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Overlap all changed genes

B Increased genes

Fig. 1. Microarray data analysis. (A) Venn-diagram depicting the overiap of genes
with changed expression upon treatment. (B) Venn-diagram depicting the overlap
of genes with increased expression upon treatment.

700 genes with significantly altered expression, twice as many as
DES and three times as many as affected by TCDD (see Fig. 1A). This
is possibly an effect caused by the multitude of metabolites derived
from 3-MC, and their actions within the cell.

In order to assess if the genes induced by 3-MC could be di-
rect AhR or ER targets, we extracted the promoter sequences of
the 20 genes whose expression was most up-regulated by 3-
MC using the Genomatix software Gene2Promoter. These pro-
moter sequences were analyzed by Matlnspector, which retrieves
conserved transcription factor binding sites. In the promoter se-
quences that have no published ERE or XRE sites, the program
predicted either ERE or XRE or both sites in all but one (Aquapo-
rin 3) promoter sequences (Table 1). Seven out of the 20 promot-
ers contained one or more predicted or published ERE but no
XRE. This was in contrast to the 20 genes whose expression
was most up-regulated by TCDD, where only one promoter con-
tained an ERE sequence in the absence of an XRE (data not
shown). Thus, this in silico-based approach confirmed the pres-
ence of putative estrogen receptor binding sites in promoter re-
gions of 3-MC regulated genes, which could suggest that 3-MC
or its metabolites induce transcription of these genes by activat-
ing estrogen receptor.

The regulated genes were then classified depending on their
biological function. Again, this clustering analysis showed that 3-
MC and TCDD affected regulatory pathways only partly overlap

- (Table 2). DES and 3-MC up-regulated mostly genes that are in-
volved in developmental processes. Additionally, genes up-regu-

lated by DES are involved in metabolic processes while 3-MC up-
regulated genes act in apoptosis and programmed cell death. In
contrast, genes induced by TCDD were found mainly to be involved
in nutrient transport and cellular signaling cascades. Developmen-
tal processes were only minimally affected by TCDD. Taken to-
gether, the results show three distinct chemicals having
profoundly different effects in these cells.

3.2. 3-MC activates ER-target genes via ER

To validate the changes in the expression profiles identified by
the microarray analysis, a set of regulated genes was chosen and
analyzed using quantitative real-time PCR. We chose to use differ-
ent HepG2-derived cell lines, stably transfected with either ERo
(HepELN-ERat) or ERB (HepELN-ERB) (Riu et al.,, 2011). The use of
these cell lines allowed us firstly, to show that the findings are
not specific for HepG2-ERa. cells and secondly, to assess the effects
of the treatments on each estrogen receptor subtype separately.
Although ERq is the predominant ER isoform in the liver, ERp has
been shown to be expressed and to exert some functions in this tis-
sue (Barros and Gustafsson, 2011), and ERB signaling is functioning
in the HepELN-ERB cell line (Riu et al., 2011).

HepELN-ERa cells, HepELN-ERB cells, and the control cell line
HepELN lacking ER were treated with DES, 3-MC or TCDD and
mRNA levels were determined by quantitative RT-PCR. We chose
two exposure times: one similar to the one used for the micro-
array study (20 h) and a shorter one (6 h). The latter was chosen
to test whether the chemicals regulate the investigated genes
directly or indirectly by controlling genes upstream of the inves-
tigated ones. :

For the analysis, we chose the known ER target gene TFF1/
pS2, insulin-like growth factor binding protein 4 (IFBP4), also a
known ER target gene (Bourdeau et al, 2004; Denger et al.,
2008) and the most highly DES-induced gene not induced by
3-MC, plasminogen activator inhibitor-1/Serpine I (PAI-1), which
was the most highly 3-MC-induced gene not induced by DES, and
follistatin (FST), which was among the top 20 induced by both
DES and 3-MC.

As expected, the estrogen DES induced transcription of both
known ER-target genes via ERoa at both time points (Fig. 2A
and B). Induction of transcription via ERp was less pronounced
and only measured after 20 h of treatment. 3-MC induced TFF1/
pS2 at both time points, whereas for IGFBP4 induction was only
measured at the 6 h time point. Interestingly, 3-MC could induce
the two genes only via ERe, whereas no effect via ERp was ob-
served. TCDD treatment had no effect on the transcription of
these two genes.

