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ABSTRACT

Drug-induced liver injury (DILI) is the leading cause of acute liver
failure and a major concern in drug development. Altered bile acid
homeostasis via inhibition of the bile salt export pump (BSEP) is
one mechanism of DILI. Dasatinib, pazopanib, and sorafenib are
tyrosine kinase inhibitors (TKIls) that competitively inhibit BSEP and
increase serum biomarkers for hepatotoxicity in ~25-50% of
patients. However, the mechanism(s) of hepatotoxicity beyond
competitive inhibition of BSEP are poorly understood. This study
examined mechanisms of TKI-mediated hepatotoxicity associated
with altered bile acid homeostasis. Dasatinib, pazopanib, and sora-
fenib showed bile acid-dependent toxicity at clinically relevant con-
centrations, based on the C-DILI assay using sandwich-cultured
human hepatocytes (SCHH). Among several bile acid-relevant
genes, cytochrome P450 (CYP) 7A1 mRNA was specifically upre-
gulated by 6.2- to 7.8-fold (dasatinib) and 5.7- to 9.3-fold (pazopa-
nib), compared with control, within 8 hours. This was consistent
with increased total bile acid concentrations in culture medium up
to 2.3-fold, and in SCHH up to 1.4-fold, compared with control,
within 24 hours. Additionally, protein abundance of sodium tauro-

cholate co-transporting polypeptide (NTCP) was increased up to
2.0-fold by these three TKis. The increase in NTCP protein abun-
dance correlated with increased function; dasatinib and pazopanib
increased hepatocyte uptake clearance (CLypake) Of taurocholic
acid, a probe bile acid substrate, up to 1.4-fold. In conclusion,
upregulation of CYP7A7 and NTCP in SCHH constitute novel
mechanisms of TKl-associated hepatotoxicity.
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insights into additional mechanisms of bile acid-mediated
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Introduction

Tyrosine kinase inhibitors (TKIs) are a breakthrough
therapy in the treatment of several types of malignancies
but have a high incidence of hepatotoxicity. As of April
2021, six TKIs (11%) approved for human use have boxed
warnings for hepatotoxicity, and another 25 (46%) are
labeled with warnings and precautions for hepatotoxicity.
The majority of TKIs compete with ATP for binding to the
conserved ATP-binding site within the kinase catalytic
domain and display low selectivity among tyrosine kinases
(Bhullar et al., 2018). This mechanism of action renders TKIs
non-selective and prone to off-target effects. Dasatinib, pazopanib,

ABBREVIATIONS: ALT, alanine aminotransferase; AST, aspartate aminotransferase; ATP, adenosine triphosphate; BAAT, bile acid-CoA:
amino acid N-acetyltransferase; BACS, bile acid-CoA synthetase; BEI, biliary excretion index; BSEP, bile salt export pump; CA, cholic acid;
CDCA, chenodeoxycholic acid; CYP, cytochrome P450; DILI, drug-induced liver injury; EGFR, epidermal growth factor receptor; ERK, extra-
cellular regulated kinase; FGFR, fibroblast growth factor receptor; FXR, farnesoid X receptor; GCA, glycocholic acid; GCDCA, glycocheno-
deoxycholic acid; HBSS, Hanks’ balanced salt solution; MAPK, mitogen-activated protein kinase; MRP, multidrug resistance-associated
protein; NTCP, sodium taurocholate co-transporting polypeptide; OATP, organic anion transporting polypeptide; PDGFR, platelet-derived
growth factor receptor; RCC, renal cell carcinoma; SCHH, sandwich-cultured human hepatocytes; TCDCA, taurochenodeoxycholic acid; TKI,
tyrosine kinase inhibitor; UGT, uridine 5'-diphospho-glucuronosyliransferase; VEGFR, vascular endothelial growth factor receptor.
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Bile Acid-dependent Mechanisms of TKI-Induced Hepatotoxicity

and sorafenib are three TKIs commonly associated with hepato-
toxicity as measured by liver function tests and elevated serum
aminotransferase enzymes (Table 1).

Previous studies have attributed TKI-induced hepatotoxicity
to reactive metabolite formation, time-dependent inhibition of
cytochrome P450 (CYP) 3A4, increased reactive oxygen spe-
cies, mitochondrial toxicity, and inhibition of the bile salt
export pump (BSEP) (Jackson et al., 2018b). BSEP inhibition
may lead to hepatic accumulation of toxic bile acids and chole-
stasis (Kenna et al., 2018). Dasatinib, pazopanib, and sorafe-
nib competitively inhibit BSEP at ICsy values of 13.1, 10.3,
and 8.0 uM, respectively, in membrane vesicle studies (Mor-
gan et al., 2010; Morgan et al., 2013). Despite similar BSEP
1Csq values, these three TKIs vary in the incidence and sever-
ity of hepatotoxicity (Table 1). Even though BSEP inhibition is
an important mechanism of drug-induced liver injury (DILI)
(Mosedale and Watkins, 2017), the correlation between BSEP
inhibition and the incidence of DILI in humans is weak: 21%
of compounds identified as “BSEP inhibitors” were associated
with mild or no DILI, and 31% of compounds classified as
“BSEP non-inhibitors” were linked with severe DILI (Kenna
et al., 2018; Pedersen et al., 2013). This inadequate correlation
is likely due to the fact that drug interactions causing altered
bile acid homeostasis cannot be completely recapitulated in
membrane vesicles, which lack key transporters, metabolic
activity, and regulatory machinery, as well as other cellular
constituents that are required for expression and membrane
localization of transporters, and excretion of drugs and derived
metabolites (Kock et al., 2014).

While BSEP is critical for hepatic bile acid excretion, bile
acid homeostasis in hepatocytes is maintained in multiple
ways. CYP7Al-mediated conversion of cholesterol to 7o-
hydroxycholesterol is the first and rate-limiting step in bile
acid synthesis in hepatocytes (Jelinek et al., 1990). The pri-
mary human bile acid species, cholic acid (CA) and cheno-
deoxycholic acid (CDCA), are synthesized in hepatocytes by
CYP8B1 and CYP27A1 enzymes, respectively. (Chiang,
1998). Conjugation of CA and CDCA to taurine or glycine is
catalyzed by the highly abundant hepatic enzymes, bile
acid-CoA synthetase (BACS), and bile acid-CoA: amino acid
N-acetyltransferase (BAAT) (O'Byrne et al., 2003). These
unconjugated and conjugated bile acids are excreted via
BSEP, the main canalicular bile acid efflux transporter

TABLE 1
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(Gerloff et al., 1998; Noé et al., 2002). Secondary bile acid
species are generated in the intestine, reabsorbed predomi-
nantly in the ileum, and returned to the liver via enterohe-
patic circulation (Chiang, 2013). Sodium taurocholate co-
transporting polypeptide (NTCP) is the main hepatic baso-
lateral uptake transporter for bile acids (Hagenbuch and
Meier, 1994). Metabolism of bile acids to glucuronide and
sulfate conjugates (Alnouti, 2009) and transport via multi-
drug resistance-associated proteins (MRPs), organic anion
transporting polypeptides (OATPs), and organic solute
transporter «/f also contribute to hepatic bile acid disposi-
tion and homeostasis (Beaudoin et al., 2020; Dawson et al.,
2009). Intrahepatic bile acid concentrations are maintained
by the farnesoid X receptor (FXR), which is activated by bile
acids to repress CYP7A1 and NTCP transcription (Denson
et al., 2001; Lu et al., 2000) and promote BSEP expression
(Ananthanarayanan et al., 2001), thereby reducing synthe-
sis and hepatic uptake of bile acids, and increasing bile acid
efflux, respectively. Since several hepatic proteins regulate
intracellular bile acid concentrations, TKI-mediated mecha-
nisms of altered bile acid homeostasis other than competi-
tive inhibition of BSEP warrant further investigation.

Hepatic membrane transport proteins are key determinants
of the intracellular concentration of xenobiotics and endoge-
nous substances, and influence the pharmacokinetics, efficacy,
and toxicity of drugs (Chu et al., 2013; Giacomini et al., 2010).
However, post-translational regulation of bile acid transporter
localization and function, particularly by kinases, remains
poorly understood (Crawford et al., 2018). Recently, TKIs such
as nilotinib that target Lyn, a Src family kinase, were repo-
rted to inhibit OATP1B1 function and were associated with
reduced phosphorylation of OATP1B1 (Hayden et al., 2021).
The susceptibility of bile acid transporters to altered regula-
tion and the clinical relevance of such perturbations to TKI-
mediated hepatotoxicity has not been thoroughly investigated.
Therefore, the objective of the current study was to investigate
mechanisms of TKI-induced hepatotoxicity associated with
altered bile acid homeostasis beyond the competitive inhibition
of BSEP. Studies were conducted in sandwich-cultured human
hepatocytes (SCHH), a commonly used in vitro model to inves-
tigate DILI mechanisms that maintain bile acid synthesis,
secretion, and regulatory machinery for metabolic enzymes
and transporters.

