species, such as glutathione. It is important to mention that these metabolism phases
can occur independently of each other. The metabolism depends on the substrate itself and not the
ordered phases of metabolism. Overall, the goal of phase I and 1l metabolism is to change a parent

compound into a more polar metabolite to allow for phase 111 efflux.

The most significant Phase | enzymes are the cytochrome p450 family. The cytochrome p450s are
a superfamily of heme enzymes that metabolize a large array of both xenobiotics and endobiotics
[17]. These enzymes perform a variety of reactions including hydroxylation, heteroatom
oxygenation, dealkylation, epoxidation, desaturation, and destruction of hemes [17]. The

cytochrome p450 super family includes several CYP enzymes, but the most significant of these
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are members of the CYPs 1, 2, and 3 families which are responsible for metabolizing 70-80% of
all drugs in clinical use [18]. One member of the CYP family of enzymes, CYP3A4, has been

shown to metabolize over 50% of currently approved FDA drugs [19-21].

Phase Il enzymes perform conjugation reactions on the parent compound or initial metabolite of
phase | reaction, resulting in the production of a hydrophilic metabolite. Phase Il reactions include:
glucuronidation, sulfation, methylation, acetylation, as well as conjugation of glutathione and
amino acids[15]. The enzymes of phase Il metabolism are primarily transferases such as, UDP-
glucuronosyltransferases (UGTSs), sulfotransferases (SULTS), N-acetyltransferases (NATS),
glutathione S-transferases (GSTs) and various methyltransferases, mainly thiopurine S-methyl

transferase (TPMT) and catechol O-methyl transferase (COMT) [15].

The final phase of metabolism is known as phase 111 metabolism or phase 111 efflux. Appropriate
substrates, both parent compounds and polar metabolites generated from phase | and phase 1l
reactions, are expelled via phase Il efflux by drug-transporters, such as multidrug resistance
protein 1 (MDR1, a.k.a. P-gp / P-glycoprotein) [22]. MDRL1 is an ATP-dependent drug efflux
pump that is responsible for excretion of many xenobiotic compounds and has a wide substrate

specificity.

Role of DMEs and DTPs in chemoresistance
It has been established that upregulation of DMEs and DTPs in both cancerous tissue and non-
cancerous could result in adverse drug-drug interactions and chemoresistance due to increased

intracellular and systematic metabolism respectively. CYP3A4 has been implicated in many
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instances of chemotherapy resistance as a result of increased drug-metabolism [23]. Likewise,
MDR1 has also been shown to play a role in multi-drug resistant cancer cells and to mediate

chemoresistance via decreased drug accumulation in cells [24, 25].

In cancerous tissues, drug resistance can occur due to innate overexpression of DMEs and DTPs
or due to overexpression triggered by xenobiotics such as drugs, various foods, dietary
supplements, and environmental toxin exposure. Additionally, these xenobiotics can cause
overexpression to occur in the major detoxifying organs of the body. Increased metabolism of
chemotherapeutics intracellularly or systematically could lead to loss in efficacy and treatment
failure. This is particularly concerning for patients undergoing multidrug therapy regimes, such as
combinational chemotherapy, as multiple drugs can increase the chance to trigger increased drug-
metabolism upregulation of the DMEs and DTPs [10, 26-29] . It therefore stands to reason that
therapies capable of reducing overexpression of DMEs and DTPs would be a powerful tool to
prevent enhanced chemotherapy metabolism. More specifically, if regulatory mechanisms
responsible for regulating the expression of DMEs and DTPs could be successfully modulated,
then it is possible to overcome and prevent the chemoresistance that results from this

OVGI’EXpI’ESSiOﬂ.

The Pregnane Xenobiotic Receptor (PXR)

Expression of drug-metabolizing enzymes (DMES) in both phase | and phase Il metabolism, as
well as drug-transport proteins (DTPs) in phase Il efflux, is determined primarily by
transcriptional regulation [30]. Members of the nuclear receptor (NR) superfamily function to

regulate gene expression at the transcriptional level, typically in response to binding of appropriate
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ligands. Many NRs have been characterized and shown to have a role in the regulation of the
expression of DMEs and DTPs. These include: farnesoid X receptor (FXR), liver X receptor
(LXR), peroxisome proliferator activation receptors (PPARS), constitutive androstane receptor
(CAR), pregnane X receptor (PXR), hepatocyte nuclear factor 4 alpha (HNF4A), and vitamin D
receptor (VDR) [31-34]. Interestingly, these NRs can regulate expression of many overlapping

sets of genes [32, 35-38].

Although many nuclear receptors are capable of regulating expression of DMEs and DTPs, PXR
is the primary regulator of several key DMEs and DTPs involved in xenobiotic metabolism and
clearance [34, 39-41]. Indeed, PXR is known to regulate phase | enzyme CYP3A4 [42] [43, 44]
and phase 1l drug-transport protein MDR1. Together, CYP3A4 and MDR1 are responsible for

metabolism and efflux of well over 50% of currently approved FDA drugs [19-21].

PXR is the principal nuclear receptor responsible for sensing and then orchestrating elimination of
xenobiotics [41]. Therefore, the structure of PXR must allow for a promiscuous nature that
permits PXR to sense, bind to, and subsequently be modulated by a wide variety of compounds
including environmental toxins [45], dietary supplements [46], and clinical drugs such as

chemotherapeutics [25, 47, 48].

In humans, PXR is a 434-amino acid and 50-kDa protein that is primarily expressed in the major
detoxifying organs of the body, such as liver and intestine [44]. PXR shares many characteristics
of other NRs including a DNA-binding domain (DBD) on the N-terminus and a ligand-binding

domain (LBD) on the C-terminus. The DBD is connected to the C-terminal ligand binding domain
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(LBD) through a flexible hinge [49]. The ligand-dependent transactivation function (AF2) region
is located at end of the C-terminus. PXR lacks the long N-terminal A/B domain and the C-terminal

F domain present in many NRs [49] (Figure 1.2).

Compared to most other NRs, PXR boasts a much larger ligand binding pocket (LBP) allowing
for the wide range of ligands that can bind with PXR. The size and shape of the PXR LBP is highly
adaptable and can reach 1,280 A% when unbound and upwards of 1,600 A% when bound to a ligand
[50-52]. Inside the ligand binding pocket there are twenty-eight amino acids, including a large side

chain involved in hydrophobic interactions with ligands [50, 52, 53].

In its unbound conformation, PXR is maintained in a repressed state. Co-repressors, such as
nuclear receptor co-repressor 1 (NCoR1), NCoRz2, silencing mediator of retinoid and thyroid
hormone receptors (SMRT), and small heterodimer partner (SHP/NCO0B2) are bound to PXR
preventing or reducing its activity via recruitment of histone deacetylases [54-56]. Following
binding of an appropriate ligand to the LBD, PXR will undergo conformational changes leading
to co-repressor disassociation and subsequent recruitment to the AF2 region of co-activators such
as steroid receptor co-activator 1 (SRC-1), SRC2, nuclear receptor interacting protein 1 (NRIP1),
the p160 protein receptor-associated coactivator 3 (RAC3), transcriptional mediator/intermediary
factor 2 (TIF2) or the peroxisome proliferator-activated receptor gamma co-activator (PGC-1)[49,
54,56, 57]. PXR will then form a heterodimer with retinoid X receptor a (RXRa)) which will allow
the PXR-RXRa -co-activator complex to bind with the target hormone response element (HRE),
more specifically the PXR responsive element module (PXRRE), a short DNA-motif that regulates

gene transcription [44, 49, 58]. PXR interacts with these response elements via zinc fingers found
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in the N-terminal (DBD) [59]. PXR will then acts a transcription factor to directly regulate the

expression of many targets, including DMEs and DTPs [48, 54, 60-78] (Figure 1.3).

Role of PXR in chemoresistance

It has been established that PXR plays a role in the regulation of many processes, including cell
proliferation, cell migration, inflammation, apoptosis and energy homeostasis [79, 80] (Figure
1.4). Therefore, it stands to reason that PXR may also play a role in these same processes in
cancers. Indeed, PXR has been shown to be involved in the growth, progression, and drug
resistance in many major cancers including: colon, prostate, breast, endometrial, lung and many

others [48, 54, 60-78, 81].

Tumor growth and progression

PXR has been shown to influence tumor growth in many cancers including, prostate, breast
ovarian, liver, colon/colorectal and esophageal [82]. For instance, in colon cancer, PXR activation
enhanced tumor cell growth by upregulating the growth factor FGF 19. Following PXR activation
there is transcriptional upregulation of FGF19 which promoted the growth of colon tumors [73,
83]. However, it should be noted that PXR’s role in tumor growth is context and tissue or cell-type
dependent. A study of pancreatic adenocarcinoma revealed that increased PXR expression was
correlated with smaller tumor size and reduced growth in human patients, as well as increased
survival in this cancer type [84]. Additionally, it was revealed that PXR actually inhibited tumor
proliferation and growth in cervical cancer. This was shown using nude mice stably expressing

human PXR (hPXR) [84].
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PXR is an active component in the regulation of cell proliferation. In mouse models, PXR was
shown to induce proliferation of hepatocytes [67]. Furthermore, PXR was shown to reduce the
MRNA expression of genes that negatively regulate the quiescent cell’s ability to re-enter the cell
cycle [67]. Activation of PXR also prevents the transcription factor FOXO3 from mediating
transcription of genes responsible for repression of cell cycle [85]. Conversely, PXR has been
shown to reduce proliferation of colon cancer cells by upregulating the p21 protein [86] as well as
reducing T-lymphocyte proliferation [87]. Activation of PXR by rifampicin reduced proliferation
of both cervical cancer cells [88] and liver hepatocarcinoma cells [88]. This suggests that although

PXR plays a significant role in cellular proliferation, it does so in a context dependent manner.

PXR is also involved in regulation of cell migration. PXR activation was shown to increase cell
migration of hepatocellular carcinoma cells via phosphorylation of p38 mitogen-activated protein
kinase (MAPK) and upregulation of insulin-like growth factor—binding protein (IGFBP) genes
[89]. Similarly, PXR activation increased colon cancer cell migration via upregulation of PXR

target gene fibroblast growth factor (FGF) 19 [73].

Avoidance of apoptosis helps to promote tumor growth and can also be regulated by PXR.
Activation of PXR resulted in inhibition of apoptosis in primary human and rat hepatocytes [90].
Furthermore, several activators of PXR where shown to prevent apoptosis in primary human and
rat hepatocytes [77]. The underlying mechanism is believed to be PXR activation causing
induction of anti-apoptotic genes, Bcl-2 and Bcl-xL. It has also been shown that PXR can block
apoptosis via upregulation antiapoptotic genes, such as Bcl-2—associated athanogene (BAG3),

baculoviral apoptosis inhibitory protein repeat—containing protein (BIRC2) and myeloid cell
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leukemia 1 (MCL-1). Additionally, PXR functions in downregulation of the apoptotic genes,
BAK1 (Bcl-2 antagonist/killer 1) and TP53/p53. Studies have also shown that PXR can interact

directly with p53 preventing pro apoptotic translational activity [91].

Promotion of cancer stem cell progression

Cancer stem cells (CSCs) are a subpopulation of cancer cells expressing highly tumorigenic
markers, and are capable of differentiating into the phenotypes of the parental tumor [92] [93].
CSCs have been identified in multiple cancers, including leukemia, breast, colon, brain and other
cancers [92] [93]. CSCs possess characteristics associated with a negative prognosis and drug
resistance, such as activation of pluripotency genes, self-renewal, tumor sphere formation in low-

adherence environments, and drug resistance [93].

Similar to traditional tumors, the CSC drug resistance can result from many potential mechanisms,
which include DNA damage resistance, anti-apoptosis mechanisms, and expression of drug
transporter proteins and drug metabolizing enzymes. The drug transporter, ATP-binding cassette
G2 (ABCG2) [94] and drug metabolizing enzymes aldehyde dehydrogenase 1A1 (ALDH1A1)
[95] and cytochrome P450 CYP3A4 [96] are highly expressed in these CSCs and known to induce
drug resistances in cancer. Interestingly, ABCG2 [97], ALDH1A1 [98] and CYP3A4 [48, 54, 60-
78] are known to be regulated by PXR, which has been found to be highly expressed and active in
many CSC populations. PXR is also thought to regulate additional functions of CSC survivability,
as knockdown of PXR in vivo was shown to reduced CSC recurrence, enrichment, and tumor

sphere formation [92].
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Drug resistance

PXR also contributes to drug resistance in tumor cells by advancing increased metabolism and
clearance of chemotherapeutics in cancer [43, 54, 99-102]. Activation of PXR by an appropriate
ligand, results in PXR-mediated upregulation of DMEs and DTPs, such as CYP3A4 and MDR1
[48, 54, 60-78]. For example, a recent study showed a reduction in the therapeutic efficacy of
sorafenib. Hepatocellular carcinoma patients treated with the chemotherapeutic sorafenib, resulted
in activation of PXR and subsequent enhancement of metabolism and clearance via upregulation

of CYP3A4 and MDR1 [103].

Agonist-induced, PXR-mediated upregulation of DMEs and DTPs expression has been shown to
increase metabolism and reduce efficacy of drugs administered in combination. For example,
combinational treatment of cyclosporine with St. John’s Wort, a known activator of PXR and
CYP3A4 inducer, resulted in an increase of cyclosporine clearance following a heart transplant,
which in turn led to acute heart transplant rejection [104]. Further instances of St. John’s Wort
co-administration resulting in decreased concentration of co-drug include HIV protease
inhibitors, HIV non-nucleoside reverse transcriptase inhibitors, the immunosuppressant’s
cyclosporine and tacrolimus, and the antineoplastic agent’s irinotecan and imatinib mesylate
[105]. Additionally, PXR activator rifampin significantly reduced digoxin levels via increase in

MDR1 expression when the two drugs were administered in combination [106].

Often combinational drug treatments are used for patients undergoing cancer therapies [107,

108]. Due to the promiscuity of PXR, patients receiving multidrug therapies are more susceptible
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to activation of PXR resulting in PXR-mediated upregulation of target genes such as CYP3A4
and MDR1, leading to drug resistance via increased metabolism [109-115] [116, 117].

It was shown that various PXR activating ligands effected the metabolism of All-Trans Retinoic
Acid (ATRA), a treatment used for leukemia. Their data suggested resistance to ATRA could be
explained by combinational treatments that placed ATRA with additional PXR activating
treatments, resulting in PXR mediated upregulation of CYP3A4 and subsequent accelerated
metabolism of ATRA [70]. Another group showed PXR agonism resulted in loss of efficacy in
the renal cancer drug, sunitinib. On average, patients taking this drug were also taking 6-8
additional medications. The resulting drug-drug interaction caused by combinational treatment
with PXR agonist resulted in PXR-mediated upregulation of CYP3A4 and MDR1 [118].
Additional studies have also shown that co-administration of an PXR agonist resulted in loss of
efficacy for several other chemotherapy drugs as well, such as irinotecan [10], imatinib [26],

cabozantinib [27], cobimetinib [28], and vemurafenib [29].

Similar to the role of PXR in tumor growth and progression, the role of PXR in cancer drug
resistance is also context specific [82]. In fact, PXR will bind to a specific promoters of target
genes depending on the ligand. [119]. Recruitment of specific co-activator complexes are also
ligand dependent. Indeed, some anticancer drugs, such as paclitaxel and cisplatin, caused PXR to
be more likely to interact with MDR1 promoter region versus others [119]. Furthermore, a ligand
may function as both a PXR activator and simultaneously an enzyme/transporter inhibitor [120].
Sometimes, this can be due to the differential effects of a parent compounds and extracts when
compared to their metabolites and constituents, respectively [120]. The net effect depends on

which of the opposing actions is the strongest [120]. For example, the traditional Chinese herbal
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medicine Wu Wei Zi, is a known activator of PXR. However, many of its constituents actually
inhibit CYP3A4 and MDRL1 [120]. The net effect in this case will once again be determined by
which of the opposing actions is the strongest. Finally, PXR has also been shown to be activated
by numerous endobiotic compounds, including steroids and bile acids. This could further
complicate prediction of drug resistances as endobiotic activation of PXR may lead to

dysregulation of drug metabolism [41].

PXR as a therapeutic target

It is apparent that PXR can contribute to chemoresistance in many ways, especially via PXR-
mediated upregulation of DMEs and DTPs. Therefore, PXR itself may be an ideal therapeutic
target to prevent chemoresistance from occurring as a result of this PXR-DME-DTP axis. If it was
possible to disrupt or prevent the interaction that occurs when PXR binds to an agonist, it is likely
to control the regulation of PXR in such a way that we can overcome an agonist-induced

chemoresistance.

Current PXR antagonists: Their limitations and the need to discover novel antagonists

In an attempt to overcome the PXR induced chemoresistance, some compounds have been studied
to determine their capacity to antagonize or inhibit the agonist-activated PXR target gene
expression [121-123]. Many PXR antagonists have been reported such as, ET-743 [124],
ketoconazole [125] [126] , fluconazole [127], enilconazole [127] , sulforaphane [128], coumestrol
[129, 130], A792611 [131], camptothecin [132] , FLB-12 [133], metformin [134], fucoxanthin
[135], sesamin [136], milk thistle [137], bitter melon extract [78], allyl isothiocyanate [138],

SPAT70 [139], leflunomide [140], pheophorbide [141], and Panax Ginseng [142] (Table 1.1).

28



However, these compounds or extracts have significant negative characteristics preventing the
possibility of their use in a clinical setting. For example, ovarian cancer cells gain non PXR-
mediated resistance to the chemotherapeutic ecteinascidin-743 (ET-743) after continued exposure
[143]. ET-743 usage as in vitro or in vivo PXR antagonist could possibly also be hindered by its
innate toxic actions as a DNA minor groove binder [131]. Sulforaphane, a phytochemical found
in cruciferous vegetables, was showed to be effective at antagonizing PXR in in vitro studies,
however in in vivo studies, it was revealed that sulforaphane concentration required for antagonist
effect could not be reached [144]. Additionally, sulforaphane has been shown to induce several
other drug-metabolizing and antioxidant pathways most likely via Nrf2/Keapl signaling, which
may lead to further undesired dysregulation of metabolism [145]. Coumestrol, a phytoestrogen,
has been shown to antagonize PXR in both in vitro and in vivo experiments using PXR humanized
mice, however there is no clinical evidence that coumestrol could be used effectively [130].
Coumestrol has also been shown to be a very weak PXR binder, which may preclude it’s from
being able to antagonize PXR activated by higher affinity ligands [146]. Furthermore, coumestrol
exhibits poor solubility which would hinder drug delivery [123]. The anti-fungal medication
ketoconazole has been shown to be both non-selective (ketoconazole also antagonized CAR, LXR,
and FXR), and cytotoxic in vivo at concentrations required to antagonize PXR [147]. FLB-12 (a
novel analog of ketoconazole) was shown to antagonize PXR both in vitro and in vivo, while being
less toxic than ketoconazole. Furthermore FLB-12 successfully overcame PXR-agonist induced
chemoresistance in vitro and PXR ligand binding data suggested that FLB-12 binds to PXR.
However, no further research has been conducted since its initial characterization [133]. Panax

Ginseng extract, was shown very recently to antagonize PXR and PXR-mediated metabolism in
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rodent models [142], but as this is a plant extract preparation, the exact constituent of the plant

responsible for antagonism is unknown [142].

