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ABSTRACT

Activation of human pregnane X receptor (hPXR) has been
associated with induction of chemoresistance. It has been pro-
posed that such chemoresistance via cytochrome P450/drug
transporters can be reversed with the use of antagonists that
specifically abrogate agonist-mediated hPXR activation. Unfortu-
nately, proposed antagonists lack the 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 ymphoma, and often used in combination with chemo-
therapy, 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 multidrug resistance
protein 1, 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 chemoresist-
ance. BEL attenuated the agonist-induced steroid receptor
coactivator-1 interaction with hPXR, and, together with mo-
lecular docking studies, the study suggests that BEL directly
interacts with multiple sites on hPXR. Taken together, our results
suggest that BEL, at its clinically relevant therapeutic concen-
tration, can antagonize hPXR agonist-induced gene expression
and chemoresistance.

Introduction

The human pregnane X receptor (hPXR) is the master
regulator of CYP3A4 and MDR1 (ABCB1 or P-glycoprotein)
gene expression (Chen et al., 2012). CYP3A4 and MDR1 together
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contribute to the metabolism and disposition of more than
50% of clinically active drugs (Veith et al., 2009). Therefore,
during multidrug chemotherapy, drug induction of hPXR-
mediated CYP3A4 and MDRI1, can affect the therapeutic
response of coadministered drugs, leading to chemoresist-
ance. For instance, coadministration of an hPXR agonist
resulted in the potential loss of efficacy of several chemo-
therapy drugs, such as irinotecan (Hu et al., 2007), imatinib
(Borrelli and Izzo, 2009), cabozantinib (Nguyen et al., 2015),
cobimetinib (Choo et al., 2015), and vemurafenib (MacLeod
et al., 2015).

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 tar-
get gene expression (Mani et al., 2013; Chai et al., 2016). The
first hPXR antagonist reported was ecteinascidin-743, which
was subsequently followed by reports that included plant
extracts or compounds, such as ketoconazole (KET), fluco-
nazole, enilconazole, sulforaphane, coumestrol, A792611
[(S)-1-[(18,3S,4S)-4-[(S)-2-(3-benzyl-2-oxo-imidazolidin-1-yl)-
3,3-dimethyl-butyrylamino]-3-hydroxy-5-phenyl-1-(4-pyridin-
2-yl-benzyl)-pentylcarbamoyl]-2,2-dimethyl-propyl-carbamic
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acid methyl ester], camptothecin, FLB-12 [1-(4-(4-(((2R,4S)-2-
(2,4-difluorophenyl)-2-methyl-1,3-dioxolan-4-yl)methoxy)phenyl)
piperazin-1-yl)ethanone], 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 toxic-
ity. 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 the Food and Drug Admin-
istration in 2014 for treating peripheral T-cell lymphoma. BEL
is commonly being administered with combination chemother-
apy protocols in the lymphoma [e.g., CHOP (cyclophosphamide,
hydroxydaunorubicin [doxorubicin], oncovin [vincristine], pred-
nisone) protocol] (Laribi et al., 2018). Steroids are also mainstay
drugs in such protocols for this condition, and they are known to
strongly elicit hPXR activity (El-Sankary et al., 2000; Pascussi
et al., 2000, 2001; Wang et al., 2003; Dvorak and Pavek, 2010;
Banerjee et al., 2013) and can contribute to chemoresist-
ance (Lin and Wang, 2016). BEL was also being evaluated
in human clinical trials for repurposing its use in treating
other chemoresistant cancers. For example, recently com-
pleted and ongoing clinical trials in human lung cancer patients
[clinical trial registry numbers NCT00926640 and NCT01090830
(clinicaltrials.gov)] show the use of BEL in combination chemo-
therapy with hPXR activators such as cisplatin (Masuyama
et al., 2005), etoposide (Schuetz et al., 2002; Chang and Waxman,
2006), and paclitaxel (Synold et al., 2001; Masuyama et al., 2005;
Chang and Waxman, 2006). Thus, if BEL, which has hPXR
ligand features in silico (Xiao et al., 2011), could serve to
antagonize the agonist-elicited hPXR activity, then it is possible
that chemoresistance could be alleviated in some cases. How-
ever, 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. DMSO (=99.9%), rifampicin (RIF; =97%), SR12813
[tetraethyl 2-(3,5-di-tert-butyl-4-hydroxyphenyl)ethenyl-1,1-bisphosphonate]
(SR; =98%), pregnenolone 16a-carbonitrile (PCN; =97%), Ketoconazole
(KET; =98%), valspodar [PSC-833 (3S,6S,9S,12R,15S,18S,21S,24S,30S,33S)-
6,9,18,24-tetraisobutyl-3,21,30-triisopropyl-1,4,7,10,12,15,19,25,28-
nonamethyl-33-[(2R,4E)-2-methyl-4-hexenoyl]-1,4,7,10,13,16,19,22,25,28,
31-undecaazacyclotritriacontane-2,5,8,11,14,17,20,23,26,29,32-undecone);
=98%], and rhodamine 123 (R123; =85%) were purchased from
Sigma-Aldrich (St. Louis, MO). Belinostat (BEL; =99.74%) was purchased
from Selleck Chemicals (Houston, TX).

