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EMT induced by extended functional inhibition of
CDH1 was gradual and led to the reprogramming of
tumor cells.*?

TGFpf1 may exhibit tumor suppressive or oncogenic
properties. It is a major inducer of EMT, and several
authors reported that TGFf1 treatment led to an
EMT in liver cells.***# During the retrodifferentiation,
HepaRG-tdHep exhibited a late TGFp1 signature that
was shown to be associated with a poor prognosis in
HCC.Y Moreover, exposure of HepaRG-tdHep to
TGFf1 induces the expression of EMT markers.
TGEP1 also increased IL6 at both the transcription
and protein levels. Numerous studies have reported the
existence of crosstalk between the TGFf and IL6 path-
ways,45’47 and Yamada et al.*” have demonstrated that
this crosstalk conwributes to the gain in malignancy,
including chemoresistance and EMT. Using recombi-
nant TGFf1 and STAT3 inhibitors, we demonstrated
that IL6 is responsible for the decrease in hepatic-gene
expression, whereas TGFpB1 regulates EMT markers;
both signaling pathways associated with NF«xB activa-
tion resulted in retrodifferentiation of HepaRG-tdHep.
Using a large-scale analysis, we observed a strong up-
regulation of several factors in IL17 signaling pathways
(CXCL10, CXCL2, or CCLI1) associated with early
TNE-NFxB, IL6, and TGFf induction. Among these
factors, CXCL10 produced by hepatocytes and sinu-
soidal cells is increased in the serum and liver of
patients with chronic HCV.*® IL17 is known to coor-
dinate local tissue inflammation through the induction
of inflammatory cytokines such as 1L6, TNFo, and
IL1p, which in turn promote Th17 cell expansion
favoring tumor progression in cooperation with
TGFPB1.>®> These findings suggest that tumor hepato-
cyte retrodifferentiation is accompanied by a cytokine
release amplification loop and therefore a modulation
of the local environment that favors tumor immune
escape. Interestingly, using a connectivity map
approach, we selected an inhibitor of histone deacety-
lase, TSA, that blocks the dedifferentiation followed
by cell-cycle activation of HepaRG-tdHep. This
strengthens the role of TSA reported previously to
abrogate TGFf1-induced EMT in hepatocytes or the
migration of HepaRG-tdHep in an inflammatory
microenvironment.”*

Evidence is provided that embryonic stem cell-like
signatures are present in poorly differentiated can-
cers.”” Cortelations have also been shown between the
properties of tissue stem cells and cells that undergo
EMT."*>* Consistent with these findings, we have pre-
viously shown that HepaRG progenitors expressed sev-
eral oval cells, hematopoietic stem cells, and lymphoid
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and myeloid markers.”® We also demonstrated in this
study that the population of retrodifferentiated
HepaRG-tdHep expressed stem/progenitor markers.
Moreover, we identified in the gene profiles of progen-
itor cells derived from HepaRG-tdHep a significant
enrichment of gene signatures related to stemness™
and a poor-prognosis HCC subclass corresponding to
a TGFp signature resulting in invasive/disseminative
and proliferative progenitor phenotypes.®** Taken
together, these observations suggest that retrodifferen-
tiation and proliferation of hepatocytes may cooperate
in the development of liver tumors.*?

