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Abstract

The constitutive androstane receptor (CAR, NR1i3) is a key regulator of CYP2B6, the enzyme
predominantly responsible for the biotransformation of cyclophosphamide (CPA) to its
pharmacologically active metabolite, 4-hydroxycyclophosphamide (4-OH-CPA). Previous studies
from our laboratory illustrated that CAR activation increases the formation of 4-OH-CPA,;
however, CPA is rarely utilized clinically outside of combination therapies. Here, we hypothesize
that including a selective human CAR activator with the CHOP (cyclophosphamide, doxorubicin,
vincristine, and prednisone) regimen can improve the efficacy without exacerbating off-target
toxicity of this regimen in non-Hodgkin lymphoma treatment. In this study, we have developed a
novel multi-organ co-culture system containing human primary hepatocytes for hepatic
metabolism, lymphoma cells as a model target for CHOP, and cardiomyocytes as a major site of
off-target toxicity associated with this regimen. We found that a selective human CAR activator,
CITCO (6-(4-chlorophenyl)imidazo[2,1-b][1,3]thiazole-5-carbaldehyde-O-(3,4-
dichlorobenzyl)oxime), altered expression of key drug-metabolizing enzymes and transporters in
human hepatocytes, which positively impacts the metabolic profile of CHOP. Co-administration
of CITCO and CHOP in the co-culture model led to significantly enhanced cytotoxicity in
lymphoma cells but not in cardiomyocytes. Moreover, the beneficial effects of CITCO were
abrogated when CAR knockout HepaRG cells were used in the co-culture model. Importantly,
synergistic anticancer effects were observed between CITCO and CHOP, in that inclusion of
CITCO alongside the CHOP regimen offers comparable antineoplastic activity toward lymphoma
cells at significantly reduced drug concentrations and the decreased CHOP load attenuates
cardiotoxicity. Overall, these findings provide a potentially promising novel strategy for
facilitating CHOP-based chemotherapy.
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Introduction

Non-Hodgkin lymphoma encompasses diverse cancers of the lymphatic system, including
the nodes, spleen, and other organs that mediate immune responses. The most common such
malignancy is diffuse large B-cell lymphoma. In the United States there were over 70,000
new cases of non-Hodgkin lymphoma and roughly 20,000 deaths due to the disease in 2014
(1). Many therapies, including combination chemotherapy regimens, have been utilized to
treat non-Hodgkin lymphoma, yet more than 30% of patients diagnosed with the disease do
not survive longer than five years (2).

CHOP chemotherapy, composed of cyclophosphamide (CPA), doxorubicin, vincristine, and
prednisone, is the current front-line therapy for diffuse large B-cell lymphoma (3),
frequently in combination with an anti-CD20 antibody, rituximab (4, 5). This combination
therapy has provided significant improvement in the long-term survival of patients
diagnosed in the early stages of the disease, with relapse-free survival achieved in 80-90%
of patients (6, 7). However, patients diagnosed with stage 111 or IV disease have significantly
lower survival rates (3, 7). Thus, there is a need to optimize the front-line therapy for
advanced-stage lymphomas.

CPA, one of the primary components of the CHOP regimen, is an alkylating agent that has
been used in combination therapies for the treatment of various cancers as well as disorders
of the immune system for many years (8, 9). CPA is a prodrug that undergoes oxidation in
the liver to form its therapeutically active metabolite 4-hydroxycyclophosphamide (4-OH-
CPA) (10, 11). This oxidation reaction is primarily mediated by cytochrome P450 (CYP)
2B6, with a less significant contribution from CYP2C9 and CYP3A4, though CYP3A4-
mediated metabolism of CPA may also yield a therapeutically inactive byproduct,
dechloroethyl-CPA (12, 13). An important toxicity of CHOP arises from another important
component of this regimen, doxorubicin, a widely used anthracycline with cumulative and
severe cardiotoxicity, which most frequently manifests as congestive heart failure (14).
Although the mechanism of doxorubicin cardiotoxicity has yet to be definitively elucidated,
higher doses of doxorubicin result in increased DNA damage, apoptosis, and oxidative stress
in cardiomyocytes (15, 16). For lymphoma patients with pre-existing heart conditions,
limitation of exposure to doxorubicin mandates avoiding the use of the CHOP regimen (17).