Some compounds, while having promising ability to antagonize or inhibit the activity of PXR in
vitro, require further studies to determine their safety and efficacy in vivo. Enilconazole and
fluconazole, analogs of ketoconazole, antagonize PXR in a similar manner to ketoconazole in
vitro, however in vivo studies are still required [126]. Two phytochemicals, sesamin, a lignin plant
extract, and camptothecin, an alkaloid plant constituent, functioned effectively to inhibit PXR-
mediated gene expression in in vitro [132, 136]. However, it has yet to be demonstrated whether
sesamin or camptothecin can directly interact with PXR [146]. Metformin, a type 2 diabetes
medication, and fucoxanthin, the major carotenoid in brown sea algae, also antagonized PXR in in
vitro screenings [134, 135]. A-792611, a HIV protease inhibitor, was shown to be a capable PXR
antagonist in vitro using primary human and rat hepatocytes. Two components of the milk thistle
plant, silybin and isosilybin, have also been shown to inhibit the PXR-mediated gene expression
in vitro. However, it is uncertain whether this inhibition is entirely due to the interaction with PXR
[137]. Similarly, bitter melon extracts inhibited PXR mediated gene expression and also PXR
promoter activity in vitro [78]. Leflunomide, a rheumatoid arthritis treatment, seems to antagonize
PXR in initial in vitro screenings [129, 140]. Allyl isothiocyanate was likewise shown to
antagonize PXR in vitro, however these antagonistic capabilities also extended to other receptor
such as the constitutive androstane receptor [138]. SPA70, a specific PXR antagonist discovered
via high throughput screening, was the most recently discovered PXR antagonist and was shown
to be a promising candidate able to modulate PXR in in vitro studies [139]. Recently, an extract of

peppermint plant Mentha piperita L., pheophorbide, was shown to antagonize the agonist-induced
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PXR mediated CYP3A4 expression in Hepg?2 cells [141]. Despite these initial in vitro data, further
studies are required to determine the capability of these PXR antagonists and inhibitors to function

effectively in vivo.

These compounds and extracts fall short of any potential clinical utility to antagonize PXR, as
is made apparent by their respective shortcomings. However, these studies have clearly shown
that it is possible to antagonize PXR resulting in decreased expression of PXR target genes, such
as CYP3A4 and MDRL1. This suggests the possibility of preventing or reducing occurrences of
PXR-mediated chemoresistance. Therefore, it is imperative that a search is made for a suitable
PXR antagonist that can overcome the limitations of the previously proposed antagonists. We
therefore investigated clinically approved drugs that could potentially serve to antagonize PXR at

their therapeutically relevant concentrations.

The case for repurposing FDA approved drugs as PXR antagonists

Although the discovery of a novel antagonist to overcome PXR-mediated chemoresistance is an
attractive idea, there are many obstacles that would hinder its clinical usage. However, many of
these obstacles could be cleared if the appropriate candidate was a drug previously approved by
the FDA. Time lost in development, safety, toxicity, pharmacokinetic profiles, and money required
for development are all issues that could be addressed by repurposing drugs. Safety, toxicity, and
PK information will already be established for approved drugs, which will also save on time and
relevant costs [148]. Additionally, repurposed drugs are typically approved more rapidly and at a
significant reduction in cost (50-60%) [149, 150]. Furthermore, a much higher percentage of

repurposed drugs (~30%) are approved for renewed clinical use compared to novel drugs [149].
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Many drugs, especially anticancer drugs, already have a proven track record of successful
combinational use [151]. For example, the chemotherapeutic belinostat has been used successfully
in combinational cancer treatments giving strength to its potential repurposing [25]. However, a
drug doesn’t need to be previously used a chemotherapeutic to be a candidate for repurposing.
Both sildenafil, an erectile dysfunction medication, and metformin, used in diabetes treatment, are
currently in clinical trials for their use as chemotherapeutics [152]. Therefore, non-

chemotherapeutics should be considered as well when screening for PXR antagonists.

In the following chapters 11-1V, we screened approved FDA drugs for their ability to antagonize
human PXR at clinically relevant concentrations. Our preliminary screening process of the drugs
is first described (Chapter 1), followed by characterization of our most attractive drug candidates
for PXR antagonism, Belinostat (Chapter I11) and Gefitinib (Chapter V). Conclusions and future

directions are discussed in Chapter V.
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Table 1.1: Structure of known PXR antagonists and inhibitors.
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Metformin

Type 2 diabetes
treatment

[134]

Fucoxanthin

Epoxycarotenol
constituent of brown
seaweed that
exhibits anti-cancer,
anti-diabetic, anti-
oxidative and
neuroprotective
properties

[135]

Sesamin

Lignin plant
metabolite that
exhibits
antineoplastic and
neuroprotective
properties

[136]

Milk Thistle
(Isosilybin)

Herb used for food
and liver treatments

[137]

Bitter melon extract

Plant extract from
bitter melon

[78]

N/A

Allyl isothiocyanate

Antimicrobial agent,
apoptosis inducer
and antineoplastic
agent

[138]
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SPA70

Synthetic compound
derived from
screening library of
possible PXR
antagonists

[139]

SPA70

Leflunomide

Rheumatoid arthritis
and psoriatic
arthritis treatment

[140]

Pheophorbide

Peppermint (Mentha
piperita L.)
constituent

[141]

Panax Ginseng
extract

Panax Ginseng plant
extract

[142]

N/A

36




Figures

transporter
loss

<

s oe)
©

~

\
\
1
\
1
1
1
i
¥ 4

L me——
- 3
o
3

s
7
' '

L
v v v v

0 efflux

active @  detoxification

o= "N 0= 8< o2

degradation ﬁﬁ
(; %

&=

activation of
prosurvival genes targetloss
or modification | }
DNA repair e
P :__J‘ 0 0 0
DNA damage J no S (%]
\ 1 ) 4| binding

@
(XXX

Figure 1.1: Cellular mechanisms of chemoresistance. Summary of the general cellular
mechanisms of cancer drug resistance detailing their ability to evade chemotherapy. These
mechanisms include, modification of membrane, reduced drug influx, increased drug-metabolism
and efflux, target loss or dysregulation, increase of anti-apoptotic genes, decrease of apoptotic

genes, and increased DNA repair [153].

37



T
O

Steroid Receptor: N4 AF-1 . DBD H LBD :AF-Z

pR: N1 DBD H LBD  AF2fc

Figure 1.2: Schematic domain structure of PXR compared to a typical nuclear receptor.
Comparison of various domains of a steroid receptor and PXR. AF-1, activation function 1; DBD,
DNA binding domain; H, hinge region; LBD, ligand binding domain; AF2, transactivation

function 2 [154].
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Figure 1.3: PXR-mediated regulation of gene expression. An illustration detailing PXR
regulation of target genes. Following ligand binding, co-repressors disassociate from PXR. PXR
then translocates into the nucleus and binds to co-activators and subsequently forms heterodimer
with RXR. Finally, PXR binds to the appropriate response element on the promoter region of the

target gene and initiates transcription of target [48].
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Figure 1.4: Summary of non-xenobiotic regulatory functions of PXR. Summary of non-
xenobiotic functions of PXR detailing the roles of PXR in cell proliferation, apoptosis, migration,

inflammation, and DNA damage response [79].
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Chapter 11

Screening of FDA Approved Drugs for hPXR Antagonism

Abstract
Previous studies have shown that it is possible to antagonize the agonist induced hPXR target gene
expression to overcome chemoresistance in certain cancers. However, the known hPXR
antagonists and inhibitors fall short of their clinical utility, as it is unlikely for them to reach hPXR
antagonizing concentration in vivo, without causing severe unacceptable toxicity. This drawback
could be readily overcome if an FDA approved drug could be discovered that possesses
appropriate characteristics allowing for it to be repurposed as an hPXR antagonist. Therefore, we
determined to screen previously approved FDA drugs for their ability to antagonize hPXR at their
clinically relevant therapeutic concentrations. We screened a biased library of FDA approved
drugs in human hepatocells, LS174T intestinal cancer cells, and HEPG2 liver cancer cells, using
quantitative RT-PCR and CYP3A4 promoter activity assays. Drugs that effectively inhibit the
agonist induction of hPXR-mediated CYP3A4 expression at therapeutic concentrations, without
causing significant toxicity, were selected for further evaluation. Two candidates, Belinostat
(BEL) and Gefitinib (GEF), consistently antagonized hPXR mediated CYP3A4 expression at

therapeutic concentrations and are further discussed in Chapter 111 and IV.
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Introduction
It is possible to antagonize agonist activated hPXR to reduce or prevent chemoresistance mediated
by upregulation hPXR target genes such as CYP3A4 and MDR1. However, current antagonists
are unsuitable for clinical use due to undesirable characteristics, such as lack of in-vivo effects,
significant toxicities, or instigating non hPXR-mediated self-resistance [123, 139]. It is imperative
that the search continues for a novel hPXR antagonist that is unhindered by shortcomings of its

predecessors.

Xenobiotics, including novel compounds and clinical drugs, are commonly screened to determine
their capacity to modulate hPXR. We therefore sought to initiate a preliminary screening of a
biased panel of approved drugs using small scale cell-based assays. Commercially available FDA
approved drugs, targeting different disease conditions and having assorted mechanisms of action,
were obtained for screening (Table 2). The promiscuity of hPXR allows for it to bind to and be
modulated by a vast array of structures. As a result, using such a variety of structurally diverse

drugs means a higher probability of locating drug capable of modulation of hPXR.

The FDA recommends human primary hepatocytes as the ideal in vitro system for studying the
extent a compound may modulate various CYP enzymes, including CYP3A4, CYP1A2, and
CYP2B6 [155, 156]. However, many limitations are found with the use of these hepatocytes, such
as supply and donor variation [155, 156]. To that end, an intermediary developed from primary
hepatocytes has been produced by Corning. These so called “hepatocells” are similar to mature
hepatocytes in morphology and CYP enzyme response [157]. Additionally, the CYP expression

and activity is highly conserved between hepatocell lots, allowing for experimental reproducibility.
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Hepatocells have been extensively validated and found to be comparable to primary human
hepatocells for in vitro studies, providing a dependable model for use in vitro screening of
compounds [158]. Therefore, we selected hepatocells as one of the cell models used for screening.
In addition to hepatocells, we also opted to use LS174T intestinal cancer cells and HEPG2 liver
cancer cells. LS174T and HEPG2 have been well established as strong models for studies of the

hPXR-CYP3A4 and hPXR-MDR1 axis [159-162].

CYP3A4 promoter activity systems have been established as an important tool for in vitro analysis
of CYP gene expression changes [163-165]. Firefly luciferase-based reporter gene assays are the
primary in vitro assay used to determine the transcriptional regulation of various genes [166]. In
brief, a cell line is transfected with a plasmid containing the hPXR and a separate plasmid
harboring CYP3A4 promoter region attached upstream to a luminescent gene (CYP-LUC).
Following activation of hPXR and subsequent binding to the CYP3A4 promoter region of the
transfected gene, the resulting gene product results in a measurable bioluminescence signal. This
measurable luminescence correlates to CYP3A4 gene expression and reveals whether the hPXR
transactivation of CYP3A4 promoter activity is increased or decreased following xenobiotic
exposure. hPXR-mediated CYP3A4 promoter activity assays were therefore used to determine
the effect of drugs on the hPXR-mediated CYP3A4 promoter activity in LS174T and HEPG2 cells.
Luminescent Cell Viability Assays have been established to determine cellular toxicity [167]. The
idea behind these assays it that cellular ATP correlates to a live cell. Following addition of
luminescent viability reagents, the cells are lysed, and ATP is released. ATP is then used by the

assay enzyme luciferase to metabolize the parent reagent into a luminescent product.
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Quantitative RT-PCR was used to determine the effect of tested drugs on the endogenous gene

expression of CYP3A4 in human hepatocells.

Following initial screening, drugs were categorized as antagonists or agonists (Tables 2.1 and
2.2). Promising candidates that seemed capable of hPXR modulation were then subjected to further
characterization. Two candidates were deemed as strong potential antagonists, Belinostat and

Gefitinib. The results of their characterization are discussed in chapters 111 and 1V.

Materials and Methods
Cell culture: LS174T human colon cancer cells and HEPG2 cells were obtained from the
American Type Culture Collection and grown in Dulbecco’s modified Eagle’s medium (HyClone
Laboratories, Inc., Logan, UT) supplemented with 10% FBS and the other additives (HyClone
Laboratories, Inc.), as described previously (Pondugula et al., 2015b). The assay media included
phenol red—free Dulbecco’s modified Eagle’s medium supplemented with 5% charcoal/dextran-
treated FBS (HyClone Laboratories, Inc.) and the other additives. Cryopreserved hepatocells and
hepatocells media were purchased from Corning. The hepatocells were cultured by following the
manufacturers and our published protocol [25]. Hepatocells, LS174T, and HEPG2 cells were
treated with the vehicle or drugs for 24 hours before harvesting the cells for gene expression and/or

promoter activity, respectively.

Quantitative RT-PCR: Total RNA was extracted from hepatocells using the E.Z.N.A. Total RNA
Kit I (Omega Bio-Tek, Norcross, GA). The quality and quantity of the total RNA was assessed

using a NanoVuePlus Spectrophotometer (GE Healthcare, Chicago, IL). Reverse transcription was
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performed with the iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA). Quantitative polymerase
chain reaction was performed by using the PerfeCTa SYBR Green FastMix (Quanta BioSciences,
Beverly, MA) and CFX96 Touch Real-Time PCR Detection System (Bio-Rad). Transcripts of the
housekeeping gene (18S ribosomal RNA or glyceraldehyde-3-phosphate dehydrogenase) and
CYP3A4 were amplified using the gene-specific primers (Table 2.4). The comparative Ct method

was used for relative quantification for gene expression.

CYP3A4 promoter activity assays: CYP3A4 promoter activity assays were performed in
LS174T or HEPG2 cells. LS174T or HEPG2 cells were transiently transfected with pcDNA3-
hPXR and pGL3-CYP3A4-luc plasmids [168, 169] using jetPRIME (Polyplus Transfection). 24
hr. after transfection, the cells were plated in 96-well assay plates (PerkinElmer), and treated with
DMSO or the compounds for 20 hr. After the treatments, luciferase activity was measured using
the Neolite Reporter Gene Assay System (PerkinElmer) and FLUOstar Optima microplate reader

(BMG Labtech) [168, 169].

Cell viability assays: Cell viability assays were performed in LS174T and HEPG2 cells. In
general, cell viability assays were performed in parallel with promoter activity assays and the
viability data was used for two purposes; to determine cytotoxicity and to normalize the promoter
activity data. The cells were treated with DMSO or compounds for 24 hr. and measured using

CellTiter-Glo Luminescent Cell Viability Assays (Promega) [168-170].
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Results and Discussion
In total 29 compounds were selected to form a biased library, with a focus on commercially
available recently approved FDA drugs (Table 2.1). Preliminary screening of the drugs was
performed to determine one or more of the following: changes in CYP3A4 gene expression,
changes CYP3A4 promoter activity, and cellular viability (Table 2.2 and 2.3). The goal of a
typical large-scale high-throughput screening is to determine whether any of the compounds in a
large library possess the characteristic of interest, also known as a “hit”. Therefore, these assays
are typically conducted as n=1, with one concentration and one time point to increase quantity and
chance of receiving hits [171]. The goal of our small-scale primary screening was also to identify
“hits”. In an effort to mirror a high-throughput screening approach, we tested the drugs in n=1 or
2 experiments, with 3 or fewer concentrations at one time point. Consequently, in our small-scale
screening, similar to large-scale high-throughput screening, statistical significance was not
analyzed. While our screening was carried out in agonist mode (drug or Rifampicin [RIF] alone)
and antagonist mode (drug + RIF), not all compounds were tested in both modes. Additionally,
some compounds screened in a certain mode (agonist or antagonist) were tested in only one assay
format; either RT-PCR or promoter activity assay format. DMSO was used as a negative control.
While RIF, a known hPXR agonist [168], served as the positive control in the agonist mode,
Ketoconazole (KET), a known hPXR antagonist [147, 168]] served as the positive control in the
antagonist mode. From this preliminary screening, compounds were excluded from continued
screening based on selected exclusion parameters. For both promoter activity and quantitative RT-
PCR assays, drugs that showed minimal change in agonist mode (drug alone compared to DMSO)
or antagonist mode (drug + RIF compared to RIF alone) were removed from follow up studies. In

total, 16 drugs showed varying potential to antagonize the RIF induced hPXR-mediated gene
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expression. These drugs were belinostat, ceritinib, dapagliflozin, empagliflozin, flibanserin,
gefitinib, ibrutinib, idelalisib, lapatinib, lomitapide, nilotinib, pimavanserin, sofosbuvir, tenofovir
alafenamide, venetoclax, vilazodone (Table 2.2). The remaining 13 drugs showed varying
potential to be hPXR agonists, capable of inducing hPXR-mediated gene expression. These
include: apremilast, avanafil, dolutegravir, edaravone, enasidenib, midostaurin, nintedanib,
pirfenidone, ribociclib, safinamide mesylate, secnidazole, suvorexant, tezacaftor (Table 2.3).
Drugs that showed agonistic attributes were saved for future agonistic studies. Drugs that showed
significant cytotoxicity either alone or in combination with rifampicin were excluded from follow
up studies. Finally, those that showed potential hPXR antagonist capacity were considered for

immediate secondary screenings.