Although the HepaRG cell line displays high plastic-
ity, its karyotype is pseudo-diploid and subnormal.'®
Cells are not carrying mutations in genes recurrently
altered in HCC tumors such as tumor protein p53
(TP53), pP-catenin (CTNNBI1), AT rich interactive
domain 1A (ARIDI1A) or ARID2 (Zucman-Rossi and
Dubois-Pot-Schneider, pers. commun.). Consistent
with its tumor origin, HepaRG cells exhibit a muta-
tion pattern of HCC primarily associated with viral
infections such as the NLR family pyrin domain con-
taining 1 (NLRP1) and transformation/transcription
domain-associated protein (TRRAP). Moreover, our
observations are clinically relevant. First, it has been
reported that liver biopsies and sera of HCV-infected
patients contain elevated levels of inflammatory cyto-
kines such as IL6, TNFo, CXCL10, and TGFf2.7>%
Second, the GSEA approach emphasized the presence
of a signature of HCC proliferative and S1 subclasses
that corresponds to HCC with reduced frequencies of
CTNNB1 mutations.*** Third, the HCC S1 subclass,
which contained mostly moderate or poorly differenti-
ated tumors associated with a high risk of early recur-
rence, was mainly related to EMT associated with an
activation of TGFf and WNT signaling pathways.
Therefore, the behavior of HepaRG-tdHep may reflect
that of some tumor hepatocytes from HCV-associated
HCC. Taken together, our data suggest that cancer
progenitor cells (or metastasis progenitors) may derive
from tumor hepatocytes in an inflammatory environ-
ment frequently associated with HCV-related HCC.
Moreover, targeting the epigenetic modulation induced
during tumor hepatocyte retrodifferentiation open new
therapeutic perspectives.
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ABSTRACT

Chimeric mice with humanized liver (PXB mice) have been
generated by transplantation of urokinase-type plasminogen
activator/severe combined immunodeficiency mice with human
hepatocytes. The purpose of the present study was to clarify the
protein expression levels of metabolizing enzymes and transporters
in humanized liver of PXB mice transplanted with hepatocytes from
three different donors, and to compare their protein expressions
with those of human livers to validate this human liver model. The
protein expression levels of metabolizing enzymes and transporters
were quantified in microsomal fraction and plasma membrane
fraction, respectively, by means of liquid chromatography-tandem
mass spectromeiry. Protein expression levels of 12 human P450
enzymes, two human UDP-glucuronosyltransferases, eight human
ATP binding cassette (ABC) transporiers, and eight human solute

carrier transporiers were determined. The variances of protein
expression levels among samples from mice humanized with
hepatocytes from all donors were significantly greater than those
from samples obtained from mice derived from each individual
donor. Compared with the protein expression levels in human
livers, all of the quantified metabolizing enzymes and transporiers
were within a range of 4-fold difference, except for CYP2A6,
CYP4A11, bile salt export pump (BSEP), and multidrug resistance
protein 3 (MDR3), which showed 4- to 5-fold differences between
PXB mouse and human livers. The present study indicates that
humanized liver of PXB mice is a useful model of human liver from
the viewpoint of protein expression of metabolizing enzymes and
transporters, but the results are influenced by the characteristics of
the human hepatocyte donor.

Introduction

Species differences in drug metabolism and transport in the liver
between humans and experimental animals are a critical issue during
drug development. To overcome this problem, chimeric mice with
humanized liver (PXB mice; PhoenixBio Co., Ltd., Hiroshima,

Japan) have been generated by transplantation of human hepatocytes

into albumin enhancer/promoter-driven urokinase-type plasminogen
activator/severe combined immunodeficiency (uPA+/ */SCID) mice;
in these mice approximately 80% of the hepatocytes are human
(Tateno et al., 2004). PXB mice generate human-specific metabolites
(Inoue et al., 2009; Kamimura et al., 2010; Yamazaki et al., 2010; De
Serres et al., 2011), and pregnane X receptor (PXR)-dependent in-
duction of metabolizing enzymes was observed when the mice were

This study was supported in part by a grant by the Development of Creative
Technology Seeds Supporting Program for Creating University Ventures from
Japan Science and Technology Agency (JST), a grant for Strategy Promotion of
Innovative Research and Development from JST, and a grant from the Industrial
Technology Research Grant Program from New Energy and the Industrial
Technology Development Organization (NEDO) of Japan.
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treated with a human PXR ligand (Hasegawa et al., 2012). Therefore,
the liver of PXB mice is considered to be potentially useful as a model
of human liver for studies of drug metabolism.