Mechanism of Action and Disease Indications for Selected FDA-Approved Tyrosine Kinase Inhibitors.

Tyrosine Kinase Inhibitors Main Targets

FDA Label; AST/ALT

Diseases Elevations®®

Dasatinib BCR-AD], Src family, c-Kit,
EphA2, Platelet-derived
growth factor receptor
(PDGFR) p
Vascular endothelial growth
factor receptor (VEGFR) 1/2/3,
PDGFRu/f, Fibroblast growth
factor receptor (FGFR) 1/3,
Kit, Lck, Fms, Itk
VEGFR1/2/3, B-/C-Raf, mutant
B-Raf, Kit, Flt3, RET,
PDGFRp

Pazopanib

Sorafenib

Chronic myeloid leukemia, No warning; 50% of patients

acute lymphocytic leukemia

Boxed Warning; 46-53% of
patients

Renal cell carcinoma (RCC),
soft-tissue sarcoma

Warning and Precautions;
21-25% of patients

RCC, hepatocellular
carcinoma, thyroid cancer

“AST/ALT, aspartate/alanine aminotransferase; as reported by the US Food and Drug Administration (https://www.accessdata.fda.gov/scripts/cder/daf/).

% (Bunchorntavakul and Reddy, 2017; Shah et al., 2013).
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Materials and Methods

Chemicals, reagents, antibodies, and hepatocytes. Dasati-
nib (catalog #D-3307) and pazopanib (#S3012) were obtained from LC
Laboratories (Woburn, MA) and Selleckchem (ThermoFisher Scien-
tific, Pittsburgh, PA), respectively. Sorafenib tosylate was provided by
Bayer HealthCare AG (Wuppertal, Germany). Bile acid species [CA
(#1133503), CDCA (#C9377), glycocholic acid (GCA; #G2878), tauro-
cholic acid (TCA; #T4009), glycochenodeoxycholic acid (GCDCA;
#G7059), taurochenodeoxycholic acid (TCDCA; #T6260)], labetalol
(#PHR1335), and DMSO (#41639) were purchased from Sigma-
Aldrich (St. Louis, MO). Stable isotope-labeled internal standards
CDCA-dy (#C291902), TCA-d5 (#T008852), GCA-d5 (#G641357),
GCDCA-d; (#G641257), TCDCA-d5 (#T008133), and bile acid
metabolites GCDCA-3-0-f-glucuronide (GCDCA-3G; #G641275)
and GCDCA 3-sulfate (GCDCA-S; #G641270) were obtained from
Toronto Research Chemicals. [PH]-TCA (#NET322250UC, > 97%
radiochemical purity) was purchased from PerkinElmer, Inc.
(Boston, MA). High-performance liquid chromatography grade acetoni-
trile, methanol, water, formic acid, and other reagents were purchased
from Sigma-Aldrich (St. Louis, MO) or Fisher Scientific (Pittsburg, PA).

Antibodies for BSEP (F-6, #sc-74500), epidermal growth factor
receptor (EGFR; D-20, #sc-31156), extracellular regulated kinase
[ERK; C-16, #sc-93], vinculin (7F9, #sc-73614), and bovine anti-goat
(#sc-2350) secondary antibody were obtained from Santa Cruz Bio-
technology (Dallas, TX). Anti-NTCP (#ab 131084) and anti-Na*/K*
ATPase (#ab185065) antibodies were purchased from Abcam (Cam-
bridge, MA). Anti-phospho-ERK (#MAB1018) antibody was purchased
from R&D Systems (Minneapolis, MN), and HRP-conjugated goat anti-
mouse (#115-035-003) and goat anti-rabbit (#111-035-144) secondary
antibodies were from Jackson ImmunoResearch (West Grove, PA).

Cryopreserved Transporter Certified human hepatocytes (lots EGO,
RVQ, and WID; Supplemental Table 1), QualGro seeding medium,
thawing medium, overlay medium, culture medium, charcoal-stripped
pooled human plasma, and the C-DILI assay kits were purchased
from BioIVT (Baltimore, MD). Collagen I-coated BioCoat plates
(24-well; #354408 and 96-well; #354407) and Matrigel Basement
Membrane Matrix (#354234, lot 9091003) were obtained from Corning
(Tewksbury, MA).

Sandwich-cultured human hepatocytes (SCHH). Cryopre-
served Transporter Certified human hepatocytes were cultured in
a sandwich configuration in a 96-well plate format for cholestatic
DILI assessment as described previously (Jackson and Brouwer,
2019; Jackson et al., 2018a), and in a 24-well format for mass spec-
trometry-based quantitation of bile acids, real-time quantitative
PCR (RT-qPCR), membrane extraction, immunostaining, and eval-
uation of transporter function. Hepatocytes were thawed in Qual-
Gro thawing medium and diluted to a final density of 0.9 million
cells/mL. for 24-well plates or 0.8 million cells/mL for 96-well
plates in QualGro seeding medium. Cells were seeded at a density
of 0.45 million cells per well in a 24-well Collagen I-coated BioCoat
plate or at 56,000 cells per well in a 96-well Collagen I-coated Bio-
Coat plate (day 0). After 16-20 hours following seeding (day 1),
hepatocytes were supplemented with ice-cold QualGro overlay
medium containing 0.25 mg/mL of Matrigel to establish the

sandwich-cultured configuration. On days 2-3, medium was
replaced with warm QualGro culture medium.

Bile acid-mediated hepatotoxicity assessment. SCHH were
established in a 96-well plate format and maintained for three days as
described above. On day 4 of culture, SCHH were treated with con-
trols and TKIs according to the C-DILI assay kit instructions (Jackson
and Brouwer, 2019; Jackson et al., 2018a). SCHH were exposed to
DMSO (0.1%; control), cyclosporine A (10 uM; negative control), imati-
nib (40 pM; direct toxicity control), troglitazone (75 uM; positive con-
trol for cholestatic toxicity) or TKIs at concentrations scaled from the
reported maximum plasma concentration (Cp., #M), as shown in
Table 2. Compound stock solutions were diluted (1:1000) in either
C-DILI culture medium or C-DILI sensitization medium. The C-DILI
sensitization medium included free fatty acids and a pool of the most
abundant human plasma bile acids at physiologically relevant concen-
trations as described by Jackson et al. (Jackson et al., 2018a). Each
treatment was performed in triplicate using 125 ul of C-DILI culture
medium (standard) or C-DILI sensitization medium per well. Follow-
ing a 24-hour exposure period (day 5), cellular ATP and LDH release
in cell culture medium were determined in parallel, using the Cell-
Titer-Glo Luminescent Cell Viability Assay (#G7571, Promega) and
the CytoTox-ONE Homogeneous Membrane Integrity Assay (#G7891,
Promega), respectively.

Quantitation of TKI and bile acid concentrations. Sample
preparation and bile acid quantification methodology was adapted
from previously described methods (Jackson et al., 2016; Xie et al.,
2015). SCHH (n = 3 or 4) were cultured for three days and exposed to
0.1% DMSO control, dasatinib (1.8 uM), pazopanib (6.6 uM), or sorafe-
nib (4.3 uM) for 24 hours. The TKI concentrations for SCHH exposure
were determined using the C-DILI assay and represent the lowest
concentrations that caused bile acid-dependent toxicity. On day 5, cells
were washed once with phosphate-buffered saline (PBS) and frozen at
-80°C prior to analysis. Cells were lysed in 300 pl of acetonitrile con-
taining six internal standards (50 nM each of GCA-d;, TCA-ds,
TCDCA-d5, GCDCA-d;, and CDCA-d, for bile acid quantitation, and
25 nM labetalol for TKI quantitation). Samples were transferred to a
Whatman 96-well Unifilter 25 pm MBPP/0.45 pm PP filter plate
(#7770-0062; Whatman) stacked on a 96-well deep well plate and
shaken for 15 minutes. Lysate was filtered into the deep well plate by
centrifugation (2390 x g, 2 minutes) and the filtrate was evaporated to
dryness. Samples were reconstituted in 125 pl of 50% acetonitrile in
water containing 0.1% formic acid and mixed for 10 minutes on a
plate shaker. The reconstituted samples were transferred to a
Millipore 0.45-pm filter plate #MSHVN45; Millipore) and filtered into
a 96-well plate (#5042-1386, Agilent Technologies) by centrifugation
(2390 x g, 2 minutes). The plate was sealed with a silicone cap mat
before liquid chromatography with tandem mass spectrometry (LC-
MS/MS) analysis. Separate calibration curves were generated as a
series of concentrations (0.1, 0.5, 1, 5, 10, 50, 100, 500, 1000, 5000 nM)
for TKIs (dasatinib, pazopanib, and sorafenib) and bile acids
(Supplemental Table 2) in charcoal-stripped pooled human plasma:
PBS (1:1, v/v). Cell culture medium was also collected and frozen at
-80°C prior to analysis. Analytes in 100 pl of standards, quality con-
trols, and medium samples were extracted with 300 ul of acetonitrile
containing internal standards using a similar process as described
above.