The constitutive androstane receptor (CAR, NR1i3), a xenobiotic sensor expressed primarily
in the liver, is the predominant modulator for the inductive expression of CYP2B6 (18, 19).
Selective activation of CAR allows for the preferential induction of CYP2B6 over CYP3A4,
promoting the formation of the 4-OH-CPA alkylating moiety in cultures of isolated human
primary hepatocytes (HPH) (20). Previous investigation in our laboratory has illustrated that
selective induction of CYP2B6 by CAR activation in HPH enhances the metabolism of CPA
to 4-OH-CPA and increases the cytotoxicity of CPA toward HL-60 human leukemia cells
(21). Although these proof-of-concept findings are intriguing, in clinical application CPA is
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often co-administered with other chemotherapeutic agents in combination treatment,
including the CHOP regimen for non-Hodgkin lymphoma. Thus, it is critical to investigate
whether inclusion of a selective human CAR activator in the full CHOP regimen would
increase the therapeutic index of CHOP-based treatment of lymphoma.

In the present studies, we sought to elucidate the effects of a selective CAR activator, 6-(4-
chlorophenyl)imidazo[2,1-b][1,3]thiazole-5-carbaldehyde-O-(3,4-dichlorobenzyl)oxime
(CITCO), on the anticancer activity of the leading treatment for non-Hodgkin lymphoma,
the CHOP regimen. To examine this scenario, we have employed a novel multi-organ co-
culture model providing a cellular environment that incorporates metabolism-capable HPH,
lymphoma cells, which are the drug targets, and cardiomyocytes, which are a target for
toxicity. This unique model offers an in vitro system that resembles the in vivo cellular
environment and allows for examination of the impact of hepatic drug-drug interactions on
CHOP anticancer activity and extrahepatic targets concurrently. We provide experimental
evidence that inclusion of CITCO significantly enhances the cytotoxicity of CHOP-based
treatment in lymphoma cells, but not in co-cultured cardiomyocytes. These results also
indicate that co-administration of a CAR agonist with low toxicity in conjunction with
CHOP may lower the overall load of chemotherapeutic agents and alleviate toxicities
without jeopardizing antineoplastic activity.

Methods & Materials

Chemicals and Reagents

CPA, doxorubicin, vincristine, prednisone, and 2’,7’-dichlorofluorescein diacetate were
purchased from Sigma-Aldrich (St. Louis, MO). CITCO was acquired from BIOMOL
research laboratories (Plymouth Meeting, PA). Oligoniclueotide primers were synthesized
by and purchased from Integrated DNA Technologies. Insulin, Matrigel, and ITS* culture
supplies were obtained from BD Biosciences (Bedford, MA).

Human Primary Hepatocytes and HepaRG Cells

HPH were obtained from Bioreclamation, IVT (Baltimore, MD). Hepatocytes with viability
over 90% were seeded at 1.5 x 108 or 7.5 x 10° cells/well in 6- or 12-well collagen-coated
plates. After 4 h of attachment, cells were overlaid with Matrigel (0.25 mg/ml) in serum-free
Williams E medium to form the sandwich culture, as described previously (22). Following
incubation for 36 h, HPH were treated with DMSO (0.1%) or CITCO (1 uM) for 24 or 72 h
for mRNA and protein detection, respectively. In separate experiments, wild-type (WT) and
CAR-knockout (KO) HepaRG cells obtained from Sigma-Aldrich were cultured in 6- or 12-
well collagen-coated plates as described previously (23). Cells were further treated with
DMSO or CITCO, as above.

Culture and Treatment of Lymphoma Cells

Immortalized lymphoma cell lines SU-DHL-4 and SU-DHL-6 were obtained from ATCC
(Rockville, MD) between 2012 and 2013. The OCI-LY-3 cell line was kindly provided by
Dr. Ronald Gartenhaus (Department of Medicine, University of Maryland) in 2012. All cell
lines were cultured in RPMI-1640 medium containing 10% fetal bovine serum and 1%
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penicillin/streptomycin. The cell lines were used for less than 40 passages. The authenticity
of the cell lines were confirmed by short tandem repeat polymorphism profiling (DDC
Medical, Fairfield, OH). Cells were treated with DMSO (0.1%) or CITCO (1 uM) for 24 h
before harvesting for total RNA extraction.