Cell Culture. LS174T human colon cancer 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 human
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TABLE 1
Identification number, sex, race, and age of the hepatocyte donors
Identification Number Sex Race (ylzgis)
Thermo Fisher Scientific
Hu8210 Male Caucasian 51
Hu8164 Male Caucasian 23
Triangle Research Laboratories
HUM4111A Male Caucasian 29
HUMA4113 Male Caucasian 29
HUM4119E Female African American 30
HUM4122B Male Asian 35

primary hepatocytes and hepatocyte media were purchased from
Thermo Fisher Scientific (Waltham, MA) and Triangle Research Labs
(Research Triangle, NC). The donor information for the hepatocytes
is provided in Table 1. The hepatocytes were cultured by following
the manufacturer instructions and our published protocol (Pondugula
et al., 2015b). Rat primary hepatocytes were isolated and cultured as
described in the Supplemental Material. LS174T cells and the hepa-
tocytes were treated with the vehicle or drugs for 24 hours before
harvesting the cells for gene expression and/or functional studies.

Cell Viability Assays. Cell viability was measured using the MTT
assays or CellTiter-Glo Luminescent Cell Viability Assays (Promega,
Madison, WI) (Pondugula et al., 2015a,b,c).

RNA Isolation and Quantitative Reverse-Transcription
Polymerase Chain Reaction Analysis. Total RNA was extracted
from human primary hepatocytes, rat primary hepatocytes, and
LS174T cells 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 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),
CYP3A4, MDR1, and Cyp3al were amplified using the gene-specific
primers (Supplemental Table 1). The comparative C; 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) (Lee et al., 2010; Takeshita et al., 2011).
The cultured hepatocytes were treated with DMSO or compounds for
24 hours, and the culture media were aspirated, washed with the
maintenance medium (to determine the transcriptional effects of the
compounds), and incubated with the luminogenic substrate (Luciferin-
IPA) in the culture medium for 45 minutes at 37°C. The medium was
subsequently transferred to 96-well opaque white plates (PerkinElmer,
Waltham, MA), and an equal volume of Luciferin Detection Reagent
(Promega) was added to initiate a luminescent reaction. The plates
were incubated at room temperature for 20 minutes before measuring
the luminescence using a FLUOstar Optima Plate Reader (BMG Labtech,
Cary, NC). 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 R123 Accumulation Assays. The efflux activity of
MDRI1 was determined by measuring the intracellular accumulation
of the fluorescent probe R123, as described previously (Pondugula
et al., 2015a,b). In brief, LS174T cells were treated with DMSO or
compounds for 24 hours in the assay media at 37°C. The cells were

ABBREVIATIONS: BEL, belinostat; CYP3A4, cytochrome p450 3A4; GA, genetic algorithm; GST, glutathione S-transferase; hPXR, human
pregnane X receptor; KET, ketoconazole; LBD, ligand-binding domain; LBP, ligand-binding pocket; MDR1, multidrug resistance protein 1; PCN,
pregnenolone 16a-carbonitrile; PSC-833, valspodar; PXR, pregnane X receptor; R123, rhodamine 123; RIF, rifampicin; rPXR, rat pregnane X
receptor; SR, SR12813; SRC-1, steroid receptor coactivator-1; t;,, half-life; TR-FRET, time-resolved fluorescence energy transfer.
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then washed with PBS and incubated at 37°C for 15 minutes with or
without the MDR1-specific inhibitor PSC-833 (10 M) 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 minutes. The media
were aspirated, and 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 an Infinite Micro-
plate Reader (TECAN, Ménnedorf, Switzerland) at an excitation
wavelength of 485 nm and an emission wavelength of 538 nm.