Finally, two compounds were chosen for further studies, Belinostat (BEL) (chapters I1I) and
Gefitinib (GEF) (chapters IV) were selected from the library of screened compounds for continued
testing. Both BEL and GEF consistently antagonized the agonist induced hPXR mediated
upregulation of CYP3A4 gene expression in hepatocells (Table 2.2). Gefitinib was also effective
at antagonizing hPXR-mediated CYP3A4 promoter activity (Table 2.2). Conversely, Belinostat
show unexpected results in promoter activity assays and actually functioned as an agonist that
potentiated both basal and agonist induced CYP3A4 promoter activity in LS174T cells (Table
2.2). Further experimentation (detailed in chapter 111) revealed that BEL was indeed an antagonist

and that promoter activity data were false positive results.
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Discrepancies in CYP3A4 promoter activity assays

Although reporter gene assay systems are reliable and often correlate with mRNA expression,
studies have shown that exceptions do occur. In one report, 2 of 14 screened drugs showed
inconsistent results between mRNA expression and reporter gene assay data [172]. Another study
showed that among compounds previously determined to be clinical non-inducers of hPXR, many
strongly activated hPXR-mediated reporter activity in reporter gene assays [173]. In Chapter IlI,
we show that belinostat consistently and effectively antagonized hPXR-mediated CYP3A4 gene
expression in quantitative RT-PCR for human hepatocytes and LS174T cells, but it showed
differential effects in CYP3A4 promoter activity assays in the same cell line. These discrepancies
may occur as a result of several phenomena, especially by interference of compounds with
luciferase enzymes. For example, some compounds themselves have been shown to interfere with
the firefly luciferase used by these assays, resulting in altered luciferase response and
luminescence signal. Indeed, both bortezomib and ixazomib were found to protect luciferase from
degradation and alter its enzymatic activity [166]. Furthermore, compounds with structural
similarities to currently available drugs have been shown to inhibit the luciferase enzyme,
suggesting that this assay may not always be suitable for drug screening [174]. hPXR activity has
previously been shown to be regulated in a tissue-specific [119] and context-dependent manner
[82], which may lead to discrepancies in these assays when done using different cancer cell
models. Our observed discrepancies between the endogenous CYP3A4 mRNA expression and
CYP3A4 promoter activity assays systems could also be attributed to the imbalance of hPXR
regulation machinery in the transfected cell models used in the reporter assay systems, as these
cells are modified to overexpress hPXR. These results obtained from our screen data suggest that

screening of xenobiotics using hPXR reporter gene assay systems could produce false positive or
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false negative results. Therefore, when discrepancies existed between the endogenous assay
system and transfected reporter assay systems, endogenous gene expression data was preferred in

our screening.

Conclusion
Using both quantitative RT-PCR and reporter gene assay systems, we set to determine the effects
of various FDA approved drugs on hPXR-mediated regulation of CYP3A4 expression. We
identified both agonists and antagonists of hPXR (Tables 2.2 and 2.3). Priority was given to
continuing experiments with possible antagonists. Ideally, a candidate drug would antagonize the
agonist induced hPXR-mediated gene expression of CYP3A4 in both assay systems at therapeutic
concentrations. However, if a strong candidate showed consistent results in the quantitative RT-
PCR experiments they were still considered. We identified two candidates with the potential to
consistently antagonize agonist induced hPXR mediated gene expression, Belinostat and Gefitinib.

These drugs were subjected to extensive testing and those results are shown in chapters 111 and IV.
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Tables

Table 2.1: A biased library of FDA approved drugs selected for screening

Compound Year Target Disease
Apremilast 2014 inhibitor of the phosphodiesterase 4 (PDE4) Psoriasis and psoriatic arthritis.
Avanafil inhibitor of the phosphodiesterase 5 (PDES) Erectile dysfunction
Belinostat 2014 histone deacetylase inhibitor Peripheral T-cell lymphoma
a selective inhibitor of anaplastic lymphoma
Ceritinib 2014 Non-small cell lung cancer
Kinase
inhibits subtype 2 of the sodium-glucose
Dapagliflozin 2014 Type 2 diabetes
transport proteins (SGLT2)
Dolutegravir 2013 HIV integrase strand transfer inhibitor HIV/AIDS
Stroke recovery and amyotrophic lateral
Edaravone 2017 Unknown
sclerosis
inhibitor of the sodium glucose co-transporter-
Empagliflozin 2014 Type 2 diabetes
2 (SGLT-2)
Enasidenib 2014 inhibitor of IDH2 Relapsed or refractory acute myeloid leukemia
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Flibanserin 2015 modulation of the 5-HT receptor subtypes Hypoactive sexual desire disorder
2002 &
Gefitinib EGFR inhibitor Non-small cell lung cancer
2015
2013 & Mantle cell lymphoma, chronic lymphocytic
Ibrutinib 2015 & inhibition of Bruton's tyrosine kinase (BTK) leukemia, and Waldenstrom's
2017 macroglobulinemia
Idelalisib 2014 phosphoinositide 3-kinase inhibitor Lymphoma
dual tyrosine kinase inhibitor which interrupts
Lapatinib 2007 the HER2/neu and epidermal growth factor Breast cancer and other solid tumors.
receptor (EGFR) pathways
inhibits the microsomal triglyceride transfer
Lomitapide 2012 Familial hypercholesterolemia
protein (MTP or MTTP)
Acute myeloid
antagonist CD135 (FMS-like tyrosine kinase 3 | leukemia (AML), myelodysplastic
Midostaurin 2017

receptor, FLT3)

syndrome (MDS) and advanced systemic

mastocytosis
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Nintedanib 2009 Small molecule tyrosine-kinase inhibitor, Idiopathic pulmonary fibrosis (IPF)
targeting vascular endothelial growth factor
receptor (VEGFR), fibroblast growth factor
receptor (FGFR) and platelet derived growth
factor receptor (PDGFR)
Pimavanserin 2016 acts as an inverse agonist and antagonist at Parkinson's disease psychosis
serotonin 5-HT2A receptors
downregulation of growth factors and
Pirfenidone 2014 Idiopathic pulmonary fibrosis
procollagens I and Il
Ribociclib 2017 inhibitor of cyclin D1/CDK4 and CDK6 Advanced or metastatic breast cancers
Safinamide
2017 inhibition of monoamine oxidase B Parkinson's disease
Mesylate
Secnidazole 2007 inhibits nucleic acid synthesis Dientamoebiasis and bacterial vaginosis
Sofosbuvir 2013 inhibits the hepatitis C NS5B protein Hepatitis C.
Suvorexant 2014 dual orexin receptor antagonist Insomnia
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Tenofovir

2016 nucleotide reverse transcriptase inhibitor HIV/AIDS and chronic hepatitis B.
Alafenamide
helps move the CFTR protein to the correct
Tezacaftor 2018 Cystic fibrosis
position on the cell surface
blocks the anti-apoptotic B-cell lymphoma-2
Venetoclax 2015 Chronic lymphocytic leukemia (CLL)
(Bcl-2) protein
Vilazodone 2011 serotonin reuptake inhibitor and 5-HT1A Depression
receptor partial agonist
Vinorelbine 1994 inhibition of mitosis through interaction with Non-small-cell lung cancer

tubulin
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Table 2.2: Screening of drugs in antagonist mode

CYP3A4 Cellular Viability
Quantitative
Promoter
RT-PCR
Activity
Drug Concentration % Viability
% Rifampicin + Drug induction
normalized to
compared to 100% Rifampicin
DMSO (Standard
induction (Standard Deviation #)
Deviation #)
1pum 21 % (9.3) 151% (15) 95% (4.0)
Belinostat* 3 um - - 83% (15)
10 pm - 165% (15)
Ceritinib 1um 51% (1.5) NT -
Dapagliflozin 500 nm 36% (11.2) - 107% (4.3)
Empagliflozin 500 nM 31% (1.1) NT 109% (3.9)
1pum - -

Flibanserin 3 um NT 66% (19) 104% (5.0)
10 pm - -
Gefitinib 1um 43% (2.3) NT -
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3pum 25% (.74)
Ibrutinib 3um NT 48% (11) 107% (2.9)
Idelalisib 10 uM 30% (3.7) - -
Lapatinib 3 um NT 64% (3.5) 105% (3.0)
100 nM 78% (17) 88% (17)
Lomitapide 300 nM NT 76% (19) 78% (19)
1uM 46% (10) 3% (9.0)
Nilotinib 3uM NT 50% (18) 78% (14)
10 nM 59% (4.0)
Pimavanserin 30 nM NT 61% (6.5) NT
100 NM 54% (4.9)
Sofosbuvir 1uM 28% (10) - -
500 nM 63% (.42) 116% (12)
Tenofovir
NT
Alafenamide
1 um 65% (4.3) 111% (8.0)
1um - 120% (2.0)
Venetoclax NT
3um 57% (8.2) 120% (3.0)
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10 ym 40% (11.8) -

Vilazodone 1um NT 87% (7.6) NT

Vinorelbine 3 um NT 40% (1.6) 98% (2.0)

# Standard Deviation- Standard deviations are shown only when N of 1 or 2 include at least 3
replicates.

NT — Not Tested

*Belinostat exhibited differential effect in the promoter activity assay vs the RT-PCR assay. This

discrepancy was later (in Chapter I11) revealed to be a false hit in the promoter activity assay.
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Table 2.3: Screening of drugs in agonist mode

Quantitative CYP3A4
Cellular Viability
RT-PCR Promoter Activity
% Viability
Compound | Concentration % DMSO + Drug induction compared to
compared to 100% DMSO 100% DMSO
induction (Standard Deviation #) (Standard
Deviation #)
Apremilast 20 uM 101% (16) NT 98% (2.1)
10 um 101% (5.8)
Avanafil NT NT
30 um 98% (7.0)
3uM 236% (28)
Dolutegravir 10 uM NT 540% (110) NT
30 uM 902% (71)
3uM 107% (14) 103% (4.1)
Edaravone 10uM NT 101% (.29) 106% (1.6)
30 M 120% (14) 102% (3.4
Enasidenib 1uMm - 108% (19) 95% (3.7)
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3uM 111% (18) 115% (5.0) 98% (1.7)
88% (6.5)

10 pM 140% (4.5) 184% (30)

1uM i 88% (5.0) 94% (2.0)
Midostaurin 3 UM 116% (20) 113% (14) 90% (2.7)

10 pM 194% (32) 140% (12) 72% (4.2)
Nintedanib 1uM NT 214% (32) NT
Pirfenidone 10 uM 30-139%* NT NT

1uM 323% (35) 101% (6.6)
Ribociclib 3 uM NT 342% (52) 91% (3.5)

10 uM 450% (93) 68% (7.1)

1uM 322% (70) 100% (7.1)
Safinamide

3 uM NT 270% (29) 107% (9.1)

Mesylate
10 uM 333% (32) 98% (15)
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10 pM 96% (10) 100% (2.5)
Secnidazole 30 uM NT 104% (13) 120% (2.5)
100 pM 97% (16) 113% (6.9)
1uM - 119% (38)
Suvorexant 3uM 516% (98) 222% (56) NT
10 uM - 417% (21)
3uM - 317% (42) 97% (4.1)
Tezacaftor 10 uM - 293% (29) 103% (3.6)
30 uM 158% (15) 331% (70) 102% (14)

# Standard Deviation- Standard deviations are shown only when N of 1 or 2 include at least 3
replicates.
NT — Not Tested

*Inconsistent data in n=2 experiments
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Table 2.4: Forward (F) and reverse (R) primers used for quantitative RT-PCR of 18S
rRNA, GAPDH and CYP3A4

Gene/Primer sequence Amplified Gene Bank
segment (bp) | Accession no

18S rRNA

F: 5’-GAGGTTCGAAGACGATCAGA-3> | 315 BK000964

R: 5’- TCGCTCCACCAACTAAGAAC-3’

GAPDH
F: 5°-ACCACAGTCCATGCCATCAC-3* | 265 NM_002046

R: 5’-GCTTCACCACCTTCTTGATG-3’

CYP3A4
F: 5- TTGGAAGTGGACCCAGAAAC -3" | 265 NM_017460

R: 5-CTGGTGTTCTCAGGCACAGA -3’
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Hepatocells LS174T or HEPG2 Cells LS174T or HEPG2 Cells

v A\ 4 v

Quantitative PCR Cell viability assay Reporter gene assay

v v v

PXR-mediated CYP3A4 gene expression Drug-mediated PXR-mediated CYP3A4 promoter activity

cytotoxicity

Changes in CYP3A4 gene - — Changes in CYP3A4
expression? Changes in cell viability promoter activity?
l after drug dosing? l
Antagonist/Agonist? M Antagonist/Agonist?
Cytotoxic?

Figure 2.1: Screening of drug candidates for their potential to modulate hPXR-mediated
CYP3A4 gene expression and/or hPXR-mediated CYP3A4 promoter activity. Drug
candidates we screened for their potential to modulate hPXR-mediated CYP3A4 gene expression
in hepatocells and/or potential to modulate hPXR-mediated CYP3A4 promoter activity in LS174T

or HEPG2 cells without evidence of significant cytotoxicity.
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Chapter 111
Belinostat, at Its Clinically Relevant Concentrations, Inhibits Rifampicin-Induced CYP3A4

and MDR1 Gene Expression

Abstract
Activation of human pregnane X receptor (hPXR) has been associated with induction of
chemoresistance. It has been proposed that such chemoresistance via cytochromes P450/drug-
transporters can be reversed with use of antagonists that specifically abrogate agonist-mediated
hPXR activation. Unfortunately, proposed antagonists lack specificity and appropriate
pharmacological characteristics that allow these features to be active in the clinic. We propose
that, ideally, an hPXR antagonist would be a cancer drug itself that is part of a “cancer drug
cocktail”, and effective as an hPXR antagonist at therapeutic concentrations. Belinostat (BEL), a
histone deacetylase inhibitor approved for the treatment of relapsed/refractory peripheral T-cell
lymphoma, and often used in combination with chemotherapy, is an attractive candidate based on
its hPXR ligand-like features. We sought to determine whether these features of BEL might allow
it to behave as an antagonist in combination chemotherapy regimens that include hPXR activators.
BEL represses agonist-activated hPXR target gene expression at its therapeutic concentrations in
human primary hepatocytes and LS174T human colon cancer cells. BEL repressed rifampicin-
induced gene expression of CYP3A4 and MDR1, as well as their respective protein activities. BEL
decreased rifampicin-induced resistance to SN-38, the active metabolite of irinotecan, in LS174T
cells. This finding indicates that BEL could suppress hPXR agonist-induced chemoresistance. BEL
attenuated the agonist-induced SRC-1 interaction with hPXR, and together with molecular docking

studies, suggests that BEL directly interacts with multiple sites on hPXR. Taken together, our
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results suggest that BEL, at its clinically relevant therapeutic concentration, can antagonize hPXR

agonist-induced gene expression and chemoresistance.
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Introduction
The human pregnane X receptor (hPXR) is the master regulator of CYP3A4 and MDR1 (ABCB1
or P-gp) gene expression [43]. CYP3A4 and MDRL1 together contribute to the metabolism and
disposition of more than 50% of clinically active drugs [20]. Therefore, during multidrug
chemotherapy, drug induction of hPXR-mediated CYP3A4 and MDR1, can affect the therapeutic
response of co-administered drugs, leading to chemoresistance. For instance, co-administration of
a hPXR agonist resulted in potential loss of efficacy of several chemotherapy drugs such as,

irinotecan [10], imatinib [26], cabozantinib [27], cobimetinib [28], and vemurafenib [29].

In order to overcome the hPXR agonist-induced chemoresistance, it is possible to inhibit the drug-
activated hPXR with an hPXR antagonist. In this regard, some compounds and extracts have been
reported to antagonize the agonist-activated hPXR target gene expression [121, 122]. The first
hPXR antagonist reported was ET-743, which was subsequently followed by reports that included
plant extracts or compounds such as, ketoconazole, fluconazole, enilconazole, sulforaphane,
coumestrol, A792611, camptothecin, FLB-12, metformin, sesamin, fucoxanthin, milk thistle,
bitter melon, and allyl isothiocyanate. However, these compounds and extracts fall short of their
clinical utility, as it is unlikely for them to achieve in vivo concentration levels to antagonize hPXR
without causing severe unacceptable toxicity. We therefore investigated clinically used drugs with
this property — in that; these compounds could serve to inhibit hPXR at therapeutically achieved

concentrations.

Belinostat (BEL) is a small molecule inhibitor of histone deacetylases that was approved by FDA

in 2014 for treating peripheral T-cell lymphoma (Figure 3.1). BEL is commonly being
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administered with combination chemotherapy protocols in the lymphoma (e.g., CHOP protocol)
[175]. Steroids are also mainstay drugs in such protocols for this condition and they are known to
strongly elicit hPXR activity [176-181], and can contribute to chemoresistance [182]. BEL was
also being evaluated in human clinical trials for repurposing its use in treating other chemoresistant
cancers. For example, recently completed and ongoing clinical trials in human lung cancer patients

(NCT00926640 and NCT01090830) show the use of BEL in combination chemotherapy with

hPXR activators such as cisplatin [183], etoposide [184, 185], and paclitaxel [124, 183, 185]. Thus,
if BEL, which has hPXR ligand features in silico [186], could serve to antagonize the agonist
elicited hPXR activity, then it is possible that chemoresistance could be alleviated in some cases.
However, it is unknown whether BEL antagonizes drug-activated hPXR target gene expression.
In the current study, we show that BEL, at its clinical therapeutic concentration, can antagonize

agonist-activated hPXR and chemoresistance.

Materials and Methods
Chemicals: Dimethyl sulfoxide (DMSO; >99.9 %), Rifampicin (RIF; >97%), SR12813 (SR;
>98%), Pregnenolone 16a-carbonitrile (PCN; >97%), Ketoconazole (KET; >98%), Valspodar
(PSC-833; >98%), and Rhodamine 123 (R123; >85%) were purchased from Sigma Aldrich.

Belinostat (BEL; >99.74%) was purchased from Selleck Chemicals.

Cell culture: LS174T human colon cancer cells were obtained from the American Type Culture
Collection and grown in DMEM (HyClone) supplemented with 10% fetal bovine serum and the
other additives (HyClone) as described previously [168]. The assay media included phenol red-

free DMEM supplemented with 5% charcoal/dextran-treated FBS (HyClone) and the other
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additives. Cryopreserved human primary hepatocytes and hepatocyte media were purchased from
Invitrogen and Triangle Research Labs. The donor information for the hepatocytes is provided in
the Table 1. The hepatocytes were cultured by following the manufacturers and our published

protocol [168].

Isolation and culture of rat primary hepatocytes: Rat hepatocytes were isolated from the
sentinel adult rats maintained by the College of Veterinary Medicine Lab Animal Facility by
following the IACUC guidelines. The abdomens of the adult rats were opened immediately after
CO- gaseous euthanization followed by cervical dislocation. A cannula was inserted into the
caudal vena cava and HBBS at 37°C was rapidly infused. Simultaneously, the portal vein was cut
for flow through. The liver was perfused until the discoloration of the liver was seen (from dark
red to pale pink). The perfused liver lobes were cut and transferred into a sterile petri-dish
containing collagenase solution (HBBS with 0.5% collagenase) at 37°C. The liver lobes were cut
into small pieces in the collagenase solution by a surgical blade and transferred into 50 ml conical
tubes for incubation at 37°C with mild shaking in the collagenase solution for 10 min. After
incubation, digested liver pieces were kept at 4°C, filtrated through Spectramesh filters (Spectrum
Laboratories). The filtered cells were centrifuged at 150 g for 10 min at 4°C, the supernatant was
discorded, and the cell pellet was washed with Williams' medium E without phenol red by
centrifugation at 150 g for 5 min at 4°C. The supernatant media was discarded, and the cell pellet
was suspended in the plating medium (Williams' medium E without phenol red supplemented with
5% fetal bovine serum). The cells were plated on collagen-coated 24-well plates and incubated in
an atmosphere of 5% CO, at 37°C for 4 h. The plating media was aspirated, and cells were

incubated in Williams' medium E without phenol red for another 4 h. The media was aspirated,
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and the cells were then treated with the vehicle or test compounds in Williams' medium E without

phenol red for 20 h before RNA isolation.