The uptake of most drugs from circulating blood into the liver at the
sinusoidal membrane of hepatocytes involves active transport. The
drugs subsequently undergo biotransformation by intracellular enzymes
such as cytochrome P450 (P450) and UDP-glucuronosyltransferase
(UGT), and the parent drug or its metabolites are eventually excreted
from the hepatocytes by canalicular and/or sinusoidal transporter
proteins. Therefore, expression analyses of metabolic enzymes and
transporters in the liver of PXB mice are essential to validate the model.
For example, it has been established by means of quantitative PCR and
quantitative immunoblot analyses that PXB mice with a high
replacement ratio express eight human P450s and human phase II
enzymes, including three UGTS, at levels similar to those in human liver
(Katoh et al., 2004,2005). Gene expression of the human ATP binding
cassette (ABC) transporters and human solute carrier (SLC) transporters
was also confirmed in humanized liver (Nishimura et al., 2005; Kikuchi
et al., 2010). However, protein expression of drug transporters has not
yet been quantitatively analyzed in PXB mice. This is important,
because we recently showed that there is a poor correlation between
protein and mRNA expression levels of metabolizing enzymes (except

ABBREVIATIONS: ABC, ATP binding cassette; BCRP, breast cancer resistance protein; BSEP, bile salt export pump; CV, coefficient of variance;
v-GTP, y-glutamyl transpeptidase; LC-MS/MS, liquid chromatography-tandem mass spectrometry; LLOQ, lower than the limit of quantification;
MRM, multiplexed multiple reaction monitoring; MDR, multidrug resistance protein; MRP, multidrug resistance-associated protein; OAT, organic
anion transporter; OATP, organic anion transporting polypeptide; OCT, organic cation transporter; PXB mice, chimeric mice with humanized liver;
P450R, NADPH-cytochrome P450 reductase; UGT, UDP-glucuronosyltransferases; uPA/SCID, urokinase-type plasminogen activator/severe

combined immunodeficiency.
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CYP3A4) and transporters in human livers; for example, the correlation
coefficients (%) were less than 0.3 for CYP1A2, 2C9, 2A6, 2El,
UGTI1AL, CYP2B7, multidrug resistance-associated protein 2 (MRP2),
multidrug resistance protein 1 (MDRI1), bile salt export pump (BSEP),
multidrug and toxin extrusion protein 1 (MATEL1), organic cation
transporter (OCT1), sodium/taurocholate cotransporting polypeptide
(NTCP), and organic anion transporting polypeptide (OATP)1B3
(Ohtsuki et al., 2012). Furthermore, metabolizing activities of P450s
such as CYP2C9, 2C19, 2D6, and 2E1 were correlated to expression
levels of protein rather than mRNA (Ohtsuki et al., 2012). In ad-
dition, human hepatocytes are transplanted to produce the PXB mice,
80 it is also important to consider the influence of the donor on the
protein expression of metabolizing enzymes and transporters.

We have recently developed a liquid chromatography—tandem mass
spectrometry (LC-MS/MS)-based protein quantification method that
does not require antibodies (Kamiie et al., 2008). In this method, the
target protein concentration in a sample is determined after enzymatic
digestion by quantifying one or more peptide fragments specific to the
target molecule. By using this method, we have measured protein
expression levels of metabolizing enzymes and transporters in human
and mouse livers (Kamiie et al., 2008; Kawakami et al., 2011; Ohtsuki
et al., 2012). Since the target peptide is identified by mass-weight
information, a single amino acid difference can be distinguished.
Furthermore, the specificity, accuracy, and dynamic range of quantifica-
tion by LC-MS/MS-based analysis [coefficient of variance (CV) < 20%
and three-orders-of-magnitude dynamic range] are greatly superior to
those in the case of immunoblot analysis (Kamiie et al., 2008; Kawakami
et al., 2011; Ohtsuki et al., 2011). Therefore, this method was considered
suitable for validating PXB mouse as a human liver model in terms of
protein levels in the liver.