Quantitative PCR Analysis

Total RNA from HPH and lymphoma cells was isolated with TRIzol Reagent (Life
Technologies) and reverse transcribed using a High Capacity cDNA Archive kit (Applied
Biosystems) following the manufacturers’ instructions. mRNA expression of CYP2BS6,
CYP3A4, CYP3ADS, carbonyl reductase 1 (CBR1), CBR3, and MDR1 was normalized
against that of GAPDH. Real-time PCR assays were performed in 96-well optical plates on a
StepOnePlus Real-Time PCR System with SYBR Green PCR Master Mix (Applied
Biosystems). The primer sequences used for real-time PCR analyses were acquired from
previous reports (24-27). These sequences included: CYP2B6: 5'-
AGACGCCTTCAATCCTGACC-3’ and 5-CCTTCACCAAGACAAATC-CGC-3’;
CYP3A4: 5-GTGGGGCTTTTATGATGGTCA-3’ and
5’GCGTCAGATTTCTCACCAACACA-3’; CYP3A5: 5/-
GGGTCTCTGGAAATTTGACACA GAG-3’ and 5-CTGTTCTGATCACGTCGATCT-3’;
CBR1: 5-CCCCTGACTGCCCTTTC TTA-3' and 5-TCACCAGCGCTACATGGAT-3;
CBR3: 5-AACCTCATGGGAGAGTGGTG-3 and 5-TCCTCGATAAGACCGTGACC-3;
MDR1: 5-CACGTGGTTGGAAGCTAACC-3' and 5'-
GAAGGCCAGAGCATAAGATGC-3’; and GAPDH, 5'-
CCCATCACCATCTTCCAGGAG-3’ and 5-GTTGTCATGGATGACCTTGGC-3’. Fold
induction of genes over control was determined as 222Ct, where ACt is representative of the
cycle threshold number difference between the target gene and GAPDH and AACt
represents the relative change in the intergroup variations.

Hepatocyte/SU-DHL-4 co-culture

HPH were cultured in collagen-coated 12-well plates and pre-treated with vehicle control
(0.1% DMSO) or CITCO (1 uM) for 24 h. The wells were then separated with 3.0 um
polycarbonate membrane inserts (Sigma-Aldrich). 0.5 x 108 SU-DHL-4 cells suspended in
supplemented Williams’ Medium E were transferred into the insert chamber with a final
volume of 2 mL/well. In separate co-culture experiments, HPH were replaced with either
WT or CARCAR-KO HepaRG cells. The co-cultures were exposed to designated
concentrations of the chemotherapy drugs in CHOP in the presence or absence of CITCO
for various time intervals, as indicated.

Multi-organ Co-culture System

In addition to the co-culture system described above, H9c2 cells (a rat cardiomyoblast cell
line obtained from ATCC in 2014) were plated on modified coverslips at 1 x 10° cells and
allowed to attach overnight at 37°C and 5% CO». Following attachment, the coverslips were
inserted in each well between the sandwich-cultured HPH and the transwell insert, as
depicted in Fig. 4A. The cultures were exposed to designated concentrations of the
chemotherapy drugs in CHOP in the presence or absence of CITCO (1 uM). Both SU-
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DHL-4 and H9c2 cells were harvested at the indicated time points and assessed for viability,
apoptosis, DNA damage, and oxidative stress, as detailed below.

Western Blotting Analysis

Homogenate proteins from treated HPH, H9c2 or HepaRG cells were resolved on NuPAGE
Novex Bis-Tris 4-12% gels (Life Technologies) and electrophoretically transferred onto
immobilon-P polyvinylidene difluoride membranes. Membranes were incubated with
specific antibodies against human CAR (Perseus Proteomics), cleaved caspase-3 (Cell
Signaling Technology), or y-H2AX (Millipore), diluted 1:1000, 1:1000, and 1:400,
respectively. p-actin was used to normalize protein loading. Following incubation with
horseradish peroxidase goat anti-mouse or anti-rabbit 1gG antibody, membranes were
developed using SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific).
Western blot signals were quantified by densitometry using ImageJ software from the
National Institutes of Health.

Cell Viability Assays

Human primary hepatocytes and H9c2 rat cardiomyocytes were seeded at 7.5 x 10* cells/
well in 96-well plates. HPH were cultured for 24 h before treatment with CITCO (1 uM) or
vehicle control (0.1% DMSO), followed by treatment with the chemotherapy drugs included
in CHOP at a range of concentrations. Culture medium containing CHOP drugs and
metabolites was exchanged between the cell types at pre-determined time points. A typical
3-[4,5-dimethylthiazol-2-ylI]-2,5 diphenyl tetrazolium bromide (MTT) assay was carried out
as described previously (21). Cell viability was expressed as percent of vehicle control
(0.1% DMSO). Co-cultured cells were assembled and treated as described above. The
viability of the SU-DHL-4 cells was determined at selected time points with a Cellometer
Auto T4 (Nexcelom Biosciences) utilizing trypan blue exclusion.