Cell viability assays: Cell viability was measured using the MTT assays or CellTiter-Glo

Luminescent Cell Viability Assays (Promega) [168-170].

RNA isolation and quantitative RT-PCR analysis: Total RNA was extracted from human
primary hepatocytes, rat primary hepatocytes, and LS174T cells using the E.Z.N.A. Total RNA
Kit 1 (Omega Bio-Tek). The quality and quantity of the total RNA was assessed using
NanoVuePlus Spectrophotometer (GE Healthcare). Reverse transcription was performed with the
iScript cDNA Synthesis Kit (Bio-Rad). Quantitative polymerase chain reaction was performed by
using the PerfeCTa SYBR Green FastMix (Quanta BioSciences) and CFX96 Touch Real-Time
PCR Detection System (Bio-Rad). Transcripts of the housekeeping gene (18S rRNA or GAPDH),
CYP3A4, MDR1, and Cyp3al were amplified using the gene-specific primers (Table 3.3). The

comparative Ct method was used for relative quantification for gene expression.

CYP3A4 activity assays: CYP3A4 activity was measured in the human primary hepatocytes
using the luminescent P450-Glo CYP3A4 Cell-based Assays (Promega) [187, 188]. The cultured
hepatocytes were treated with DMSO or compounds for 24 h, the culture media was aspirated,
washed with the maintenance medium (to determine the transcriptional effects of the compounds),
incubated with the luminogenic substrate (Luciferin-IPA) in the culture medium for 45 min at
37°C. The medium was subsequently transferred to 96-well opaque white plates (PerkinElmer)

and an equal volume of Luciferin Detection Reagent was added to initiate a luminescent reaction.

67



The plates were incubated at room temperature for 20 minutes before measuring the luminescence
using a FLUOstar Optima plate reader (BMG Labtech). KET was used as an inhibitor of hPXR as
well as CYP3A4. The CellTiter-Glo Luminescent cell viability assays were performed on the
hepatocytes, after collecting the medium for the enzymatic activity, to normalize CYP3A4 activity

to the cell number.

Intracellular Rhodamine 123 (R123) accumulation assays: The efflux activity of MDR1 was
determined by measuring the intracellular accumulation of the fluorescent probe R123 as described
previously (Pondugula et al., 2015a; Pondugula et al., 2015b). In brief, LS174T cells were treated
with DMSO or compounds for 24 h in the assay media at 37°C. The cells were then washed with
PBS and incubated at 37°C for 15 min with or without MDR1-specific inhibitor PSC-833 (10 uM)
in the assay media. Then, R123 (5 uM) was added to the cells in the presence or absence of PSC-
833 and incubated for another 45 min. The media was aspirated; the cells were washed with ice-
cold PBS and lysed with distilled water. To determine the intracellular concentration of R123, the
fluorescence was measured using Infinite microplate reader (TECAN) at an excitation wavelength

of 485 nm and an emission wavelength of 538 nm.

SRC-1 coactivator recruitment assays: LanthaScreen TR-FRET assays were performed to
determine SRC-1 interaction with hPXR according to the manufacturer's instructions (Thermo
Fisher Scientific). The assays were carried out in 384-well solid black plates. Briefly, a mixture of
10 nM purified GST-hPXR ligand-binding domain, 10 nM terbium-labeled anti-GST antibody,
and 500 nM FI-SRC1-4 peptide was added to each well containing DMSO, SR (a known hPXR

agonist), BEL (test compound) = SR, or KET (a known PXR inhibitor) £ SR at different
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concentrations. The plates were incubated at room temperature in the dark for 1 h. Terbium-labeled
antibody was excited at 340 nm, and emission intensities from terbium and fluorescein were
detected at 490 nm and 520 nm, respectively. A post-excitation lag time of 100 us followed by an
integration time of 200 us was used to collect the time-resolved emission signals on a SpectraMax

iD5 microplate reader (Molecular Devices) to calculate the 520/490 TR-FRET ratio.

hPXR ligand binding assays: The hPXR ligand binding assays of belinostat were performed
using LanthaScreen TR-FRET hPXR Competitive Binding Assay Kit (Thermo Fisher Scientific)
according to the manufacturer’s instructions. The assays were done in a volume of 20 pL in 384-
well black plates containing different concentrations of tested compounds in the range of 1 nM to
100 uM, DMSO and SR12813 (100 uM) were used as a negative and positive control, respectively.
The reaction mixture was incubated at room temperature for 1 h in dark, and fluorescent signals
were then measured at 495 nm and 520 nm, applying the excitation filter 340 nm, on Infinite F200
microplate reader (Tecan Group Ltd). Finally, the TR-FRET ratio was calculated by dividing the
emission signal of 520 nm by that at 495 nm. hPXR binding assays were performed in three
independent experiments. Final 1Cso was obtained by processing the data with GraphPad Prism 8

using standard curve interpolation (sigmoidal, 4PL, variable slope).

Human PXR molecular docking studies: Ensemble-based molecular docking was performed
using GOLD suite version 5.5.0 (CCDC, Cambridge, UK) [189]. GOLD uses a genetic algorithm
(GA) to explore the conformational flexibility of the ligand and receptor side chains in the binding
pocket. Thirty centroid conformations of apo hPXR generated using a RMSD-based clustering

algorithm, obtained from previous work, were used for the docking [190]. In all the protein
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conformations, water and ions were removed prior to docking. For the docking purpose, a binding
site was defined by considering all atoms within 12 A from the geometrical center of the docking
site. For each of the 30 independent GA runs, a maximum number of 200 GA operations were
performed. The docked complexes were ranked with goldscore and then rescored using a
chemscore fitness function [189]. BEL and KET were docked at multiple sites, whereas SR12813
and RIF were docked at ligand binding pocket (LBP) as controls. The scoring functions account
for the hydrogen bonding, Van der Waals (vdW) interactions and steric complementarity between
the ligand and receptor. For each ligand, best-ranked docked pose with corresponding chemscore

is considered for further analysis.

Rodent PXR molecular docking studies: Homology model of the rat and mouse PXR LBD was
built based on the structure of the human PXR LBD (PDBID: 1ILG) sharing about 75% of
sequence similarity. For the homology modelling, the whole protein sequence of the rat (Uniprot
accession number Q9R1A7) and mouse (Uniprot accession number_054915) PXR was first
aligned (Figure 3.14) with the whole protein sequence of the human counterpart (Uniprot
accession number O75469) using Modeler v9.19 [191]. It can be noted that the residues 139-431
in rat and mouse PXR corresponds to the human PXR LBD (residues 142-434). Finally, based on
the template-target alignment of the PXR LBD, Modeler v9.19 was used to generate 50 homology
models of rat and mouse PXR using the crystal structure of human PXR LBD (PDBID: 1ILG) as
the template. Out of the 50 models generated, a model was chosen based on the lowest discrete
optimized protein energy (DOPE) score implemented in the Modeler. The chosen model was
further optimized by energy minimization for 1000 steps using the steepest descent algorithm and

another 1000 steps by the conjugate gradient method, using AMBER 14.0 simulation package
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[192]. The energy minimized model of the rat and mouse PXR LBD was later used for docking
BEL at the LBP, using GOLD suite version 5.5.0 following a similar docking procedure used for

human PXR.

Human PXR reporter gene assays: LS180 human colon cancer cells and HEK293 cells were
obtained from the European Collection of Cell Cultures. HEK293 and LS180 cells were transiently
transfected by lipofection (FUGENE HD Transfection Reagent) with pSG5-hPXR plasmid along
with a luciferase reporter plasmid p3A4-luc [193], and then seeded in 96-well plates. Following
24 h of stabilization, cells were incubated for 24 h with belinostat (BEL) and/or vehicle DMSO
(0.1% v/v) in the presence (antagonist mode) or absence (agonist mode) of rifampicin (RIF; 10
UM). After the treatments, cells were lysed, and luciferase activity was measured on Tecan Infinite

M200 Pro plate reader (Schoeller Instruments).

Luciferase reporter assays were also performed in LS174T colon cancer cells. LS174T cells were
transiently transfected with pcDNA3-hPXR and pGL3-CYP3A4-luc plasmids [168, 169] using
jetPRIME (Polyplus Transfection). Twenty-four hours after transfection, the cells were plated in
96-well assay plates (PerkinElmer), and treated with DMSO or the compounds for 20 hr. After the
treatments, luciferase activity was measured using the Neolite Reporter Gene Assay System

(PerkinElmer) and FLUOstar Optima microplate reader (BMG Labtech) [168, 169].

Data and statistical analysis: Data are shown as mean values = SD. Analyses were performed

using GraphPad Prism 8.0 software. The significance of the differences between groups was
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evaluated by ANOVA, followed by Dunnett’s multiple comparisons test. P < 0.05 values were

determined to be statistically significant.

Results
Belinostat (BEL), at its therapeutically relevant concentrations, inhibits rifampicin (RIF)-
induced CYP3A4 and MDR1 gene expression: To identify clinical anticancer drugs for their
ability to modulate hPXR target gene expression at their clinically relevant concentrations, we
sought a small-scale cell-based screening approach using human hepatocells [158]. We identified
Belinostat (BEL) as one of the drugs that inhibits RIF-induced CYP3A4 gene expression (Figure
3.2) (P <0.05). BEL is also an attractive candidate based on its hPXR ligand-like features in silico
[186]. These observations led us to hypothesize that BEL, at its therapeutic concentrations,

antagonizes agonist-induced hPXR target gene expression.

In humans, after a single 30-minutes intravenous infusion of BEL at the recommended dosage of
1000 mg/m?[194, 195], the mean peak plasma concentration (Cmax) of BEL could reach to ~128 +
44 uM [196-198]. The Cmax can be reached in about 30 min (Tmax) after the start of infusion [196-
198]. BEL is rapidly metabolized, with plasma half-life (ti2) of 2 to 4 h [196-199]. The plasma
pharmacokinetic parameters from the previous studies in humans are presented in the Table 2. The
treatment regimen for the lymphoma includes repeat dosing of BEL at 1000 mg/m? once daily on
days 1 to 5 of 21-day cycles. BEL is not expected to be accumulating following the recommended
repeat dosing [196, 198, 199]. In vitro plasma protein binding studies showed that approximately
95% (92.9% to 95.8%) of BEL is bound to protein in an equilibrium dialysis assay [194, 195].

Based on these studies, the extrapolated therapeutic free plasma concentration of BEL during
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chemotherapy would be equivalent to ~6 uM with reference to the mean Cmax and ~3 puM with
reference to 50% mean Cmax at ti2 (2 to 4 h). Based on the excretion studies in animals, it was
estimated that BEL would be excreted to levels below expected pharmacologic activity by ~5 h
[198]. We therefore examined the effect of BEL, at its therapeutic free plasma concentrations, on
agonist-induced endogenous hPXR target gene expression in human primary hepatocytes and

LS174T human intestinal cells.

Ketoconazole (KET), a known antagonist of PXR [147], inhibited the hPXR agonist RIF-induced
CYP3A4 mRNA expression in human primary hepatocytes (Figure 3.3A), and CYP3A4 (Figure
3.3C) and MDR1 (Figure 3.3D) mRNA expression in LS174T colon cancer cells (P < 0.05).
Similarly, BEL repressed RIF-induced CYP3A4 (Figure 3.3A, C) and MDR1 (Figure 3.3D)
MRNA levels (P < 0.05). We also determined whether BEL inhibits another hPXR agonist
SR12813 (SR) induced gene expression. Indeed, BEL repressed SR-induced CYP3A4 gene
expression (Figure 3.3B) (P < 0.05). Notably, BEL (1 or 3 uM) alone had no effect or marginally
increased CYP3A4 (Figures 1A, C) and MDR1 (Figure 3.3D) gene expression, suggesting that
BEL does not inhibit the basal expression of CYP3A4 and MDRL1. Interestingly, BEL failed to
abrogate PXR agonist pregnenolone-16 alpha-carbonitrile (PCN)-induced expression of Cyp3al
in rat primary hepatocytes (Figure 3.10) (P < 0.05). This observation indicates that BEL, at its
therapeutic free plasma concentration range in humans, may exhibit species-specific effects on
PXR. Together, these results, suggest that BEL can antagonize the agonist-induced hPXR target

gene expression at its therapeutically relevant free plasma concentrations.
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BEL is modestly cytotoxic at concentrations effective for inhibiting RIF induction: In
CellTiter-Glo Luminescent cell viability assays, 1 uM BEL, alone or in combination with RIF, did
not exert a noticeable cytotoxicity in the human primary hepatocytes (Figure 3.4A) (P > 0.05).
While 3 uM BEL alone was not cytotoxic, co-treatment of BEL (3 uM) with RIF induced a modest
cytotoxicity in the hepatocytes (Figure 3.4A) (P < 0.05). It is important to note that BEL has been
shown to selectively kill human liver cancer cells with an ICso of approximately 1.5 uM, without
exhibiting significant cytotoxicity in normal hepatocytes [196]. This finding is in agreement with
the lack of cytotoxic effect of BEL in the human primary hepatocytes at 1 & 3 UM in our current
study (P > 0.05). BEL, however, induced cytotoxicity in the hepatocytes at 10 uM (Figure 3.4A)
(P <0.05). In LS174T human colon cancer cells, BEL exhibited a cytotoxicity only at 10 uM when
co-treated with RIF (Figure 3.4B) (P < 0.05). Collectively, these data suggest that BEL can
antagonize RIF-induced hPXR target gene expression at its therapeutic free plasma concentrations,

with modest cytotoxicity.

BEL inhibits RIF-induced CYP3A4 activity: To determine BEL inhibition of the hPXR agonist-
induced CYP3A4 enzymatic activity, we measured CYP3A4 activity in the human primary
hepatocytes using the luminescent P450-Glo CYP3A4 cell-based assays. As described in the
methods, after 24 h treatment with the vehicle or compounds, the media was aspirated, and the
hepatocytes were washed with the maintenance media before measuring CYP3A4 activity. This
procedure was implemented in an attempt to avoid the direct effects of the compounds or
metabolites of the compounds on CYP3A4 activity during the assay. As expected, KET inhibited

RIF-induced activity of CYP3A4 (P < 0.05) (Figure 3.5A). Likewise, BEL inhibited RIF-induced
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activity of CYP3A4 (P < 0.05) (Figure 3.5A), suggesting that BEL antagonizes the hPXR agonist-

induced functional expression of CYP3A4.

We did not perform BEL or BEL metabolite distribution studies in the hepatocyte cultures.
Therefore, although the culture media was aspirated and the hepatocytes were washed before
measuring CYP3A4 activity in the induction studies (Figure 3.5A), it is conceivable that some
unknown quantities of BEL and/or metabolites of BEL exist inside and outside the hepatocytes
during the CYP3A4 assay. However, the fact that BEL did not directly inhibit CYP3A4 activity in
the hepatocytes (Figure 3.5B), suggests that the measured CYP3A4 activity in the induction
studies (Figure 3.5A) would reflect the transcriptional effects rather than a combination of

transcriptional and direct effects of BEL.

BEL does not inhibit the basal CYP3A4 activity: Inhibition of the basal CYP3A4 activity, that
is, the direct inhibition of CYP3A4 activity, can result in toxicity as a result of reduced metabolism
of co-administered CYP3A4 substrates during multidrug therapy. We therefore examined whether
BEL inhibits the basal CYP3A4 activity in the cultured human primary hepatocytes. To determine
the direct effect of the compounds on CYP3A4 activity, the compounds were added to the
hepatocytes only during the assay. KET, a known CYP3A4 inhibitor, diminished the basal activity
of CYP3A4 (P < 0.05) (Figure 3.5B). However, BEL did not affect the basal CYP3A4 activity at

the tested hPXR inhibiting concentrations (P > 0.05) (Figure 3.5B).

BEL inhibits RIF-induced MDR1 activity: To determine the functional relevance of BEL

repression of RIF-induced MDRL1 gene expression, we measured the intracellular accumulation of
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an MDR1 substrate R123 in LS174T cells after treating for 24 h with DMSO, RIF, BEL, or RIF +
BEL [168, 170]. The measurements were performed in the presence or absence of the MDR1-
specific inhibitor PSC-833. Compared to DMSO, hPXR agonist RIF decreased R123 accumulation
(P < 0.05) and this decrease was abolished by addition of PSC-833 (P < 0.05), demonstrating that
RIF increases the functional expression of MDR1 (Figure 3.6A). While BEL alone did not affect
R123 accumulation (P > 0.05), co-treatment of BEL with RIF resulted in increased R123
accumulation (P < 0.05) compared to RIF treatment (Figure 3.6A), suggesting that BEL attenuates

RIF-induced MDR1 functional expression in LS174T cells.

BEL attenuates RIF-induced resistance to SN-38: Previous studies have shown that elevated
levels of PXR-mediated expression of drug-metabolizing enzymes and drug-efflux pumps in
cancer cells contribute to increased resistance towards chemotherapy drugs [54, 82, 92]. For
instance, activation of hPXR-mediated expression of drug-metabolizing enzymes and drug-efflux
pumps decreases sensitivity of human colon cancer cells, including LS174T cells, to several
chemotherapy drugs such as SN-38 [82]. As BEL inhibited the hPXR agonist-activated expression
of CYP3A4 and MDR1 in LS174 cells, we determined whether BEL inhibits RIF-induced
resistance to SN-38. As expected, RIF induced resistance to SN-38 shown by decreased sensitivity
of LS17T cells to SN-38 after RIF treatment (P < 0.05) (Figure 3.7). Notably, BEL increased the
sensitivity of LS174T cells to SN-38 by attenuating RIF-induced resistance to SN-38 (P < 0.05)
(Figure 3.7). These results suggest that BEL can antagonize hPXR agonist induced

chemoresistance.
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Ensemble-based molecular docking studies predict high affinity of BEL for multiple sites at
hPXR: BEL inhibition of RIF-induced hPXR target gene expression could be attributed to several
mechanisms, including BEL interaction with hPXR at multiple sites. The docking score from
ensemble-based docking studies predicted that BEL could bind to the LBP, AF2 region and a8
pocket of hPXR (Figure 3.8A). BEL shows relatively high docking score for all the different sites,
suggesting its affinity for multiple sites in the hPXR (Figure 3.8A). At the LBP, BEL possesses
different binding modes (Figure 3.11), with binding affinity comparable to that of the known LBP-
binding compounds like RIF and SR12813, suggesting that BEL could act as an agonist/antagonist
by direct interaction with the LBP. It is interesting to note that the terminal N=O group of BEL
makes several hydrogen bond interactions with the protein backbone N-H or C=0 groups. These
interactions on the one hand, impart stability and at the same time can influence the dynamics of
hPXR by constraining the backbone movements. Similar scenario was also found when BEL

interacts at a& site.