The purpose of the present study was to clarify the protein ex-
pression levels of metabolizing enzymes and transporters in liver of
PXB mice transplanted with human hepatocytes from different donors
by using LC-MS/MS, and to compare the protein expression levels
with those of human livers to validate PXB mouse as a model of
human liver.

Materials and Methods

Generation of PXB Mice. The present study was approved by the Ethics
Committees of the Graduate School of Pharmaceutical Sciences, Tohoku
University, and PhoenixBio Co., Ltd. The experiments in this report conformed
to the guidelines established by the Animal Care Committee, Graduate School
of Pharmaceutical Sciences, Tohoku University, and PhoenixBio Co., Ltd. The
cryopreserved human hepatocytes from donor BD85 (black, male, 5 years old),
BD72 (white, female, 10 years old), and BD87 (white, male, 2 years old) were
purchased from BD BioSciences (San Jose, CA) (Supplemental Table 1). The
chimeric mice with humanized liver were generated by the method described
previously (Tateno et al., 2004). Briefly, uPA**/SCID mice were prepared
(Tateno et al., 2004), and at 3 weeks after birth they were injected with human
hepatocytes through a small left-flank incision into the inferior splenic pole.
The concentration of human albumin in the blood of the chimeric mice and the
replacement index (RI; the rate of the replacement from mouse to human
hepatocytes) were measured using latex agglutination immunonephelometry
(LX Reagent “Eiken” Alb II; Eiken Chemical, Tokyo, Japan) and anti-human
specific cytokeratin 8 and 18 antibody (Cappel Laboratory, Cochranville, PA),
respectively (Supplemental Table 1). There was a good correlation between the
human albumin concentration and the RI (Tateno et al., 2004). In this study, the
chimeric mice used were 13-14 weeks of age.

LC-MS/MS-Based Protein Quantification - Analysis. Microsomal and
plasma membrane fractions of liver were prepared as described previously
(Ohtsuki et al., 2012). For details, see Supplemental Data. Protein quantitation
of the target molecules was simultaneously performed by means of high-
performance (HP)LC-MS/MS for metabolizing enzymes or nanoLC-MS/MS
for transporters with multiplexed multiple reaction monitoring (multiplexed

Ohtsuki et al.

MRM) as described previously (Ohtsuki et al., 2011; Shawahna et al., 2011;
Uchida et al., 2011). Protein expression levels were determined by quantifying
specific target peptides produced by trypsin digestion (Supplemental Table 2).
Absolute amounts of each target peptide were determined by using an internal
standard peptide, which is a stable isotope-labeled peptide with an amino acid
sequence identical to that of the corresponding target peptide. Details of the
quantification procedure are given in Supplemental Data.

One specific peptide was selected for quantification of each target protem
and measured at four different MRM transitions. The amount of each peptide
was determined as an average of three or four MRM transitions from one
sample. In cases where signal peaks of fewer than three transitions were
obtained, the amount of peptide in the sample was defined as under the limit of
quantification. The absolute expression amount of CYP3A4 was calculated
from the quantitative data obtained for a peptide generated from both CYP3A4
and CYP3A43 by subtracting the value obtained for a peptide that is specific
for CYP3A43. Since CYP3A43 was under the limit of quantification in all
samples, quantification values obtained with CYP3A4/43 peptides were used as
those of CYP3A4.

For the comparison of protein expression levels between humanized liver of
PXB mice and human liver, the data for microsomal fraction of 17 human liver
biopsies were taken from our previous publication (Ohtsuki et al., 2012).

Statistical Analysis. Statistical significance of differences among donors
was determined by one-way analysis of variance followed by the Bonferroni
test using Origin 9 software (OriginLab Corp., Northampton, MA).