TABLE 2
Tyrosine Kinase Inhibitor (TKI) Concentrations Used to Assess Bile Acid-dependent Hepatotoxicity.
Conc. 1 Conc. 2 Conc. 3
TKI Crnax “® (M) Dose (mg) (uM, X-fold Cpnay) (M, X-fold Cpnax) (M, X-fold Cpnax)
Dasatinib 0.18 100 BID 0.18 1.8 (10X) 9.0 (50X)
Pazopanib 132.80 800 QD 0.66 (0.005X) 6.6 (0.05X) 66.4; 33.2 (0.5X; 0.25X)
Sorafenib 4.30 400 BID 0.43 (0.1X) 4.3 43.0 (10X)

@ Cpnax represents the highest mean or median steady-state total plasma concentration reported by the US FDA following chronic dosing.

® (Zhang et al., 2017).
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Chromatographic separation was achieved using an ACQUITY
BEH C18 column (1.7 ym, 100 mm x 2.1 mm internal dimen-
sions; Waters, Milford, MA) and a ultra-high performance liquid chro-
matography tandem mass spectrometry system (Agilent 1290 Infinity
II, Agilent Technologies, Santa Clara, CA). Mobile phase solvents
used were 100% water (A) and 100% acetonitrile (B), both with 0.1%
formic acid (v/v). The flow rate was 0.4 mI/min with the following
mobile phase gradient: 0 — 1 minute (5% B), 1 —5 minutes (5 —25%
B), 5 —15.5 minutes (25 —40% B), 15.5 — 17.5 minutes (40 — 95% B),
17.56-19 minutes (95% B), 19—-19.5 minutes (95—5% B), and
19.5 — 21 minutes (5% B) for bile acid quantitation. For TKI measure-
ment, the flow rate was 0.4 ml/min with the following gradient:
0—0.3 minutes (6% B), 0.3 —3.0 minutes (6—95% B), 3.0—-3.6
minutes (95% B), 3.6 — 3.7 minutes (95 — 5% B), 3.7 — 5.0 minutes (5%
B). The column was maintained at 40°C and the injection volume of
all samples was 10 ul. The mass spectrometer used was a SCIEX tri-
ple quadrupole 6500 instrument (AB Sciex, Framingham, MA) and
was operated in negative ion mode for bile acid quantitation and posi-
tive ion mode for TKI quantitation. The data were acquired with mul-
tiple reaction monitoring (MRM), and the collision energy for each bile
acid species and TKI is listed in Supplemental Table 2. Pazopanib and
sorafenib samples that were above the upper limit of quantitation
were diluted 20-fold with blank solvent containing labetalol internal
standard. The lower limits of quantitation were: 0.1 nM for GCA,
GCDCA, TCA, TCDCA and pazopanib; 0.5 nM for GCDCA-3G, dasati-
nib, and sorafenib; and 1 nM for GCDCA-S. The upper limit of quanti-
tation was 5000 nM for GCA, 100 nM for pazopanib, and 1000 nM for
all other bile acid species and TKIs.

Cellular protein binding. Unbound cellular concentrations of
TKIs in SCHH were estimated by measuring the fraction unbound in
cells (f, cen) using a human hepatoma cell line (HuH-7). Cellular pro-
tein binding was performed in HuH-7 cells based on equivalence
established between f,.n measured in human hepatocytes and
HuH-7 cells (Riccardi et al., 2018). HuH-7 cells (JCRB0403) were pur-
chased from Sekisui Xenotech (Kansas City, KS). Cells were cultured
in 150 mm dishes at 37°C with 5% CO; using maintenance medium
composed of Dulbecco’s modified Eagle’s medium (DMEM, #11995-
065, Thermo Fisher Scientific), 10% FBS (#F2442, Sigma-Aldrich),
100 U/ml of penicillin, and 100 pg/ml of streptomycin (#10378-016,
Thermo Fisher Scientific). HuH-7 cells were diluted in PBS at 45 mil-
lion cells per milliliter and homogenized using a TissueRuptor II (Qia-
gen, Germantown, MD) for 1-2 minutes at room temperature followed
by a Kontes dounce tissue grinder (Kimble Chase Life Science, Vine-
land, NJ) with 5 strokes (tight pestle) until smooth. Equilibrium dialy-
sis was performed using an HTD96 plate and dialysis membranes of
molecular weight cut-off 12-14 kDa (HTDialysis, Gales Ferry, CT).
Dialysis membranes were washed with distilled water, 20% ethanol in
water (v/v), and stored in PBS overnight. TKIs (dasatinib, pazopanib,
and sorafenib) or rosuvastatin (control) were added to the cell
homogenate (600 pl) to achieve a final concentration of 2 uM and
mixed thoroughly. A 100-ul aliquot of cell homogenate was added to
the top “donor” chamber of the HTD96 plate and blank PBS was
added to the bottom “receiver” chamber in triplicate. The HTD96
device was sealed with a gas permeable membrane and placed onto an
orbital shaker at 200 rpm in a COy incubator (5% CO9/95% air,
75% relative humidity) for 5 hours at 37°C. Alongside the equilibrium
dialysis, an abbreviated stability study was conducted at 37°C;
a 25-ul aliquot of the remaining cell homogenate was precipitated in
200 pl of acetonitrile containing 25 nM labetalol internal standard at
0, 1, 2, and 5 hours. Each sample for stability was assessed in dupli-
cate. After 5 hours of dialysis, 25 ul of cell homogenate and 25 ul of
PBS were matrix-matched with blank PBS and blank cell homoge-
nate, respectively, prior to precipitation in 200 ul of cold acetonitrile
containing 25 nM of labetalol. Samples were mixed by vortex for 1
minute before centrifugation (3000 x g, 5 minutes). The supernatant
was transferred into a 96-well plate (#5042-1386, Agilent Technolo-
gies) and peak area ratios were measured without a calibration curve
using the LC-MS/MS conditions described above. The fraction
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unbound in diluted PBS (f, 4) and undiluted f, .1, and stability as a
percentage remaining were calculated using the following equations:

. Receiver Area Ratio
Diluted f,,¢ = ( Donor Area Ratio ) Eq. (1
1/D
/ Eq. (2)

Undiluted f, . =
" ((/fua) - 1)+1/D

Area Ratio at T = 5h)
Area Ratio at T = 0h

Eq. (3)

where area ratio is the peak area of analyte divided by the peak
area of the internal standard (labetalol) and D is the dilution factor
calculated based on the cell density and diameter (14.1 um), i.e.,
10'%/[4/3 x 3.14 x (14.1/2)? x 45 x 10°] (Riccardi et al., 2018).

Gene expression studies using RT-qPCR. SCHH were estab-
lished in a 24-well plate format, and on day 5 of culture, hepatocytes
were treated with 0.1% DMSO control, dasatinib (1.8 M), pazopanib
(6.6 uM), or sorafenib (4.3 uM) for 8 hours. RNA was extracted from
hepatocytes using the TRI Reagent according to the manufacturer’s
protocol. The concentration and purity of isolated RNA were measured
using a NanoDrop spectrophotometer. Reverse transcription of the
RNA (2 pg) to cDNA was performed using the Applied Biosystems
High-Capacity cDNA Reverse Transcription Kit. Gene expression of
SLC10A1 (gene encoding NTCP), ABCB11 (gene encoding BSEP),
CYP7A1, CYP8B1, CYP27A1, BAAT, BACS, and CYP3A4 was mea-
sured using RT-qPCR for each sample in triplicate with the QuntStu-
dio 6 Flex System. The analyzed genes and the gene-specific TagMan
assays used for RT-qPCR are listed in Supplemental Table 3. Gene
expression was calculated using the AACt method (Livak and Schmitt-
gen, 2001), in which f-actin was used as the housekeeping gene.