Phosphorylated H2AX Imaging

The H9c2 cells plated on cover slips were removed from the previously described multiple-
organ co-cultures after 24 h of treatment with CHOP chemotherapy drugs at a range of
concentrations in the presence or absence of CITCO (1 uM). Immunofluorescence assays
were performed as published (28). In brief, the cells were fixed with 4% paraformaldehyde
in PBS at room temperature for 15 min. The fixed cells were then permeabilized with 0.5%
Triton X-100 for 15 min, washed three times in PBS for 5 min, blocked using 15% fetal
bovine serum in PBS, and then incubated with primary antibody to mouse anti-y-H2AX
(Ser139, clone JBW301, Millipore, 1:500 dilution) overnight. Subsequently, cells were
incubated for 50 min with second antibody goat-anti-mouse 1gG Alexa fluor 594 (1:500
dilution) for 1 h at room temperature. Nuclear DNA was stained using DAPI at 50 ng/ml.
The slides were visualized at 1000x magnification on a NIKON 90i fluorescence
microscope (photometric cooled mono CCD camera).

Oxidative Stress Imaging

Cover slips with H9c2 cells attached from the multiple-organ co-culture model were
removed after 24 h of indicated treatments and placed in fresh 12-well plates and washed
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three times with PBS. Subsequently, 1 mL of PBS containing 10 uM 2’,7/-
dichlorofluorescein diacetate (DFDA) was added to each well. The cells were incubated at
37°C and 5% CO,, for 40 min. The oxidation of DFDA to the fluorescent
dichlorofluorescein was viewed via fluorescence microscopy (Nikon Eclipse Ti) with a
FITC filter at 900 nm and quantified using NIH Image J.

Statistical Analysis

Results

All data are presented as the mean of triplicate measurements + S.D. unless noted otherwise.
Comparisons were made via one-way analysis of variance (ANOVA) utilizing post-hoc
Dunnett’s analysis. Significance was determined at P <0.05 (*).

CAR activation enhances CHOP anticancer activity towards SU-DHL-4 cells co-cultured

with HPH

The chemotherapeutic benefit of combining the CHOP regimen with a selective CAR
activator, CITCO, was initially examined using a HPH/SU-DHL-4 co-culture system as
depicted in Fig. 1A. The composition of four drugs in CHOP was estimated based on
literature and clinical instructions (Supplementary Table S1) (29). In the current study, 100
UM of CHOP indicates the combination of CPA (100 uM), doxorubicin (5 uM), vincristine
(0.14 pM), and prednisone (10 pM). As demonstrated in Fig. 1B, both CPA and the CHOP
regimen increased the cytotoxicity toward the target SU-DHL-4 cells in a concentration-
dependent manner. Clearly, full CHOP achieved higher anticancer activity than CPA alone,
as expected. Inclusion of CITCO with CHOP significantly enhanced cytotoxicity in SU-
DHL-4 cells. In addition to the concentration-dependent cytotoxicity of CHOP with and
without CITCO, time-dependent effects of this combination were observed. As shown in
Figure 1C, similar beneficial effects were observed in the co-culture model 24 h after
CITCO/CHOP treatment in a time-dependent manner. On the other hand, CITCO alone
showed no effect on viability of SU-DHL-4 cells, indicating that the augmented cytotoxicity
was not a direct result of the presence of CITCO. Importantly, 100 pM of CHOP in the
presence of CITCO resulted in equal or greater anticancer activity than 500 uM of CHOP
alone. These findings suggest the potential to lower the overall CHOP dosage by co-
administration of CITCO in lymphoma treatment. It is worth noting that although the current
study centers on CHOP-based lymphoma treatment, a similar CITCO-mediated
augmentation of cytotoxicity of the FC (fludarabine, cyclophosphamide) regimen in
leukemia cells was observed when co-cultured with HPH (Supplementary Fig. S1),
suggesting this strategy may hold potential application in multiple hematological
malignancies.

CITCO alters the expression of genes responsible for CHOP disposition in HPH, but not in
target lymphoma cells

Key genes responsible for the disposition of the CHOP drugs, including CYP2B6, CYP3A4,
CYP3A5, CBR1, CBR3, and MDR1 were measured in HPH and three lymphoma cell lines
following incubation with CITCO, as detailed in the methods. As shown in Fig. 2, basal
expression of CYP2B6, CYP3A4, CYP3A5, CBR1, CBR3, and MDR1 in lymphoma cells
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was negligible or significantly lower in comparison with that in HPH, supporting the notion
that biotransformation of CHOP relies predominantly on hepatic metabolism. In HPH,
CITCO treatment robustly induced the expression of CYP2B6 (17-fold) with moderate
augmentation of CYP3A4 (4-fold), and MDR1 (4-fold), respectively (Fig. 2A, 2B, 2F).
Expression of all tested genes in three lymphoma cell lines, on the other hand, was not
altered significantly by CITCO, most likely due to the lack of CAR expression in these cells
(Fig. 2G). Preferential induction of hepatic CYP2B6 over other tested genes favors
CYP2B6-mediated oxidation of CPA to 4-OH-CPA. Additionally, based on lack of in situ
increase of efflux transporter expression in lymphoma cells by CITCO, enhanced resistance
to CHOP would not be expected.

