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upregulation of Gata3 is mediated through direct transactiva-
tion by Lhx2. However, Lhx2 N-finger point mutants
(mtLIM-C, mtLIM-NC) exhibited a weaker activity for the
expansion of c-Kit" cells despite having a normal transcrip-
tion factor activity. Therefore, it is likely that the upregulation
of Gata3 is an indirect event. Since our data suggest that
Lmo2 can regulate Gata3 expression, the degradation of
Lmo2 might result in the upregulation of Gara3. In fact, over-
expression of Lmo2 attenuated the Lhx2-mediated upregula-
tion of Gata3 mRNA (Fig. 5G). These findings uncovered a
novel molecular pathway underlying the Lhx2-induced expan-
sion of KSL/KL. cells. Notably, microarray data revealed that
hprtl/hprt was upregulated by Lhx2 (Supporting Information
Table S2A). In iLhx2-ESCs, dox-inducible Lhx2 expression
cassette was located in the hprel/hprt locus. Hence, it might
be possible that dox addition would activate the adjacent
hprelfhpre gene. However, in ESCs, it was not the case (Sup-
porting Information Fig. S4A). Therefore, expression of
hprel/hpre is not influenced by tetracycline responsive cle-
ments itself. In contrast, in the Lhx2-induced KSL/KL cells,
hprtllhprt expression was decreased by withdrawal of dox
(Supporting Information Fig. S4B). Thus, /iprel/hprt could be
one of the Lhx2-target genes in these cell population.

In the mouse embryonic brain, Lhx2 is expressed in corti-
cal precursor cells and operates as a selector gene to maintain
cell identity [27]. This data revealed that Lhx2 maintains
KSL/KL cell identity, and it is likely that these two effects of
Lhx2 are mediated by a common mechanism. Lhx2 interacts
with MRG1/Cited2 [28], which associates with the histone
acetyltransferase  CBP/p300. Thus, the ability of Lhx2 to
maintain the identities of KSL/KL cells and cortical precursor
cells might be dependent on epigenetic control mediated by
these nuclear factors.

Several I.IM-HD and l.mo proteins competitively associate
with Ldb, and these interactions appear to regulate a variety of
biological events in vertebrates and invertebrates, In Drosoph-
ila, the Lhx2 homolog Apterous is required to specify dorsal
cell fate during wing disc formation, and the activity of Apter-
ous in this compartment depends on Chip, an Ldb protein in
Drosophila [29). Apterous activity is regulated by the Lmo pro-
tein, dLmo {30]. In chick limb development, inhibition of I.hx2
activity arrests hmb outgrowth, and CLIM2/.dbl inhibition
results in the same phenotype [22, 31, 32]. Thus, regulation of
transcription factor complexes comprising LIM-HD, Ldb, and
Lmo seems to be important for embryonic development of vari-
ous organisms. Degradation of Lmo2 is mediated by the E3
ubiquitin ligase Rlim/Rnfl2 [23]. Rlim/Rnf12 also induces
‘Ldbl degradation [23], suggesting that Rlim/Rnf12 regulates
the abundance of Lmo2 and Ldbl, and that the maintenance of
these cofactors at appropriate levels is important for coordi-
nated developmental processes. Recently, it was demonstrated
that Rlim/Rnfi2 controls neural induction and mesoderm forma-
tion from ESCs {33], suggesting this molecule has indispensa-
ble roles in embryonic development.

A transcription factor complex comprising Lmo2, Tall/Scl,
Gatal, Ldbl, and E47 regulates erythroid-specific gene expres-
sion [34]. Lmo2-null mice die in utero due to failure of yolk sac
primitive erythropoiesis. This suggests that Lmo2 plays an
important role in the induction of erythroid differentiation. More-
over, Lmo?2 is also required for definitive hematopoiesis [35, 36].
Lmo2-null ESCs do not contribute to any lineages of adult hema-
topoietic cells in chimeric mice in vivo [36], suggesting that
Lmo2 is required for lincage differentiation of HSCs/HPCs. It
remains to be determined whether Lmo?2 is also involved in the

self-renewal and/or survival of HSCs. Interestingly, Lmo2 over-
expression increased the frequency of Lin® cells in the Lhx2-
induced KSL/KL cells when we used Gatal *° ESCs (Supporting
Information Fig, S2D). This suggests that Gatal is dispensable
for Lmo?2 function in this context.

Gata2 and Gata3 can associate with Lmo2 [23, 37].
Therefore, Lmo2 may function in HSCs by associating with
Gata2 and/or Gata3. Interestingly, an association partner of
Lmo2, Tall/Scl, is required for yolk sac primitive erythropoi-
esis and definitive hematopoiesis [25, 26). The phenotypes of
Lmo2-null and Tall/Sci-null embryos are indistinguishable.
Therefore, Lmo2 and Tall/Scl may work together in HSCs.
Surprisingly, when the Tall/S¢l gene was conditionally
deleted in adult HSCs using the Cre/LoxP system, the HSCs
retained LTR activity [38]. Thus, Tall/Scl is required for
HSC development but not for the maintenance of HSCs in
adulthood. Presumably, L.Lmo2 may also be dispensable in the
adult HSC compartment.

When Tall/Scl is transduced into adult HSCs, the HSCs
preferentially differentiate into myeloid cells [39]. Our data
revealed that transduction of Lmo2 into the Lhx2-induced
KSL/KIL. cells resulted in differentiation into Mac-1" myeloid
cells. It is likely that this is due to an excess amount of the
transcriptional complex comprising Lmo2, Tall/Scl, and pos-
sibly Ldbl.

Our previous transplantation assay and present in vitro
differentiation experiments suggest that Lhx2 inhibits T-cell
differentiation [14]. Aberrant Lmo2 expression due to chromo-
somal translocation is one of the major causes of acute T-cell
leukemia [40]. Although the role of LLmo2 and other Lmo
family members in normal T-cell development remains
obscure, Lhx2-mediated inhibition of T-cell differentiation
might be explained by the decreased availability of Lmo2
and/or other Lmo proteins.

; CONCLUSIQ’N,'{;' : o e

Using a conditional gene expression system in ESCs, we
revealed that robust production of KSL/KL cells from ESCs
by the enforced expression of Lhx2 was caused by quantita-
tive changes in the levels of transcription factors and cofac-
tors critical for embryonic hematopoiesis. Our findings are
helpful for the application of Lhx2, and [Lhx2-interacting mol-
ecules identified in this study, in the induction of HSCs/HPCs
from human iPS cells.
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In Vivo Drug Interactions of the Teratogen Thalidomide with
Midazolam: Heterotropic Cooperativity of Human Cytochrome P450

in Humanized TK-NOG Mice
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ABSTRACT: In vivo drug interactions of the teratogen thalidomide with
the model cytochrome P450 (P450) 3A substrate midazolam were
investigated in mice with humanized livers. The clearance of midazolam
(administered intravenously, 10 mg kg™') in chimeric mice was enhanced
by orally co-administered thalidomide (100 mg kg™). A larger area under
the curve of the major metabolite 1'-hydroxymidazolam (1.7-fold) was
obtained with thalidomide because of the heterotropic cooperativity of
human P450 3A enzymes. A larger area under the curve of the minor
metabolite 4-hydroxymidazolam (3.5-fold) was seen with daily pretreat-
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ment with thalidomide for 3 days, presumably because of human P450 3A
induction. These results demonstrate that livers of humanized mice mediate drug interactions of thalidomide and suggest
interactions of therapeutic agents during therapies with thalidomide.

EINTRODUCTION
Many drug interactions are caused by alterations in drug
metabolism in the body, generally through enzyme inhibition
or enzyme induction.' There is growing clinical interest in
thalidomide because of its immunomodulatory and anti-
anglogemc properties, desplte its notouous teratogenicity in
humans® (but its absence in rodents).? Little information about
thalidomide with regard to its specific effects on human drug-
metabolizing enzymes or drug interactions is available.* We
previously reported, using in vitro systems, that midazolam
metabolism or cyclosporine A clearance mediated by human
liver microsomal cytochrome P4S0 3A4/5 may be enhanced by
thalidomide in a dose-dependent manner, showing ligand
cooperativity with P450 3A enzymes.”

We recently reported thalidomide S-hydroxylation by human
liver microsomal P450 3A4/S5 and further aromatic ring
oxidation leading to GSH conjugation, which may be relevant
to the pharmacologxcal and toxicological actions, in in vitro
human situations® and in vivo chimeric mice with humanized
liver cells.”® In vivo ligand cooperativity with human P450 3A
enzymes with humanized non-obese diabetes-severe combined
immunodeficiency-interleukin-2 receptor y chain-deficient mice
(NOG mice) has not previously been reported. The purpose of
this study was to investigate in vivo dmg interactions of
thahdonnde with midazolam in NOG mice’ containing human
liver cells.® High midazolam clearance and a larger area-under-
plasma-concentration time curve (AUC) of the metabolite 1'-
hydroxymidazolam were obtained following co-administration

® 2013 American Chemical Society
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of thalidomide, indicating that heterotropic cooperativity occurs
in vivo, Thalidomide also has the potential for human P450 3A
induction in chimeric mice with humanized liver, as judged by
the rapid clearance of midazolam.