Membrane protein extraction and immunostaining. On
day 4, SCHH in a 24-well plate format were treated with 0.1%
DMSO control, dasatinib (1.8 M), pazopanib (6.6 M), or sorafenib
(4.3 uM) in warm QualGro culture medium for 24 hours. Membrane
and cytosolic protein from each SCHH were extracted using the Pro-
teoExtract Native Membrane Protein Extraction Kit (#444810, Milli-
pore Sigma-Aldrich), following the manufacturer’s instructions.
Briefly, cells were washed twice with cold wash buffer and treated
with 200 pl of cold Extraction Buffer I containing protease and phos-
phatase inhibitors under gentle agitation (10 minutes, 4°C), followed
by centrifugation (16,000 x g, 4°C, 15 minute). Subsequently, the
supernatant (cytosolic fraction) was collected, and the pellet was re-
suspended in 150 pl of cold Extraction Buffer II containing protease
and phosphatase inhibitors. Following incubation under gentle agita-
tion (30 minutes, 4°C), centrifugation was performed (16,000 x g,
4°C, 15 minutes) and the supernatant (membrane fraction) was col-
lected. The total protein in the membrane and the cytosolic fraction
was determined using the Pierce BCA Protein Assay Kit.

Proteins (30-35 ug) were mixed with NuPAGE LDS sample buffer
and 50 mM of dithiothreitol and subjected to SDS-PAGE using NuPAGE
7% Tris-Acetate or 4-12% Bis-Tris gels. The proteins were transferred to
a polyvinylidene difluoride membrane overnight at 15 V. Following the
transfer, the membranes were blocked in tris-buffered saline/Tween 20
(TBS-T) buffer [(Tris-buffered saline) and 0.1% (v/v) Tween 20] contain-
ing 5% (whi) nonfat dry milk (#1706404, Bio-Rad). The blocked
membranes were incubated overnight at 4°C with primary antibodies
[anti-BSEP (1:200), anti-NTCP (1:1000), anti-EGFR (1:200), anti-phos-
pho-ERK (1:1000), anti-ERK (1:200), anti-vinculin (1:200), or anti-Na*/
K" ATPase (1:10,000)] diluted in TBS-T with 5% BSA (w/v). Subse-
quently, membranes were incubated with HRP-conjugated goat anti-
mouse or goat anti-rabbit or bovine anti-goat secondary antibodies,
diluted at 1:10,000 in blocking buffer, for 1 hour at room temperature.
Chemiluminescent signal was detected using SuperSignal West Femto
Maximum Sensitivity Substrate and captured with a Molecular Imager
VersaDoc imaging system (BioRad, Hercules, CA).

Stability as % Remaining = (

x 100
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Assessment of transporter function using B-CLEAR. On
day 4, SCHH in a 24-well format were treated with 0.1% DMSO con-
trol, dasatinib (1.8 uM), pazopanib (6.6 uM,) or sorafenib (4.3 pM) in
warm QualGro culture medium. Following a 24-hour exposure to TKIs
(day 5), the biliary excretion index was measured using B-CLEAR tech-
nology (Brouwer et al., 2013; Liu et al., 1999; Swift et al., 2010). Cells
were washed twice in standard Hanks' balanced salt solution (HBSS)
or Ca®"-free HBSS containing 1 mM of egtazic acid (EGTA), prior to a
10-minute pre-incubation in standard or Ca®'-free HBSS buffer at
37°C. The standard HBSS buffer represents “Cells+Bile” or Plus (+)
buffer containing Ca®" and Mg?", whereas the Ca®"-free HBSS repre-
sents “Cells” or Minus (—) buffer that disrupts tight junctions. At the
end of the 10-minute incubation, cells were exposed to 2 uM of [°H]-
TCA (200 nCi/ml) in standard HBSS for 10 minutes at 37°C. Following
treatment, the buffer was removed, and cells were washed three times
in ice-cold standard HBSS buffer. The plates were frozen at -20°C until
processed further by lysis using 400 pl of 0.5% Triton X-100 and
0.005% Antifoam-A in PBS. Radioactivity of cell lysates was measured
using Bio-Safe II counting cocktail (Research Products International
Corp., Mt Prospect, IL) and a Tri-Carb 3100TR liquid scintillation ana-
lyzer (PerkinElmer Inc.). Total protein content was determined using
Pierce BCA Protein Assay Kit following the manufacturer’s instruc-
tions. Accumulation of TCA in cells and bile canaliculi (Cells+Bile) and
cells only (Cells) was measured in SCHH (n = 3) and normalized to total
protein content per well. The biliary excretion index (BEI), which repre-
sents the percentage of total mass accumulated that is excreted into
bile was calculated (Eq. 4). Additionally, the in vitro uptake clearance
(CLyptake) Was calculated at 10 minutes using Eq. 5.

BEI (%) — Accumulation ggs. pite) — Accumulation ceng)

Accumulati0n<cells+ Bile)

x 100 Eq. (4)

Accumulation(Ceus +Bile)

CLuptake = Eq (5)

Incubation Time x Concentrationpegia

Data analysis. An ordinary one-way or repeated measures two-
way ANOVA with Sidak’s, Dunnett’s, or Tukey’s multiple comparison
correction was used for all statistical analyses (GraphPad Prism 7.03).
Bile acid and TKI concentrations in SCHH and medium were ana-
lyzed with area ratio and calibration curves of analytes using Multi-
Quant software (AB Sciex, Framingham, MA). These concentrations
were normalized to total protein content measured using the Pierce
BCA Protein Assay Kit. In addition, cellular TKI concentrations were
calculated by dividing the amount of analyte by the hepatocellular vol-
ume for human hepatocytes (7.69 ul/mg protein) (Qualyst Transporter
Solutions Technical Application Bulletin; Lu et al., 2016). Western
blot data were analyzed using Imaged-based densitometry, normalized
to Na*/K* ATPase (loading control), and relative abundance of pro-
teins in TKI-treated SCHH compared with 0.1% DMSO control was
calculated.

Results

TKIs caused bile acid-dependent toxicity at clini-
cally relevant concentrations in SCHH. Three TKIs
were evaluated for bile acid-dependent toxicity at clinically rel-
evant total concentrations (Table 2) in SCHH using the C-
DILI assay. Results from control treatments (0.1% DMSO),
cyclosporine A (CsA; negative control), imatinib (direct toxicity
control), and troglitazone (TGZ; positive control for cholestatic
drugs) were consistent with previous reports (Jackson and
Brouwer, 2019). As shown in Fig. 1A, CsA (10 uM) did not
cause toxicity in SCHH, as it did not change cellular ATP or
LDH release in either medium relative to control, imatinib
(40 uM) exhibited comparably high toxicity in both standard

and sensitization media, and troglitazone (TGZ; 75 M) was
toxic only in the sensitization medium.

Dasatinib, pazopanib, and sorafenib decreased SCHH viabil-
ity and reduced membrane integrity, as observed by lower
ATP content and higher LDH release, when treated with
C-DILI sensitization medium (Fig. 1B). ATP levels expressed
as a percentage of DMSO control were significantly decreased
in SCHH lot EGO exposed to the sensitization medium com-
pared with the standard medium by dasatinib (1.8 and 9.0
uM), pazopanib (6.6 pM), and sorafenib (4.3 uM). These concen-
trations corresponded to 10- and 50-fold C,,.,, respectively, for
dasatinib, 0.05-fold C,,,, for pazopanib, and C,,., for sorafenib.
The differential decline in ATP content in SCHH exposed to
sensitization medium was confirmed with an increase in LDH
release (relative to DMSO control) for dasatinib (1.8 and
9.0 uM), pazopanib (6.6 uM), and sorafenib (4.3 yM). Similarly,
in SCHH lot WID, dasatinib (1.8 and 9.0 uM), pazopanib
(6.6 uM), and sorafenib (4.3 uM) significantly decreased cellular
ATP levels and increased LDH release in the sensitization
medium compared with the standard medium. Higher exposure
to sorafenib (43 uM) showed high toxicity in the standard and
sensitization media in both SCHH lots (Fig. 1B). Taken
together, SCHH treated for 24 hours with dasatinib 1.8 uM
(and 9.0 uM), pazopanib 6.6 uM, and sorafenib 4.3 uM exhib-
ited bile acid-dependent toxicity based on the C-DILI assay;
these TKI concentrations, which were only toxic in the sensiti-
zation media, were used in subsequent studies.