Steroid Receptor Coactivator-1 Coactivator Recruitment
Assays. LanthaScreen TR-FRET (time-resolved fluorescence energy
transfer) Assays (Thermo Fisher Scientific) were performed to de-
termine the steroid receptor coactivator-1 (SRC-1) interaction with
hPXR according to the manufacturer instructions (Thermo Fisher
Scientific). The assays were carried out in 384-well solid black plates.
Briefly, a mixture of 10 nM purified glutathione S-transferase
(GST)-hPXR ligand-binding domain (LBD), 10 nM terbium-labeled
anti-GST antibody, and 500 nM F1-SRC1-4 peptide was added to
each well containing DMSO, SR (a known hPXR agonist), BEL (test
compound) with or without SR, or KET (a known PXR inhibitor) with
or without SR at different concentrations. The plates were incubated
at room temperature in the dark for 1 hour. Terbium-labeled antibody
was excited at 340 nm, and emission intensities from terbium and
fluorescein were detected at 490 and 520 nm, respectively. A postexcita-
tion lag time of 100 microseconds followed by an integration time of
200 microseconds was used to collect the time-resolved emission
signals on a SpectraMax iD5 Microplate Reader (Molecular Devices,
San Jose, CA) to calculate the 520/490 TR-FRET ratio.

hPXR Ligand-Binding Assays. The hPXRligand-binding assays
of BEL were performed using the LanthaScreen TR-FRET hPXR
Competitive Binding Assay Kit (Thermo Fisher Scientific) accord-
ing to the manufacturer instructions. The assays were performed in a
volume of 20 ul in 384-well black plates containing different concen-
trations of tested compounds in the range of 1 nM to 100 uM, DMSO
and SR (100 uM) were used as a negative and a positive control,
respectively. The reaction mixture was incubated at room temper-
ature for 1 hour in dark, and fluorescent signals were then measured
at 495 and 520 nm, applying the excitation filter 340 nm, on an Infinite
F200 Microplate Reader (TECAN). 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 experi-
ments. The final IC5, value was obtained by processing the data with
GraphPad Prism version 8.0 (GraphPad Software, San Diego, CA) using
standard curve interpolation [sigmoidal, 4PL (fourth party logistics),
and variable slope].

Human PXR Molecular Docking Studies. Ensemble-based
molecular docking was performed using GOLD suite version 5.5.0
(Cambridge Crystallographic Data Centre, Cambridge, UK) (Jones
et al., 1997). 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 root-mean-square deviation—based clustering
algorithm, obtained from previous work, were used for the docking
(Chandran and Vishveshwara, 2016). 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 (Jones et al.,
1997). BEL and KET were docked at multiple sites, whereas SR
and RIF were docked at ligand-binding pocket (LBP) as controls.
The scoring functions account for the hydrogen bonding, Van der
Waals interactions, and steric complementarity between the ligand
and receptor. For each ligand, the best ranked docked pose with
corresponding ChemScore is considered for further analysis. The
methodology used for the rodent PXR molecular docking studies is
described in the Supplemental Material.

hPXR Reporter Gene Assays. The methodology used for the
hPXR reporter gene studies is described in the Supplemental Material.

Data and Statistical Analysis. Data are shown as the mean *+
S.D. Analyses were performed using GraphPad Prism version 8.0
software. The significance of the differences between groups was
evaluated by analysis of variance (ANOVA), followed by Dunnett’s
multiple-comparisons test. P < 0.05 values were determined to be
statistically significant.