Binding at AF2 site has appealing features such as, the hydrogen bonds with the polar/charged
groups (K259 and E427) of hPXR, tying the polar/charged ends of BEL and the hydrophobic
residues of the protein and BEL interacting with each other (Figure 3.8B). While these interactions
can result in high binding affinity, they need not significantly influence the dynamics of the
protein. Notably, docking score of BEL is higher for AF2 region compared to a known PXR
antagonist KET (Figure 3.8A), corroborating the weaker affinity of the latter for AF2 region.
Moreover, BEL was found to interact with a number of residues at AF2 region that are crucial for
SRC-1 interaction and effectively mimics the binding of SRC-1 peptide (Figure 3.8C).

Collectively, the docking studies reveal that BEL has the potential to act as an agonist/antagonist
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by binding to the LBP as well as an allosteric antagonist by inhibiting the coactivator binding to
the AF2 site. Furthermore, the ensemble-based docking at different sites also identified stretch of
residues shared by AF2 region and a8 pocket with LBP (Figure 3.12, Table 3.4). Residues 420-
429 and 288-291 were shown to be shared respectively by AF2 region and a8 pocket with LBP.
Together, these docking results predict that even though BEL has the ability to occupy the LBP, it
also has affinity for known sites for allosteric antagonism on hPXR (e.g., AF2 and a8 pocket), thus

harnessing potent antagonist properties for BEL.

Docking of BEL to the rat and mouse PXR suggested that BEL could bind to the LBP of PXR
from different species, however, with varying affinities (Table 3.5). BEL shows comparatively
high docking score for the human and rat PXR LBP than the mouse PXR. Different binding modes
of BEL in the LBP of rat and mouse PXR are depicted in Figures 3.13 and 3.14. Similar to human
PXR, the terminal N=O group of BEL also makes hydrogen bond with protein residues while
interaction with LBP of rat and mouse PXR. Interestingly, a number of residues conserved across
the three different species are found to be involved in interaction with BEL (Figure 3.14). The
conserved residues Ser247 (Ser244 in rat and mouse), Phe288 (Phe285 in rat and mouse), Trp299
(Trp296 in rat and mouse) and Met425 (Met422 in rat and mouse) are shown to interact with BEL
at the LBP. Additionally, rat and mouse residues corresponding to the interacting residues Asp205,
Leu209, Val211, GLn285, Met323 and His407 in human were also involved in the BEL interaction
(Figure 3.14). Furthermore, it is to be noted that the BEL interacts with Phe305 in the rat LBP
(Figure 3.17), a residue found to be critical for ligand activation [200], whereas the corresponding
Leu308 in human PXR fails to network with BEL in the LBP. This finding may explain the

differential effect of BEL on human vs rat PXR.
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BEL alters SRC-1 recruitment to hPXR: Coactivators such as steroid receptor coactivator-1
(SRC-1) contribute to the ligand-induced activation of hPXR. Our docking studies predicted that
BEL could interact with some residues at AF2 region that are important for SRC-1 interaction
(Figure 3.8C). We therefore tested whether BEL alters recruitment of SRC-1 to hPXR in a cell-
free SRC-1 recruitment assay. SR12813, a known hPXR agonist, increased SRC-1 recruitment to
hPXR (P < 0.05) (Figure 3.9A). Ketoconazole (KET), a known PXR inhibitor, decreased
SR12813-induced interaction of SRC-1 with hPXR (P < 0.05) (Figure 3.9A). Similar to KET,
BEL inhibited SR12813-induced recruitment of SRC-1 to hPXR (P < 0.05) (Figure 3.9A). This

finding could provide a mechanism for BEL repression of RIF-induced hPXR target genes.

BEL binds to the ligand-binding Domain (LBD) of hPXR: Our docking studies predicted that
BEL could bind to the ligand-binding pocket of hPXR (Figure 3.6A). We therefore tested whether
BEL binds to the LBD of hPXR in the competitive ligand-binding assays. As expected, SR12813,
a known hPXR agonist, bound to the LBD of hPXR (Figure 3.9B). BEL bound to the LBD of
hPXR but not as strong as SR12813, (Figure 3.9B), suggesting that BEL could act as an
agonist/antagonist of hPXR. This result could provide another mechanism for BEL marginal

induction of hPXR target genes as well as for BEL repression of RIF-induced hPXR target genes.

Discussion
Our results show for the first time that BEL, at its clinically relevant therapeutic concentrations,

antagonizes the hPXR agonist-induced gene expression and chemoresistance. It is possible to

79



alleviate chemoresistance in some cases if a clinical anticancer drug can antagonize the drug-
activated hPXR at therapeutic concentrations during combination chemotherapy. Our results are
specifically relevant to cancers where hPXR activation contributes to chemoresistance via

upregulation of hPXR target genes [54, 82, 201].

BEL might be able to alleviate chemoresistance by antagonizing agonist-activated hPXR in
tumors. Indeed, in our study, BEL is able to antagonize hPXR agonist induced chemoresistance in
the colon cancer cells (Figure 3.7). Although it remains to be studied, BEL is likely to exhibit such
hPXR antagonism in tumors in vivo since BEL concentration in tumor tissues tend to follow that
in the plasma. For example, in mice with human ovarian cancer xenografts, after intravenous
treatment with 200 mg/kg single dose, BEL concentration in the subcutaneous tumor was found to

be similar to that in the plasma or other tissues [202].

The known hPXR antagonists or inhibitors fall short of their clinical use because it is unlikely for
these compounds to accomplish in vivo hPXR inhibiting concentrations without causing
unacceptable toxicity [121, 122]. For example, with KET, concentrations upwards of 10-25 uM
would be required to significantly inhibit hPXR function. Although KET is a clinically used drug,
it is unlikely that these levels would be achieved safely during the course of treatment. Another
major problem with a few hPXR antagonists is that they inhibit the activated hPXR at sub micro
molar concentrations in in vitro studies [128] but fail to show in vivo effect in humans. For
example, sulforaphane antagonizes hPXR in in vitro but the concentrations needed to sustain this
effect were not achieved in vivo, resulting in lack of hPXR antagonistic effect in in vivo [144].

Recently, a novel hPXR antagonist has been discovered [139]. However, the pharmacokinetics
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and safety profile of this compound in humans is unknown. BEL is a clinically used anticancer
drug with known pharmacokinetics and safety profile and has the potential to exhibit hPXR

antagonism within its therapeutic concentrations.

Adverse drug-drug interactions can occur when therapeutic drugs such as KET directly inhibit the
basal activity of CYP3A4. Our results show that BEL, in contrast to KET, does not inhibit the
basal CYP3A4 activity (Figure 3.5B), suggesting that BEL may not induce CYP3A4-mediated
drug-drug interactions during multidrug chemotherapy. While it was shown in previous in vitro
studies that BEL and the metabolites of BEL can inhibit CYP2C8 and 2C9, there was no indication

whether BEL can inhibit CYP3A4 [194, 195, 203].

During drug therapy, while elevated levels of hPXR-regulated drug-metabolizing enzymes and
drug-efflux pumps can compromise drug efficacy, reduced basal levels of the same hPXR target
genes can lead to drug toxicity. Our results show that BEL does not inhibit the basal expression or
activity of the hPXR target genes, while downregulating the hPXR agonist-induced gene
expression and activity. These findings suggest that BEL has the potential to enhance drug efficacy
by inhibiting drug-activated hPXR without causing drug toxicity during multidrug chemotherapy.
Indeed, BEL attenuates RIF-induced resistance to chemotherapy drug SN-38, suggesting that BEL
may enhance the efficacy of chemotherapy drugs by inhibiting the drug-activated hPXR (Figure

3.7B).

BEL inhibition of RIF-induced hPXR target inhibition could be because of multiple mechanisms.
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Our molecular docking studies predict that BEL could directly interact with hPXR via the ligand-
binding pocket, a8 pocket and AF2 regions of hPXR. Indeed, BEL binds to the LBD of hPXR
(Figure 3.9B) and attenuates the agonist-increased interaction of SRC-1 with hPXR (Figure
3.9A). It is also possible that BEL inhibits the agonist-activated hPXR by binding to the a8 pocket
of hPXR although it remains to be experimentally determined. Collectively, these results suggest
that BEL has the potential to act as an antagonist by binding to the LBP as well as to AF2 site and

possibly to a8 pocket.

Recent work has shown the importance of multiple ligands binding to multiple sites as well as to
the same site [204]. Multiple sites either can be totally independent or can be formed of shared
regions. It is interesting to see that the LBP of hPXR shares some regions with AF2 as well as with
a8 (Figure 3.12, Table 3.4). Such shared region can mutually influence the binding and activity
of ligands at multiple sites. Ensemble-based docking identified protein conformations where
SR12813 and BEL can coexist in multiple sites in the hPXR at the same time (Figure 3.13), where
BEL maintains its typical nature of interaction. Additionally, recent studies have shown that the
ligand interaction with residues of helix 12, a shared region between LBP and AF2 region (Figure
3.12, residue 420-429), is found to be critical for determining the agonist/antagonist activity of a

compound [139].

BEL exhibited differential effects on the exogenous hPXR reporter gene expression when
compared to the endogenous hPXR target gene expression. In LS180 cells, while BEL alone
showed no effect on the hPXR transactivation function (Figure 3.18A) (P > 0.05), it inhibited

RIF-induced hPXR transactivation of the reporter gene (Figure 3.18B) (P < 0.05). However, in
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HEK-293 cells, BEL not only induced hPXR transactivation of the reporter gene (Figure 3.18C)
(P < 0.05), but also potentiated RIF-induced hPXR transactivation (Figure 3.18D) (P < 0.05).
Similarly, BEL showed the agonistic (Figure 3.18E) (P < 0.05) and potentiation effects (Figure
3.18F) (P < 0.05) in LS174T cells. In parallel cell viability assays, BEL exhibited moderate
cytotoxicity in LS180 cells (Figure 3.19A) (P < 0.05) and HEK293 (Figure 3.19B) (P < 0.05),

with no cytotoxic effect in LS174T cells (Figure 3.19C) (P > 0.05).

While BEL showed consistent effects on the endogenous hPXR target gene expression in both
hepatocytes and intestinal cells, it displayed differential effects on the exogenous gene expression
depending on the cell line. It is known that regulation of PXR-dependent reporter gene activity
using transfected cells does not always correlate with regulation of endogenous hPXR target gene
expression [172, 173]. Itis also known that PXR-activity can be regulated in a tissue-specific [119]
and context-dependent [82] manner with in the same cells. Our reporter gene results show
differential effect of BEL on PXR in a cell-dependent manner. The observed discrepancies in our
studies between the endogenous and overexpression systems could be attributed to imbalance of

PXR regulation machinery in the overexpression systems.

It is possible that the observed effects of BEL on the endogenous gene expression in the
hepatocytes and intestinal cells could have also been contributed by BEL metabolites. Future
studies are warranted to investigate the effect of BEL metabolites on the PXR target gene
expression. Future studies are also required to examine whether BEL is selective towards hPXR.
More importantly, it remains to be studied whether BEL inhibits hPXR agonist-induced gene

expression and chemoresistance in vivo.
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While belinostat inhibits histone deacetylates (HDACSs) with an 1C50 of 27 nM in cell-free assays,
it is expected to inhibit HDACSs in vivo at its effective therapeutic concentration (1 to 10 um) [205].
Our preliminary studies show that belinostat antagonizes hPXR at its therapeutic concentration.
Therefore, it is reasonable to speculate that belinostat modulation of hPXR target genes could be
because of inhibition of HDACs. However, inhibition of HDACs is expected to result in hPXR
activation as deacetylation increases transcription. Indeed, HDAC inhibitors, such as valproic acid,
can modulate PXR activity by increasing the promoter binding activity, diminishing the binding
with HDACL, or enhancing the interaction of cofactors [206]{Takizawa, 2010 #294. While it is
possible that belinostat modulates hPXR activity via both HDAC inhibition and direct interaction

with hPXR, the net effect of belinostat exposure would be hPXR antagonism.

In conclusion, our results show that BEL, at its clinically therapeutic concentration, can antagonize
agonist-activated hPXR target gene expression and chemoresistance. Thus, BEL could be a
potential candidate to overcome hPXR agonists-induced chemoresistance during combination

chemotherapy in some cancer cases (Figure 3.20).
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Tables

Table 3.1: Identification number, gender, race and age of the hepatocyte donors.

Identification Number. Gender Race Age

Thermo Fisher Scientific
Hu8210 Male Caucasian 51
Hu8164 Male Caucasian 23

Triangle Research Labs

HUM4111A Male Caucasian 29
HUM4113 Male Caucasian 29
HUMA4119E Female African American 30
HUM4122B Male Asian 35
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Table 3.2: Published plasma pharmacokinetic parameters of BEL in humans.

Human subjects with Dosage of Crnax Tmax T AUC 0.y Reference

cancer type BEL (LM) (h) (h) (uM.h)

Prostate adenocarcinoma, 1000 mg/m? 131+ 31.6 0.48 29+451 86.8 +21.7 [199]

thymus, urothelial (0-24h)

carcinoma, Uterine

leiomyosarcoma

Uterine carcinosarcoma, 1500 mg *175.59 + 41.46 0.48 1.58 *103.03 £19.41 [198]

Urothelial bladder (0-12h)

carcinoma, Pancreatic

adenocarcinoma, Lung

adenocarcinoma,

Gastroesophageal junction,

and Colorectal carcinoma

Hepatocellular carcinoma 900 mg/m? *08.34 + 29.66 0.42 4.07£0.39 *69.94 £ 17.22 196

(0-24h)
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1200 mg/m? *153.29 £50.33 0.42 4.14 +£0.42 *122.46 + 37 196
(0-24h)
1400 mg/m? *182.92 + 56.11 0.45 3.49+0.73 *149.21 +44.11 196
(0-24h)
Pancreatic carcinoma, **800 mg/m2 70.8 +18.9 N/A N/A 35.5+8.7 [207]
Osteo/chondrosarcoma, Soft (0-24h)
tissue sarcoma, Rectal **1000 mg/m 127.6 +£43.5 N/A N/A 102 £58.3 [207]
carcinoma, Gastric 2 (0-24h)

carcinoma, Unknown
carcinoma, Ovarian
carcinoma, Malignant
melanoma, Mesothelioma,
Bladder carcinoma,
Hepatocellular carcinoma,

and Cholangiocarcinoma
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Colorectal, Melanoma,
Renal, Esophago-gastric,
Breast, Cervix, Diffuse large
B-cell lymphoma, Germ cell,
Lung (non-small cell),
Mesothelioma, Ovary,
Prostate, Pseudomyxoma
peritonei, Sarcoma, and

Thymoma.

900 mg/m?> | *145.36 £ 56.20 N/A N/A *47.66 + 11.78 208
(0-24h)

1000 mg/m? | *100.90 + 28.67 N/A N/A *31.39 £ 10.47 208
(0-24h)

1200 mg/m? | *168.97 + 36.04 N/A N/A *60.34 + 27.93 (0- 208

24h)

*UM concentration was calculated based on the provided ng/ml concentration

**BEL was administered in combination chemotherapy
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Table 3.3: Forward (F) and reverse (R) primers used for quantitative RT-PCR of 18S rRNA,
GAPDH, CYP3A4, MDR1, and Cyp3al.

Gene/Primer sequence Amplified Gene Bank

segment (bp) | Accession no

18S rRNA
F: 5’-GAGGTTCGAAGACGATCAGA-3’ 315 BK000964

R: 5’- TCGCTCCACCAACTAAGAAC-3’

GAPDH
F: 5°-ACCACAGTCCATGCCATCAC-3’ 265 NM_002046

R: 5’-GCTTCACCACCTTCTTGATG-3’

CYP3A4
F: 5- TTGGAAGTGGACCCAGAAAC -3’ 265 NM_017460

R: 5- CTGGTGTTCTCAGGCACAGA -3’

MDR1
F: 5’-GATCTTGAAGGGGACCGCAA-3’ 322 NM_000927

R: 5’>-TCATGAAGAACCCTGTAT-3’

Cyp3al
F: 5’-ATGGAGATCACAGCCCAGTC-3 166 NM_013105

R: 5’-CATAGGTGGGAGGTGCCTTA-3’
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Table 3.4: List of residues interacting with small molecules docked at different sites of hPXR
LBD*.

LBP AF2 region a8-pocket
205 255 155
206 259 158
208 264 159
209 269 162
211 272 163
235 273 164
236 276 289
239 423 290
240 424 330
243 427 331
246 428 333
247 334
250 335
251 337
281 340
284 341
285

288

299

306

308

321

323

324

327

407

410

411

414

420

425

429

*The residues are obtained by docking belinostat, ketoconazole, rifampicin and SR12813 to the
ensemble of conformations of hPXR. The list is made from the top three ranked docking poses.
Belinostat and ketoconazole were docked at all the three sites whereas rifampicin and SR12813
were docked only at LBP. The stretches of residues shared by AF2 region and close to a8-pocket
with LBP are colored in magenta and the same is mapped on hPXR LBD crystal structure using a
similar color code is depicted in Figure S4.
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Table 3.5: Score of top ranked docked pose of belinostat at the ligand binding pocket of
PXR LBD from different species.