Unbound cellular concentrations of TKIs were
below the reported ICs5¢ for BSEP inhibition. Cellular
TKI concentrations were measured in SCHH following a 24-
hour treatment with dasatinib (1.8 uM), pazopanib (6.6 M),
and sorafenib (4.3 pM). LC-MS/MS analysis of TKI-treated
SCHH revealed that the total cellular concentrations of dasati-
nib, pazopanib and sorafenib were 5-51, 213-288, and
296-587 puM, respectively, in three lots of SCHH (Fig. 2). Cel-
lular TKI concentrations in SCHH were calculated assuming
that the BEI of unchanged parent was minimal based on pilot
studies and published data. For example, the BEI of sorafenib
in SCHH after a 10-minute incubation was reported as < 11%
(Swift et al., 2013). The cellular protein binding of dasatinib,
pazopanib, and sorafenib was calculated as 99.08%, 99.36%,
and 99.90% bound, respectively, using Eq. 2, in which D was
15.15. Based on the calculated f,, .1, the unbound cellular con-
centrations of dasatinib (0.05-0.47 uM), pazopanib (1.36-
1.84 uM), and sorafenib (0.30-0.59 uM) were below the
reported BSEP ICsq values (Table 3). The cellular protein
binding of rosuvastatin was 85.8%, consistent with previ-
ous data (Riccardi et al., 2018). Stability was acceptable
with > 70% remaining for the TKIs and rosuvastatin (con-
trol), as measured by Eq. 3.

TKIs increased expression of CYP7A1 mRNA. To
further understand the mechanism driving bile acid-depen-
dent toxicity, mRNAs were quantified for CYP7A1, CYP8B1,
CYP27A1, BAAT, and BACS, the primary bile acid-synthesiz-
ing and conjugating enzymes, and the main bile acid trans-
porters SLC10A1 and ABCBI11. Since TKIs are metabolized
by CYP3A4, CYP3A4 mRNA also was measured. In both
SCHH lots (EGO and WID), SLC10A1, CYP8B1, CYP27A1,
BAAT, BACS, and CYP3A4 mRNA did not significantly differ
from the DMSO control after an 8-hour treatment with dasati-
nib, pazopanib or sorafenib (Fig. 3A). In contrast, CYP7A1l
mRNA was significantly induced by dasatinib (6.2 to 7.8-fold),
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Fig. 1. Bile acid-dependent toxicity from tyrosine kinase inhibitors in sandwich-cultured human hepatocytes (SCHH). Bile acid-dependent toxicity
was measured in SCHH (lots EGO and WID) in Sensitization Medium (black bars, closed circles) and Standard Medium (white bars, open circles).
SCHH were treated with (A) controls including 0.1% DMSO control, cyclosporine A (CsA; 10 uM), imatinib (40 uM) or troglitazone (TGZ; 75 uM)
or (B) dasatinib, pazopanib, or sorafenib for 24 hours. ATP content and LDH release were normalized to 0.1% DMSO control. Data are shown as
mean and standard deviation (n = 3). Statistically significant differences were determined by a repeated measures two-way ANOVA, with multi-
ple comparisons corrected using the Sidak test (* P value < 0.05, **<0.0001, standard versus sensitization medium). *Precipitation was observed
at 66.4 uM pazopanib, and therefore, the highest concentration was decreased to 33.2 uM for lot EGO. Imatinib and TGZ ATP values <2% of con-
trol are not visible in Fig. 1A.

TABLE 3

Total cellular tyrosine kinase inhibitor (TKI) concentrations, fraction bound, and unbound TKI concentrations in three lots of SCHH compared
with published BSEP ICj, values.

Cellular TKI Concentrations (WM, Mean * standard deviation)

Lot/TKI Dasatinib Pazopanib Sorafenib
EGO 27 + 10 288 + 30 517 + 41
RVQ 515 257 + 11 587 + 36
WID 5x1 213 + 19 296 + 17
Cellular Fraction Unbound (f, cen) 0.0092 0.0064 0.0010
EGO (unbound) 0.25 + 0.09 1.84 +0.19 0.52 + 0.04
RVQ (unbound) 0.47 + 0.05 1.64 + 0.07 0.59 = 0.04
WID (unbound) 0.05 + 0.01 1.36 + 0.12 0.30 = 0.02
Reported BSEP 1C;5,* 13.1 10.3 8.0

BID, twice daily dosing; QD, daily dosing.
2 (Morgan et al., 2010; Morgan et al., 2013)
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Fig. 2. Cellular concentration of tyrosine kinase inhibitors (TKIs) in
sandwich-cultured human hepatocytes (SCHH) treated for 24 hours.
TKI concentrations were measured in SCHH (lots EGO, RVQ, and
WID) treated with dasatinib (1.8 pM), pazopanib (6.6 uM), or sorafenib
(4.3 uM) using liquid chromatography with tandem mass spectrometry.
Concentrations of each TKI were calculated, normalized to total protein
and hepatocellular volume, and plotted as mean + standard deviation
(n=3or4).

pazopanib (5.7 to 9.3-fold) and sorafenib (1.9 to 3.9-fold).
ABCB11 mRNA showed inconsistent trends in both SCHH
lots treated with TKIs (Fig. 3A).

TKIs caused modest changes in bile acids in SCHH and
medium after a 24-hour exposure in standard medium
(Fig. 3B and 3C), consistent with induction of CYP7A1l
mRNA. Dasatinib increased the concentrations of six bile
acid species in the medium up to 2.7-fold (GCA; lot RVQ),
and pazopanib increased GCA, TCDCA, and metabolites of
GCDCA (GCDCA-3G and GCDCA-S) in SCHH up to 1.8-
fold (lot RVQ). GCDCA-3G was increased up to 2.7-fold
with sorafenib treatment in SCHH and medium (Fig. 3B).
GCA was the most abundant bile acid present in SCHH
and medium (Fig. 3C). An increase of up to 2.3-fold in total
bile acid concentrations in the medium was observed with
dasatinib treatment compared with control. Pazopanib
increased total bile acids in SCHH up to 1.4-fold; total bile
acids were higher relative to control in all three SCHH lots
(Fig. 3C). Total bile acids in SCHH and medium appeared
to be unchanged or slightly decreased by sorafenib.
Changes in each individual bile acid species in SCHH and
medium are reported in Supplemental Fig. 1. CA and
CDCA concentrations in SCHH and medium were below
the lower limit of quantitation.

Since phosphorylation and activation of ERK repress CYP7A1
expression (Byun et al., 2018; Song et al., 2009), the phosphory-
lation status of ERK also was examined. Dasatinib, pazopanib,
and sorafenib treatment for 24 hours inhibited ERK phosphory-
lation in lot RVQ (Supplemental Fig. 2).

Hepatic NTCP membrane protein abundance was
increased by TKIs. To investigate the role of bile acid trans-
porters in TKI-mediated cholestatic hepatotoxicity, the effect
of TKIs on bile acid transport protein abundance was evalu-
ated using western blot analysis. NTCP membrane protein
abundance was increased up to 2.0-fold by all TKIs tested
except for sorafenib in lot RVQ (Fig. 4). BSEP membrane pro-
tein abundance showed an increasing trend in all SCHH lots
treated with dasatinib and pazopanib: however, this trend
was not significant. Additionally, abundance of the EGFR
membrane protein, which is known to co-traffic to the basolat-
eral membrane with NTCP (Wang et al, 2016), was
unchanged by TKI treatment.

Dasatinib and pazopanib increased bile acid
uptake in SCHH. TKI-mediated changes in bile acid trans-
porter function were assessed using the B-CLEAR assay in
SCHH pretreated with TKIs for 24 hours. Dasatinib increased
TCA accumulation in “Cells+Bile” (Standard HBSS Buffer)
and in “Cells” (Ca?*-free HBSS Buffer) compared with DMSO
control (Fig. 5). Consistent with these findings, the TCA
uptake clearance was increased up to 1.4-fold by dasatinib in
three SCHH lots (Table 4). Interestingly, the BEI trended up
to one-third lower in dasatinib-treated SCHH compared with
DMSO control even though TCA uptake was increased. Pazo-
panib also increased TCA accumulation in “Cells+Bile” in
SCHH lots EGO and RVQ consistent with an increase in
CLyptake up to 1.3-fold. In contrast to dasatinib, pazopanib
treatment increased the BEI in three SCHH lots relative to
control by up to 1.4-fold. Sorafenib treatment resulted in a
minor decrease in TCA accumulation in “Cells+Bile” and
CLyptake (Supplemental Fig. 3).