EXPERIMENTAL PROCEDURES

Chlmenc Mice. Chemicals were from sources reported pre-
viously.**® Male control TK-NOG and humanized TK-NOG mice
(20-30 g body weight)® were used in this stady. All mouse studies
were performed in accordance with the guidelines of and were
approved by the Animal Care Committee of the Japan Central
Institute for Experimental Animals. All studies involving mouse tissue
with transplanted human cells were approved by the Ethical and
Biosafety Committee of the Japan Central Institute for Experimental
Animals. Eight-week-old male TK-NOG mice received intraperitoneal
injections of sodium ganciclovic (Denosine-IV, Mitsubishi Tanabe
Pharma, Osaka, Japan) on days —7 and —$ prior to transplantation.
One wecek after ganciclovir treatment, the degree of liver damage was
examined by determining serum aspartate aminotransferase and
alanine aminotransferase values (FUJI DRI CHEM 7000, Fujifilm,
Tokyo, Japan). For transplantation, 1 X 10° commercially available
cryopreserved human hepatocytes [4-year-old, female (Lonza,
Walkersville, MD)] viere transplanted by intrasplenic injection as
described previously.” Twelve weeks after transplantation, small
amounts of blood were collected and human albumin concentrations
were measured with the Human Albumin ELISA Quantitation Kit
(Bethyl Laboratories, Montgomery, TX), according to the manufac-
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turer’s protocol. In these chimeric mice, >80% of liver cells were
estimated to be replaced with human hepatocytes, as judged by
measurements of human albumin concentrations in plasma,

In Vivo Analysis. The US. Food and Drug Administration
recommends the choice of midazolam for initial in vivo drug
interaction studies for human P450 3A enzymes (http://www‘fda.
gov/). Blood samples were collected prior to and §, 35, 95, 215, and
395 min after single oral doses of midazolam (10 mg kg™")
administered to four animals. Racemic thalidomide [100 mg kg™
(Wako Pure Chemicals, Osaka, Japan)] was orally administered 30
min before the midazolam treatment for the ligand cooperativity study.
This dose was chosen because of the known pharmacokinetic profile®
and the lack of apparent toxicity of thalidomide. In separated
experiments, thalidomide {100 mg kg™') was administered to mice
daily for 3 days for the induction study and followed by intravenous
injection of midazolam on day 4. After treatment of the plasma
samples with f-glucuronidase [from Ampullaria, 100000 units (Wako
Pure Chemicals})], a 4-fold volume of CH;OH containing 0.0628 uM
caffeine (as an internal standard) was added. The aqueous supernatant
was centrifuged at 2000g for 10 min at 4 °C and analyzed via LC—MS.
The use of animals for this study was approved by the Ethics
Committees of the Japan Central Institute for Experimental Animals
and Showa Pharmaceutical University,

LC~MS/MS Analyses. LC~MS/MS analyses of midazolam and
1'- and 4-hydroxymidazolam were performed as described previously”
with a slight modification. A Quattro micro API mass analyzer was
used for the metabolite analysis (Waters, Tokyo, Japan). The
instrument was operated in the electrospray positive ionization
mode and was directly coupled to a Waters LC 269S system with
an octadecylsilane C5 column (Atlantis, 3 ym, 2.1 mm X 50 mm) and
MassLynx NT4.1 software for data acquisition (Waters). To tune the
mass spectrometer, the cone voltage was optimized to maximize the
intensity of the precursor ions for midazolam at m/z 326.15. The
collision energy was then adjusted to optimize the signal. Typical
tuning conditions were as follows: electrospray capillary voltage, 3.0
kV; sample cone voltage, 36 V; and collision energy, 21.0 eV at a
collision gas (Ar) pressure of 1.6 X 107 kPa. The gradient mobile
phase consisted of 0.1% CH;CO,H and CH;CN in 0.1% CH;COH
(v/v): 0 to 95% CH;CN (v/v) with 0.1% CH;CO,H (v/v) from 0 to
2.5 min, 95% CHLCN (v/v) from 3 to 6.5 min, 95 to 0% CH,CN with
0.1% CH,CO,H (v/v) from 6.5 to 7.0 min, and 0.1% CH,CO,H (v/
v) from 7.0 to 13 min, all at a flow rate of 0.25 mL min™". Midazolam,
its metabolites 1'- and 4-hydroxymidazolam, and the internal standard
caffeine were quantified using the m/z 326 -» 291 transition of
midazolam, the m/z 342 — 325 transition of 1’- and 4-
hydroxymidazolam, and the m/z 195 — 138 transition of caffeine,
respectively.

Concentrations of midazolam and its metabolites were kinetically
analyzed with WinNonlin (Pharsight, Sunnyvale, CA) and statically
evaluated with a paired ¢ test using Prism (GraphPad, San Diego, CA).

2 ORESULYS

Because thalidomide was detected in mouse plasma 30 min
after a single oral administration, as described previously,”
intravenous midazolam administration (10 mg kg™) was
conducted 30 min after thalidomide treatment (100 mg kg™)
of male TK-NOG mice. Thalidomide was previously
administered orally to NOG mice daily for 3 days (100 mg
kg™") followed by intravenous injection of midazolam on day 4.
Midazolam and 1'- and 4-hydroxymidazolam were detected by
LC-MS/MS analysis in mouse plasma samples prior to or 5—
395 min after midazolam treatment. The time-dependent
profiles of midazolam and its metabolites in chimeric mice with
humanized liver are presented in Figure 1. In the contro] mice,
midazolam was cleared from the plasma with a clearance (CL)
value of 0.058 L kg™ min™" (Table 1). The main metabolite
was 1’-hydroxymidazolam under these conditions. Cotreatment
with thalidomide caused weak inhibition of midazolam
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Figure 1. Plasma concentrations of midazolam (A), 1"-hydroxymida-
zolam (B), and 4-hydroxymidazolam (C) in chimeric NOG mice with
humanized liver after single intravenous administrations (10 mg kg™")
without (O) or with co-administration (B) or pretreatment (A) with
thalidomide (100 mg kg™"). Thalidomide (100 mg kg™') was orally co-
administered or administered daily for 3 days prior to intravenous
midazolam treatment (10 mg kg™) in chimeric NOG mice with
humanized liver. Results are expressed as means = the standard
deviation obtained with four mice in each set (*p < 0.05).

oxidation but did not affect CL or AUC significantly {Table
1). In contrast, midazolam clearance was enhanced (1.6-fold)
by cotreatment with thalidomide (100 mg kg™) in chimeric
mice with humanized liver (Figure 1A and Table 1). A
significantly Jarger AUC of the major metabolite 1'-
hydroxymidazolam [1.7-fold (Figure 1B and Table 1)] was
observed when thalidomide was used, but not for the minor
metabolite 4-hydroxymidazolam (Figure I1C), apparently
because of the heterotropic cooperativity of human P450 3A
enzymes in vivo. Pretreatment with thalidomide induced
midazolam clearance in humanized NOG mice (Figure 1A
and Table 1), but the small AUC of the minor metabolite 4-
hydroxymidazolam was increased 3.5-fold (Figure 1C and
Table 1) under these conditions. The pharmacokinetics of
thalidomide and its metabolites in the humanized mice were
described previously,® and rapid disappearance from the plasma
to undetectable levels had been confirmed to occur within 24 h
of oral treatment (100 mg kg™).

I DISCUSSION

Limited information regarding thalidomide metabolism and
drug interactions in vivo, especially in humans, is available.
With renewed interest in thalidomide, subsequent work has
confirmed that (aromatic ring) 4- and S-hydroxylated
metabolites of thalidomide are recovered in the urine of rabbits
but not from rats.'®'! Because humanized mice may generate
more of the epoxide metabolite of thalidomide than control
mice,”® humanized liver might generally be a better model for
possible drug interactions of thalidomide with midazolam.
These results were similar when evaluated using in vitro human
liver microsomes or recombinant P450 3A4/5 enzymes® and
hepatic cell culture systems (data not shown) with regard to
ligand cooperativity for the P450 3A enzymes.

Because human P450s 3A4 and 3AS would be activated by
heterotropic cooperativity of thalidomide, transformation of
thalidomide to its 1'-hydroxy metabolite was enhanced by co-
administration in chimeric mice with humanized liver (Figure 1
and Table 1). When the total mass balance was considered, an
increase in the AUC of 1'-hydroxymidazolam after co-
administration with thalidomide would be recognized, probably
because of the slower elimination of 1’-hydroxymidazolam than
the parent compound. In our preliminary experiments using

dx.doi.org/10.1021/tx400008g | Chem. Res. Toxicol. 2013, 26, 486-489
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Table 1. Pharmacokinetic Parameters for Midazolam and Its Metabolites in Control NOG Mice and Chimeric Mice with
Humanized Liver after a Single Intravenous Administration (10 mg kg™'), with or without Co-Administration or Pretreatment

with Thalidomide (100 mg kg™')*

CL (L kg™ min™")

AUC.., (M min)

midazolam midazolam 1’-hydroxymidazolam 4-hydroxymidazolam
(1) Control NOG Mice
midazolam alone 0.058 & 0.005 536 & 46 29700 = 6800 727 £ 5.3
co-administered with thalidomide 0.051 + 0.010 616 + 130 14300 + 2500 51,2 + 15.3
(2) Mice with Humanized Liver )

midazolam alone 0.049 + 0.022 759 & 431 42600 + 15000 15.0 + 8.0
co-administered with thalidomide 0.078 3 0.034% 459 ++ 202 72300 + 31500% 140 £+ 59
pretreated with thalidomide 0.087 & 0.031% 383 £ 120 46800 + 18000 S2.1 4+ 16.7%

“Thalidomide (100 mg kg™') was orally co-administered or administered daily for 3 days prior to intravenous midazolam treatment (10 mg kg™) in
control NOG mice and chimeric NOG mice with humanized liver. Data are means + the standard deviation with four mice in each set (¥p < 0.05).

human hepatocyte systems, thalidomide, but not the primary
human metabolite S-hydroxythalidomide, was a good activator
for P450 3A enzymes responsible for midazolam 1'-
hydroxylation. With regard to ligand cooperativity, unmeta-
bolized thalidomide was responsible for activation of human
P450 3A enzymes, Because the primary metabolites of
thalidomide might not be involved the P450 3A activation,
the secondary reactive epoxide metabolite(s) derived from $-
hydroxythalidomide should also not be the human P450 3A
activator. This hypothesis was consistent with the high plasma
concentrations of 1’-hydroxymidazolam in chimeric mice at the
earliest time after the administration of thalidomide when
parent compound concentrations would be sufficient. On the
other hand, human P450 3A4 in chimeric livers might be more
highly induced than P450 3AS in the case of pretreatment with
thalidomide, resulting in the AUC of 4-hydroxymetabolite
being predominantly larger. Rapid elimination of 4-hydrox-
ymidazolam might be ascribed to the possible secondary
metabolism of the primary metabolite mediated by induced
human P450 3A4. Regardless, differences in species suscepti-
bility may result from differences in the in vivo disposition and
biotransformation of thalidomide by drug-metabolizing en-
zymes, resulting in drug interactions.