The role of CITCO in CHOP-based treatment is CAR-dependent

The HepaRG cell line has emerged as a promising alternative to HPH, exhibiting
characteristic hepatic gene expression and metabolism capability (30). To further investigate
whether the beneficial impact of CITCO on CHOP-based treatment is CAR-dependent,
similar co-culture models were employed, with the replacement of HPH by WT or CAR-KO
HepaRG cells. With the lack of functional CAR expression, induction of CYP2B6 by
CITCO was completely abolished in CAR-KO HepaRG cells (Fig. 3A, 3B). CITCO
significantly enhanced CHOP cytotoxicity in SU-DHL-4 cells co-cultured with WT-
HepaRG cells in both concentration- and time-dependent manners (Fig. 3C, 3D), similarly to
the beneficial response observed in the HPH-based model. In contrast, in the co-culture
model containing CAR-KO HepaRG, CHOP-induced cytotoxicity of SU-DHL-4 cells was
not altered regardless of the presence or absence of CITCO (Fig. 3E, 3F). These data clearly
establish that the enhanced efficacy of the CHOP regimen in lymphoma cells induced by
CITCO is primarily CAR-dependent.

Activation of CAR selectively induces CHOP-mediated cytotoxicity in SU-DHL-4, but not in

H9c?2 cells

An important off-target side effect of the CHOP regimen is cardiotoxicity, which is
attributed primarily to doxorubicin (Supplementary Fig. S2) (17). To examine the effects of
CITCO on the cardiotoxicity associated with the CHOP treatment, we developed a novel
multi-organ co-culture system, depicted in Fig. 4A, which incorporates cardiomyoblast
H9c?2 cells into the HPH/SU-DHL-4 co-culture, and in which the cells can be easily
separated from one another and harvested for further analysis. Akin to other non-hepatic
cells, expression of genes associated with CHOP disposition in H9c2 cells is generally low
and non-responsive to CITCO treatment (Supplementary Fig. S3). Results from cell viability
assays demonstrated that CITCO treatment selectively increased CHOP-mediated
cytotoxicity in SU-DHL-4 cells, but not in H9c2 cells (Fig. 4B, 4C). Apoptosis is one of the
major modes of action of the CHOP regimen (31). As such, we further sought to examine
the large fragment of activated caspase 3, a well-accepted biomarker for apoptosis, in SU-
DHL-4 and H9c2 cells. As shown in Fig. 4D, CITCO markedly increased CHOP-induced
expression of cleaved caspase-3 protein in the targeted SU-DHL-4 cells, in that 100 uM
CHOP + CITCO resulted in a similar apoptotic response as 500 UM CHOP alone. On the
other hand, presence of CITCO had no measurable effects on cleaved caspase 3 expression
in H9c2 cells treated with CHOP at comparable concentrations (Fig. 4E). Notably, in the
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off-target cells, cytotoxicity induced by 100 pyM CHOP + CITCO was significantly lower
than that induced by 500 uM CHOP.

Reduced CHOP load attenuates H2AX phosphorylation and oxidative stress in H9¢c2 cells

DNA double-strand breaks (DSB) caused by chemotherapeutic intervention result in rapid
onset of phosphorylation of a variant of histone H2A, H2AX, and this phosphorylation has
been shown to be representative of the extent of DSB in cells (32). Utilizing
immunochemical staining and immunoblotting, we demonstrated that CHOP treatment
markedly increased the phosphorylation of histone H2AX in H9c2 cells and that addition of
CITCO did not further alter the induced H2AX expression (Fig. 5A, 5B). In treated SU-
DHL-4 cells, however, CITCO effectively enhanced CHOP-induced DNA damage,
measured by increasing histone H2AX expression (Fig. 5C). Oxidative stress and
modulation of intracellular redox states can be important players in apoptotic signaling
cascades (33). Doxorubicin has been shown to produce reactive oxygen species (ROS) in
cardiac cells (34, 35). In our experiments, we aimed to examine the oxidative stress in H9c2
cells induced by the CHOP regimen. As shown in Fig. 5D and 5E, CHOP treatment resulted
in a concentration-dependent increase in oxidative stress in H9c2 cells, inclusion of CITCO
did not alter the oxidative stress in these cells, in that 200 uyM CHOP + CITCO led to only
marginal oxidative stress in comparison with 500 uM CHOP. Collectively, consistent with
our earlier findings, these results support that inclusion of CITCO resulted in significantly
greater DNA damage in target, but not off-target, cells.