Discussion

DILI remains the leading cause of acute liver failure and a
major adverse event in drug development. Mechanisms of
DILI include oxidative stress, mitochondrial dysfunction, apo-
ptosis, immune-mediated reactions, reactive metabolite forma-
tion, time-dependent inhibition of CYP3A4, and altered bile
acid homeostasis (Mosedale and Watkins, 2017). Sensitization
of SCHH with bile acid mixtures is one approach that has
been reported to assess DILI (Chatterjee et al., 2014; Jackson
et al,, 2018a; Ogimura et al., 2011; Oorts et al., 2016).
Recently, the C-DILI assay was introduced as a mechanism-
based in vitro method using SCHH to evaluate the bile acid-
dependent toxicity of compounds, and to assess their potential
for cholestatic DILI (Jackson et al., 2018a). This assay integra-
tes several mechanisms of cholestatic toxicity, including
increased bile acid synthesis, metabolism, FXR antagonism,
and altered transport (i.e., increased uptake, decreased biliary
excretion and/or decreased basolateral efflux). In the present
study, dasatinib and sorafenib concentrations tested were
scaled from the reported C,., values, assuming higher hepatic
exposure, and established the lowest concentration at which
bile acid-dependent toxicity was observed. Since the reported
Cmax for pazopanib is high, in vitro test concentrations were
scaled down due to solubility limitations. Based on the results
of the C-DILI assay, clinically relevant concentrations (dasati-
nib: 1.8 uM equivalent to 10-fold C..; pazopanib: 6.6 uM
equivalent to 0.05-fold C,,.,; sorafenib: 4.3 uM equivalent to
Cmax) were selected for further investigation. Unbound cellular
TKI concentrations were below the IC5¢ reported for BSEP
inhibition, suggesting that mechanisms other than direct
BSEP inhibition may contribute to TKI-mediated hepatotoxic-
ity and warrant further investigation.

A novel finding of this work was the marked upregulation of
CYP7A1 mRNA by dasatinib, pazopanib and sorafenib. This
upregulation was specific for CYP7A1 and was consistent with
the observed increase in total bile acid concentrations with
dasatinib and pazopanib. The more modest ~2 to 4-fold induc-
tion of CYP7A1 mRNA with an 8-hour sorafenib treatment
was insufficient to increase bile acid concentrations after
24 hours. Previous studies showed that overexpression of
CYP7A1 in HepG2 cells markedly activated the classic path-
way of bile acid biosynthesis, increased CYP7A1 activity, and
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CYP$B1 Fig. 3. Gene expression analysis
3 (BA synthesis) by RT-gPCR and quantitative
analysis of bile acid concentrations
in sandwich-cultured human hep-
atocytes (SCHH) treated with
tyrosine kinase inhibitors (TKIs).
(A) mRNA was measured in
SCHH (lots EGO and WID) after
an 8-hour incubation with 0.1%
DMSO control (DMSO Ctrl), dasa-
tinib (1.8 uM), pazopanib (6.6
uM), or sorafenib (4.3 uM).
Threshold cycle (Cp) values of
each gene of interest (SLCI0AI,
ABCB11, CYP7A1, CYP8BI,
CYP27A1, BAAT, BACS, and
CYP3A4) were normalized to the
housekeeping gene f-actin (ACTB)
and compared with 0.1% DMSO
control. Data are plotted as mean
+ standard deviation (n = 3). Sta-
tistically significant differences
were determined by a repeated
measures two-way ANOVA with
Dunnett’s multiple comparison
test (*P value < 0.05, **<0.0001,
TKI versus control). (B) Bile acid
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resulted in an approximately 2-fold increase in total bile acids
synthesized after CYP7A1l overexpression (Pandak et al.,
2001). CYP7A1 is repressed by ERK phosphorylation via
growth factor-activated receptor tyrosine kinases in a mito-
gen-activated protein kinase (MAPK)- and Src-dependent
manner (Byun et al., 2018; Song et al., 2009). Dasatinib may
inactivate ERK indirectly via EGFR and PDGFR inhibition
or directly by Src inhibition. Pazopanib inhibits fibroblast
growth factor receptor (FGFR) 4 and Src, and sorafenib inhib-
its platelet-derived growth factor receptor (PDGFR), vascular
endothelial growth factor receptor (VEGFR), and B-/C-Raf
(Karaman et al., 2008). Inhibition of the receptor tyrosine
kinases, Raf and Src would lead to ERK inactivation and
increased CYP7A1 mRNA. The mechanism of the pazopanib-

in Medium

concentrations were quantified in
2.5 SCHH (lots EGO, RVQ and WID)
2.0 treated with 0.1% DMSO control,

dasatinib (1.8 pM), pazopanib (6.6
L5 uM) or sorafenib (4.3 pM) for 24
1.0 hours and in medium from each
well using liquid chromatography
with tandem mass spectrometry
(LC-MS/MS). Bile acid concentra-
tions in “Cells+Bile” were normal-
ized to total protein. Average fold
change (n = 3 or 4) of each bile
acid species [glycocholic acid
(GCA), glycochenodeoxycholic acid
(GCDCA), GCDCA-3-0O-f-glucuro-
nide (GCDCA-3G), GCDCA 3-
sulfate (GCDCA-S), taurocheno-
deoxycholic acid (TCDCA), and
taurocholic acid (TCA)] was cal-
culated, compared with 0.1%
DMSO control in SCHH and
medium, and plotted as a heat
map (red = increase, blue =
decrease). (C) Average total bile
acid species in “Cells+Bile” and
medium were plotted based on
SCHH Ilot and treatment. BA,
bile acids.
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mediated increase in CYP7A1 mRNA agrees with previous
reports in cynomolgus monkeys; FGFR4 inactivation leads to
CYP7AI upregulation (Pai et al., 2012). Other TKIs that are
FGFR4 inhibitors, such as FGF401, also increase CYP7A1l
mRNA in cancer cell lines and hepatotoxicity was reported in
clinical trials (Liu et al., 2020; Weiss et al., 2019). Taken
together, increased bile acid synthesis and CYP7A1 de-repres-
sion may contribute to increased bile acids in SCHH and
define a novel mechanism of dasatinib- and pazopanib-
induced hepatotoxicity.

Gene expression studies revealed that dasatinib, pazopanib,
and sorafenib did not affect CYP3A4 mRNA. This suggested
that these TKIs had no major acute or direct effect on several
nuclear receptors, such as pregnane X (PXR) or constitutively
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Fig. 4. Effect of tyrosine kinase inhibitors (TKIs) on the membrane
protein abundance of hepatic bile acid transporters in sandwich-cul-
tured human hepatocytes (SCHH). SCHH were treated with 0.1%
DMSO control (Ctrl), dasatinib (1.8 uM), pazopanib (6.6 M) or sorafe-
nib (4.3 uM) for 24 hours. Abundance of bile salt export pump (BSEP),
sodium taurocholate co-transporting polypeptide (NTCP), epidermal
growth factor receptor (EGFR), and Na™/K" ATPase (loading control)
was evaluated using immunostaining of membrane fractions harvested
from SCHH lots EGO, RVQ, and WID. Densitometry was performed
using ImageJ and BSEP, NTCP, and EGFR signals were normalized to
Na'/K* ATPase. All treatments were performed in triplicate except in
lot WID (n = 2). Statistically significant differences in lots EGO and
RVQ were assessed using repeated measures two-way ANOVA with
Dunnett’s multiple comparison test (*, P < 0.05, **, P < 0.0001, TKI
versus control).

active receptor (CAR) and hepatocyte nuclear factor 4 (HNF4)
(Honkakoski and Negishi, 2000; Tirona et al., 2003; Zollner
and Trauner, 2009). Although concurrent induction of BSEP
and suppression of NTCP are thought to protect hepatocytes
from hydrophobic bile acid-mediated toxicity (Anwer, 2004),
NTCP protein, not mRNA, was invariably increased with
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0
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dasatinib, pazopanib and sorafenib treatment. Since FXR ago-
nism represses SLC10A1 mRNA (Denson et al., 2001) and
FXR antagonism de-represses CYP7A1 mRNA (Lu et al,
2000) to maintain bile acid homeostasis via negative feedback
regulation, direct modulation of FXR was examined using a
luciferase reporter assay in HepG2 cells. No significant direct
FXR agonism or antagonism by TKIs was detected (Supple-
mental Methods and Supplemental Fig. 4). This novel finding
of increased NTCP protein was not due to an increase in
SLC10A1 mRNA or in EGFR protein, which co-traffics with
NTCP to the membrane (Wang et al., 2016). Thus, the
increase in NTCP membrane protein does not appear to
be transcriptionally driven or mediated by trafficking but may
be due to decreased internalization and degradation. It is also
noteworthy that the increased abundance of NTCP may
explain case reports of hepatitis B viral reactivation in
patients administered dasatinib (Ando et al., 2015). The pre-
cise mechanism of increased NTCP abundance may be phos-
phorylation-dependent and is the subject of ongoing inves-
tigations.