In this study, we analyzed the effects of thalidomide on
midazolam metabolism in vivo using humanized NOG mice in
which the liver was replaced with transplanted human liver
cells, Thus, these results address the issue of drug interactions
of thalidomide in vivo (Figure 1). The possible metabolism of
thalidomide by intestinal mouse P450s has not yet been
considered in a setting in which the drug is administered orally
to chimeric mice with humanized liver.

In conclusion, this study demonstrates that human liver cells
expressed in chimeric NOG mice effectively mediate enhance-
ment of midazolam metabolism by thalidomide in vivo via
ligand cooperativity. The possibilities of reactive metabolite
formation and of drug interactions during thalidomide therapy
in humans should be evaluated further.
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Some synthetic chemicals are suspected to be responsible for adverse effects on endocrine function. Sex
hormones administered to farm animals are of particular interest because of their regulatory role in
developmental processes. To predict concentrations in humans of the synthetic growth prormoter melen-
gestrol acetate (17y-acetoxy-6-methyl-16-methylenepregna-4,6-diene-3,20-dione), a forward dosimetry
approach was carried out using data from no-observed-adverse-effect-level doses orally administered to
mice or rats and from in vitro human and rodent experiments. Human liver microsomes preferentially
mediated 2-hydroxylation of melengestrol acetate, but rodent livers produced additional unidentified
hydroxymetabolites, Adjusted animal biomonitoring equivalents for melengestrol acetate from mouse
and rat studies were scaled to human biomonitoring equivalents using known species allometric scaling
factors and human metabolic data with a simple physiologically based pharmacokinetic (PBPK) model,
Melengestrol acetate elimination in humans was estimated to be slow compared with elimination in
rodents. The disposition of melengestrol acetate in humans was evaluated using chimeric TK-NOG mice
with humanized liver. The results suggest the usefulness of simplified PBPK modeling combined with
in vitro and in vivo experiments and literature resources as well as a future interest in estimating by a full
PBPK modeling using another bottom up system. This model may also be useful for risk evaluation and for
simulating plasma concentrations resuiting from exposure to low doses of melengestrol acetate and
related compounds.
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metabolizing enzymes (Clewell et al,, 2004), Such data for humans
is often very limited. Human health risk assessments use the dose-
response relationship to characterize and quantify potential health
risks. When relevant and reliable estimates of the internal dose of a

1. Introduction

It is of global interest to develop simple, advanced, and accurate
risk assessment systems to support the interpretation of data from

human biomonitoring studies (Wild, 2005). Using dose estimates
instead of external or applied doses can improve the characteriza-
tion of dose~response relationships and the subsequent character-
ization of potential health risks. This improvement results from the
direct relationship between internal dosimetry (shown in Fig. 1)
and the biological response, Pharmacokinetic and/or toxicokinetic
parameters for a variety of chemicals have been determined in ani-
mal toxicology studies, despite the species differences of drug-
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compound or a key metabolite are available, the results of toxicol-
ogy studies can often be better understood and evaluated in terms
of the internal dose. It has been attempted to collect extensive
information regarding specific physiologically based pharmacoki-
netic (PBPK) models found in the literature for predicting concen-
trations in various biological fluids following multiple dose
exposures (Edwards and Preston, 2008; McLanahan et al, 2012).
However, although simple, inexpensive, and reliable methods are
needed for accurately evaluating the toxic risk (Mclanahan et al.,
2012), very few such methods have been established. For example,
a nine-compartment PBPK model for acrylonitrile and its primary
metabolite in humans has been reported (Sweeney et al., 2003);
however, we proposed a simple and reliable PBPK model capable
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Fig. 1. Approach for calculating blood-based biomonitoring equivalents for mel-
engestrol acetate. NOAEL, no-observed-adverse-effect level; PK, pharmacakinetics:
PBPK, physiologically based pharmacolinetic.

of both forward and reverse dosimetry approaches (Takano et al.,
2010).

As one of candidate compounds with the concern of long-term
intaking risk, the synthetic progesterone melengestrol acetate
(170-acetoxy-6-methyl-16-methylenepregna-4,6-diene-3,20-
dione is of high potency as a progestin (Perry et al,, 2005) and is
used as a growth promoter for farm animals in several meat-
exporting countries (Lauderdale et al, 1977; Perry et al., 2005).
This has led to international disputes about the safety of meat orig-
inating from treated animals (Patterson et al, 1989). Although
many studies have explored its safety with respect to both animals
and meat consumers (Stephany, 2010), little is known about the
fate of melengestrol acetate in humans (Cooper et al,, 1967; Elce
et al.,, 1967) or its potential endocrine-disrupting activity (Schiffer
et al.,, 2001). Melengestrol acetate has been shown to be biotrans-
formed to mono- and dihydroxymelengestrol acetate (including
2-hydroxylated and 6-hydroxymethylated metabolites) in rodents,
but the hormonal or biological potential of these chemical species
in humans has not been fully elucidated (Cooper et al., 1967; Elce
et al., 1967; Metzler and Pfeiffer, 2001) under the concern of long-
term risk of melengestrol acetate intake in no-observed-adverse-
effect level. Recently developed TK-NOG mice transplanted with
human liver cells can survive without ongoing drug treatment
(Hasegawa et al., 2011; Yamazaki et al,, 2012). Because such sur-
vival was not achieved in previous liver reconstruction models, it
is now possible to evaluate the estimates obtained from simplified
human PBPK modeling by comparing them with in vivo experimen-
tal results from mice with humanized liver.

The purpose of the present study was to predict melengestrol
acetate plasma concentrations in humans by a forward dosimetry
analysis (Fig. 1) using data from chemical doses administered to
animals and from in vitro experiments with liver microsomes from
humans and animals. The adjusted animal biomonitoring equiva-
lents after orally administered doses in rat and mouse studies were
scaled to human biomonitoring equivalents using known species
allometric scaling factors and human metabolic data with a simple
PBPK model. According to the present PBPK analysis, the synthetic
progesterone melengestrol acetate is cleared slowly in humans
compared with clearance in rodents.

2. Materials and methods
2.1. Chemicals, animals, and enzyme preparations
Male 6-week-old Sprague~Dawley rats (Charles River Labora-

tory Japan, Tokyo, Japan) and control TK-NOG and humanized
TK-NOG mice {~20-30g body weight) (Hasegawa et al, 2011)
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were used in this study. In the chimeric mice, more than 80% of li-
ver cells were estimated to have been replaced with human hepa-
tocytes, as judged by measurements of human albumin
concentrations in plasma (Hasegawa et al., 2011; Yamazaki et al.,
2012). Plastna samples were collected 0.5, 1, 2, 4, 7, and 24 h after
single oral doses of melengestrol acetate {3.0~100 mg/kg, Wako
Pure Chemicals, Tokyo, Japan). For rats, 3.0 mg/kg of melengestrol
acetate was reported to have no observed adverse effect {Joint
FAO/WHO Expert Comumittee, 2009). The use of animals for this
study was approved by the Ethics Committees of the Japan Central
Institute for Experimental Animals and Showa Pharmaceutical Uni-
versity. Liver microsomes from 7-week-old male rats and mice
were prepared as described previously (Yamazaki et al., 2006;
Yamazaki et al, 2011). Protein concentrations were estimated by
using a bicinchoninic acid protein assay kit (Pierce, Rockford, 1L,
USA). Microsomes from pooled human livers (H150) and recombi-
nant P450 enzymes were obtained from BD Biosciences (Woburn,
MA, USA). Other reagents used in this study were obtained from
sources described previously or were of the highest quality com-
mercially available (Murayama et al., 2009; Yamazaki et al., 2006).

2.2, In vitro and in vivo metabolic studies of melengestrol acetate

Elimination rates of melengestrol acetate in liver microsomes
from rats, mice, and humans were measured by a liquid chroma-
tography (LC) system. Briefly, a typical incubation mixture con-
sisted of 100mM potassiuin phosphate buffer (pH 7.4), an
NADPH-generating system, melengestrol acetate (10 uM), and li-
ver microsomes (0.25 mg protein/mL) or recombinant P450 en-
zymes (0.040 M) in a final volume of 0.50 mL. Incubations were
carried out at 37 °C for 15 min. Reactions were terminated by add-
ing 3.0 mL of ethyl acetate. After treatment of the plasma samples
(20 pL) from individual rats and mice with methanol (120 uL) for
deproteinization, melengestrol acetate and its metabolites were
exacted with ethyl acetate (300 uL). After vortex mixing, the tubes
were centrifuged at 1000g for 10 min. The organic phase was trans-
ferred to a clean tube and evaporated to dryness at 40 °C under a
gentle nitrogen stream. The residue was dissolved in 0.12-
0.20 mL of mobile phase. Melengestrol acetate and its metabolites
in the incubation mixtures and plasma samples were determined
by LC. The LC systern consisted of a pump and multi-wavelength
UV detector (Shimadzu, Kyoto, Japan) using an analytical Cyg re-
versed-phase column (5 pum, 4.6 x 250 mm, Mightysil RP-18 GP,
Kanto Chemicals, Tokyo, Japan). The mobile phase was 55% aceto-
nitrile in 1.0% CH3CO,H, at a flow rate of 1.5 mL/min. The UV detec-
tor was set at a wavelength of 280 nm unless otherwise specified.
The LC apparatus was operated at room temperature, Metabolites
were quantified on the basis of the standard curve peak area at
UV 280 nm of melengestrol acetate.