Dock score
Human PXR 32.43
Rat PXR 30.71
Mouse PXR 27.94
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Figures
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Figure 3.1: Chemical structure of Belinostat (BEL).
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Figure 3.2: Effect of belinostat (BEL) on rifampicin (RIF)-induced CYP3A4 gene expression
in hepatocells. CYP3A4 mRNA expression was analyzed by quantitative RT-PCR in hepatocells
after 24 h treatment with DMSO, BEL (1uM), RIF (10 uM), or BEL + RIF. Results are presented
as fold increase over DMSO treatment. Data represent mean values + SD from three observations.
# or *, p< 0.05; compared with DMSO alone (#) or RIF alone (*) by ANOVA and Dunnett’s

multiple comparisons test.
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Figure 3.3: Effect of BEL on hPXR agonists induced CYP3A4 and MDR1 gene expression.
CYP3A4 and MDR1 mRNA expression was analyzed by quantitative RT-PCR in human primary
hepatocytes (A & B) and LS174T cells (C & D) after treatment with vehicle DMSO, RIF, BEL +
RIF, SR, BEL + SR, KET, or KET £ RIF as indicated for 24 h. Results are presented as fold change
over DMSO treatment. Data are expressed as mean values + SD. # or *, p < 0.05; compared with

DMSO alone (#) or RIF or SR alone (*) by ANOVA with Dunnett’s multiple comparisons test.
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Figure 3.4: Effect of BEL on viability of the hepatocytes and LS174T intestinal cells. Viability

of the human primary hepatocytes (A) and LS174T cells (B) was determined under the same

experimental conditions indicated gene expression studies. Cell viability was measured by using

CellTiter-Glo reagent. Viability of DMSO-treated cells was expressed as 100%. Results are shown

as mean + SD. #, p < 0.05; compared with DMSO alone by ANOVA and Dunnett’s multiple

comparisons test.
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Figure 3.5: Effect of BEL on RIF-induced and basal CYP3A4 activity. (A): BEL inhibits RIF-
induced CYP3A4 activity in the human primary hepatocytes. CYP3A4 activity was analyzed by
the luminescent P450-Glo CYP3A4 assays in the human primary hepatocytes after treatment with
vehicle DMSO, RIF, BEL + RIF, or KET * RIF as indicated for 24 h. Results are presented as fold
change over DMSO treatment. Data represent mean values + SD from four independent
experiments performed on single donor hepatocytes. # or *, p < 0.05; compared with DMSO alone
(#) or RIF alone (*) by ANOVA with Dunnett’s multiple comparisons test. (B): BEL does not
inhibit the basal CYP3A4 activity in the human primary hepatocytes. DMSO, BEL, or KET was
added to the hepatocytes only during the assay period to determine their direct effects on CYP3A4
activity. Results are presented as fold change over DMSO treatment. Data represent mean values
+ SD from four independent experiments performed on single donor hepatocytes. #, p < 0.05;

compared with DMSO alone by ANOVA with Dunnett’s multiple comparisons test.
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Figure 3.6: Effect of BEL on RIF-induced MDR1 activity. BEL inhibits RIF-induced MDR1
activity in LS174T cells. LS174T cells were treated with DMSO, RIF, or BEL £ RIF as indicated
for 24 h. R123 accumulation was then determined in the absence or presence of the MDR1 specific
inhibitor Valspodar (PSC-833). The data are normalized to the DMSO treatment and are presented
as mean values + SD of at least four independent experiments. #, *, or §, p < 0.05; compared with
DMSO alone in the absence of PSC-833 (#) or RIF alone in the absence of PSC-833 (* or 8) by

ANOVA and Dunnett’s multiple comparisons test.
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Figure 3.7: Effect of BEL on RIF-induced resistance to SN-38. BEL attenuates RIF-induced
resistance to SN-38 in LS174T cells. LS174T cells were treated with indicated compounds for 24
h, and viability was measured by using CellTiter-Glo luminescent cell viability assay. Viability of
DMSO treated cells was set to 100%. Data represent mean values £ SD from at least four
experiments. Statistical significance (p < 0.05) was determined by ANOVA and Dunnett’s

multiple comparisons test.
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A B

Compound LBP AF2 a8
Belinostat 32.43 30.24 28.43
Ketoconazole 32.04 14.96 16.73
SR12813 35.01

Rifampicin 31.49

-

Figure 3.8: Human PXR molecular docking studies. (A): Ensemble-based molecular docking
studies predict high affinity of BEL for multiple sites at hPXR. Score of top ranked docked pose
of ligands at different sites in hPXR, obtained from docking of ligands against ensemble of hPXR
conformations. (B): Mode of interaction of belinostat at (a) AF2 region and (b) a8-pocket. Dotted
lines denote the H-bonding interaction and the protein residues involved in hydrophobic
interactions are shown by red spikes. H-bond distance is also shown alongside. The residues that
are critical for SRC-1 interaction at AF2 region are highlighted in rectangle. (C): Superposition of
BEL and SRC-1 interaction at AF2 region. The interacting residues common to both SRC-1 and

BEL are highlighted.
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Figure 3.9: Mechanisms of BEL interaction with hPXR. (A): BEL affects recruitment of SRC-
1 to the hPXR-LBD in in vitro SRC-1 coactivator recruitment assays. The TR-FRET ratio was
calculated by dividing the emission signal at 520 nm from the acceptor fluorophore by the emission
signal at 490 nm from the donor terbium. The TR-FRET ratios of the compounds were normalized
to DMSO. An increase or a decrease of the normalized TR-FRET ratio in the presence of the
compounds indicates increased or decreased binding of SRC-1 to hPXR-LBD, respectively. Data
represent mean + SD. # or *, p < 0.05; compared with DMSO alone (#) or SR 12813 alone (*)
by ANOVA and Dunnett’s multiple comparisons test. (B): BEL binds to hPXR-LBD in in an in
vitro competitive ligand binding assay. hPXR-LBD, Th-anti-GST antibody, and a fluorescein-
labeled hPXR ligand tracer were incubated together in the presence of DMSO (vehicle control),
BEL (test compound), or SR12813 (a known hPXR agonist). The TR-FRET ratio indicates the
binding of the hPXR ligand tracer to hPXR-LBD, and a decrease of the TR-FRET ratio indicates
the binding of agonists or antagonists to the hPXR-LBD by outcompeting the binding of the hPXR

ligand tracer. Data represent mean + SD from four independent determinations
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Figure 3.10: Effect of BEL on pregnenolone-16 alpha-carbonitrile (PCN)-induced Cyp3al
gene expression in rat primary hepatocytes. Cyp3al mRNA expression was analyzed by
quantitative RT-PCR in rat primary hepatocytes after treatment with vehicle DMSO, PCN, or BEL
+ PCN as indicated for 20 h. Results are presented as fold increase over DMSO treatment. Data
represent mean £ SD from three independent experiments. # or *, p < 0.05; compared with DMSO

alone (#) or PCN alone (*) by ANOVA and Dunnett’s multiple comparisons test.
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Figure 3.11: Top three ranked docked poses of BEL at LBP of hPXR, with corresponding
docking score (a) - (c). Dotted lines denote the H-bonding interaction and the protein residues
involved in hydrophobic interactions are shown by red spikes. H-bond distance is also shown

alongside.
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Figure 3.12: Crystal structures of LBD of hPXR (PDB ID: 11LG) highlighting small molecule
binding sites — LBP (green), AF2 region (red) and a8-pocket (cyan). The stretch of residues shared
by AF2 region (residues 420 — 429) and a8-pocket (residues 288 -291) with LBP are colored in
magenta. The missing loop regions in the crystal structure were modelled with Modeler homology

modeling package.
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Figure 3.13: Coexistence of different ligands at multiple sites in hPXR LBD. BEL maintains
a balance of electrostatic and vdW interaction at AF2 region while SR12813 could interact with
the LBP residues, predominantly through hydrophobic interactions. Dotted lines denote the H-
bonding interaction and the protein residues involved in hydrophobic interactions are shown by
red spikes. H-bond distance is also shown alongside. The residues that are critical for SRC-1

interaction at AF2 region are highlighted in rectangle.
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Position 10 20 30 40 50 60
humanPXR MEVRPKESWNHADFVHCEDTESVPGKPSVNADEEVGGPQICRVCGDKATGYHFNVMTCEGCKGFFRRA
ratPXR M--RPEERWNHVGLVQREEADSVLEEP-INVDEEDGGLQICRVCGDRKANGYHFNVMICEGCKGEFRRA
mousePXR M--RPEESWSRVGLVQCEEADSALEEP-INVEEEDGGLQICRVCGDKANGYHFNVMICEGCKGEEFRRA
Conserved * *% * % * % * * ok kk kk KKRKKKKKKEK Kk KK AXRRAKhh Rk k Kk khk
Position 70 80 920 100 110 120 130
humanPXR MKRNARLRCPFRKGACEITRKTRRQCQACRLRKCLESGMKKEMIMSDEAVEERRALIKRKKSERTGTQ
ratPXR MEKRNVRLRCPFRRKGTCEITRRKTRRQCQACRLRKCLESGMKKEMIMSDAAVEQRRALIKRKKREKIEAP

mousePXR MKRNVRLRCPFRKGICEITRRTRRQCQACRLREKCLESGMKKEMIMSDAAVEQRRALIKRKKREKIEAP
Conserved **Xkk Fkkkkkkkd KEHXXRRAR KK XX R XA I KT I RRARR R KX R AT *k¥x *hhkrkhwkk *

Position 140 150 160 170 180 190 200
humanPXR PLGVQELTEEQRMMIRE LMDAQMKTFDTTFSHFRNFRLPGVLSSGCE LPESLQAPSREEAARWSQVRK
ratPXR PPGGQELTEEQQALIQELMDAQMQTFDTTFSHFKDERLPAVFHSDCELPEVLQASLLEDPAIWSQIMK
mousePXR PPGGQELTEEQQALIQEILMDAQMOTFDTTFSHFKD FRLPAVFHSGCELPEFLOASLLED PATWSQIMK
COnserved * % khkkkkkk * khkkkkkk Fhkkhkkkkkkk kkkk % * *hkkkk kk*%k * * *k%k *
Position 210 220 230 240 250 260 270
humanPXR [DLCSLEVSLQLRGEDGSVWNYKPPADSGGRELIFSLLPHMADMSTYMFKGLISFAKVISYFRDLPIEDQ |
ratPXR DSVEMKISVQLRGEDGS IWNYQPPSKSDGKEIIPLLPHLAD VS TYMFKGVINFAKVISEFRELPIEDQ
mousePXR DRV MKISLOLRGEDGS IWNYQPPSKSDGKEIIPLLPH ADVSTYM KGVINFAKVISYFRDLPIEDQ
Conserved * * k kkkkkkkk kkk k% * kk%kk kkkk kk Fhhkkkkkk *k kkhkkkkk kk kkkkkk
Position 280 290 300 310 320 330 340

humanPXR [ISLLKGAAFELCQLRFNIVENAE TGTWECGRLSYC LEDTAGGFQQLLLEPMLKFEYMLKKLQLAEEEY
ratPXR ISLLKGATFEMCILRFNTMFDTETGTWECGRLAYCFEDPNGGFQRLLLD PLMKFHCMLKKLQLREEEY
mousePXR |[ISLLKGAT  EMCILRFNTMFDTETGTWECGRLA'CFEDPNGGFQKLLL PLMKF  CMLKKLOLHKEEY
Conserved **kkkxk k% * dkkkd * dkdkkkkddedhk kk ok dkdkk ke %k dedede e o v de e ok s e ¥
Position 350 360 370 380 390 400
humanPXR [VLMQOAISLFSPDRPGVLQOHRVVDQLOEQFATTLRSYIECNRPQPAHRRFLFLRIMAMLTELRSINAQHT |
ratPXR VIMQATSLFSPDRPGVVQRSVVDQLQERFALTLKAYIECSRPYPAHRFLFLKIMAVLTELRSINAQQT
mousePXR |[VIMQOATISLFSPDRPGVVORSVVDQLOERFALTLKAYIECSRPYPAHRFLFLKIMAVL.TELRSINAQOT
Conserved ***kkkkkktrhkhkkx * Kkkkkkk kk kkk Khkkk kk KEXXKKKEEAE* kkkhkkkdkhkk *
Position 410 420 430

humanPXR LRIQDIHRPFATPLMQELFGITGS

ratPXR LLRIQDTHEFATPLMQELFSSTDG

mousePXR LLRIQDSHPFATPLMQELFSSTDG
Conserved * *kkk%k kkkkkkkkdkkkk *

Figure 3.14: Pairwise sequence alignment of human PXR with rat and mouse PXR. Sequence
alignment revealed a high degree of identity between the species. The boxed sequence corresponds
to the PXR LBD and the human PXR LBD for which the crystal structure was available (PDB
ID:1ILG) used as the template for homology modelling. Residues involved in interaction with
BEL are colored in red (human), green (rat) and orange (mouse). Interacting residues common in
all species are highlighted in magenta. Asterisks indicate conserved residues between the targets

and the template.
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Figure 3.15: Top three ranked docked Poses of BEL at LBP of rat PXR (@) - (c). Dotted lines
denote the H-bonding interaction and the protein residues involved in hydrophobic interactions are

shown by red spikes. H-bond distance is also shown alongside.
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Figure 3.16: Top three ranked docked Poses of BEL at LBP of mouse PXR (a) - (c). Dotted
lines denote the H-bonding interaction and the protein residues involved in hydrophobic

interactions are shown by red spikes. H-bond distance is also shown alongside.
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Figure 3.17: Docking study to determine BEL interaction with Rat PXR LBP. Docking
study revealed the CH-x interaction between BEL and Phe305 of rat PXR LBP. The residue Phe
305 found to be key residue involved ligand mediated activation of PXR. This may explain the

differential effects of BEL on hPXR versus rPXR.
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Figure 3.18: Effect of BEL on hPXR transactivation of CYP3A4 promoter activity. LS180 (A, B) and HEK293 (C,D) cells were
transiently co-transfected with p3A4-luc and pSG5-hPXR plasmids, and then treated with DMSO, BEL, RIF, or BEL + RIF as indicated
for 24 h. CYP3A4 promoter activity was determined by measuring the luciferase activity 24 h after the treatments. LS174T cells (E, F)
were transiently co-transfected with pcDNA3-hPXR and pGL3-CYP3A4-luc plasmids, and treated with DMSO, BEL, RIF, or BEL *
RIF. CYP3A4 promoter activity was determined by measuring the firefly luciferase activity 20 h after the treatments. The data are
expressed as a fold induction + SD of luciferase activity over the control cells (agonistic mode — in the absence of RIF) or as a percentage
of maximal induction £ SD (antagonistic mode - in the presence of RIF). Differences were tested using one-way ANOV A with Dunnett’s

post hoc test, p < 0.05 was considered significant [compared with DMSO alone (#) or RIF alone (*)].
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Figure 3.19: Effect of BEL on the viability of LS180, HEK293 and LS174 cells. Viability of
LS180 (A) and HEK?293 (B) was determined using MTT assay after treating the cells with DMSO
or BEL as indicated for 24 h. Viability of LS174 cells (C) was determined using CellTiter-Glo
viability assay after treating the cells with DMSO or BEL for 20 h. Viability of DMSO-treated
cells was expressed as 100%. Results are expressed as mean + SD. #, p < 0.05; compared with

DMSO alone by one-way ANOVA and Dunnett’s post hoc test.
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Figure 3.20: Proposed model for BEL repression of hPXR agonists-induced target gene

expression and chemoresistance during combination chemotherapy.
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Chapter 1V

Gefitinib Inhibits Rifampicin-Induced CYP3A4 Gene Expression in Human Hepatocytes

Abstract
Human pregnane xenobiotic receptor (hPXR) has been shown to play a role in the development of
chemoresistance during multidrug chemotherapy. Mechanistically, this occurs due to upregulation
of agonist-induced hPXR mediated target genes such as cytochrome P450 3A4 (CYP3A4). While
it is possible to overcome hPXR agonist-induced overexpression of hPXR target genes with hPXR
antagonists, most of the known antagonists lack required pharmacological characteristics that
would allow for their clinical usage. Ideally, an hPXR antagonist would be an approved cancer
drug itself usable in a combinational chemotherapy regime and antagonize hPXR at therapeutic
concentrations. Gefitinib (GEF), a tyrosine kinase inhibitor approved for the treatment advanced
or metastatic non-small cell lung cancer, and effectively used in combinational chemotherapy
treatments, is a promising candidate due to its hPXR ligand-like features. We therefore sought to
determine whether GEF would behave as an hPXR antagonist when used in combination with
known hPXR agonist, Rifampicin (RIF). At therapeutic concentrations, GEF repressed RIF-
induced endogenous CYP3A4 gene expression in human primary hepatocytes and human
hepatocells. Additionally, GEF inhibited RIF-induction of hPXR-mediated CYP3A4 promoter
activity in HEPG2 human liver carcinoma cells. These findings indicate that GEF could inhibit an
agonist-activated hPXR-mediated CYP3A4 gene expression. Molecular docking studies predicted
that GEF can bind to multiple sites on hPXR including the ligand binding pocket. Indeed, GEF
bound to the hPXR and attenuated the hPXR agonist-induced SRC-1 interaction, suggesting that

GEF directly interacts with multiple sites on the hPXR. Taken together, our results suggest that
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GEF, at its clinically relevant therapeutic concentration, can antagonize hPXR agonist induced
CYP3A4 gene expression. Thus, GEF could be a potential candidate for use in combinational
chemotherapies to combat hPXR-mediated chemoresistance. Future studies are required to

determine GEF inhibition of hPXR agonists-induced chemoresistance.
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Introduction
The human pregnane X receptor (hPXR) is the master regulator of many drug-metabolism
enzymes, such as CYP3A4 [43, 44]. CYP3A4 contributes to the metabolism of over 50% of
clinically active drugs [21]. Overexpression of hPXR-mediated CYP3A4 can affect the
metabolism and therapeutic response of chemotherapy drugs, leading to chemoresistance. Indeed,
co-administration of an hPXR agonist has been shown to reduce the concentration of
chemotherapy drugs such as, irinotecan [10], imatinib [26], cabozantinib [27], cobimetinib [28],

and vemurafenib [29].

In an attempt to overcome the hPXR-induced chemoresistance, some compounds have been
studied to determine their capacity to antagonize or inhibit the agonist-activated hPXR target gene
expression [121-123]. There have been many reported hPXR antagonists such as, ET-743,
ketoconazole, fluconazole, enilconazole, sulforaphane, coumestrol, A792611, camptothecin, FLB-
12, metformin, fucoxanthin, sesamin, milk thistle, bitter melon, allyl isothiocyanate, and SPA70
[123]. However, these compounds have specific negative attributes or lacking full characterization
preventing their clinical use, such as lack of in-vivo effects, significant toxicities, or instigating

self-resistance [123, 139].

Some of these compounds that have been shown to be capable of modulating hPXR-mediated gene
expression are FDA approved drugs. The diabetes medication metformin and the
chemotherapeutic, camptothecin, have been shown to reduce hPXR target gene expression.
However, they do not seem to directly interact with hPXR and follow up studies showing their

ability to overcome chemoresistance mediated by hPXR have yet to be conducted. Nevertheless,
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the rationale behind testing previously approved drugs for their hPXR antagonistic potential offers
several enticing benefits. Safety, toxicity, and PK information will already be established for
approved drugs, which will also save on time and relevant costs [148]. Furthermore, if the potential
hPXR antagonist was an approved chemotherapeutic used in combinational therapies, then we gain
the benefits of proven anticancer properties and successful combinatorial usage. Recently, it was
shown that the anticancer drug, Belinostat, could successfully antagonize hPXR-mediated gene
expression and attenuate the hPXR agonist-induced chemotherapy resistance [25]. Additionally,
belinostat, when administered at therapeutic concentrations, chemosensitized cells when used in
combination with other chemotherapy drugs. This study has shown the possibility of using
approved FDA drugs to repurpose as successful hPXR antagonists [25]. We therefore determined
to screen for additional clinically used drugs that could potentially serve to antagonize hPXR at

therapeutically relevant concentrations.