Results

Protein Expression Levels of Metabolizing Enzymes in Micro-
somal Fraction of PXB Mouse Liver. Protein expression levels of
12 human P450 enzymes, human NADPH-cytochrome P450 reductase
(P450R), Na*/K" ATPase, and y-glutamyl transpeptidase (y-GTP) were
determined in liver microsomal fraction of PXB mice with transplanted

hepatocytes from three different donors (Table 1). Two human UGT

enzymes were determined in hepatocytes from two different donors. Na*/
K" ATPase and y-GTP are membrane markers, and both the human and
mouse molecules were quantified. The coefficients of variance of their
quantification values were 14.5% and 14.1%, respectively, among 11
samples, and the values were not significantly different among the three
donors. This suggests that the purity of the microsomal fraction was
similar in all cases.

CYP2E1, P450R, and UGT2B7 were expressed most abundantly at
51.8, 31.6, and 55.0 pmol/mg protein of microsomal fraction, res-
pectively (Table 1). The highest CV among samples was 76.1% for
CYP2A6. The average of %CV of all samples was 43.4%. This is
significantly greater than those of the individual donors (P << 0.05),
which were 26.5%, 23.9%, and 23.0% for BD85, BD72, and BD87,
respectively, suggesting that differences among the donors contribute
substantially to the variances of expression levels of the target proteins
in all samples. CYP2C9, 2C8, 2A6, 2C19, 2D6, 2B6, and P450R
showed significant differences in protein expression levels among
donors (P < 0.05). In addition, CYP3A5 and 3A7 were determined in
all five samples from donor BDS8S5, but were not detected or were
detected in only 1 sample from the other donors. CYP2D6 was detected
in only one sample from donor BD72, but was detected in all samples
from BD85 and BD87.

Protein Expression Levels of Transporters in Plasma Mem-
brane Fraction of PXB Mouse Liver. Protein expression levels of
seven human ABC transporters, eight human solute carrier trans-
porters, Na*/K* ATPase, and y-GTP were determined in plasma
membrane fraction of PXB mouse liver, since these drug transporters
function at the plasma membrane (Table 2). Na*/K* ATPase and
v-GTP are membrane markers, and the CVs of their quantification
values were 29.4% and 40.1%, respectively, among 11 samples. The
quantified values were not significantly different among the three
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TABLE 1

Protein expression levels of metabolizing enzymes in microsomal fraction of humanized liver of PXB mice

Unit of protein expression is pmol/mg protein of microsomal fraction.

ALL (n =11) BD85 (n =5) BD72 (n=3) BD87 (n=3)
Donor

Mean S.D. DCV n Mean S.D. % CV n Mean S.D. DCNV 0 Mean S.D. %CV  n
CYP2E] 51.8 9.7 187 11 517 94 18 5 529 7.8 15 3 509 152 30 3
CYP3A4 27.8 124 445 11 267 11.1 41 5 248 10.7 43 3 324 18.9 58 3
CYP2C9* 21.7 14.2 655 11 9.71 1.00 10 5 286 10.6 37 3 348 144 41 3
CYPIA2 20.7 6.4 309 11 233 5.1 22 5 165 7.1 43 3 204 7.7 38 3
CYP2C8* 15.8 6.3 39.8 11 102 1.8 18 5 169 1.9 11 3 241 2.1 9 3
CYP2A6* 10.2 7.8 76.1 11 2.93 0.40 14 5 124 1.6 133 202 33 16 3
CYP2C19* 8.84 625 70.8 11 4.90 1.15 24 5 166 7.2 43 3 759 299 39 3
CYP2D6* 7.07 294 416 9 6.77 1.64 24 5 1.23 1 9.51 1.75 18 3
CYP3A7 6.32 331 523 5 6.32 3.31 52 5 LLOQ LLOQ
CYP3AS 556 4.09 735 6 6.56 3.66 56 5 LLOQ 0.579 1
CYP4A11 5.04 1.97  39.1 9 4.85 1.99 41 5 2.29 1 6.26 124 20 3
CYP2B6* 190 091 476 11 1.68 0.49 30 5 1.08 027 25 3 3.11 0.45 15 3
P450R* 31.6 18.7 593 11 124 1.7 14 5 437 4.6 11 3 512 1.7 3 3
UGT2B7 550 208 37.8 6 N.D. 43.0 114 26 3 670 22.7 34 3
UGTIA1 19.0 2.4 12.5 6 N.D. 19.7 3.5 18 3 184 0.5 3 3
Na"/K* ATPase 104 1.5 145 11 994 214 22 5 105 0.4 4 3 111 0.9 8 3
y-GTP 264 037 141 11 2.57 0.33 13 5 2.64 055 21 3 2.74 0.37 13 3