Statistical analysis of the plasma concentrations of melengestrol
acetate and its metabolites in rats and mice and control and
humanized mice were done using two-way analysis of variance
(ANOVA) with Bonferroni post tests (Prism, GraphPad Software,
La Jolla, CA, USA). Area under the curve (AUC) values were derived
from plots of melengestrol and its metabolites versus time and
were calculated using the trapezoidal rule with the program Win-
Nonlin (Pharsight, Sunnyvale, CA, USA).

2.3. LG/tandem mass spectrometry assay

A Quattro micro APl mass analyzer was used for metabolite
analysis (Waters, Tokyo, Japan) using an LC/tandem mass spec-
trometry (LC-MS/MS) system. The instrument was operated in
electrospray positive ionization mode and was directly coupled
to the LC 2695 system (Waters) with a Cig column (Xbrige,
3.5 pum, 2.1 x 150 mm), and MassLynx NT4.1 software was used
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for data acquisition (Waters). To tune the mass spectrometer, a
solution of melengestrol acetate (10 ppm in a mobile phase) was
infused into the ion source, and the cone voltage was optimized
to maximize the intensity of the precursor ions for melengestrol
acetate (im/z 397.5). The collision energy was then adjusted to opti-
mize the signal for one of the most abundant melengestrol product
ions (m/z 337). Typical tuning conditions were as follows: electro-
spray capillary voltage, 3.0 kV; sample cone voltage, 30 V; and col-
lision energy, 20eV at a collision gas pressure 1.6 x 107 kPa
argon.

MS analyses were performed for melengestrol acetate and its
hydroxylated metabolites. The mass spectrometer was tuned using
melengestrol acetate. LC conditions were as follows: buffer A con-
tained 1.0% CH3CO,H in CH5CN and buffer B contained 1.0% CHs.
COLH in Hy0 (vjv). The following gradient program was used at a
flow rate of 0.20 mL min~': 0-25 min, linear gradient from 55% A
to 80% A (v/v); 25-30 min, hold at 80% A; 30-32 min, linear gradi-
ent to 55% A; 32-40 min, hold at 55% A. The temperature of the col-
umn was maintained at 40 °C, Samples (10 uL) were injected with
an auto-sampler. MS analyses were performed for melengestrol
acetate and its hydroxylated metabolites. Melengestrol acetate
and 2-hydroxymelengestrol acetate were analyzed using the m/z
397.5 - 337.5 transition of melengestrol acetate and the my/z
353 — 125 transition of 2-hydroxymelengestrol acetate.

2.4. Estimation of melengestrol acetate concentrations using a PBPK
model with suitable parameters

A simplified PBPK model (Fig. 2) was set up as described previ-
ously (Gargas et al., 1995; Kato et al,, 2008; Takano et al., 2010;
Yamazaki et al,, 2010). The model basically consists of a chemical
receptor compartment, a metabolizing compartment, and a central
compartment (Gargas et al,, 1995; Kato et al., 2008; Takano et al.,
2010; Yamazaki et al., 2010) (Fig. 2). The values of the physico-
chemical properties of melengestrol acetate and 2-hydroxyme-
lengestrol acetate are shown in Table 1. Values of the plasma
unbound fraction (f,,) and the octanol-water partition coefficient
(logP) were obtained by in silico estimation using SimCYP and
ChemDrawBioUltra software (Emoto et al., 2009); the liver-plasma
concentration ratio (Kpy,) and the blood to plasma concentration
ratio (Ry) were estimated from f,;, and logP (Appendix A). Values
of fumic (5.0%) and f,, (30%) of melenegestrol acetate were exper-
imentally confirmed by LC measurements of ultrafiltrates from 1.0
and 40 mg/mlL of bovine serum albumin solution in 50 mM Tris—
HCl buffer (pH 7.4). Hydrophobicity of melengestrol acetate was
confirmed by the PubChem Compound (XLogP3-AA value of 3.1).

Metabolite

Melengestrol acetale

]

Dose {melengestrol acetate, p.o. administration)

Fig. 2. PBPK model established in this study for rats, mice and humans. X,
melengestrol acetate amount in the gut; Gy, hepatic substance concentration; and
Gy, blood substance concentration. For other definitions, see Table 2.

Parameters that represent physiological properties such as hepatic
volumes and blood flow rates in rats, mice, and humans were taken
from the literature (Gargas et al., 1995; Kato et al., 2008).

Experimental plasma concentrations of melengestrol acetate
and its metabolites were analyzed using WinNonlin software (Pro-
fessional version 5.2.1) with a one-compartment model and
yielded primary absorption rate constant (k,), and elimination con-
stant (ke;) values as pharmacokinetic parameters. Values of the to-
tal clearance (ClLy:) hepatic clearance (CLy), hepatic intrinsic
clearance (Cly;y), and the volume of the systemic circulation
(Vy) were also calculated (Appendix A). Subsequently, final param-
eter values for the rat and mouse PBPK models were calculated
using the initial values mentioned above by the user model in Win-
Nonlin; these parameters are shown in Tables 1 and 2. Conse-
quently, the following system of differential equations were
solved to conduct the modeling for melengestrol acetate:

d)ift(t) —k, - Xg(t) where at t = 0,X;(0) = dose
dC, Qu-Gi-R C
Vh—d—;}- =Q- G~ ‘LI‘(TZ“P' + 16 - Xg = Cliine - ﬁﬁ: fup
_dG, L QG Ry
Vi == -Qu-G TR CL - Gy

where X, is the melengestrol acetate amount in the gut, C;, is the he-
patic substance concentration, and Cy is the blood substance
concentration.

For the metabolite:

dc, Q-G Ry
V] dt = —Qh Cb -+ Kp,h CLr . Cb
dc Gy R G
vh h =Q,-Cy— Ql 7 hoMb b CLliint * K h fup + CLi it metabolite
ph

Ch.mclaholile

Kp.h.metabo!ite : fu.p,metaboiite

To define a simplified PBPK model for melengestrol acetate and
its metabolite in humans based on the rat or mouse PBPK model,
we used relevant liver microsomes and physiological parameters
(CL,, k, and V;) derived from the literature and applied the sys-
tems approach to fit them into the traditional paralielogram for
risk assessment (Edwards and Preston, 2008). The values of Cl,
ki, and Vy in the human PBPK model were estimated using a
scale-up strategy from rats and mice to humans as follows. The hu-
man hepatic (or renal) clearance CL pyman Was estimated using Eq.
(1), where BWigent=0.25 (rat) or 0.025 (mouse) kg and
BWhyman =70 kg:

Cli rodent 3
CLh.hnman = (%) : Bwhzuman (I )
rodent

The human absorption rate constant (k) was estimated as
(Antidon et al., 1988):

kaJmman = 0‘774 : ka‘l'odenr (2)

The human systemic circulation volume (Vi yuuman) Was esti-
mated from Eqs. (3),4, where Vi pumans Vorodent 304 Vi puman Were
1.50L,0.0160 {rat) and 0.00160 (mouse) L, and 4.90 L, respectively:

Rb radent fu
. . phuman
vdl)uman = Vb,human + (Vd«rodcnt - meodem) e (3)

fu.p,rodcm Rb,buman

p.h
Vl human == Vd human ™ vh human * Rb ‘ I:h (4)

143



A. Tsukada et al./Regulatory Toxicology and Pharmacology 65 (2013) 316-324 319

Table 1

Chemical properties of melengestrol acetate and 2-hydroxymelengestrol acetate (M3),

Parameter Symbot Melengestrol acetate 2-Hydroxy-melengestrol acetate
Molecular weight MW 397 413

Octanol~water partition coefficient logP 4.02 3,16

Plasma unbound fraction fop 0.0450 0.103

Fraction unbound in microsomes fuamic 0.299 0.545

Ratio of the blood to plasma concentration Ry, 0.765 0.834

Liver-plasima concentration ratio Koy 2.96 2.79

2-Hydroxymelengestrol acetate was identified in Fig. 3 in this study.

Table 2

Physiological and experimentally determined parameters for melengestrol acetate disposition in rats, mice, and humans.

Parameter Symbols (unit) Rat Mouse Human, from rat  Human, from mouse
Body weight BW (kg) 0.25 0.025 70 70
Liver weight Liver weight {g) 10 1.5 1500 1500
Hepatic blood flow rate of systemic circulation to the tissue compartment  Qy, (L/h) 0.853 0.160 96.6 96.6
Volume of systemic circulation Vy (L) 0.00850 0.000850 1.50 1.50
Volume of blood Vy (L) 0.0160 0.00160 4.90 4.90
Ratio of the blood to plasma concentration, substrate Ri_mca 0.765 0.765 0.765 0.765
Renal clearance, for MGA CL_mca (L/R) 0 0 0 0
Hepatic intrinsic clearance, for MGA Clpsaman (L0 284 99,7 81000 140000
Volume of systemic circulation, for MGA Vimoa (L) 224 0.144 628 404
Absorption rate constant, for MGA Kanca (1/0) 2.23 2.50 1.66 1.86
Fraction absorbed = intestinal availability FiFg 1 1 1 1
Metabolic ratio to M3 035 0.37 0.76 0.76
Ratio of the blood to plasma concentration, for metabolite Ru_m3 0.830 0.830 0.830 0.830
Renal clearance, for metabolite CL, 3 (L) 0 0 0 0
Hepatic intrinsic clearance, for metabolite Clyinns (LR) 18.4 2.98 5250 4170
Volume of systemic circulation, for metabolite Vi_ms (L) 538 1.13 1510 3170