Results

BEL, at Its Therapeutically Relevant Concentrations,
Inhibits Rifampicin-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 (Zuo
et al., 2017). We identified BEL as one of the drugs that inhibits
RIF-induced CYP3A4 gene expression (Supplemental Fig. 1)
(P < 0.05). BEL is also an attractive candidate based on its
hPXR ligand-like features in silico (Xiao et al., 2011). 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-minute intravenous infusion
of BEL at the recommended dosage of 1000 mg/m? (Food and
Drug Administration, 2014; Poole, 2014), the Cp,.x of BEL
could reach to ~128 *= 44 uM (Yeo et al., 2012; Piper et al.,
2014; Calvo et al., 2016). The time to plasma C,,,, can be
reached in about 30 minutes after the start of infusion (Yeo
et al., 2012; Piper et al., 2014; Calvo et al., 2016). BEL is
rapidly metabolized, with a plasma half-life (¢1/5) of 2—4 hours
(Yeo et al., 2012; Piper et al., 2014; Bailey et al., 2016; Calvo
et al., 2016). The plasma pharmacokinetic parameters from
the previous studies in humans are presented in Table 2. The
treatment regimen for the lymphoma includes repeat dosing
of BEL at 1000 mg/m? once daily on days 1-5 of 21-day cycles.
BEL is not expected accumulate after the recommended
repeat dosing (Yeo et al., 2012; Bailey et al., 2016; Calvo
et al., 2016). In vitro plasma protein binding studies showed
that approximately 95% (92.9%-95.8%) of BEL is bound to
protein in an equilibrium dialysis assay (Food and Drug
Administration, 2014; Poole, 2014). Based on these studies,
the extrapolated therapeutic free plasma concentration of
BEL during chemotherapy would be equivalent to ~6 uM
with reference to the mean C,,,, and ~3 uM with reference to
50% mean C,,,« at the #1/5 (2—4 hours). Based on the excretion
studies in animals, it was estimated that BEL would be excreted
to levels below expected pharmacologic activity by ~5 hours
(Calvo et al., 2016). We therefore examined the effect of
BEL, at its therapeutic free plasma concentrations, on
agonist-induced endogenous hPXR target gene expres-
sion in human primary hepatocytes and LS174T human
intestinal cells.

KET, a known antagonist of PXR (Huang et al., 2007),
inhibited the hPXR agonist RIF-induced CYP3A4 mRNA
expression in human primary hepatocytes (Fig. 1A), and
CYP3A4 (Fig. 1C) and MDR1 (Fig. 1D) mRNA expression in
LS174T colon cancer cells (P < 0.05). Similarly, BEL re-
pressed RIF-induced CYP3A4 (Fig. 1, A and C) and MDR1
(Fig. 1D) mRNA levels (P < 0.05). We also determined
whether BEL inhibits another hPXR agonist SR-induced gene
expression. Indeed, BEL repressed SR-induced CYP3A4 gene
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Published plasma pharmacokinetic parameters of BEL in humans after a single intravenous dose

Human Subjects with Cancer Type Dosage of BEL Cmax (uM)

Tmax (h) tiz (h) AUC ) (uM/h) Reference

Prostate adenocarcinoma, thymus, 1000 mg/m? 131 = 31.6
urothelial carcinoma, and
uterine leiomyosarcoma

Uterine carcinosarcoma, urothelial
bladder carcinoma, pancreatic
adenocarcinoma, lung
adenocarcinoma,
gastroesophageal junction, and
colorectal carcinoma

Hepatocellular carcinoma

1500 mg 175.59 * 41.46°

98.34 + 29.66
153.29 * 50.33°
182.92 *+ 56.11¢

70.8 = 18.9

900 mg/m>
1200 mg/m?
1400 mg/m?
Pancreatic carcinoma, 800 mg/m?
osteosarcoma/chondrosarcoma,
soft tissue sarcoma, rectal
carcinoma, gastric carcinoma,
unknown carcinoma, ovarian
carcinoma, malignant
melanoma, mesothelioma,
bladder carcinoma,
hepatocellular carcinoma, and
cholangiocarcinoma
1000 mg/m?*

900 mg/m?

127.6 = 43,5
Colorectal, melanoma, renal, 145.36 = 56.20°
esophagogastric, breast, cervix,
diffuse large B-cell lymphoma,
germ cell, lung (non—small cell),
mesothelioma, ovary, prostate,
pseudomyxoma peritonei,
sarcoma, and thymoma
1000 mg/m?
1200 mg/m?

100.90 * 28.67¢
168.97 = 36.04°

0.48 2.9 + 451 86.8 + 21.7 (024 h) Bailey et al. (2016)

0.48 1.58 103.03 = 19.41 (0-12 h)* Calvo et al. (2016)

0.42
0.42
0.45
N/A

4.07 = 0.39

4.14 * 0.42

3.49 = 0.73
N/A

69.94 + 17.22 (0-24 h)*
122.46 = 37 (0-24 h)*
149.21 * 44.11 (0-24 h)*

35.5 * 8.7 (0-24 h)

Yeo et al. (2012)
Yeo et al. (2012)
Yeo et al. (2012)
Lassen et al. (2010)

N/A
N/A

N/A
N/A

102 + 58.3 (0—24 h)
47.66 + 11.78 (0-24 h)*

Lassen et al. (2010)
Steele et al. (2008)

N/A
N/A

N/A
N/A

31.39 + 10.47 (0-24 h)*
60.34 + 27.93 (0-24 h)*

Steele et al. (2008)
Steele et al. (2008)

AUCg_y), area under the curve for time 0 to present; N/A, not applicable; Tpax, time to plasma Cpax.
“Micromolar concentration was calculated based on the provided nanogram per milliliter concentration.