n, Number of determined samples; LLOQ, lower than the limit of quantification; N.D., not determined.
*Significant difference (P < 0.05) in protein expression levels among donors (BD85, BD72, and BD87).

donors. This suggests that the purity of plasma membrane fraction was
similar among donors, although the variability appeared to be greater
than that of the microsomal fraction

All human transporters, except breast cancer resistance protein
(BCRP), were quantified in all 11 samples (Table 2). MDR3 and
BSEP exhibited the highest expression levels among the quantified
transporters at 8.68 and 7.57 pmol/mg plasma membrane protein,
respectively. Human BCRP was not detected in five samples from
donor BDS8S, and was not quantified in samples from BD72 and
BDS87, in accordance with a report that BCRP expression is very low
in human liver plasma membrane fraction (Ohtsuki et al., 2012). The
average value of %CV of all samples was 47.0%, which was similar to

that of microsomal fraction (43.4%), and significantly greater than that
of BD72 (25.5%, P < 0.01) or BD87 (25.6%, P < 0.01). It was also
greater, though not significantly, than that of BD85 (35.4%). Therefore,
differences among the donors appear to contribute substantially to the
variances of protein expression levels in all samples. MDR3, BSEP,
MRP2, ABCGS8, OCT1, and OATP1B3 showed significantly dif-
ferent protein expression levels depending on the hepatocyte donors
(P < 0.05).

Comparison of Protein Expression Levels in Liver of PXB Mice
and Human. The protein expression levels of metabolizing enzymes
and transporters in PXB mouse liver shown in Tables 1 and 2 were
compared with those in human liver. The protein expression levels

TABLE 2

Protein expression levels of transporters in plasma membrane fraction of humanized liver of PXB mice

Unit of protein expression is pmol/mg protein of plasma membrane fraction.

ALL (n=11) BD85 (n =5) BD72 (n=3) BD87 (n = 3)
Donor

Mean S.D. DCV n Mean S.D. %CV  n Mean SD. %CV n Mean S.D. %CV  n
Canalicular localized transporter
MDR3/ABCB4*  8.68 7.32 843 11 419 129 31 5 747  3.66 49 3 174 9.24 53 3
BSEP/ABCB11* 757 791 104 11 306 113 37 5 612 279 46 3 165 11.29 68 3
MDR1/ABCB1 471 1.78 377 11 430 155 36 5 386 119 31 3 626 2.10 34 3
MRP2/ABCC2* 237 0.88 37.1 11 206 091 44 5 189 0.19 10 3 336 0.34 10 3
MATEIL 1.10 022 197 11 1.07 023 22 5 128 021 17 3 0981 0.086 9 3
ABCG8* 0956 0701 733 11 0417 0106 25 5 189 0.62 33 3 0921 0132 14 3
BCRP/ABCG2 LLOQ LLOQ N.D. N.D.
v-GTP 222 0.89 401 11 252 0.60 24 5 157 018 12 3 239 1.52 64 3
Sinusoidal localized transporter
OCT1* 421 341 81.0 11 687 3.04 44 5 322 16l 50 3 0765 0102 13 3
OAT2 409 118 288 11 489 1.08 22 5 376 106 28 3 3.09 0.49 16 3
NTCP 242 081 335 11 212 112 53 5 261 034 13 3 271 0.47 17 3
MRP6 229 051 222 11 257 058 23 5 197 048 25 3 214 0.08 4 3
OATP1B1 145 0.56 389 11 122 0.63 52 5 150 0.16 i 3 178 0.68 33 3
OATP1B3* 1.03 047 459 11 0616 0207 34 5 147 047 32 3 1.28 0.06 5 3
OATP2B1 0.578 0241 425 11 0.684 0320 47 5 0500 0.119 24 3 0442 009 20 3
Na*/K* ATPase  22.6 6.65 294 11 236 9.00 38 5 220 1.7 8§ 3 217 722 33 3
Localization unknown
ENT1 1.55 050 326 11 1.79  0.60 34 5 159 032 20 3 111 0.13 n 3