Some other parameters are shown in Tables 1 and 3. MGA, melengestrol acetate; M3, 2-hydroxymelengestrol acetate, as identified in Fig. 3 in this study.
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Fig. 3. Representative chromatograms for in vitro metabolites of melengestrol
acetate produced by liver microsomes from pooled human livers (A), rats (B), mice
(C), and humanized livers transplanted into chimeric mice (D). Melengestrol acetate
(10 uM) was incubated with liver microsomes (0.25 mgfmL) at 37 °C for 15 min.
Extracted metabolites were separated with a reverse-phase LC, Pealk 1, unidentified
dihydroxymelengestrol acetate (M1, suggested by LC-MS/MS analysis by addition of
two oxygen atoms, plus 32 m/z); peak 2, unidentified monohydroxymelengestrol
acetate (M2, by addition of one oxygen atom, plus 16 m/z); peak 3, 2-hydroxyme-
lengestrol acetate (M3, see Fig. 4); peak 4, unidentified monchydroxymelengestrol
acetate (M4, by addition of one oxygen atom, plus 16 n1/z); and peak 5, melenges-
trol acetate. The metabolites M1-M4 were quantified on the basis of the standard
curve peak area at UV 280 nm of melengestrol acetate (see Table 3). M1, M2, and
M4 were estimated to be 2,15-dihydroxymelengestrol acetate, 15-hydroxymeleng-~
estrol acetate, and 6-hydroxymethyl-melengestrol acetate, respectively, according
to information found in the literature.

where physicochemical parameters such as Ky, Ry, and fp (shown
in Appendix A) were assumed to be the same for rats and humans.

The in vivo hepatic intrinsic clearance (CLy ;o) of melengestrol
acetate in humans was estimated by multiplying the calculated ini-
tial parameters for in vitro hepatic intrinsic clearance values in hu-~
mans by the ratio of in vivo to in vitro hepatic intrinsic clearance in
rats or mice, as mentioned above for modeling in rats and mice.
Then, the final parameteys for the human PBPK model were calcu-
lated using these initial values by the user model in WinNonlin;
these parameters are shown in Table 2. As was done for the rat
and mouse models, systems of differential equations were solved
to determine the concentrations in each compartment in humans.

3. Results
3.1. Metabolism of melengestrol acetate

The in vitro metabolism of melengestrol acetate was investi-
gated using liver microsomes from pooled human livers, rats, mice,
and chimeric mice with humanized liver. Typical chromatograms
are shown in Fig. 3 after the incubation of melengestrol acetate
(10 uM) with liver microsomes; four metabolite peaks (designated
as peaks 1-4 in Fig. 3) and peak 5 (assigned to melengestrol ace-
tate) were observed. The four metabolites were present in different
proportions in all reaction mixtures. The rates of metabolite forma-
tion and melengestrol acetate elimination were determined (Ta-
ble 3). Liver microsomes from rats and mice formed M1, M2, and
M3 at roughly similar rates, but human liver microsomes preferen-
tially produced M3. Liver microsomes prepared from transplanted
human hepatocytes in chimeric mice mainly catalyzed M3 forma-
tion, followed by M2 production. Based on the melengestrol ace-
tate elimination rates in these liver microsomes, hepatic intrinsic
clearance (CLyjnein viero) Yates were calculated (Table 3) from the
elimination rates, substrate concentration, and unbound fractions
(fumic) of 0.299 determined by SimCYP software for use in the PBPK
models. Estimated clearance values (CLyinein vine) Were extrapo-
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Table 3

Rates of metabolite formation, melengestrol acetate elimination, and hepatic intrinsic clearance (Cly incin vino} determined using liver microsomes from pooled human livers, rats,
mice, and chimeric mice with humanized liver.

Enzyme source Metabolite formation (pmol/min/mg protein) Melengestrol acetate elimination (pmol/min/ing protein) CLiyinein vitro (L/11)

Ml M2 M3 M4
Human 79 56 4458 7 855 1030
Rat 121 121 148 27 451 3.61
Mouse 100 210 187 8 612 0.736
Chimeric mouse 111 211 358 8 755 0.908"/910°

Melengestrol acetate {10 pM) was incubated with liver microsomes (0,25 mg/mL) at 37 °C for 15 min. Extracted metabolites were separated with a reverse-phase LC,
Estimated clearance values (Cly jngin viro) Were extrapolated using the fraction unbound in liver microsomes and following values: 40 mg liver microsomal protein per 1 g liver
and 10 g liver weight per 0.25 kg of rat BW, 1.5 g liver weight per 0.025 kg of mouse BW or 1.5 kg liver weight per 70 kg of human BW.

* M3, 2-hydroxymelengestrol acetate, as identified in Fig. 3 in this study. Two ClLy;zeun viro values are shown accoding to mouse® or human® liver sizes,

Table 4
Rates of metabolite formation and melengestrol acetate elimination determined using recombinant human P450 enzymes.

P450 enzyme Metabolite formation (nmol/min/nmol P450) Melengestrol acetate elimination (nmol/min/nmol P450)

hvel M2 M3* M4
1A2 0.035 0.011 0.010 0.046 0.497
209 0.124 0.012 0.022 0.044 0.387
2C19 0.106 0.012 0.013 0.045 0.555
2D6 0.052 0.010 0.074 0.046 0498
2E1 0.020 0.014 0.006 0.046 0478
3A4 0.919 0.578 8.83 0.054 16.2

Melengestrof acetate (10 pM) was incubated with recombinant human P450 (0.04 nmol/mL} at 37 °C for 15 min, Extracted metabolites were separated with a reverse-phase
LC.
@ M3, 2-hydroxymelengestrol acetate identified in Fig. 3 in this study.
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Fig. 4. UV spectra (A, D), LC-MS spectra (B,E), and LC-MS/MS chromatograins (C, F) of primary metabolite 2-hydroxymelengestrol acetate (A-C) and substrate melengestrol
acetate (D~F) in human liver microsomes. An extracted ion chromatogram of the product ion with m/z 353 — 125 of 2-hydroxymelengestrol acetate (C) is shown for
incubation mixtures with human liver microsomes and melengestrol acetate,

The metabolite seen as peak 3 in the reaction mixtures with hu-
man livers (Fig. 3) was analyzed using UV and LC-MS spectra and

lated using the following values: 40 mg liver microsomal protein
per 1 g liver and 10 g liver weight per 0.25 kg of rat BW, 1.5 g liver

weight per 0.025 kg of mouse BW or 1.5 kg liver weight per 70 kg
of human BW. For example, human CLy, ine.in vitro Value of 1030 L/h
(Table 3) was obtained by following calculation: 855 (pmol/min/
mg protein)/ (10 x 107% x 0.299 (pmol/L) x 60 min/h x 40 (mg
proteinfg liver) x 1500 (g liver). Among the recombinantly ex-
pressed human P450 isoforms tested, P450 3A4 preferentially cat-
alyzed the transformation of melengestrol acetate to M3,
accounting for approximately half of the eliminated melengestrol
acetate (Table 4).

the results were compared with those of melengestrol acetate
(Fig. 4). As shown in Figs. 4A and D, metabolite M3 resulted in
the UV spectra change from a maximum peak of 291 nm to
296 nm, suggesting a changed aromatic moiety in the main chem-
ical structure. The parent ion of M3 had a molecular weight of 413
(Fig. 4B), indicating that one oxygen atom had been introduced to
the melengestrol acetate molecule (Fig. 4E). Melengestrol acetate
and M3 produced peaks at m/z 337 (Figs. 4EA4F) and m/z 353
(Figs. 4B ,40), respectively, commonly by losing the CH;COO- group
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Fig. 5. Measured and estimated plasma concentrations of melengestrol acetate (A)
and its metabolite 2-hydroxymelengestrol acetate (B) in rats (@) and mice (4) after
single oral administration of a dose of 3 mgfkg. Data points with bars represent
experimental means £ SDs obtained from four animals. The lines show chemical
concentrations estimated using the PBPK model.

at the C17-position; the C2-position of the melengestrol structure
was suggested to be oxidized in the MS/MS analyses of extraction
of 125 m/z from [M+H-59]" ions, as shown in Fig. 4C. Based on sev-
eral aspects of the present evidence and reported findings, peak 3
in the in vitro human liver microsome system was assigned as
2-hydroxymelengestrol acetate,

3.2. Human PBPK model supported by hepatic clearance experiments

To obtain detailed kinetic parameters, male rats and mice were
orally administered 3.0 mg/kg of melengestrol acetate (the no-ob-
served-adverse-effect level). Fig. 5 shows the mean levels of mel-
engestrol acetate and 2-hydroxylated metabolites in plasma from
rats and mice. Melengestrol acetate was absorbed rapidly and
cleared rapidly (Fig. 5A), and its 2-hydroxylated metabolite was
detected in vivo under the present conditions. Based on these
in vivo experiments, the kinetic parameters for melengestrol ace-
tate and 2-hydroxymelengestrol acetate in rats and mice were cal-
culated and are shown in Table 2. Consequently, the final
parameters such as the hepatic intrinsic clearance (CLj j¢), the vol-
ume of the systemic circulation (V;), and the absorption rate con-

melengestrol acetate

100 100

stant {k,) for the rat and mouse PBPK models (consisting
essentially of a chemical receptor compartment, a metabolizing
compartiment, and a central compartment, Fig. 2) were obtained
as described in the Materials and methods section. By solving the
rat and mouse PBPK models, the plasma concentration curves of
melengestrol acetate and its 2-hydroxymetabolite were created;
the resulting estimated in silico concentration curves of melenges-
trol acetate and 2-hydroxymelengestrol acetate are shown with
the in vivo experimental data in Figs. 5A and B.