Tyrosine kinase inhibitors (TKIs) are a class of drugs that work by providing competitive ATP
inhibition at the catalytic binding site of tyrosine kinases [209]. TKIs are used to treat many
cancers, including thyroid, GlI, liver, renal, head/neck, lung, leukemia, breast, renal, and soft tissue
sarcoma [210]. Gefitinib (GEF) is a TKI approved for treatment of non-small cell lung cancer
(NSCLC) (Figure 4.1). GEF is being evaluated in human clinical trials for repurposing as a
treatment for other cancers, such as ovarian, peritoneal, fallopian tube, [NCT00317772] and liver
cancer [NCT00282100]. Completed clinical trials testing GEF have been conducted in relapsed or
refractory acute myelogenous leukemia [NCT00130702], head and neck squamous cell carcinoma
[NCT00519077], breast [NCT00357734], salivary gland [NCT00509002], esophageal cancer

[NCT00268346], uterine [NCT00027690], and colorectal [NCT00026299]. In vitro and in vivo
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studies have shown that combinational chemotherapies using GEF enhanced anticancer effects of
chemotherapy drugs. Gefitinib given in combination with dasatinib (leukemia treatment), or 5-
fluorouracil (5-Fu) (carcinoma treatment) had increased efficacy versus non combinational
treatments [211-213]. Patient studies have shown that GEF can effectively be used in
combinational treatments with other chemotherapeutics, such as the lung cancer treatment drugs,
pemetrexed and carboplatin, to improve advanced lung adenocarcinoma patient prognosis [214].
Carboplatin has previously been shown in vitro to be more effective when used with an hPXR
antagonist such as ketoconazole in HEPG2 hepatocellular carcinoma cells [215]. Additionally,
many clinical trials have had success using GEF in combinational treatments. Everolimus and
Gefitinib were shown to have a partial response or stabilize disease in half of the patient with
patients with glioblastoma multiforme and prostate cancer [NCT00085566]. A case study where
gefitinib was combined with prednisolone, a steroid commonly used in some chemotherapy
protocols, improved prognosis for NSCLC [216]. It is important to note that many multidrug
chemotherapy regiments include steroids and many of these, including prednisolone, are known
to activate hPXR [25]. Therefore, it may be possible to include GEF in protocols using steroids to
overcome drug-activated hPXR-mediated chemoresistance. GEF used in combination with
cisplatin and radiotherapy to treat late stage 111/1V mon-metastatic head and neck squamous cell
carcinoma also showed some success [NCT00229723]. Previously, it was shown that the anti-
tumor effects of cisplatin can be increased by the hPXR antagonist, leflunomide [140] and that
cisplatin may be a possible agonist of hPXR [217], which may explain why co-administration with

hPXR antagonist, such as GEF and leflunomide, increased cisplatin anti-tumor effects. ;
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If GEF could serve to antagonize the agonist elicited hPXR activity, then it is possible that hPXR
target gene expression, including CYP3A4, could be reduced. However, it is unknown whether
GEF antagonizes drug-activated hPXR target gene expression in humans. In the current study, we
show that GEF, at its clinical therapeutic concentration, can antagonize the agonist-activated hPXR

and reduce the hPXR-mediated expression of CYP3A4 in human hepatocytes.

Materials and Methods
Chemicals and plasmids: Dimethyl sulfoxide (DMSO; >99.9 %), Rifampicin (RIF; >97%),
SR12813 (SR; >98%), and Ketoconazole (KET; >98%) were purchased from Sigma Aldrich.

Gefitinib (GEF; (>99%) was purchased from Selleck Chemicals.

Cell culture: HEPG2 human hepatocellular carcinoma cells were purchased from the American
Type Culture Collection and grown in DMEM (HyClone) supplemented with 10% fetal bovine
serum and the other additives (HyClone) as described previously [168]. The assay media included
phenol red-free DMEM supplemented with 5% charcoal/dextran-treated FBS (HyClone) and the
other additives. Cryopreserved human primary hepatocytes and hepatocyte media were purchased
from Invitrogen, Triangle Research Labs and Corning. Cryopreserved hepatocells and hepatocells
media were purchased from Invitrogen Corning. The donor information for the hepatocytes is
provided in the Table 4.1. The hepatocells were cultured by following the manufacturers and our
published protocol [25]. The hepatocytes were cultured by following the manufacturers and our
published protocol [25, 168]. Human primary hepatocytes and hepatocells cells were treated with

the vehicle or drugs for 24 hr. before harvesting the cells for gene expression.
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Reporter gene assays: Luciferase reporter assays were also performed in HEPG2 liver cancer
cells. HEPG2 cells were transiently transfected with pcDNA3-hPXR and pGL3-CYP3A4-luc
plasmids [168, 169] using jetPRIME (Polyplus Transfection). 24 hr. After transfection, the cells
were plated in 96-well assay plates (PerkinElmer), and treated with DMSO or the compounds for
20 hr. After the treatments, luciferase activity was measured using the Neolite Reporter Gene

Assay System (PerkinElmer) and FLUOstar Optima microplate reader (BMG Labtech) [168, 169].

Cell viability assays: Cell viability was performed in Primary Hepatocytes and HEPG2 cells.
Cells were treated with DMSO or compounds for 24 hr. and measured using CellTiter-Glo

Luminescent Cell Viability Assays (Promega) [168-170].

RNA isolation and quantitative RT-PCR analysis: Total RNA was extracted from human
primary hepatocytes and hepatocells using the E.Z.N.A. Total RNA Kit | (Omega Bio-Tek). The
quality and quantity of the total RNA was assessed using NanoVuePlus Spectrophotometer (GE
Healthcare). Reverse transcription was performed with the iScript cDNA Synthesis Kit (Bio-Rad).
Quantitative polymerase chain reaction was performed by using the PerfeCTa SYBR Green
FastMix (Quanta BioSciences) and CFX96 Touch Real-Time PCR Detection System (Bio-Rad).
Transcripts of the housekeeping genes (18S rRNA or GAPDH) and CYP3A4 were amplified using
the gene-specific primers (Table 4.3). The comparative C: method was used for relative

quantification for gene expression.

119


http://www.perkinelmer.com/Catalog/Family/ID/neolite
http://www.perkinelmer.com/Catalog/Family/ID/neolite

SRC-1 coactivator recruitment assays: LanthaScreen TR-FRET assays were performed to
determine SRC-1 interaction with hPXR according to the manufacturer's instructions (Thermo
Fisher Scientific). The assays were carried out in 384-well solid black plates. Briefly, a mixture of
10 nM purified GST-hPXR ligand-binding domain, 10 nM terbium-labeled anti-GST antibodly,
and 500 nM FI-SRC1-4 peptide was added to each well containing DMSO, SR (a known hPXR
agonist), GEF (test compound) £ SR, or KET (a known hPXR inhibitor) + SR at different
concentrations. The plates were incubated at room temperature in the dark for 1 h. Terbium-labeled
antibody was excited at 340 nm, and emission intensities from terbium and fluorescein were
detected at 490 nm and 520 nm, respectively. A post-excitation lag time of 100 us followed by an
integration time of 200 us was used to collect the time-resolved emission signals on a SpectraMax

iD5 microplate reader (Molecular Devices) to calculate the 520/490 TR-FRET ratio.

Competitive ligand binding assays: LanthaScreen TR-FRET hPXR competitive binding assays
were performed to examine the binding affinity of GEF to the hPXR ligand-binding domain
(Thermo Fisher Scientific). Briefly, the assays were performed in 384-well solid black plates with
a 10 nM GST-hPXR ligand-binding domain, 40 nM fluorescent-labeled hPXR agonist (Fluomore
hPXR Green), 10 nM terbium-labeled anti-GST antibody, and GEF (test compound) or SR (a
known hPXR agonist) at different concentrations. The reaction mixtures were incubated at room
temperature in the dark for 1 hr., and fluorescent emissions of each well were measured at 490 nm
and 520 nm and the TR-FRET ratio were calculated as described above for SRC-1 coactivator

recruitment assays.
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Human hPXR molecular docking studies: Ensemble-based molecular docking was performed
using GOLD suite version 5.5.0 (CCDC, Cambridge, UK) [189]. GOLD uses a genetic algorithm
(GA) to explore the conformational flexibility of the ligand and receptor side chains in the binding
pocket. Thirty centroid conformations of apo hPXR generated using a RMSD-based clustering
algorithm, obtained from previous work, were used for the docking [190]. In all the protein
conformations, water and ions were removed prior to docking. For the docking purpose, a binding
site was defined by considering all atoms within 12 A from the geometrical center of the docking
site. For each of the 30 independent GA runs, a maximum number of 200 GA operations were
performed. The docked complexes were ranked with goldscore and then rescored using a
chemscore fitness function [189]. GEF and KET were docked at multiple sites, whereas SR12813
and RIF were docked at ligand binding pocket (LBP) as controls [25]. The scoring functions
account for the hydrogen bonding, Van der Waals (vdW) interactions and steric complementarity
between the ligand and receptor. For each ligand, best-ranked docked pose with corresponding

chemscore is considered for further analysis.

Data and statistical analysis: Data are shown as mean values £ SD. Analyses were performed
using GraphPad Prism 8.0 software. The significance of the differences between groups was
evaluated by ANOVA, followed by Dunnett’s multiple comparisons test. P < 0.05 values were

determined to be statistically significant.

Results
Gefitinib (GEF), at its therapeutically relevant concentrations, inhibits rifampicin (RIF)-

induced CYP3A4 gene expression: Using hepatocells in a small scale screening approach, we
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sought to identify clinical anticancer drugs with the capability to modulate hPXR-mediated target
gene expression at a clinically relevant concentration [158]. We identified GEF as a drug capable
of antagonizing the drug induced hPXR mediated gene expression (Figure 4.2). GEF was also
shown to successfully bind to hPXR LDB as a ligand and allosterically to the AF2 region (Figure
4.6). We therefore hypothesized that GEF, at its therapeutic concentrations, could antagonize

agonist-induced hPXR mediated upregulation of CYP3A4 expression in human hepatocytes.

In an effort to determine the experimental concentrations of GEF that are therapeutically relevant,
we have collected the pertinent literature. The plasma pharmacokinetic parameters from the
previous studies in humans are presented in the Table 4.2. In humans, after a single oral dose of
GEF at the recommended dosage of 250 mg [218], the mean peak plasma concentration (Cmax) of
GEF could reach to 0.84 (0.37-1.75) uM [219-222]. The FDA treatment regimen for NSCLC is
daily dosage of oral GEF 250 mg/ml once daily until disease progression or unacceptable toxicity,
however in combination with certain medications, 500 mg/ml daily can be given [218]. Plasma
concentrations of GEF will increase to ~2 uM when using dosages in the 500mg range [220].
However, dosages of up to 1500 - 3500 mg/ml can be give without increasing exposure, causing
significant adverse events, or overdosing [218, 223], so usage of higher concentrations is also
feasible. GEF plasma concentrations have been measured with dosages of 700mg/ml daily at 2.6
UM, For our study, GEF concentrations were chosen based on previous PK ranges as well as the
commonly used experimental concentrations. We therefore examined the effect of GEF, at its
therapeutic plasma concentrations, on agonist-induced endogenous hPXR target gene expression

in human hepatocytes.
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Ketoconazole (KET), a known antagonist of hPXR [147], inhibited the hPXR agonist RIF-induced
CYP3A4 mRNA expression in Hepatocells (P < 0.05) (Figure 4.2A) and human primary
hepatocytes (P < 0.05) (Figure 4.2B). Similarly, GEF repressed RIF-induced CYP3A4 mRNA
levels in both hepatocells (P < 0.05) (Figure 4.2A) and human primary hepatocytes (P < 0.05)
(Figure 4.2B). These results suggest that GEF can antagonize hPXR agonist induced CYP3A4
gene expression at its therapeutically relevant plasma concentrations in human primary

hepatocytes and hepatocells.

GEF is minimally cytotoxic at concentrations effective for inhibiting RIF induction: In
CellTiter-Glo Luminescent cell viability assays, while 1 uM and 3uM alone did not exert a
noticeable cytotoxicity in the human primary hepatocytes or HEPG2 cells (P > 0.05), 10 uM GEF
was significantly cytotoxic (P < 0.05) (Figure 4.3A). In combination with RIF, 10uM GEF was
modestly cytotoxic to the human primary hepatocytes (Figure 4.3A) (P < 0.05). RIF by itself was
cytotoxic to HEPG2 cells. Similarly, RIF in combination with GEF (1, 3, or 10 uM) was also
modestly cytotoxic to HEPG2 cells (Figure 4.3B) (P < 0.05). Collectively, these data suggest that
GEF can antagonize RIF-induced hPXR target gene expression at its therapeutic concentrations,

with minimal cytotoxicity.

GEF antagonizes the hPXR-mediated CYP3A4 promoter activity: We examined the effect of
GEF on hPXR-regulated CYP3A4 promoter activity in human HEPG2 cells (Fig. 4.3). The cells
were transiently transfected with CYP3A4-luc and hPXR, and treated with DMSO, RIF, GEF £
RIF, or KET £ RIF. KET decreased RIF-induced increase of CYP3A4 promoter activity mediated

by hPXR (P < 0.05) (Figure 4.4). Similar to KET, GEF at or near its therapeutically relevant
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concentrations, significantly inhibited CYP3A4 promoter activity in an hPXR-dependent manner

(P < 0.05) (Figure 4.4).

Molecular docking studies predict high affinity of GEF for multiple sites at hPXR: Several
mechanisms could contribute to GEF inhibition of RIF-induced hPXR target gene, including GEF
binding hPXR at multiple, functionally important positions. The docking score from ensemble-
based docking studies predicted that GEF could bind to the LBP, AF2 region and a8 pocket of
hPXR (Figure 4.5A). The docking score for GEF was moderately high at all three sites, suggesting
its affinity for multiple sites in the hPXR (Figure 4.5A). The binding affinity of GEF is similar to
that of the known LBP-binding compounds RIF and SR12813, suggesting that GEF could act as
an agonist/antagonist by direct interaction with the LBP. It is also interesting to compare GEF
binding with that of our previously published antagonist, belinostat (BEL) [25]. The binding
affinities and the interactions of these two ligands are reflected in the docking score as well as the
interactions with hPXR. Primarily, GEF with a rigid bicyclic ring is constrained in its
conformational space (Figure 4.5B). On the other hand, BEL with monocyclic rings is more
flexible and has the capacity to form strong hydrogen bonds with the terminal N=0O group and with
the SO2 group on the other end of the molecule, which are easily accessible to the polar/charged
groups of PXR groups (Figure 3.8B). Thus, BEL interaction at AF2 site is more dominated by
hydrogen bonds and that of GEF s dominated by hydrophobic interactions, resulting in slightly
higher docking score of BEL. This feature is also evident at interactions at a8 site (Figures 3.8
and 4.5) It is interesting to note that the binding of GEF at AF2 site is remarkably similar to that
of BEL, in spite of their differences in their chemical features. As in the case of BEL, K259 of a3

hydrogen bonds with the oxygen atom attached to bicyclic ring of GEF, anchoring one side of
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SRC-1 binding site (Figure 4.5C). The hydrogen bond interaction with E427 (residue from a.12)

at the other end of BEL is replaced hydrophobic interaction with P423.

The docking score of GEF is higher for AF2 region compared to a known PXR antagonist KET
(Figure 4.5A), confirming the weaker affinity KET for AF2 region. GEF also interacts with
residues at AF2 region that are essential for SRC-1 interaction, effectively hindering the binding
of SRC-1 peptide (Figure 4.5C). Collectively, the docking study results suggest that GEF has the
ability to occupy both the LBP and the known sites of allosteric antagonism, AF2 and a8 pocket,

indicating that GEF exhibits antagonist properties for PXR.

GEF alters SRC-1 recruitment to hPXR: Coactivators such as steroid receptor coactivator-1
(SRC-1) contribute to the ligand-induced activation and subsequent promoter binding of hPXR.
Our docking studies predicted that GEF could interact with some residues at AF2 region that are
important for SRC-1 interaction (Figure 4.5). We therefore tested whether GEF alters recruitment
of SRC-1 to hPXR in a cell-free SRC-1 recruitment assay. SR12813, a known hPXR agonist,
increased SRC-1 recruitment to hPXR (P < 0.05) (Figure 4.6A). Ketoconazole (KET), a known
hPXR inhibitor, decreased SR12813-induced interaction of SRC-1 with hPXR (P < 0.05) (Figure
4.6A). Similar to KET, GEF inhibited SR12813-induced recruitment of SRC-1 to hPXR (P <
0.05) (Figure 4.6A). This finding provides a mechanism for GEF repression of RIF-induced hPXR

target genes.

GEF binds to the ligand-binding domain (LBD) of hPXR: Our docking studies predicted that

GEF could bind to the ligand-binding pocket of hPXR (Figure 4.6B). We therefore tested whether
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GEF binds to the LBD of hPXR in the competitive ligand-binding assays. As expected, SR12813,
a known hPXR agonist, bound to the LBD of hPXR (Figure 4.6B). GEF bound to the LBD of
hPXR but not as strong as SR12813, (Figure 4.6B), suggesting that GEF could act as an antagonist
of hPXR. This result could provide another mechanism for GEF’s minimal induction at therapeutic
concentrations of hPXR target genes as well as for GEF repression of RIF-induced hPXR target

genes.

Discussion
Our results show for the first time that the TKI Gefitinib (GEF) antagonizes the hPXR agonist
induced CYP3A4 gene expression in human hepatocytes at its clinically relevant therapeutic
concentrations. Previously, we have shown that it is possible to overcome chemoresistance
induced by hPXR mediated mechanisms if a clinical anticancer drug can antagonize the agonist-
activated hPXR at therapeutic concentrations during combination chemotherapy [25]. Based on
the ability of GEF to antagonize RIF activated hPXR-mediated upregulation of CYP3A4, it is
feasible to use GEF to overcome chemoresistance is some cases, however that remains to be
studied. This hypothesis would be relevant only to cancers in which chemoresistance occurs as a

result of drug-activation of hPXR mediating overexpression of CYP3A4 [54, 82, 201].

Many of the known hPXR antagonists are inadequate for clinical use as they are unable to achieve
concentrations required to modulate hPXR in vivo without causing unacceptable toxicity [121,
122]. For example, the required concentrations of KET needed to inhibit hPXR are 10-25 puM,

which is unlikely to be achieved safely. Other hPXR antagonists successfully inhibited the
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activated hPXR at sub micromolar concentrations in in vitro studies [128] but fail to show in vivo
effect in humans. In In vitro, sulforaphane effectively antagonized hPXR, but concentrations
needed for sulforaphane to antagonize hPXR could not be achieved in vivo [144]. Very recently, a
novel hPXR antagonist has been discovered [139]. However, the pharmacokinetics and safety
profile of this compound in humans is unknown. GEF is a clinically used anticancer drug, therefore
the pharmacokinetics and safety profile have been validated by the FDA. GEF also has the

potential to exhibit hPXR antagonism at its relevant therapeutic concentrations.

Overexpression hPXR-regulated drug-metabolizing enzymes can compromise drug efficacy,
however reduced basal levels of the same hPXR target genes can lead to drug toxicity. Our results
show that GEF downregulates the hPXR agonist-induced gene expression of CYP3A4 without
inhibiting basal gene expression at therapeutic concentrations. These findings suggest that GEF
may be used to enhance chemotherapy drug efficacy via inhibition of drug-activated hPXR without

producing unwanted drug toxicity during multidrug chemotherapy.