*BEL was administered in combination chemotherapy.

expression (Fig. 1B) (P < 0.05). Notably, BEL (1 or 3 uM) alone
had no effect or a marginally increased CYP3A4 (Fig. 1, A and
C) and MDR1 (Fig. 1D) gene expression, suggesting that BEL
does not inhibit the basal expression of CYP3A4 and MDRI1.
Interestingly, BEL failed to abrogate PXR agonist PCN-induced
expression of Cyp3al in rat primary hepatocytes (Supplemental
Fig. 2) (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.

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 (Fig. 2A) (P > 0.05). Although 3 uM BEL alone was
not cytotoxic, cotreatment of BEL (3 uM) with RIF induced a
modest cytotoxicity in the hepatocytes (Fig. 2A) (P < 0.05). It is
important to note that BEL has been shown to selectively kill
human liver cancer cells with an IC5g of approximately 1.5 uM,
without exhibiting significant cytotoxicity in normal hepatocytes
(Yeo et al., 2012). This finding is in agreement with the lack
of cytotoxic effect of BEL in the human primary hepatocytes
at 1 and 3 uM in our current study (P > 0.05). BEL, however,
induced cytotoxicity in the hepatocytes at 10 uM (Fig. 2A)
(P < 0.05). In LS174T human colon cancer cells, BEL exhibited
a cytotoxicity only at 10 uM when cotreated with RIF (Fig. 2B)
(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 deter-
mine the 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 Materials and Methods,
after 24 hours of treatment with the vehicle or compounds, the
media were 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 com-
pounds on CYP3A4 activity during the assay. As expected,
KET inhibited RIF-induced activity of CYP3A4 (P < 0.05)
(Fig. 3A). Likewise, BEL inhibited the RIF-induced activ-
ity of CYP3A4 (P < 0.05) (Fig. 3A), 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 were aspirated and the hepatocytes were
washed before measuring CYP3A4 activity in the induction
studies (Fig. 3A), it is conceivable that some unknown quanti-
ties 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 hepa-
tocytes (Fig. 3B) suggests that the measured CYP3A4 activity in
the inductions studies (Fig. 3A) would reflect the transcriptional
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Fig. 1. Effect of BEL on hPXR agonist-induced CYP3A4 and MDR1 gene expression. CYP3A4 and MDR1 mRNA expression was analyzed by
quantitative reverse-transcription polymerase chain reaction in human primary hepatocytes (A and B) and LS174T cells (C and D) after treatment with
vehicle DMSO, RIF, BEL + RIF, SR, BEL + SR, KET, 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 or SR alone (*) by ANOVA with Dunnett’s

multiple-comparisons test.

effects rather than a combination of transcriptional and direct
effects of BEL.

BEL Does Not Inhibit the Basal CYP3A4 Activity. In-
hibition of the basal CYP3A4 activity, that is, the direct
inhibition of CYP3A4 activity, can result in toxicity as a result
of reduced metabolism of coadministered CYP3A4 substrates
during multidrug therapy. We therefore examined whether
BEL inhibits the basal CYP3A4 activity in the cultured human
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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)
(Fig. 3B). However, BEL did not affect the basal CYP3A4 activity
at the tested hPXR inhibiting concentrations (P > 0.05) (Fig. 3B).

BEL Inhibits RIF-Induced MDRI1 Activity. To deter-
mine the functional relevance of BEL repression of RIF-induced
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a Cytotoxicity
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Fig. 2. Effect of BEL on the 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 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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Fig. 3. 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 cytochrome P450-Glo CYP3A4 assays in the human primary hepatocytes after treatment with vehicle,
DMSO, RIF, BEL =+ RIF, or KET = RIF as indicated for 24 hours. Results are presented as the fold change over DMSO treatment. Data represent the
mean = S.D. from four independent experiments performed on single-donor hepatocytes. 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 the fold
change over DMSO treatment. Data represent the mean = S.D. values from four independent experiments performed on single-donor hepatocytes. #P <
0.05; compared with DMSO alone by ANOVA with Dunnett’s multiple-comparisons test.