To confirm the formation of metabolites other than 2-hydrox-
ymelengestrol acetate, 10- and 30-mg/kg doses of melengestrol
acetate were administered to control mice (Fig. 6). The three
metabolites shown in the in vitro systems (Fig. 3) were also de-
tected and measured in in vivo control mice experiments after sin-
gle oral doses of 10 and 30mg/kg (Fig. 6). To perform a
toxicokinetic analysis for the melengestrol acetate and metabo-
lites, chimeric mice were administered a dose of 100 mg/kg of mel-
engestro! acetate in a common ratio of 3 (Fig. 7). In chimeric mice
with humanized liver, plasma concentrations of melengestrol ace-
tate (Fig. 7A), but not those of 2-hydroxymelengestrol acetate
(Fig. 7D), were significantly different (p < 0.01) from those in con-
trol mice. By running the mouse PBPK modeling system, measured
apparent maximum plasma concentrations seemed to be high be-
cause of some apparent overdosing, but the limited elimination
rate between 7 h and 24 h after the treatment could be estimated
with this mouse PBPK model. These observed data at 24 h were
higher than the predicted curves partly because of possible enter-
ohepatic circulation of melengestrol acetetate. According to the
algometric scaling method and the obtained values shown in Ta-
ble 2, the human PBPK model for melengestrol acetate and its main
metabolite was set up based on the rat PBPK model. Chimeric mice
with humanized liver had a relatively slow elimination curve for
melengestrol acetate, and the experimental data could be reason-
ably estimated by the human PBPK model under the linear
assumption, as shown in Fig. 7A.

Fig. 8 indicates the estimated plasma concentrations after re-
peated oral administration of melengestrol acetate (3.0 mg/kg)
using the PBPK models for rats, mice, and humans. The maximum
concentrations of melengestrol acetate were estimated to be
approximately 10 ng/mL in rats, mice, and humans, When daily
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Fig. 6. Measured plasma concentrations of melengestrol acetate (A) and its four metabolites (B-E) in control mice after single oral doses of 10 mgfkg (O) and 30 mg/fkg (LJ).

See the Fig. 3 legend for information on the unknown metabolites.
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way ANOVA with Bonferroni post tests.
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Fig. 8. Melengestrol acetate and 2-hydroxymelengestrol acetate concentrations
estimated using the PBPK model in rats (A), mice (B), and humans (C) after multiple
oral administrations (3.0 mgfkg per day). Melengestrol acetate (solid line) and 2~
hydroxymelengestrol acetate (dashed line) accumulation were estimated after
multiple doses.

administration of melengestrol acetate for 14 days was modeled,
metabolite accumulations were evident in rats, mice, and humans
(Fig. 8); however, melengestrol acetate accumulation was found
only in humans using the present PBPK models (Fig, 8C).

4. Discussion
Melengestrol acetate has a higher affinity for the progestin

receptor than progesterone does (Bauer et al., 2000; Pfaffl et al.,
2002). Although several metabolites of melengestrol acetate, possi-

bly containing mono- and dihydroxylated moieties, were noted in
an LC profile of reactions mediated by rat liver microsomes (Met-
zler and Pfeiffer, 2001), none of themn was adequately characterized
with regard to chemical structure. Three major but unidentified
metabolites of melengestrol acetate have been indicated to have
less affinity for the progestin receptor than progesterone or melen-
gestrol acetate do (Bauer et al,, 2000). High-resolution LC analysis
of some commercial melengestrol acetate samples has suggested
the presence of several impurities in the form of metabolites capa-
ble of inducing apeptosis in the cell systems (Bauer et al., 2000). In
the present study, the major metabolite of melengestrol acetate
(peak 3 in Fig. 3), which was efficiently formed by human P450
3A4 (Table 4) and was mainly metabolized in human liver micro-
somes (Table 3), was identified for the first time as 2-hydroxyme-
lengestrol acetate by a series of structural analysis studies, as
shown in Fig. 4. We were unable to fully determine the structures
of the other currently unidentified di~ or monohydroxymelenges-
trol acetate metabolites; however, our preliminary UV spectra
and MS/MS analyses (data not shown), together with limited liter-
ature information {Cooper et al, 1967; Elce et al,, 1967; Metzler
and Pfeiffer, 2001; Joint FAQO/WHO Expert Committee, 2009), are
consistent with tentative identifications of M1, M2, and M4 as
2,15-dihydroxymelengestrol acetate, 15-hydroxymelengestrol ace-
tate, and G-hydroxymethyl-melengestrol acetate respectively. Con-
sequently, melengestrol acetate may be deactivated by the
oxidative biotransformations proposed in the literature and sug-
gested by the results of the present study, but the metabolites
formed are still hormonally and biologically active substances that
will be present in the edible tissues of farm animals and, as aresult,
in human bodies.

It is generally accepted that PBPK modeling is useful for under-
standing the relationships between chemical exposure and the
resulting concentrations in body fluids (Fig. 1). However, the multi-
ple compartments and many complicated equations found in tradi-
tional PBPK modeling cause severe difficulties when applying the
model. Simplified PBPK modeling was adopted in the present study
(Fig. 2) because it can be fully evaluated and carefully considered
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by other scientists, industrial users, and regulatory authorities. The
present study defined a simplified PBPK mode! for melengestrol
acetate in humans; the model was based on physiological param-
eters derived from the literature, coefficients derived in silico, met-
abolic parameters determined in vitro using relevant liver
microsomes, and in vivo experiment-supported PBPK modeling in
rats and mice (Tables 1 and 2). The developed PBPK model simply
consists of three compartments for the parent compound and pri-
mary metabolite: the gut as a chemical absorption compartment
for parent compound, the liver as a metabolizing compartment,
and the general circulation as the central compartment (Fig. 2).
In this context, it is interesting to estimate melengestrol acetate
disposition in humans in future by full PBPK system such as a pap-
ulation-based absorption, distribution, metabolism, and excretion
simulator Simcyp (Jamei et al., 2009), which is a platform and data-
base for ‘bottom-up’ mechanistic modeling and simulation,

Because of the simplicity of our adopted PBPK model, a reliable
human hepatic clearance value, as well as overall human PBPK
parameters, could be estimated from limited experiments, i.e., oral
dose administration in rats or mice and in vitro clearance experi-
ments with rat, mouse, and human liver microsomes in the present
study, Adjusted animal biomonitoring equivalents after melenges-
trol acetate was administered in mouse and rat studies were scaled
to human biomonitoring equivalents using known species allome-
tric scaling factors and human metabolic data with the simple
PBPK model adopted in this study. Melengestrol acetate elimina-
tion in humans was estimated by the PBPK model to be slow com-
pared with elimination in rodents (Fig 8). The slow drug
disposition of melengestrol acetate in humans was evaluated using
chimeric TK-NOG mice with humanized liver (Fig. 7). Apparent dif-
ferent elimination rates of melengestrol acetate in chimeric mice
would not only be due to the in vitro humanized enzyme activity,
but also other physiological andfor kinetics parameters. The
simplified PBPK model for melengestrol acetate and the use of
TK-NOG mice with humanized liver may also be useful for risk
evaluation and for simulating plasma concentrations resulting
from exposure to low doses of melengestrol acetate.

In discussions on the setting of an acceptable human daily in-
take leve] of melengestrol acetate, using the lowest-observed-ad-
verse-effect level in rats with an uncertainty factor of 1000 has
been considered (Joint FAQ/WHO Expert Committee, 2009),
Although difference in early elimination kinetics might have some
limitations in assessment of fully chronic exposure of melengestrol
acetate, together with the present results that melengestrol acetate
clearance in humans may be slower than that in rodents (Fig. 8), a
species difference factor in uncertainty factor should be considered
in setting the uncertainty factor to take into account the possibly
slower clearance in humans. To solve the question how much de-
gree of the uncertainty factor for species difference should be rec-
ommended, it would be totally taken into consideration the results
of the quantitative PBPK analysis as well as pharmacological/toxi-
cological potential of the compound and metabolites.

5. Conclusions

A simplified PBPK model for the synthetic progesterone melen-
gestrol acetate and its primary metabolite was developed using a
combination of algorithms, in vitro and in vivo experimentation,
and literature resources, According to the present PBPK analysis,
melengestrol acetate is cleared more slowly from plasma in hu-
mans than in rodents. The present study indicates that simplified
PBPK modeling is useful for application of the forward dosimetry
approach to melengestrol acetate and to other related compounds
for low chemical doses such as those at the no-observed-adverse-
effect level.
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Appendix A

The liver-plasma concentration ratio (K,;,) and the ratio of the
blood to plasma concentration (R,) were calculated using the fol-
lowing equations (Poulin and Theil, 2002):

K. - 002289 P+ 0.72621 fyp+1 Al
Ph = 0.00396. P+ 0.960581 2 (AT)
Ry = 0.45 (K- fup — 1) + 1 (A2)
1—fup
log Ky = 0.617 - log 5 +0.208 (A3)
up

where P is the water-octanol partition ratio [estimated from the
computer-calculated logP as neutral (clogP)] and f,,;, is the plasma
unbound fraction, Hepatic interstitial fluid-to-plasma concentration
ratios of albumin, globulins, and lipoproteins were assumed to be
0.5.