n, Number of determined samples; LLOQ, lower than the limit of quantification; N.D., not determined; ENT, equilibrative nucleoside transporter; NTCP, sodium/

taurocholate cotransporting polypeptide.

*Significant difference (P < 0.05) in protein expression levels among donors (BD85, BD72 and BD87).
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determined in 17 human liver biopsies (eight males and nine females,
ages 20-74) were taken from our previous report (Ohtsuki et al.,
2012). In the human liver biopsies, metabolizing enzymes and
transporters were quantified in both microsomal fraction and
plasma membrane fraction, as in the case of PXB mice. Expression
levels of molecules determined both in PXB mouse and human livers
are compared in Fig. 1. The differences between PXB mouse liver and
human liver for all compared metabolizing enzymes and transporters
were within 4-fold, except for CYP2A6 and CYP4All among
metabolizing enzymes, and MDR3 and BSEP among transporters.
Protein expression levels of CYP2A6 and CYP4A11 in PXB mouse
liver microsomal fraction were 5.50- and 4.33-fold lower than those in
human liver microsomal fraction, respectively. In contrast, protein
expression levels of BSEP and MDR3 in PXB mouse liver plasma
membrane fraction were 5.12- and 4.62-fold greater than those in
human liver plasma membrane fraction.

Discussion

In the present study, we investigated the protein expression levels of
human metabolizing enzymes in microsomal fraction and human
membrane transporters in plasma membrane of humanized liver of
PXB mice using LC-MS/MS-based protein quantification. In total, 11
livers of PXB mice humanized with hepatocytes from three different
donors were quantified. Our results indicate that differences in the
human donors contributed substantially to the variations of measured
protein expression levels (Tables 1 and 2). This seems reasonable
because the PXB mice were bred under controlled conditions, whereas
the human donors might have been exposed to a variety of different
environmental factors, such as food and drug intake, that could affect
the expression of metabolizing enzymes and transporters.

Protein expression of CYP3AS5 and CYP3A7 was detected in all
liver samples from only one donor (BD85), and protein expression of
CYP2D6 was detected in all liver samples from two donors (BD72
and BD87) (Table 1). In the previous study with PXB mice from two
donors, CYP3AS5 protein expression levels were very low in liver
from both donors, and the reason for its low expression was genetic
polymorphisms of the donor hepatocytes (Katoh et al., 2004). In our
previous report, liver biopsies were clearly classified into two groups:
a high-CYP3A7 group and a very low CYP3A7 group (Ohtsuki et al.,
2012). Hence, the large differences in protein expression levels of
these molecules might be attributable to differences in the genetic
background of donor hepatocytes, although it is not known whether
single-nucleotide polymorphisms were present in the transplanted
human hepatocytes in our study. These results suggest that it is
important to characterize the donor hepatocytes in studies with PXB
mice; in principle, experiments should be performed with PXB mice
humanized with hepatocytes from the same donor to ensure com-
parability of data.