Discussion

Currently, the CHOP regimen remains the standard first-line choice for the treatment of
aggressive non-Hodgkin lymphoma, the most common hematological malignancy
worldwide (1). Despite well-documented progress in the application of this regimen,
significant numbers of patients are still not cured due to the development of drug resistance
and/or intolerable toxicities that result in premature termination of the chemotherapy. As a
primary component of this regimen and alkylating prodrug, CPA undergoes hepatic
metabolism to its pharmacologically active form, 4-OH-CPA, via oxidation catalyzed
primarily by CYP2B6. In addition, the anthracycline doxorubicin appears to be responsible
for the risk of cardiotoxicity related to the CHOP regimen (17, 36). We previously showed
that activation of the nuclear receptor CAR selectively induces CYP2B6 and increases the
biotransformation of CPA to 4-OH-CPA (21). In the present study, we demonstrated that a
selective human CAR activator, CITCO, synergistically enhanced CHOP-mediated
cytotoxicity in therapeutically targeted lymphoma cells, but not in cardiomyocytes.
Importantly, combination of CITCO with CHOP allows for comparable antineoplastic
activity achieved at significantly lower concentrations of CHOP chemotherapy drugs, and
alleviates the cardiotoxicity of the regimen (Fig. 6).

The relationship between CAR and the key genes responsible for the disposition of the
standard CHOP drugs remains incompletely understood. Interestingly, although targets of
CHOP treatment are often extrahepatic, drug-metabolizing enzymes and transporters
associated with CHOP disposition, including CYP2B6, CYP3A4 and CYP3A5, CBR1,
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CBR3, and MDR1, are expressed predominantly in the liver, where CAR is also highly
expressed (37-39). In the CHOP regimen, CYP2B6 is primarily responsible for
bioactivation of CPA to 4-OH-CPA, while CYP3A4 plays a key role in the formation of the
undesirable inactive metabolite dechloroethyl-CPA, as well as the neurotoxic byproduct
chloroacetaldehyde (24, 40). Additionally, CYP3A4 plays an important role in the
metabolism of prednisone which, like CPA, is a prodrug requiring metabolic conversion to
its active form, prednisolone (41). CYP3AS5 is involved in the hepatic metabolism and
clearance of vincristine (37). Metabolism of doxorubicin is mediated primarily by CBR1 and
CBR3, though in the heart this reaction is catalyzed predominantly by aldo-keto reductase
1A (42). Conversely, lymphoma cells express negligible levels of CHOP-metabolizing
enzymes and CAR (21). As a promiscuous xenobiotic receptor, CAR plays an important role
in coordinating cellular responses to stimulation by xenobiotic chemicals by regulating the
expression of numerous genes encoding drug-metabolizing enzymes and transporters in the
liver, with CYP2B6 as its primary target (20, 38). The clinical importance of CYP2B6, in
relation to other cytochrome P450 enzymes, was only recognized recently based on findings
indicating that it plays a critical role in the biotransformation of several important drugs,
such as CPA, efavirenz, ifosfamide, tamoxifen, and artemisinin (12, 43, 44). We found that
CITCO, a known selective activator of human CAR, elicited a strong induction of hepatic
CYP2B6 but moderate to no induction of other genes involved in CHOP disposition. Thus,
combination of CITCO with CHOP enhances the bioactivation of CPA, while may only
marginally influence the disposition of other drugs in the regimen. Moreover, CITCO did
not alter the expression of any key CHOP-metabolizing enzymes nor drug transporters in
target lymphoma cells. In line with these findings, addition of CITCO to CHOP combination
therapy significantly enhanced cytotoxicity toward SU-DHL-4 cells, when co-cultured with
functional HPH. Importantly, in a similar co-culture model containing HepaRG cells, a
promising surrogate of HPH, the beneficial effects of CITCO on the CHOP regimen were
abolished when CAR was knocked out, further confirming the pivotal role of CAR in this
new therapeutic combination.