The disposition of bile acids in hepatocytes relies on multi-
ple transporters; NTCP is primarily responsible for basolateral
uptake, but OATPs may also contribute. Dasatinib inhibits
OATP1B1 and OATP1B3 without affecting membrane protein
abundance (Pahwa et al., 2017); pazopanib and sorafenib are
also potent OATP1B1 inhibitors in vitro (Hu et al., 2014).
Therefore, increased NTCP protein abundance in hepatocytes
exposed to dasatinib would be expected to increase bile acid
uptake, consistent with the observed increase in TCA CLyptake
measured using the B-CLEAR assay. Pazopanib increased
TCA CLyptake in two out of three SCHH lots. Pazopanib also
increased “Cell+Bile” accumulation of bile acids, consistent
with increased hepatocyte bile acid uptake and enhanced bile
acid synthesis; GCA, GCDCA-3G, GCDCA-S and TCDCA
were increased to the greatest extent.

Biliary excretion of bile acids in humans is dominated
by BSEP and, to a lesser extent, by MRP2. The biliary
excretion index (BEI) of TCA was decreased by dasatinib
treatment despite increased bile acid uptake and
enhanced bile acid synthesis. BSEP inhibition would not
be expected in SCHH because the unbound cellular dasa-
tinib concentrations in this study were more than an
order of magnitude lower than the reported IC5o value of
13.1 uM (Morgan et al., 2013). There are several possible
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Fig. 5. Effect of tyrosine kinase inhibitors (TKIs) on the function of hepatic bile acid transporters in sandwich-cultured human hepatocytes
(SCHH). The function of bile acid transporters was measured using B-CLEAR technology in SCHH (lots EGO, RVQ, and WID); [*H]-taurocholate
(TCA) biliary excretion index (BEI; %) and uptake clearance (CLyptake; #l/min/mg protein) values (Table 4) were calculated using Eqs. 4 and 5,
respectively. SCHH were pretreated with 0.1% DMSO control (DMSO Ctrl), dasatinib (1.8 uM), pazopanib (6.6 M), or sorafenib (4.3 M) for 24
hours. Accumulation of 2 yM [*H]-TCA (200 nCi/ml) was measured in “Cells+Bile” and “Cells” using standard (+ Ca®"; black bars) and Ca®*-free
(— Ca?"; white bars) Hank’s balanced salt solution (HBSS) buffer. Data are plotted as mean + standard deviation (n = 3). Statistically significant
differences were assessed using an ordinary two-way ANOVA with Dunnett’s multiple comparison test (*, P < 0.05, **, P < 0.0001, TKI versus

DMSO control).
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TABLE 4
Effect of tyrosine kinase inhibitors on uptake clearance (CLyptake) and biliary excretion index (BEI) of [’H]-taurocholate (TCA).
DMSO Ctrl Dasatinib Pazopanib
TCA BEI (%) TCA CLyptake TCA BEI (%) TCA CLyptake TCA BEI (%) TCA CLyptake
(uL/min/mg protein) (uL/min/mg protein) (uL/min/mg protein)

Lot EGO 414 16.1+1.6 26.1 23.2 + 1.6 56.2 215+ 15

Lot RVQ 59.6 13.4 £ 0.3 44.3 15.8 + 0.9 71.0 15.9 £ 0.9

Lot WID 60.9 151 +1.3 49.4 17.8 + 0.3 72.6 14.2 + 0.5

explanations for this apparent discrepancy. Membrane
vesicles prepared from insect Sf9 cells overexpressing
BSEP may overestimate the relevant BSEP ICs, in
human hepatocytes. Alternatively, a metabolite of dasa-
tinib formed in SCHH may be a more potent inhibitor of
BSEP than dasatinib. The increased concentrations of
bile acids in the medium with a modest decrease or little
change in bile acids in SCHH exposed to dasatinib could
be attributed to higher basolateral efflux of bile acids,
possibly via MRP3 and/or MRP4 (Keppler, 2011). In con-
trast, pazopanib increased the BEI of TCA, which is
expected with increased bile acid uptake and increased
cellular bile acids. It is noteworthy that pazopanib is a
competitive inhibitor of MRP4 (Morgan et al., 2013). The
sorafenib-mediated increase in the bile acid metabolite
GCDCA-3G in SCHH and medium may be due to increased
bile acid glucuronidation via uridine 5'-diphospho-glucurono-
syltransferase (UGTs) and/or altered transport via MRPs.
Inhibition of MRP2 and MRP4 by sorafenib is consistent with
previous in vitro studies (Hu et al., 2009). In general, sorafe-
nib treatment of SCHH resulted in only modest changes in
bile acid disposition based on the B-CLEAR assay, which is
consistent with less notable alterations in NTCP and
BSEP mRNA and protein, and CYP7A1 mRNA, and total
bile acid content in SCHH and medium. BSEP inhibition
as reported in membrane vesicles was not reflected in
SCHH pretreated with pazopanib and sorafenib due to

Bile Acids T CLupe D200 1y
T
O
NTCP
GCDCA-3G
Sorafenib T ®9 i)

much lower unbound concentrations in SCHH compared
with the IC5o values determined in membrane vesicles.
One limitation of this study is the absence of albumin in
the culture medium, which might lead to higher total and
unbound intracellular concentrations.

In conclusion, these results implicate novel mechanisms of
bile acid-mediated dasatinib and pazopanib hepatotoxicity
(Fig. 6) that are associated with CYP7A1 mRNA induction
and enhanced NTCP-mediated bile acid uptake in human hep-
atocytes. These novel findings demonstrate the relationship
between altered bile acid homeostasis, hepatic transporter reg-
ulation, and tyrosine kinases targeted by these TKIs in
SCHH. Furthermore, these data suggest that competitive inhi-
bition of BSEP, as reported in membrane vesicles, is not the
only mechanism of altered bile acid homeostasis associated
with these TKIs in human hepatocytes. This work emphasizes
that multiple factors may contribute to DILI and highlights
the importance of using in vitro systems such as SCHH
with intact cellular regulatory machinery to investigate DILI
mechanisms.
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Methods

FXR (Ant)agonism Reporter Assay. HepG2 (European Collection of Authenticated Cell
Cultures or ECACC, #85011430, Salisbury, UK) hepatoma cells were cultured on 100 mm
plates at 37°C and 5% CO». Growth medium was Dulbecco's Modified Eagle medium (DMEM;
Gibco, #11880, Paisley, Scotland, UK) supplemented with 10% fetal bovine serum (FBS,
Biowest, #S181B, Nuaillé, France), 2 mM L-glutamine (Biowest, #X0550) and 100 U/ml
penicillin - 100 mg/ml streptomycin (Biowest, #.0022). The cells were sub-cultured according
to the ECACC instructions. GW4064 (Tocris, #2473, Abingdon, UK) was used as a reference
compound for FXR activation. The list of TKI chemicals tested are shown in Table 1. All
chemicals were dissolved and diluted in DMSO except Z-guggulsterone, which was dissolved
in ethanol. The expression vector CMX-GAL4 and the firefly reporter UASx4-tk-luc have been
described before (Janowski et al., 1996; Kiiblbeck et al., 2011). The human FXR ligand binding
domain (residues 222-472) (Parks et al., 1999) was cloned between a blunted BamHI site and
a Sall site of CMX-GAL4 plasmid and verified by restriction digestion and dideoxy sequencing.
The pRL-TK reporter with Renilla luciferase was purchased from Promega (#E2241, Madison,
WI, USA) and used to control for transfection efficiency. For the mammalian one-hybrid dual
luciferase reporter assays, 50,000 cells in 100 pL growth medium per well were plated 16-20
hours before transfection. Transfection was performed using Lipofectamine 3000 (Invitrogen,
#L.300015, Carlsbad, CA, USA) following the manufacturers’ instructions. Plasmid amounts
were pre-optimized at 50 ng CMX-GAL4-hFXR, 100 ng UAS4-tk-LUC, and 0.25 ng pRL-TK.
After four hours of transfection, cells were exposed to test chemicals. They were diluted
(1:1000) at desired concentrations in treatment medium [Opti-MEM (Gibco, #11058), 5%
lipid-free serum (Biowest, #S181F) and 1% antibiotics]. For antagonist assays, | uM GW4064
was included to obtain roughly 50% activation of FXR. DMSO or ethanol (0.1% v/v) served