The initial parameter value of the hepatic intrinsic clearance
{CLyine) used to execute the fitting calculation of the PBPK model
with WinNonlin software was derived as follows, First, the hepatic
clearance (CLy,) was estimated:

Q- Dose —Q;, -AUC - CL,
b =~ pose Q, -AUC (Ad)

where AUC and Q, are the area under the plasma concentration
curve and the hepatic blood flow rate of the systemic circulation
to the hepatic compartment, respectively, and CL, is the renal clear-
ance. In this study, we assumed that the fraction absorbed (F,) -
x intestinal availability (Fy) = 1.0; then, the bioavailability (F) was
calculated:

FeFy=1- %’.}. (A5)

h
where F, is the fraction unmetabolized in the liver, The initial value
of Clyine Was estimated from Eq. (AG), where CLy, was evaluated
using the total clearance (Cly,) with the distribution volume (Vy)
and elimination constant (k) from Egs. (A7), (A8):

R, Q,-Cly

CLl'n':_"—""’"— AG
Bint fu‘p Qh - CLh ( )
CLy = Clig — CL, (A7)
CLigr = Va - ky (A8)
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Abstract. Cancer is initiated by the transtormation of stem
cells or progenitor cells via a dedifferentiation process that
leads to cancer stem cells; however, the process involves the
activation of growth-promolting oncogenes and the inactivation
of growth-constraining lumor suppressor genes. The intro-
duction of defined factors, such as those encoded by ¢-Mye,
Sox2. Oce3f4 and KIf4, in normal somatic cells results in their
dedifTerentiation into induced pluripotent stem (iPS) cells.
We previously reported that these defined factors induced the
development of induced multipotent cancer (iPC) cells from
gastrointestinal cancer cells by reducing tumor aggressiveness.
Previous studies indicated that although reprogramming may
be facilitated by p353 inhibition, gain-of-function oncogenic
mutations in p53 and oncogenic mutations in Kras-stimulated
tumorigenic activity. and their voles in vivo arc imperfectly
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understood. Hence. in the present study, the effeet of direct
injection of a Sendai virus (SeV) veetor encoding four defined
factors in vivo was studied using various backgrounds of
transgenic and knockout mice, and was compared with that of
direct injection of microRNAs (miRNAs) diluted with cationic
lipid. The in vive imaging data revealed transformation hot
spots for p33 deficiency or conditional activation of mutant
Kras, and the sizes were concordant with those in immuno-
deficient NOI/SCID and uPA-NOG mice, as well as larger
compared with those in the control mice. Overall, the present
data on in vive reprogramming indicated that Kras activation
may facilitate the effect of cetlular reprogramming in normal
liver cells, and the cffect of Kras activation is more apparent
than that of tumor suppressor p33 deficiency. The results also
revealed thut immunodeficiency may increase the effect of
reprogramming, presumably by blocking the immunosurveil-
lance of vanstormed cells. These findings provide a rationale
for further studies to develop a therapeutic approach involving
direct in vivo reprogramiming.

Introduction

The discovery that complete cellular reprogramming may
be achieved by introducing the defined transeription factors
c-Mye. Sox2, Oct3/4 and K4 into lerminally differentiated
somatic {ibroblasts of mouse and human origins was an impor-
tant breakthrough (1.2). The generation of induced pluripotent

stem (iPS) cells by the tntroduction of defined lactors, which

are generally expressed in embryonic stem (ES) cells, results in
the reconstitution of organs in chimeric mice and contributes
to the regencration of human tissues (3). We previously showed
that gastrointestinal cancer cells acquived multipotential differ-
entiation ability upon the introduction of deflined factors: the
gene expression profiles of mesodermal and ectodermal cells
appeared in gastrointestinal cancer cells of endodermal origin
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ftermed induced multipotent cancer (iIPCY cells| (4), Whether
the iPC cells were generated via a state of pluripotency
remains to be investigated. although the iPC cells expressed
ES-like genes und possessed the ability to differentiate [rom
cells of endodermal origin into other endoderm and mesoderm
lincages (4). Notably. in vitro diffcrentiation resulted in sensi-
tization to therapeutic reagents such as vitaming A and D and
the chemotherapeutic agent S-fluorouracil (3-FU)Y, as well as
reduced tumorigenicity. suggesting that altering the cancer cell
lincage through reprogramming in vivo may be a promising
concept for novel and efficient cancer therapy (). However, at
present. there are a limited numiber of studies concerned with
reprogramming in vivo, and thus the mechanism involved in
reprogramming in vivo remains unknown,

Epithetial tumor tissues are composed of various types
of mesenchymal cells. such as myolibroblasts, fibroblasts,
endothelial cells, Iymphocytes. monocytes and macro-
phages. certain of which are known to be components of a
microenvironment (niche), These components are involved
in tumorigenesis at the carly stages, support cancers cells
and provide resistance against exposure to chemotherapeutic
reagents. Overall, although it 15 assumed that mesenchymal
cells are important in the process of reprogramming in the
complex system in vivo, no investigations on how reprogram-
ming fuctors affect the mesenchymal components have been
conducted. To assess this, the effect of direct injection of a
Sendai virus (SeV) vector encoding four defined factors into
the liver was studied using transgenic and knockout mice with
various genetic backgrounds. and the effect was compared
with that of dircct injection of microRNAs (miRNAS) diluted
with cationic lipid. The in vive bicluminescence imaging data
revealed transformation hot spots for p33 (also known as 7P53
in humans and 7rp33 inmice) deficiency or conditional activa-
tion of mutant Kras, and the sizes were consisient with those
in immunodeficient NOD.CBUZ-Prkde i (NOD/SCIDY mice
and NOD.Cg-Prkdc ™ H2rg"Jic (NOG) mice expressing
transgenic urokinase-type plasminogen activator (vPA) in the
liver (WPA-NOG), as well as Targer compared with those in
the control mice. The present results suggested that the cffect
of reprogramming-based. novel therapeutic approaches wus
enhanced by Kras activation. The cffect was more apparent
with Kras activation than with tumor suppressor p53 defi-
ciency. suggesting a distinet role for the Kray pathway in direct
reprogramming in the liver, Furthermore, immunodeliciency
may increase the cffect of reprogramming, presumably by
blocking the immunosurveillance ol transformed cells.

Subjects and methods

Experimental animals. NOD/SCID mice were purchased
from Charles River Japan (Osaka. Japan). All animal
experiments were performed with approval from the Animal
Experiments Committee of Osaka University, The NOD/SCID
mice lack B cclls. T cells and the complement system, and
possess severely reduced natural killer (NK) cells, More
severely immunodeficient uPA-NOG mice were produced by
extra-uterine fertilization. resulting in zygotes that expressed
transgenic ¢PA n the liver: the extracclular matrix in the liver
was modified o activate the hemolytic system. which facili-
tated xenogeneic engraltment or growth of transformed cells
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in the present experiment in mice with an imnunodelicient
hackground (3). Heterozygous BO2984-Kras™¥i} mice
(Jackson Laboratory. Bar Harbor. ME. USA). which carry an
allele with the most common point mutation whose expression
is blocked by the presence of a foxP-flanked stop codon in the
ROSA loci.were crossed with B6129-Tg(MMTV-Cre)dMam/]
mice (Jackson Laboratory). which express P1 Cre recombi-
nase under the control of the mouse mammary tumor virus
(MMTV) long terminal repeat (LTR) promoter. The MMTV
LTR promoter directs a widespread pattern of expression
1o produce CMV-Cre/Kras™ mice: and when expressed in
B6.Ce-Te(Alb-Cre)21Mgn/] mice (Jackson Laboratory). is
efficient in achicving liver-specific recombination to produce
Alb-Cre/Kras™ mice. B6.129S2-Trp53"1/1 mice (Jackson
Laboratory), front which a mutant allele was produced by a
targeted neo inscrtion into the p33 locus, were mated with
STOCK Tg(Nanog-GFP, Puro)l Yam mice, which express the
areen fluorescent protein under the control of the Nanog gene
promoter {RIKEN BioResource Center, Tsukuba. Japan), to
produce Nanog-GFP/Trp33 % mice. Overall, two immuno-
deficient mice were used in the experiments, NOD/SCID and
uPA-NOG. as well as CMV-Cre/Kras™, Alb-Cre/ Kras™ and
Nonog-GFP/Trp33%¢ mice. miRNAs were also used 1o assess
the effect.

I vive administration of viral construct mixture, SCV vectors
replicate in the form of negative-sense single-stranded RNA
in the eytoplasm of infected cells and do not undergo a DNA
phase or integrate into the host genome (6). It was shown that
the efficient induction of transgene-free human pluripotent
stem cells was achieved using a vector based on SeV, an RNA
virus that does not integrate into the host genome; iPS induc-
tion could be achieved by the SeV-mediated gene-transfer
introduction of the defined transcription factors c-Mye, Sox2,
Qct3/4 and KIf4 from terminully differentiated somatic
cells (7). A vival construct mixture consisting of: i) 5 ul lenti-
viral vector and i1) SeV vectors (2.5 pd per each transcription
factor) or 10 gl miRNAs was prepared. Co-transfection of the
lentiviral luciferase gene was performed to trace the cell popu-
lations in which the genes were introduced. The SeV vectors
were mixed according to the transeription factors to be intro-
duced, such as SeV vectors encoding c-Mye. Sox2, Oct3/4 and
Kif4 (MSOK): Sox2. Octd and K4 (SOK): or ¢-Mye alone
(M), With regurd 10 miRNAs. 60 pmol of double-stranded
maturc miRNAs (20 pmol of mmu-miR-200¢: 5§ pmol of
mmu-miR-302a, -302b, -302¢ and -302d: and 10 pmol of
mm-miR-369-3p and -3p) was diluted with [0 g siPORT
(Ambion, Austin, TX. USA). Mcdian laparotomy was
performed in cach nouse under sevoflurane ancsthesia and
the viral construct mixture was directly injected into the
median lobe of the liver.