Although this initial hepatocyte/lymphoma co-culture model has demonstrated promising
antineoplastic activity in SU-DHL-4 cells by inclusion of CITCO in the CHOP regimen, this
rather simplified model does not include the major off-target toxic sites of this regimen.
Clinically, CHOP-related late cardiotoxicity is a major concern for aggressive non-Hodgkin
lymphoma patients (17). It was estimated that over 20% of patients experience cardiac
events after CHOP chemotherapy (14, 17) and cardiac failure appeared to be the most
important cause of death of patients in complete remission after CHOP (45). In this study,
we have developed a multi-organ co-culture model incorporating HPH, SU-DHL-4, and
H9c?2 cells in different chambers, with shared culture medium. Building upon our previous
co-culture model, this new design enabled synchronous monitoring of CHOP-mediated
antineoplastic activity in SU-DHL-4 cells and cardiotoxicity in H9c2 cells in the presence of
functional human hepatocytes. The H9c2 cell line, though originated from rat myocardium,
has been broadly accepted as an in vitro cell model for investigating drug-induced
cardiotoxicity (46). Notably, our results with this novel co-culture model revealed that co-
treatment with CITCO and CHOP led to selectively enhanced cytotoxicity in SU-DHL-4,
but not in H9c2, cells. Moreover, it appears that a synergistic effect between CITCO and
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CHOP exists, with 100 uM CHOP + CITCO achieving comparable cytotoxicity in SU-
DHL-4 cells as was observed with 500 uM CHOP alone. Whereas this in vitro cell-based
synergy cannot precisely predict clinical benefit, it indicates the potential that inclusion of
CITCO may improve the therapeutic index of CHOP by lowering the doses of the regimen
drugs required to achieve efficacy in non-Hodgkin lymphoma patients.

In accordance with these findings, the selective antineoplastic benefit of the CITCO/CHOP
combination was illustrated further by examining apoptosis, DNA damage, and oxidative
stress, which are associated with mechanisms of CHOP chemotherapy drug action (47).
Cleavage of caspase 3 is a common mechanism of apoptosis induced by CPA, doxorubicin
and vincristine (31, 48). The life-threatening cardiotoxicity related to doxorubicin is
associated with its ability to intercalate into DNA, causing DNA damage and redox cycling
activity, and thereby generating reactive oxidative species and oxidative stress (34, 35). In
fact, doxorubicin-induced phosphorylation of histone H2AX, a marker for DNA double
strand breaks, and oxidative stress in H9c2 cells have been extensively used to investigate
cardiotoxicity of doxorubicin-containing regimens (15). We found that the CITCO/CHOP
combination exhibited selective toxicity in SU-DHL-4 cells, manifested by increased
caspase 3 cleavage, H2AX phosphorylation, and oxidative stress. Clearly, in the presence of
CITCO, lower doses of CHOP chemotherapy drugs decrease its off-target cardiotoxicity in
H9c2 cells.

Collectively, our results show that selective activation of CAR improves the overall
cytotoxicity of CHOP chemotherapy toward its target non-Hodgkin lymphoma cells. The
beneficial impact of CAR activation in CHOP-based treatment in hematopoietic
malignancies derived primarily from enhanced formation of the active metabolite of CPA,
the backbone of CHOP, via selective induction of CYP2B6 expression in human
hepatocytes, and from the selective cytotoxicity toward lymphoma cells, in relation to
cardiomyocyte cells. The newly established multi-organ co-culture model provides an
excellent in vitro cellular environment allowing simultaneous investigation of hepatic
metabolism, target therapeutic activity, and off-target toxicity of chemotherapeutic
regimens. In the meantime, we do realize that cell-based in vitro models are associated with
inherent limits and only reflect parts of the whole picture. Results from animal studies
usually offer more physiologically relevant outcomes. However, it is important to point out
that although hCAR exhibits several shared features with its rodent counterparts, marked
differences between rodent and human CAR exist (38, 49). CITCO has been demonstrated
to activate human but not mouse CAR. Importantly, phenobarbital, a known activator of
CAR across multiple species, promotes liver tumor formation in mice but not humans (50).
Overall, our current promising in vitro findings warrant future carefully designed in vivo and
clinical studies to eventually establish the beneficial combination of CITCO or another
selective human CAR activator with the CHOP regimen in the treatment of non-Hodgkin
lymphoma. The results will also be applicable to other cyclophosphamide-containing
combination regimens, including higher-intensity regimens that include high-dose
cyclophosphamide. They may also be applicable to autologous and allogeneic hematopoietic
stem cell transplant conditioning regimens.
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Figure 1. Activation of CAR improves the anticancer activity of the CHOP regimen in HPH/SU-
DHL-4 co-culture