MDRI1 gene expression, we measured the intracellular accu- expression of drug-metabolizing enzymes and drug-efflux
mulation of an MDR1 substrate, R123, in LS174T cells after pumps in cancer cells contribute to increased resistance
treatment for 24 hours with DMSO, RIF, BEL, or RIF + BEL toward chemotherapy drugs (Pondugula and Mani, 2013;
(Pondugula et al., 2015a,b). The measurements were performed Planque et al., 2016; Pondugula et al., 2016). For instance,
in the presence or absence of the MDR1-specific inhibitor PSC-  the activation of hPXR-mediated expression of drug-metabolizing
833. Compared with DMSO, the hPXR agonist RIF decreased enzymes and drug-efflux pumps decreases the sensitivity of
R123 accumulation (P < 0.05), and this decrease was abolished human colon cancer cells, including LS174T cells, to several
by the addition of PSC-833 (P < 0.05), demonstrating that RIF  chemotherapy drugs such as SN-38 [the active metabolite of
increases the functional expression of MDR1 (Fig. 4A). Although irinotecan (CooH9oN2Os5)] (Pondugula et al., 2016). Because
BEL alone did not affect R123 accumulation (P > 0.05), cotreat- BEL inhibited the hPXR agonist—activated expression of
ment of BEL with RIF resulted in increased R123 accumu- CYP3A4 and MDRI1 in LS174 cells, we determined whether
lation (P < 0.05) compared with RIF treatment (Fig. 4A), BEL inhibits RIF-induced resistance to SN-38. As expected,
suggesting that BEL attenuates RIF-induced MDR1 functional RIF-induced resistance to SN-38 shown by the decreased
expression in LS174T cells. sensitivity of LS17T cells to SN-38 after RIF treatment

BEL Attenuates RIF-Induced Resistance to SN-38. Pre- (P < 0.05) (Fig. 4B). Notably, BEL increased the sensitiv-
vious studies have shown that elevated levels of PXR-mediated ity of LS174T cells to SN-38 by attenuating RIF-induced
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Fig. 4. Effect of BEL on RIF-induced MDR1 activity and RIF-induced resistance to SN-38. (A) BEL inhibits RIF-induced MDR1 activity in LS174T cells.
LS174T cells were treated with DMSO, RIF, or BEL =+ RIF as indicated for 24 hours. R123 accumulation was then determined in the absence or presence
of the MDR1-specific inhibitor PSC-833. The data are normalized to the DMSO treatment and are presented as the mean *= S.D. of at least four
independent experiments. P < 0.05, compared with DMSO alone in the absence of PSC-833 (#) or RIF alone in the absence of PSC-833 (*) by ANOVA and
Dunnett’s multiple comparisons test. (B) BEL attenuates RIF-induced resistance to SN-38 in LS174T cells. LS174T cells were treated with the indicated
compounds for 24 hours, and viability was measured by using the CellTiter-Glo luminescent cell viability assay. The viability of DMSO-treated cells was
set to 100%. Data represent the mean *+ S.D. values from at least four experiments. Statistical significance (P < 0.05) was determined by ANOVA and
Dunnett’s multiple-comparisons test.
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resistance to SN-38 (P < 0.05) (Fig. 4B). These results suggest that
BEL can antagonize hPXR agonist—induced chemoresistance.

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 interac-
tion with hPXR at multiple sites. The docking score from
ensemble-based docking studies predicted that BEL could
bind to the LBP, the AF2 region, and the a8 pocket of hPXR
(Fig. 5A). BEL shows a relatively high docking score for all the
different sites, suggesting its affinity for multiple sites in the
hPXR (Fig. 5A). At the LBP, BEL possesses different binding
modes (Supplemental Fig. 4), with binding affinity compara-
ble to that of the known LBP-binding compounds like RIF and
SR, suggesting that BEL could act as an agonist/antagonist by
direct interaction with the LBP. It is interesting to note that
the terminal N=0 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. A similar scenario
was also found when BEL interacts at the a8 site.

Binding at the 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 (Fig. 5B). Although these interactions can result in
high binding affinity, they need not significantly influence
the dynamics of the protein. Notably, the docking score of
BEL is higher for the AF2 region compared with a known
PXR antagonist, KET (Fig. 5A), corroborating the weaker

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 - -

affinity of the latter for the AF2 region. Moreover, BEL was
found to interact with a number of residues at the AF2 region
that are crucial for SRC-1 interaction and effectively mimics
the binding of SRC-1 peptide (Fig. 5C). Collectively, the docking
studies reveal that BEL has the potential to act as an agonist/
antagonist 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 differ-
ent sites also identified a stretch of residues shared by the
AF2 region and a8 pocket with LBP (Supplemental Fig. 5;
Supplemental Table 2). Residues 420-429 and 288-291 were
shown to be shared respectively by the AF2 region and the 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.