In vivo imaging. To trace the behavior of the injected viral
construct, the animals were examined at days 14, 21 and
28 using the IVIS Lumina I imaging system (Caliper Life
Sciences. Hopkinton, MA, USA) (Fig. 1). Each mouse received
luciferin intraperitoncally at 4 mg/kg and was then anesthe-
tized with 2% isoflurane: the mice were left uadisturbed (or
10 min thereafter. Subsequently, the mice were imaged under
the following conditions: Exposure, 2 min: [-stop. 1: binning.
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Figure L Schematic representation of the study. The immunodelicient mice.
NODISCID and uPA-NOG, as well us the CMV-Cre/Kras” . Alb-Cre/
Kray™ and Nonog-GEP/Trp3 34 mice. received injection of the Sendai virus
(SeV) vector encoding transeription factors (including ¢-Mye, Sox2. Ocri
and K1) into the livers by laparotomy. As a control, microRNAs (miRNAg)
diluted with cationic lipid were injected. To trace the effect. the leativiral
fueiferase gene (Luc-LV) was co-injected. At the indicated days after injee-
ton. the mice received administration of Juciferin intraperitoneally and the
signal was assessed using the IVES Lwuina 1T system.

medium: ficld of view, 12.5 em. Bioluminescence values were
calculaled as photons/sicm®/sr in the region of interest,

Results

Immunodeficient mice. In the NOD/SCID mice. the Jucif-
crasc-positive area was detected 14, 21 and 28 days following
the injection of viral construct mixture (Fig. 2A). The mice
showed no apparent health problems. The uPA-NOG mice
showed a more apparent luciferasce-positive area, which was
negative at day 4, but positive at day 21 and more apparent
compared with day 28, The data suggested that liver-specific
modilication of the extracellular matrix under immuno-
deficient conditions may induce a more apparent effect.
By contrast. direct injection of miRNAs indicated that the
luciferase-positive arca was refatively small in NOD/SCID
mice, but was increased in uPA-NOG mice at day 28 (Fig. 2B).
suggesting that the effects of the SeV vector infection were
more apparent than the in vivo translection of miRNAs, and
that the extracelular structure of the Hver and immunosurveil-
lance may alter the effect.

Oncogenic Kras activation in mice. To investigate the effect
ol oncogenic Kras activation in mice, CMV-Cre/Kras™ mice
were produced, which expressed the oncogenic Kras allele with
a point muation (G12D; Fig. 3A). The luciferase-posilive arca
was detected at days 14, 21 and 28. Another lucilerase-positive
arca, in the right thoracic region, was also noted. The data
suggested that oncogenic Kras may be involved in accelerating
the cellujar reprogramming process. The effect was marginal
in miRNA-injected mice (Fig. 3B). presumably due to the
relatively low gene transfection efficiency compared with SeV
vector injection.

To clarify whether hepatocytes or non-hepatocytes (such
as mesenchymal cells) in the fiver were involved in the effect.
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Alb-Cre/Kras™ mice were produced and SeV vector encoding
e-Mye, Sox2. Oct3i4 and Kif4 (MSOK) was directly injected
(Fig. 3C). The luciferasc-positive arca was Jimited compared
with that of CMV-Cre/Kras™ mice, The data were similar
{ollowing the injection of SeV vector encoding Sov2. Oct3M
and K{f4 but not c-Mye (SOK: Fig. 3D) suggesting that
Alb-positive hepatoeytes were unlikely to be targets of cellular
feprogramming.

To study the effect of e-Mve in oncogenic Kras muta-
tion. SeV vector encoding ¢-Mye (M) wus injected into
CMV-Cre/Kras™ mice (Fig. 3E). The luciferase-positive area
was detected atdays 14, 21 and 28, while the injection of SeV
vector encoding c-Myve. Sox2. Oci3id and Kif4 (MSOK) into
the control CMV-Cre mice showed a similur luciferase-posi-
tive arca (Fig. 3F). The data suggested that the oncogenic Kras
mutation was compatible with the administration ol Sox2,
Oct34 and Kif4.

Tumor suppressor pS3-deficient mice. Previous studies have
shown that the inhibition or abscnce of p33 significantly
increased the reprogramming elficiency of somatic cells to
reach a pluripotent state (8-10). Further studies have demon-
strated that decreasing the level of the tumor suppressor p33
protein enuables the development ol iPS cells from murine
fibroblasts; these iPS cells arve capable of generating germ-
line-transmitting chimeric mice. suggesting that p33 may not
be necessary for reprogramming. The inhibition or absence of
P33 significuntly increuses the reprogramming efficiency of
human somatic cclls (8-10).

To assess the effect of this observation in vivo.
Nanog-GFP/Trp53% mice were produced and infected with
SeV vector encading ¢-Mve, Son2. Octdld and Kif4 (Fig. 3G).
Although the efficiency was low. it was possible to detect the
luciferase-positive arca at days 4. 21 and 28. The administra-
tion of miRNAs did not produce a luciferase-positive area,
suggesting that the efficiency of this approach was low or
undetectable (Fig. 3H). The data showed that although the
effect of p53 was signilicant in cellular reprogramming, its
cffect in direct reprogramming in the liver was limited.

Discussion

Although there is little knowledge concerning the mechanism
of reprogramming in vive. it is known that certain types of
gene alterations have significant effects on cellular repro-
gramming i virro, For example. the absence of p33. which
is critical in epithelial tumors, increases the efficiency of iPS
cell generation (8-10), We previously demonstrated that the
reprogramming efficiency was enhanced by co-translection
of key tumor suppressor gene mutants (1. data not shown).
The results support the theory that mutations involved in DNA
contact may be critical in the efficiency of iPS gencration,
and suggest two roles for p53 mutations in reprogramming.
Structural mutations may contribute to the maintenance of
genomic stability. while DNA contact mutations define the
downstream target genes., which may be distinet [rom wild-type
353 function. Morcover. in a further reprogramming study
using other cancer cells with gain-of-function mutations, such
as pS3RI7AH and Kras“", we demonstrated the multipotency
of differentiation and temporal suppression of tumorigenicity.
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However. the cells subscquently restimed growth in long-term
culture (>2 months) and also showed increased tumorigenicity.
After iPS factor-mediated reprogramming. the expression of
ES-like genes. with the exception of activated endogenous
c-Mye, was downregulated in long-term culures of iPC cells
derived from cholangiocellular curcinoma HuCC-T1 cells
with gain-of-function mutations. This suggests a role for such
oncogenic mulations in the reactivation ol @ malignant pheno-
type in long-term culture, presumably via the accwmulation
of further mutations or increased genomic instability during
in vitro culture (11).

The present study showed that the following factors were
involved in the efficiency of the causal elfects due to directly
administered reprogramming lactors in the liver in vivo:
i) immunodeficieneys i) extracellular components such as yPA:
and ii1) activation of oncogenic Kras in mesenchymal cells,

Severely immunadeficient NOG mice are utilized as recipi-
ents for human tissuc transplantation. which produces chimeric
mice with various types of human tissue. In the present study,
uPA-NOG mice were used. Human hepatoeyltes injected into
uPA-NOG mice repopulated the recipient livers with hwman
cells, and the uPA-NOG madel has a number of advantages
over previously produced c¢himeric mouse models of the
hwman liver (5). The immunodeficient condition Tacilitates this
process by the climination of transformed cells. In the present
study. uPA-NOG mice showed larger luciferase-positive areuas
in comparison with NOD/SCID mice, suggesting that the
extracellular matrix has a critical effect on reprogramming.
Furthermore. the tissues were cxamined and an irregular
arrangement of hepatocyles was observed. although no
cancerous cells or teratoma were detected. suggesting that the
cells direetly affected by reprogramming {actors in vivo may
be altered or adapted in tissues with a supportive surrounding
microenvironment,

Oncogenic Kras has a pivotal role in the carcinogenesis
and progression of gastrointestinal tumors, such as those of
the pancreas and colon, and in novel treatiment options in
Kras-mutant metastatic colorectal cancer. However., Kras
mutations associated with vinyl chioride exposure and the
observed mutations in Hver cancers are relatively rare in
direct DNA-sequencing analyses following microdissection,
suggesting that activation of the oncogenic Kras is unlikely
to have a significant role in liver cancer (12-15). This is in
agreement with the present observation that Alb-Cre/Kras™
mice, in which the oncogenic Kras is activated in Alb-positive
hepatocytes, developed a weak luciferase signal. The present
data showed a low frequency of Tuciferase-positive cells in
Alb-Cre/Kras™ mice compared with CMV-Cre/Kras™ mice,
suggesting that Alb-negative cells may be targets of in vivo
reprogramming. Activating mutations in the Kras gene are
commonly detected in certain. but not all, types of epithelial
cancer. Ray et al studied a Cre-mediated Kras®” mutation,
which has the same position of amino acid substitution as in
the present study. during recombination in Lissues expressing
cytokeratin 19 to understand the susceptibility of various
epithelial tissues to Kras-induced tumorigenesis (16). The study
showed that exposure to extracellular components promoted
Kras“"-initiated tumorigenesis. although environmental
exposure did not consistently corvelate with tumor {ormation,
such as that in the small intestine, suggesting the presence of
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intrinsic dilferences in susceptibility to Kray activation and
that tumor susceptibility is not limited to the epithelial cells
but is different depending on the cellular context (16). To the
best of our knowledge, the present study is the first to demon-
strate that the effect of reprogramming factors in vivo is nol
dominant in cpithelial cellst instead. the effect is more likely to
be translormed in non-cpithelial, mesenchymal cells, demon-
strating that the efficiency at the same dose is dependent on the
cell of origin. However. tumor suppressor 233 deficiency had
limited significance in the present study. Given that the data
indicated Alb-negutive cell involvement in direct reprogram-
ming in the liver in the present system, genomic surveillance
of p33 may be limited in mesenchymal cells. It is reasonable
to consider that the genotype ol the pi3-deficient mice was
heterogencous for p3.3 (p3347); thus. the remaining intact allele
may be involved in the suppression of the transformation in
mice with this genetic background.

The present data indicated that the activation of oncogenic
signals, such as Kras“??, in mesenchymal tissues may be
critical in the generation of the effect of directly administered
reprogramming lactors in the liver in vivo. This may provide
answers (o queries regarding reprogramming. including offi-
ciency and tumorigenicity. to establish experimental models
of organ/tissuc/cell-specific oncogenic gain-of-function with
various types of immunodeficient mice. Therefore, in the
future, a reprogramming-based, novel therapeutic approach
may be applied clinically.
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