Schematic representation of the HPH/SU-DHL-4 co-culture model utilized in the current
studies (A). Concentration- (B) and time-dependent (C) anticancer activity of CPA and
CHOP chemotherapy in the presence and absence of CITCO. Cells in co-culture were
treated with CPA or CHOP (5, 50, 100, 250, 500 uM) in the presence of CITCO (1 uM) or
vehicle control (0.1% DMSO) as detailed in Materials and Methods. Viability of SU-DHL-4
cells under these treatments was determined at 0, 24, 48, and 72 h. Data represent the mean
+ S.D. of three independent measurements normalized as percent viability of vehicle control.
Statistical significance between the treatment groups 0.1% DMSO/CHOP and CITCO/
CHOP were analyzed (*, p < 0.05).
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Figure 2. Effects of CAR activation on the expression of genes responsible for CHOP disposition
in HPH and lymphoma cell lines

The expression of CYP2B6, CYP3A4, CYP3A5, CBR1, CBR3, MDR1, and CAR mRNA
was measured in human primary hepatocytes as well as three representative lymphoma cell
lines (SU-DHL-4, SU-DHL-6, and OCI-L-Y-3) following treatment with vehicle control
(0.1% DMSO) or CITCO (1 pM) as described in the Materials and Methods. Expression of
these genes was analyzed with RT-PCR. Data represent the mean * S.D. of three
independent experiments (***, p < 0.001).
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Figure 3. CITCO enhanced CHOP anticancer activity is CAR-dependent
Wild-type and CAR-KO HepaRG cells were treated with vehicle control (0.1% DMSO) or

CITCO (1 uM) for 24 h for mRNA or 72 h for protein analysis. Expression of CAR protein
(A) and CYP2B6 mRNA (B) was measured via western blot and RT-PCR, respectively. Co-
culture and treatment of WT-HepaRG/SU-DHL-4 or CAR-KO-HepaRG/SU-DHL-4 were
detailed in the Materials and Methods. Anticancer activity of CHOP in SU-DHL-4 cells was
demonstrated in concentration-(C and E) and time (D and F)-dependent manners in the
presence and absence of CITCO (1 uM). Data represent the mean + S.D. of three
independent experiments (*, p < 0.05; **, p < 0.01).
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Figure 4. CITCO enhances CHOP-mediated cytotoxicity in SU-DHL-4 but not in H9c2 cells
Schematic illustration of the multi-organ co-culture model containing HPH, SU-DHL-4 and

H9c2 cells (A). In the co-culture model, CHOP-induced cytotoxicity in SU-DHL-4 (B) or
H9c2 (C) cells was measured as detailed in the Materials and Methods in the presence and
absence of CITCO (1 uM). Western blotting assay was performed to measure cleaved
caspase 3 protein in SU-DHL-4 (D) and H9c2 (E) cells harvested from the treated co-
cultures. Densitometry of cleaved caspase 3 was normalized to that of -actin. Data
represent the mean + S.D. of three independent experiments (**, p < 0.01, ***, p < 0.001).
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Figure 5. CITCO didn’t enhance CHOP-induced H2AX phosphorylation and oxidative stress in
H9c2 cells

HPH/SU-DHL-4/H9c?2 co-culture was treated with 0.1% DMSO, CITCO (1 uM), 0.1%
DMSO/CHOP, or CITCO/CHOP at indicated concentrations for 24 h. H9c2 cells removed
from the co-culture system were fixed with 4% paraformaldehyde, then immune-stained and
imaged for phosphorylation at the serine-139 position of histone H2AX as detailed in the
Materials and Methods. Relative H2AX phosphorylation was quantified using ImageJ
Software from the National Institutes of Health and normalized to vehicle control (A). In
separate experiments, western blot analysis was performed in H9c2 (B) and SU-DHL-4 (C)
cells isolated from co-cultures following 24 h treatment of CHOP in the presence of absence
of CITCO (1 uM). To assess oxidative stress in H9c2 cell under the same treatments, H9c2
cells were incubated with 10 uM 2’,7’-dichlorofluorescein diacetate (DFDA) at 37°C and
5% CO», for 40 min. The oxidation of DFDA to the fluorescent dichlorofluorescein was
quantified using NIH ImageJ Software (D). Representative images via fluorescence
microscopy were shown in (E).
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Figure 6.
Schematic illustration of CITCO-mediated enhancement of CHOP antineoplastic activity in

targeted (SU-DHL-4) but not side-toxic (H9c2) cells.

Mol Cancer Ther. Author manuscript; available in PMC 2017 March 01.