In our previous reports, individual differences of BSEP protein
expression were not large in plasma membrane fraction of human
liver; the %CV was 29.7% among 17 liver biopsies (Ohtsuki et al.,
2012). In contrast, %CV of BSEP protein expression was 105% in
PXB liver (Table 2). A possible explanation is that BSEP expression is
highly regulated in human liver, but lack of human-specific regulation
in PXB mice resulted in a very high variance of protein expression.
Interestingly, differences in MDR3 protein levels according to donor
showed a trend similar to those of BSEP (Table 2). BSEP and MDR3
are cooperatively involved in excretion of lipids, and are regulated by
FXR (Oude Elferink and Paulusma, 2007). Interspecies differences in
FXR response have been reported (Cui et al., 2002; Song et al., 2013).
Although further studies are necessary, it was possible that a shared

Ohtsuki et al.

regulatory mechanism of BSEP and MDR3 played some role in the
interdonor differences.

The present study demonstrated that protein expression levels of
most of the quantified metabolizing enzymes and transporters were
within a 4-fold range from those in the same fraction of human liver
reported previously (Ohtsuki et al., 2012) (Fig. 1). This range of

Protein expression levels
in PXB mouse liver microsomal fraction
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Fig. 1. Comparison of protein expression levels of metabolizing enzymes in
microsomal fraction and transporters in plasma membrane fraction between
humanized liver of PXB mice and human liver. Protein expression levels of
metabolizing enzymes and transporters were determined in microsomal fraction (A)
and plasma membrane fraction (B), respectively, of humanized liver of PXB mice,
as shown in Tables 1 and 2 (mean * S.D.). The data for microsomal fraction of 17
human liver biopsies (mean = S.D.) were taken from our previous report (Ohtsuki
et al., 2012). The solid line passing through the origin represents the line of identity,
and the broken lines represent 4-fold differences. Open symbols indicate quan-
tification values obtained with peptides that are conserved in the human and mouse
proteins.
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difference was the same as that in average expression levels among the
three donors. The enzyme activities of P450 enzymes were reported to
be better correlated to protein expression levels in the microsomal
fraction than to mRNA expression levels (Ohtsuki et al., 2012). We
compared the protein expression levels of transporters between PXB
mice and human in plasma membrane fraction, where the quantified
transporters function. A large species difference was reported in
protein expression levels of BCRP in plasma membrane fraction:
0.419 pmol/mg protein in human liver and 8.51 pmol/mg protein in
mouse liver (Kamiie et al., 2008; Ohtsuki et al., 2012). Here, human
BCRP was under the limit of quantification in humanized liver of PXB
mice, indicating that human hepatocytes retain the characteristic low
expression of BCRP in PXB mice. Overall, our results indicate that
humanized liver in PXB mice well retains the protein expression
pattern of metabolizing enzymes and transporters of human liver.

Our previous report demonstrated that, in sandwich-cultured
human hepatocytes, differences of protein expression levels of
metabolizing enzymes and transporters compared with those in
human liver were within a 5-fold range (Schaefer et al., 2012). A
similar range of difference was found in liver of PXB mice in this
study, though in cultured human hepatocytes, the protein expression
levels of transporters tended to be greater than those in human liver.
Since humanized liver retains the structure of human liver tissue
(Tateno et al., 2013), our results suggest that humanized liver of
PXB mice is a useful model for analyzing human hepatic drug
metabolism in vivo.

In conclusion, we measured the protein expression levels of me-
tabolizing enzymes in microsomal fraction and transporters in plasma
membrane fraction of humanized liver of chimeric PXB mice. The
protein expression levels of the quantified metabolizing enzymes and
transporters well reflected those of the donor human liver. The protein
expression in humanized liver was significantly affected by the
background of each individual donor. Our results indicate that
humanized liver of PXB mice is a useful model of human liver, but it
is important to note that interpretation of the results obtained from
PXB mice requires a knowledge of not only the value of the re-
placement index, but also information about the background of the
hepatocyte donor.
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