The docking of BEL to the rat PXR (rPXR) and mouse PXR
suggested that BEL could bind to the LBP of PXR from differ-
ent species, although with varying affinities (Supplemental
Table 3). BEL shows a comparatively high docking score for
the hPXR and rPXR LBPs than for the mouse PXR. Different
binding modes of BEL in the LBPs of rPXR and mouse PXR are
depicted in Supplemental Figs. 8 and 9. Similar to hPXR, the
terminal N=O group of BEL also makes a hydrogen bond
with protein residues, while it interacts with the LBPs of
rPXR and mouse PXR. Interestingly, a number of residues
conserved across the three different species are found to be
involved in the interaction with BEL (Supplemental Fig. 7).
The conserved residues Ser247 (Ser244 in rat and mouse),
Phe288 (Phe285 in rat and mouse), Trp299 (Trp296 in rat and

(b) GIn158
%—?‘:n&

Thr290, s SHEY
E 3 Valldi
s
4

Y

==

.
) oo
~
“o Leu330

cn

Fig. 5. hPXR 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 an ensemble of hPXR conformations. (B) Mode of
interaction of BEL at AF2 region (a) and a8 pocket (b). 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 the rectangles. (C) Superposition of BEL and SRC-1 interaction at the AF2 region. The interacting residues common to both SRC-1 and

BEL are highlighted.
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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 humans were
also involved in the BEL interaction (Supplemental Fig. 7).
Furthermore, it is to be noted that the BEL interacts with
Phe305 in the rat LBP (Supplemental Fig. 10), a residue found
to be critical for ligand activation (Tirona et al., 2004), whereas
the corresponding Leu308 in hPXR fails to network with BEL
in the LBP. This finding may explain the differential effect of
BEL on hPXR versus rPXR.

BEL Alters SRC-1 Recruitment to hPXR. Coactivators
such as SRC-1 contribute to the ligand-induced activation of
hPXR. Our docking studies predicted that BEL could interact
with some residues at the AF2 region that are important for
SRC-1 interaction (Fig. 5C). We therefore tested whether BEL
alters the recruitment of SRC-1 to hPXR in a cell-free SRC-1
recruitment assay. SR, a known hPXR agonist, increased SRC-1
recruitment to hPXR (P < 0.05) (Fig. 6A). KET, a known PXR
inhibitor, decreased the SR-induced interaction of SRC-1 with
hPXR (P < 0.05) (Fig. 6A). Similar to KET, BEL inhibited
SR-induced recruitment of SRC-1 to hPXR (P < 0.05) (Fig. 6A).
This finding could provide a mechanism for BEL repression of
RIF-induced hPXR target genes.

BEL Binds to the Ligand-Biding Domain of hPXR.
Our docking studies predicted that BEL could bind to the LBP
of hPXR (Fig. 5A). 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 (Fig. 6B). BEL bound to the LBD of hPXR but was not
as strong as SR (Fig. 6B), 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.
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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 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 the upregulation
of hPXR target genes (https://www.oncomine.org) (Pondugula
and Mani, 2013; Pondugula et al., 2016).

BEL might be able to alleviate chemoresistance by antago-
nizing agonist-activated hPXR in tumors. Indeed, in our study,
BEL is able to antagonize hPXR agonist-induced chemoresist-
ance in the colon cancer cells (Fig. 4B). 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
a single dose of 200 mg/kg, the BEL concentration in the
subcutaneous tumor was found to be similar to that in the
plasma or other tissues (Marquard et al., 2008).

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 with-
out causing unacceptable toxicity (Mani et al., 2013; Chai
et al., 2016). For example, with KET, concentrations upward
of 1025 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 antago-
nists is that they inhibit the activated hPXR at submicromolar
concentrations in in vitro studies (Zhou et al., 2007) but fail to
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Fig. 6. Mechanisms of BEL interaction with hPXR. (A) BEL affects the 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 the mean + S.D. values. P <
0.05, compared with DMSO alone (#) or SR12813 alone (*) by ANOVA and Dunnett’s multiple-comparisons test. (B) BEL binds to hPXR-LBD 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 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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show an in vivo effect in humans. For example, sulforaphane
antagonizes hPXR in vitro, but the concentrations needed to
sustain this effect were not achieved in vivo, resulting in lack
of an hPXR antagonistic effect in in vivo (Poulton et al., 2013).
Recently, a novel hPXR antagonist has been discovered (Lin
etal., 2017). However, the pharmacokinetics and safety profile
of this compound in humans is unknown. BEL is a clinically
used anticancer drug with a 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 (Fig. 3B), suggesting that BEL may
not induce CYP3A4-mediated drug-drug interactions during
multidrug chemotherapy. Although it was shown in previous
in vitro studies (Food and Drug Administration, 2014; Poole,
2014; Lee et al., 2015) that BEL and the metabolites of BEL
can inhibit CYP2C8 and CYP2C9, there was no indication of
whether BEL can inhibit CYP3A4.