GEF inhibition of RIF-induced hPXR target gene expression could be due to multiple mechanisms.
Our molecular docking studies predict that GEF could directly interact with hPXR via the ligand-
binding pocket, a8 pocket and AF2 regions of hPXR. Indeed, GEF binds to the LBD of hPXR
(Figure 4.4B) and attenuates the agonist-increased interaction of SRC-1 with hPXR (Figure
4.4A). It is also possible that GEF inhibits the agonist-activated hPXR by binding to the a8 pocket
of hPXR although it remains to be experimentally determined. Taken together, docking results
indicate that GEF has the potential to act as an antagonist by binding to the LBP, and additionally

by interacting as an allosteric antagonist with both AF2 and a8 regions.
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Recently it was shown the significance of multiple ligands binding to multiple sites as well as to
the same site [204]. Multiple sites either can be totally independent or can be formed of shared
regions. It is interesting to see that the LBP of hPXR shares some regions with AF2 as well as with
a8 (Figure 3.12). Such shared region can mutually influence the binding and activity of ligands at
multiple sites. Ensemble-based docking identified protein conformations where SR12813 and GEF
can coexist in multiple sites in the hPXR LBD at the same time (Figure 4.7), where GEF maintains

its typical nature of interaction.

It is possible that the observed effects of GEF on CYP3A4 gene expression in the hepatocytes
could have also been contributed by GEF metabolites as they are metabolically active cells. Future
studies are warranted to investigate the effect of GEF metabolites on the hPXR target gene
expression. Future studies are also required to examine whether GEF is selective towards hPXR.
More importantly, it remains to be studied whether GEF inhibits hPXR agonist-induced

chemoresistance.

While GEF inhibits EGFR with 1Cso of 2.12 +0.25 nM in cell-free assays [224], it is expected to
inhibit EGFR at its in vivo therapeutic concentration (.30 - 3 um) [219-222]. Our studies show that
GEF can also antagonize hPXR at or near its therapeutic concentration. Therefore, it is reasonable
to speculate that GEF modulation of hPXR target gene could be because of inhibition of EGFR.
However, some previously studied EGFR antagonists such as erlotinib have been shown to activate
hPXR and induce hPXR-mediated gene expression [225] and others such as imatinib and

pazopanib seem to antagonize hPXR-mediated CYP3A4 induction [226, 227]. While it is possible
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that GEF modulates hPXR activity via EGFR inhibition and by direct interaction with hPXR, the

net effect in human hepatocytes is hPXR antagonism.

However, the net effect of GEF may vary by tissue and cancer type. Indeed, in LS180 human
intestinal cancer cells, GEF appears to activate hPXR and induced hPXR mediated-MDR1 gene
expression [228]. However, CYP3A4 expression was not evaluated. hPXR activity has previously
been shown to be regulated in a tissue-specific [119] and context-dependent manner [82].
Furthermore, as hPXR and its co-regulators are also expressed differentially in a tissue specific
manner [119], a compound such as GEF, capable of inhibiting interaction between hPXR and its
co-activators, may only be effective in some cancer types and moreover so in a context-dependent
manner. hPXR has also been shown to be regulated in a promoter and ligand dependent manner,
thereby different ligands can influence hPXR to bind to different response elements and influence
different genes [183]. Indeed, differing ligands were shown to result in PXR binding to different
promoters resulting in ligand-dependent promoter activity of CYP3A4 and MDR1 (P-gp). This is
due in part to different ligand structures having unique hPXR-ligand binding conformations,
resulting in differential interaction with hPXR cofactors [183]. Which may explain any differential
effects of GEF compared to other TKIls. Furthermore, hPXR modulation by the same drug can
have differential effects in the same tissue type depending on disease state. In liver hepatocellular
carcinoma HEPG2 cells, known hPXR agonist buprenorphine increased hPXR-mediated gene
expression. However, the same study revealed that non-cancerous human primary hepatocyte
exposure to buprenorphine resulted in no induction of hPXR-mediated gene expression [229]. It
is therefore possible that GEF may modulate hPXR in a different tissue or scenario in a context-

dependent manner.

129



In conclusion, our results show that GEF, at its clinically therapeutic concentration, can antagonize
the RIF-activated hPXR target CYP3A4 gene expression in human hepatocytes. Thus, GEF could
be a potential candidate for use in combinational chemotherapies to combat hPXR-mediated
chemoresistance in relevant cancers where hPXR agonist-induced upregulation of CYP3A4

contributes to chemotherapy resistance.
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Table 4.1: Identification number, gender, race and age of the hepatocyte donors.

Tables

Thermo Fisher Scientific
Hu8210
Hu8164

Triangle Research Labs
HUM4275B
HUM4122B

CORNING

Lot # 385

Male

Male

Male

Male

Male

Caucasian

Caucasian

Caucasian

Asian

Caucasian

51

23

29

35

39
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Table 4.2: Published plasma pharmacokinetic parameters of GEF in humans.

Human subject’s Dosage of GEF Crnax Tmax T AUC 0.y Reference
disease state and UM (h) (h) (ng.h/ml)

experimental design

Non-small-cell lung, (S) 225 mg (Oral) 0.34 4 (3-12) 30 4.4 [220]
Adenocarcinoma, (14) 225 mg (Oral) 0.76 5(3-7) 40 11.6

squamous, poorly (14) 400 mg (Oral) 1.75 3(3-7) 45 25.5

differentiated (14) 525 mg (Oral) 1.90 5(3-7) 59 36.5

adenocarcinoma, (14) 700 mg (Oral) 2.59 5(3-7) 55 48.2

colorectal, head and (0-24h)

neck breast

(S) Patients were given
a single oral dose of
225 mg

(14) Patients were given
a single oral dose of
225, 400, 525, or

700mg daily for 14 days
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Healthy human subjects | (S) 250 mg (Oral) 0.19 (0.09-0.24) 5.0 (5.0-5.0) 39.7 (26.9-83.2) 2.8 (1.60-3.71) [221]
(S) Patients were given (0-24h)

a single oral dose of

225 mg (Sa) 250 mg (Oral) 0.30(0.11) 5 (2-8) 27.79 (11.15) 7.5(0.14)

(Sa/Sh) Patients were (Sb) 250 mg (Oral) 0.28 (0.12) 5 (3-8) 27.74 (11.27) 7.0 (0.14)

given two single oral (0)

doses of 250mg witha | (S) 250 mg (Oral) 0.18 (0.10-0.42) 5 (3-8) 31.5 (9.6-62.1) 2.4 (0.89-6.55)

3-week washout period | (S) 500 mg (Oral) 0.45 (0.20-1.19) 3(3-7) 31.3 (9.8-74.5) 5.9 (2.11-13.09)

between each dose (0-24h)

(S) Patients were given

single oral dose of 250

or 500 mg

Advanced solid tumors (S) 250 mg (Oral) 0.35 (0.10-0.72) 3(1-8) 50.5 (15.6-111) 4.87 (1.86-10.0) [221]

of colon/rectum, lung,
stomach, ovary, liver,

pancreas and kidney

(0-24h)
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(S) Patients were given

a single oral dose of

250 mg

Healthy human subjects | (S) 250 mg (Oral) 0.29 +.10(0.11- 542 (3.07- | 26.9+5.16 (20.00- | 8.61+3.78(3.87 [219]
(S) Patients were given 0.55) 24.1) 45.60) —20.41)

single oral dose of 250 (0-24h)

mg

Advanced non-small (S) 250 mg (Oral) 0.84 (0.37-1.75) NA NA 10.95 (1.56 — [222]
cell lung cancer 31.31)

(S) Patients were given
a single oral dose of

250 mg
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Table 4.3: Forward (F) and reverse (R) primers used for quantitative RT-PCR of 18S rRNA,
GAPDH, and CYP3A4

Gene/Primer sequence Amplified Gene Bank

segment (bp) | Accession no

18S rRNA

F: 5’-GAGGTTCGAAGACGATCAGA-3’ 315 BK000964

R: 5’- TCGCTCCACCAACTAAGAAC-3’

GAPDH
F: 5°-ACCACAGTCCATGCCATCAC-3’ 265 NM_002046

R: 5’-GCTTCACCACCTTCTTGATG-3’

CYP3A4
F: 5- TTGGAAGTGGACCCAGAAAC -3’ 265 NM_017460

R: 5- CTGGTGTTCTCAGGCACAGA -3’
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Figure 4.1: Chemical structure of Gefitinib (GEF).
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Figure 4.2: Effect of GEF on hPXR agonist induced CYP3A4 gene expression. CYP3A4
MRNA expression was analyzed by quantitative reverse-transcription polymerase chain reaction
in hepatocells (A) and Human Primary Hepatocytes (B) after treatment with vehicle DMSO, RIF,
GEF £ RIF, or KET % RIF as indicated for 24 hours. Results are presented as the fold change over
DMSO treatment. Data are expressed as the mean + S.D. values. P < 0.05, compared with DMSO

alone (*) or RIF (#) by ANOVA with Dunnett’s multiple-comparisons test.
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Figure 4.3: Effect of GEF on the viability of the human primary hepatocytes and HEPG2
cells. Viability of the human primary hepatocytes (A) and HEPG2 cells (B) was determined under
the same experimental conditions indicated in gene expression studies. Cell viability was measured
by using CellTiter-Glo Reagent. Viability of DMSO-treated cells was expressed as 100%. Results
are shown as the mean = S.D. #P < 0.05, compared with DMSO alone by ANOVA and Dunnett’s

multiple-comparisons test.
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Figure 4.4: Effect of GEF on hPXR-mediated CYP3A4 promoter activity. GEF antagonizes
hPXR-mediated CYP3A4 promoter activity. HEPG2 cells were transiently co-transfected with
pcDNA3-hPXR and pGL3- CYP3A4-luc plasmids, and treated with DMSO, GEF, RIF, or GEF £
RIF. CYP3A4 promoter activity was determined by measuring the firefly luciferase activity 20 h
after the treatments. The data are expressed as a fold induction + SD of luciferase activity over the
control cells (agonistic mode — in the absence of RIF) or as a percentage of maximal induction +
SD (antagonistic mode- in the presence of RIF). Differences were tested using one-way ANOVA
with Dunnett’s post hoc test, p <0.05 was considered significant [compared with DMSO alone (#)

or RIF alone (*¥)].

139



.| Compound LBP AF2 a8
Gefitinib 32.87 2336  22.87
Belinostat 32.43 30.24  28.43
Ketoconazole 32.01 1496 16.73
SR12813 35.01
Rifampicin 31.49
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Figure 4.5: Human hPXR molecular docking studies. (A): Ensemble-based molecular docking
studies predict high affinity of GEF for multiple sites at hPXR. Score of top ranked docked pose
of ligands at different sites in hPXR, obtained from docking of ligands against ensemble of hPXR
conformations. (B): Mode of interaction of gefitinib at (a) LBP (b) AF2 region (c) a8-pocket.
Dotted lines denote the H-bonding interaction and the protein residues involved in hydrophobic
interactions are shown by red spikes. H-bond distance is also shown alongside. The residues that
are critical for SRC-1 interaction at AF2 region are highlighted in rectangle. (C): Superposition of
GEF and SRC-1 interaction at AF2 region. The interacting residues common to both SRC-1 and

GEF are highlighted.
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Figure 4.6: Mechanisms of GEF interaction with hPXR. GEF affects the recruitment of SRC-

1 to the hPXR-LBD in in vitro SRC-1 co-activator recruitment assays. The TR-FRET ratio was
calculated by dividing the emission signal at 520 nm from the acceptor fluorophore by the emission
signal at 490 nm from the donor terbium. The TR-FRET ratios of the compounds were normalized
to DMSO. An increase or a decrease of the normalized TR-FRET ratio in the presence of the
compounds indicates increased or decreased binding of SRC-1 to hPXR-LBD, respectively. Data
represent the mean £ S.D. values. P < 0.05, compared with DMSO alone (*) or SR12813 alone (#)
by ANOVA and Dunnett’s multiple-comparisons test. GEF binds to hPXR-LBD in an in vitro
competitive ligand-binding assay. hPXR-LBD, Tbh-anti-GST antibody, and a fluorescein-labeled
hPXR ligand tracer were incubated together in the presence of DMSO (vehicle control), GEF (test
compound), or SR (a known hPXR agonist). The TR-FRET ratio indicates the binding of the hPXR
ligand tracer to hPXR-LBD, and a decrease of the TR-FRET ratio indicates the binding of agonists
or antagonists to the hPXR-LBD by outcompeting the binding of the hPXR ligand tracer. Data

represent the mean * S.D. values from four independent determinations.
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Figure 4.7: Coexistence of different ligands at multiple sites in hPXR LBD. GEF maintains a
balance of electrostatic and vdW interaction at AF2 region while SR12813 could interact with the
LBP residues, predominantly through hydrophobic interactions. Dotted lines denote the H-bonding
interaction and the protein residues involved in hydrophobic interactions are shown by red spikes.
H-bond distance is also shown alongside. The residues that are critical for SRC-1 interaction at

AF2 region are highlighted in rectangle.
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Chapter V
Conclusions

Combinational chemotherapeutics increase the probability of successfully treating cancers and
reducing occurrence of acquired chemoresistance by targeting multiple mechanisms of cancer
growth and progression simultaneously [4, 151]. However, chemoresistance may still develop as
combinational treatments can infer an increased risk of a specific mechanism of chemoresistance.
Drug-metabolism enzymes (DMEs) and drug-transport proteins (DTPs) are sometimes
upregulated in both cancerous and major metabolism organs in response to chemotherapy
exposure. Increased expression of DMEs and DTPS can result in loss of chemotherapy efficacy
due to undesirable increase in the systematic and/or cancer tissue metabolism of chemotherapy

drugs [9, 10, 110-115].

hPXR regulates many key DMEs and DTPs, including CYP3A4 and MDRL1, which are responsible
for metabolism of over 50% of FDA approved drugs [19-21]. Activation of hPXR and subsequent
upregulation of hPXR target genes, has been linked to chemoresistance in many cancers [82].
Many xenobiotic compounds, including chemotherapy drugs, are capable of activating hPXR. This
is especially concerning for patients undergoing multi-drug chemotherapy regimens, as one drug

activating hPXR can lead to loss of efficacy for other drugs given in combination [10, 26-29].

Studies have shown that it is possible to inhibit or antagonize the agonist-induced upregulation of

hPXR target gene expression [123]. However, many of these compounds capable of modulating

hPXR are unusable due to a variety of undesirable characteristics, such as lack of in-vivo effects,
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significant toxicities, or instigating non hPXR-mediated self-resistance [123, 139]. It is therefore
imperative to continue the search for novel hPXR antagonists that lack these negative attributes.

As hPXR is a highly promiscuous receptor, it can be modulated by a range of structurally diverse
compounds, including FDA approved clinical drugs [47]. This is advantageous, as there would be
many benefits to identifying an FDA approved drug with hPXR antagonist potential. For example,
the safety, toxicity, pharmacokinetic profiles of FDA approved drugs are already elucidated.
Furthermore, it has been well established that repurposed drugs are oftentimes found to be highly
effective when used for chemotherapy treatments. [151]. Therefore, we opted to screen a biased
library of commercially available recently FDA approved drugs in search for a candidate to

repurpose for use as an hPXR antagonist.

We began preliminary screening using human hepatocells, LS174T human intestinal cancer cells,
and HEPG2 cells. Human hepatocells possess a robust and conserved expression profile of hPXR-
mediated CYP3A4 and both LS174T and HEPG2 cells are a common model used for hPXR-
CYP3A4 studies [158-160]. Although the focus for our preliminary screening was on hPXR-
mediated CYP3A4 expression, these cell models have also been validated for study of other hPXR
target genes such as MDR1. hPXR-mediated CYP3A4 gene expression and hPXR-mediated
CYP3A4 promoter activity was measured to determine which compounds could successfully
antagonize the agonist induced hPXR-mediated upregulation of CYP3A4. From this initial
screening we selected two compounds possessing strong hPXR antagonist potential at their

therapeutically relevant concentrations, Belinostat (BEL) and Gefitinib (GEF).
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BEL was extensively evaluated and shown to antagonize the hPXR agonist-induced upregulation
of CYP3A4 and MDR1 expression and activity. Furthermore, BEL successfully chemosensitized
drug-induced chemoresistant LS174T cells that had been exposed to hPXR agonist Rifampicin
(RIF). Mechanistically, BEL was shown in both cell free assays and computational modeling to
interact with important structural components of hPXR, the ligand binding pocket, AF2 region,
and alpha 8 region, suggesting BEL can modulate hPXR as a ligand or as an allosteric antagonist
via inhibiting co-factor interaction. Most importantly, the antagonist capabilities of BEL on the

hPXR were present at or below therapeutic concentrations.

GEF was also evaluated and shown to antagonize hPXR agonist-induced upregulation of CYP3A4
gene expression and CYP3A4 promoter activity in hepatocells and HEPG2 cells at therapeutically
relevant concentrations. GEF was also shown in both cell free assays and computational modeling
to interact with important structural components of hPXR, the ligand binding pocket, AF2 region,
and alpha 8 region, suggesting GEF can interact with hPXR as a ligand or as an allosteric

antagonist via inhibiting co-factor interaction.

In conclusion, our results show that BEL and GEF, at clinically therapeutic concentrations, can
antagonize the agonist-activated hPXR target gene expression. Thus, BEL and GEF could be
potential candidates to overcome hPXR agonists-induced chemoresistance during combination

chemotherapy.
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It remains to be determined whether BEL suppression of the hPXR agonist-induced
chemoresistance can overcome resistance to other chemotherapy drugs that are known substrates
of hPXR-mediated DMEs and DTPS. Therefore, future studies will make use of hPXR-agonist
induced chemoresistant cells in which a combination of BEL with a panel of chemotherapy drugs
known to be metabolized by hPXR-mediated DMEs and DTPs will be assessed. This will allow
us to determine whether BEL can successfully chemosensitize drug induced chemoresistant cancer

cells to additional chemotherapeutics.

Previously proposed antagonists have shown to work well in in vitro settings, however, these same
drugs performed poorly when the transition was made to in vivo models. Future studies will set to
determine whether BEL suppression of the hPXR agonist-induced chemoresistance in vivo will
correlate to the in vitro success. As hPXR is known to positively regulate growth and progression
of cancer cells, we will determine BEL inhibition of hPXR agonist-induced growth and
progression in vivo using mice xenograft models that host chemoresistant cells. Finally, it must be
determined whether BEL antagonism of hPXR extends to in vivo models of humanized hPXR.
From these humanized PXR rodents we can determine whether BEL, administered in combination
with a chemotherapeutic that is metabolized via hPXR regulated mechanisms, can increase the

bioavailability of the anticancer drugs in vivo.

Future work with GEF will determine whether GEF can reduce the gene expression of MDR1 and
activity of CYP3A4 and MDR1, respectively. Furthermore, it remains to be determined if GEF
can effectively overcome drug induced PXR mediated chemoresistance in vitro. These studies will

allow us to determine if GEF is a suitable candidate for follow up in vivo studies.
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