as solvent controls. After a 24-hour exposure to chemicals or solvents, the cells were lysed,



and firefly and Renilla luciferase activities were measured from lysates (20 pL) using the Dual-
Luciferase Reporter 1000 Assay System (Promega, #E1980) reagent kit and VICTOR
Multiplate Reader (Wallac, Turku, Finland) equipped with double injectors. The blank values
were subtracted, and firefly luciferase activities were normalized to Renilla luciferase activities.
For agonist mode, data are presented relative to the DMSO control (set at 1.0) and for
antagonist mode, data are presented relative to 1 uM GW4064 (set at 100.0). Data are plotted
as mean =+ standard deviation (n=4). Statistically significant differences were calculated using

a two-way ANOVA, with Tukey’s post-hoc test applied for multiple comparison correction.
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Supplementary Table 1. Demographic Information of Human Hepatocyte Donors.

BMI Prior Medication/
NID'¢ Cause of Death
(kg/m?) Disease History
Cerebrovascular None/
EGO | Female 58 Caucasian 26.5
accident Hypertension
Cerebrovascular Unknown/
RVQ Male 50 Caucasian 31.3
accident Hypertension
None/
WID Male 71 Caucasian 25.7 Head Trauma

Hypertension




Supplementary Table 2. Multiple reaction monitoring (MRM) transitions and collision
energies of bile acid species, tyrosine kinase inhibitors (TKIs), and internal standards (IS)

measured using liquid chromatography with tandem mass spectrometry (LC-MS/MS).

Parention  Daughter Collision Retention
Bile Acid Species
m/z ion m/z Energy (V) Time (min)
Cholic acid (CA) 407.2 407.2/343.0 -40/-44 15.1
Taurocholic acid (TCA) 514.9 514.9/79.8 -62/-126 10.2
Glycocholic acid (GCA) 464.0 73.9 -94 12.1
Chenodeoxycholic acid

391.2 391.2 -38 17.2

(CDCA)

Taurochenodeoxycholic acid

498.0 498.0/80.0 -38/-130 13.3

(TCDCA)

Glycochenodeoxycholic acid

448.0 448.0/74.0 -38/-78 15.8

(GCDCA)
GCDCA 3-sulfate 528.0/263.6 | 528.0/74.1 -38/-24 11.8
GCDCA 3-O-glucuronide 624.2 448.2 -38 13.2
TCA-ds (IS) 519.2 519.2/79.8 -62/-128 10.2
GCA-ds (IS) 469.7 74.0 -94 12.1
CDCA-d4 (IS) 395.2 395.2 -38 17.2
TCDCA-ds (IS) 503.9 80.0 -130 13.3
GCDCA-dy (IS) 454.8 74.8 38 15.8
Dasatinib 489.1 401.6 43 23




Pazopanib 438.6 356.7 39 22
Sorafenib 466.1 270.8 33 32
Labetalol (IS) 329.2 161.9 25 22




Supplementary Table 3. Gene-specific Tagman probes used for mRNA analysis.

Target gene Taqman probe Dye

CYP7A41 Hs00167982 ml FAM-MGB
ABCBI11 Hs00994811 ml FAM-MGB
SLC10A41 Hs00161820 m1 FAM-MGB
CYP344 Hs00231968 ml FAM-MGB
CYP8BI Hs00244754 s1 FAM-MGB
CYP27A1 Hs00168003 _ml1 FAM-MGB
BAAT Hs00156051_ml1 FAM-MGB
BACS Hs01556990 g1 FAM-MGB
ACTB Hs01060665 g1 FAM-MGB




Figure Legends

Supplementary Figure 1. Bile acid species in sandwich-cultured human hepatocytes
(SCHH, Cells+Bile) treated with tyrosine kinase inhibitors (TKIs) for 24 hours and in
medium at 24 hours. Bile acid concentrations were measured in SCHH (lots EGO, RVQ and
WID) treated with 0.1% DMSO control, dasatinib (1.8 M), pazopanib (6.6 uM) or sorafenib
(4.3 uM) and in medium from each well using liquid chromatography with tandem mass
spectrometry (LC-MS/MS). Levels of each bile acid species [glycocholic acid (GCA),
glycochenodeoxycholic acid (GCDCA), GCDCA-3-0-B-glucuronide (GCDCA-3G), GCDCA
3-sulfate (GCDCA-S), taurochenodeoxycholic acid (TCDCA) and taurocholic acid (TCA)] in
SCHH were calculated, normalized to total protein, and plotted as mean =+ standard deviation
(n=3 or 4). Statistically significant differences were calculated using an ordinary two-way

ANOVA, with the Dunnett’s multiple comparisons test ( *, p<0.05, **, p<0.0001).

Supplementary Figure 2. Effect of dasatinib, pazopanib and sorafenib on the
phosphorylation status of extracellular signal-regulated kinase (ERK) in sandwich-
cultured human hepatocytes (SCHH; lot RVQ). SCHH were treated with 0.1% DMSO
control (Ctrl), dasatinib (1.8 uM), pazopanib (6.6 uM) or sorafenib (4.3 puM) for 24 hours.
Abundance of phospho-ERK, total ERK and vinculin (loading control) was evaluated using
immunostaining of cytosolic fractions harvested from SCHH lot RVQ. Data are shown in
triplicate. Densitometry was performed using ImageJ and phospho-ERK and total-ERK signals
were normalized to vinculin. Statistically significant differences were assessed using an
ordinary one-way ANOVA (TKI vs. 0.1% DMSO control) and corrected for multiple

comparisons using the Dunnett’s test ( **, p<0.0001).



Supplementary Figure 3. Effect of sorafenib on the function of hepatic bile acid
transporters in sandwich-cultured human hepatocytes (SCHH). The function of bile acid
transporters was measured using B-CLEAR® technology in SCHH (lots RVQ and WID);
biliary excretion index (BEI; %) and uptake clearance (CLuptake; ML/min/mg protein) values
were calculated using equations 4 and 5, respectively. SCHH were pretreated with 0.1% DMSO
control (DMSO Ctrl) or sorafenib (4.3 pM) for 24 hours. Accumulation of 2 uM [*H]-TCA
(200 nCi/ml) was measured in “Cells+Bile” and “Cells” using standard (+ Ca>"; black bars)
and Ca?’-free (— Ca®"; white bars) HBSS buffer. Data are plotted as mean + standard deviation
(n=3). Statistically significant differences were assessed using multiple unpaired t-tests with

Holm-Sidak multiple comparison correction (*, p<0.05, sorafenib vs. DMSO control).

Supplementary Figure 4. Effect of tyrosine kinase inhibitors (TKIs) on FXR activity.
HepG2 cells were treated with 0.1% DMSO control (Ctrl), GW4064 (10 uM; positive control
for FXR agonism), Z-guggulsterone (20 uM; positive control for FXR antagonism), dasatinib
(1.8 uM), pazopanib (3.3 uM) or sorafenib (2.15 uM) for 24 hours. Firefly luciferase activities
were normalized to Renilla luciferase activities and plotted as mean =+ standard deviation (n=4).
Agonism data are presented relative to 0.1% DMSO control (set to 1.0) and antagonism data
are shown relative to GW4064 (set to 100.0). Test concentrations of TKIs were selected based
on toxicity and solubility in HepG2 cells and medium, respectively. Statistically significant
differences were calculated using a two-way ANOVA and corrected for multiple comparisons

using Tukey’s post-hoc test ( **, p<0.0001, @ potentially insoluble in medium).
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Supplementary Figure 3
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