During drug therapy, although 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 the chemotherapy drug SN-38, sug-
gesting that BEL may enhance the efficacy of chemotherapy
drugs by inhibiting the drug-activated hPXR (Fig. 4B).

BEL Inhibition of RIF-Induced hPXR Target Inhibition
Could Be Due to Multiple Mechanisms. Our molecular docking
studies predict that BEL could directly interact with hPXR via
the LBP, the a8 pocket, and the AF2 regions of hPXR. Indeed,
BEL binds to the LBD of hPXR (Fig. 6B) and attenuates the
agonist-increased interaction of SRC-1 with hPXR (Fig. 6A). 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 sug-
gest that BEL has the potential to act as an antagonist by
binding to the LBP as well as to the AF2 site and possibly to
the a8 pocket.

Recent work (Tonddast-Navaei et al., 2017) has shown the
importance of multiple ligands binding to multiple sites as
well as to the same site. 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 @8 (Supplemental Fig. 5; Supplemental Table 2).
Such a shared region can mutually influence the binding and
activity of ligands at multiple sites. Ensemble-based docking
identified protein conformations where BEL can coexist in
multiple sites in the hPXR at the same time (Supplemental
Fig. 6), where BEL maintains its typical nature of interac-
tion. Additionally, recent studies (Lin et al., 2017) have
shown that the ligand interaction with residues of helix
al2, a shared region between the LBP and the AF2 region
(Supplemental Fig. 5; residues 420-429), is found to be
critical for determining the agonist/antagonist activity of a
compound.

BEL exhibited differential effects on the exogenous hPXR
reporter gene expression when compared with the endogenous
hPXR target gene expression. In LS180 cells, although BEL
alone showed no effect on the hPXR transactivation function
(Supplemental Fig. 11A) (P > 0.05), it inhibited RIF-induced
hPXR transactivation of the reporter gene (Supplemental
Fig. 11B) (P < 0.05). However, in human embryonic kidney-293
cells, BEL not only induced hPXR transactivation of the reporter
gene (Supplemental Fig. 11C) (P < 0.05), but also potentiated
RIF-induced hPXR transactivation (Supplemental Fig. 11D)
(P < 0.05). Similarly, BEL showed the agonistic (Supplemen-
tal Fig. 11E) (P < 0.05) and potentiation effects (Supplemental
Fig. 11F) (P < 0.05) in LS174T cells. In parallel cell viability
assays, BEL exhibited moderate cytotoxicity in LS180 cells
(Supplemental Fig. 12A) (P < 0.05) and human embryonic
kidney-293 cells (Supplemental Fig. 12B) (P < 0.05), with
no cytotoxic effect in LS174T cells (Supplemental Fig. 12C)
(P > 0.05).

Although 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 the
regulation of PXR-dependent reporter gene activity using
transfected cells does not always correlate with the regulation of
endogenous hPXR target gene expression (Luo et al., 2002; Cui
et al., 2008). It is also known that PXR activity can be regulated
in a tissue-specific (Robbins and Chen, 2014) and context-
dependent (Pondugula et al., 2016) manner with in the same
cells. Our reporter gene results show a differential effect of
BEL on PXR in a cell-dependent manner. The observed discrep-
ancies in our studies between the endogenous and over-
expression systems could be attributed to an 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
toward hPXR. More importantly, it remains to be studied
whether BEL inhibits hPXR agonist—-induced gene expression
and chemoresistance in vivo.

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 agonist—
induced chemoresistance during combination chemotherapy
in some cancer cases (Fig. 7).

Drug (Agonist)
hPXR

Drug (Agonist)

Belinostat

(Antagonist) _| E’E

|ﬁ ttcyP3a4 & MDR1 | ————p | 1 CYP3A4 & MDR1
| ?

Fig. 7. Proposed model for BEL repression of hPXR agonist-induced
target gene expression and chemoresistance during combination
chemotherapy.
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