PAI-1 could be induced by 3-MC at both time points, but again
only in ERa-expressing cells (Fig. 2C). The effect of DES was slightly
less pronounced and only measurable after 6 h, not after 20 h. The
short effect of DES on PAI-1 and of 3-MC on IGFBP4 could explain
the discrepancies to the microarray results as the cells were trea-
ted for 24 h for the microarray analysis. FST was induced by both
compounds, however, only treatment of DES led to increased
expression in the ERB-expressing cells (Fig. 2D).

To conclude, we have identified ER-activated regulation of
TFF1/pS2, PAl-1, and FST by the polycyclic aromatic hydrocarbon
3-MC, or by a metabolite of the parent compound. The estrogenic
activities exerted by 3-MC, or its derivative, seem to be mediated
exclusively by ERa, which suggests an ER isoform-selectivity of
the active compound.

3.3. 3-MC induces recruitment of ER« to target gene promoters

Our results so far suggest that 3-MC, or rather a metabolite of
this compound, displays estrogenic activities that are dependent
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Table 2
Gene ontology (GO) of the genes upregulated by DES, 3-MC, and TCDD.

Term ID Total Observed Expected ZScore
Genes up-regulated by DES
Multicellular organismal process G0:0032501 2983 23 1117 392
Organ development G0:0048513 1127 11 422 343
Cell proliferation G0:0008283 748 8 238 3.19
System development G0:0048731 1555 13 582 313
Organ morphogenesis G0:0009887 369 5 138 3.12
Muiticellular organismal development G0:0007275 2113 16 791 3.08
Anatomical structure development G0:0048856 1792 14 6.71 2.99
Carbohydrate metabolic process G0:0005975 389 5 146 2.98
Developmental process G0:0032502 2925 19 1055 2.68
Phosphorus metabolic process G0:0006793 888 8 333 2.64
Phosphate metabolic process G0O:0006796 888 8 333 2.64
Phosphorylation G0:0016310 741 7 277 26
Genes up-regulated by 3-MC
Regulation of developmental process G0:0050793 786 18 3.66 7.71
Organ development G0:0048513 1127 19 5.24 6.24
Developmental process G0:0032502 2925 34 136 6.11
Positive regulation of biological process G0:0048518 1111 18 517 5.86
Regulation of cell differentiation G0:0045595 176 6 082 5.77
Apoptosis G0:0006915 761 14 354 571
Negative regulation of transcription from RNA polymerase Il promoter G0:0000122 130 5 06 5.69
Programmed cell death G0:0012501 769 14 3.58 5.66
Epidermis development G0:0008544 133 5 0.62 5.61
Regulation of phosphorylation G0:0042325 89 4 0.41 56
Cell death G0:0008219 816 14 379 5.39
Death ) G0:0016265 816 14 3.79 539
Genes up-regulated by TCDD )
Carboxylic acid transport G0:0046942 79 5 0.38 7.51
Amino acid transport G0:0006865 56 4 0.27 7.2
Amine transport G0:0015837 71 4 034 6.27
G-protein signaling, coupled to-cyclic nucleotide second messenger G0:0007187 88 4 043 551
Cyclic-nucleotide-mediated signaling G0:0019935 95 4 046 525
Positive regulation of bioclogical process G0:0048518 1111 16 537 4,76
Positive regulation of cellular process G0:0048522 1008 14 4.87 428
Negative regulation of transcription from RNA polymerase Il promoter G0:0000122 130 4 0.63 428
Sensory perception of sound G0:0007605 134 4 0.65 419
Anatomical structure development G0:0048856 1792 20 8.66 4.09
System development G0:0048731 1555 18 7.51 403

G0:0007399 673 10 325 3.83

Nervous system development

The GO analysis was carried out using BiblioSphere (Genomatix).

on ERa. To further corroborate a mechanism involving ERa acti-
vation, we analyzed ERa recruitment upon 3-MC and DES treat-
ment to IGFBP4, FST, and GREB1 as positive control. To this end,
we performed chromatin immunoprecipitations assays (ChlPs) in
HepELN-ERa cells. ER recruitment to target promoters is usually
seen very shortly after ligand treatment, thus incubation times
between 15 and 45 min are normally used in ChIP protocols.
We assumed that such a short incubation time would not allow
for sufficient accumulation of 3-MC metabolites, thus we treated
the cells for 2 h with DES, 3-MC, and TCDD. Precipitations were
performed with antibodies against ERa, AhR and ARNT. The pre-
cipitated DNA was analyzed by real-time PCR amplifying either
‘known functional EREs (GREB1 promoter (Ruegg et al., 2008),
IGFBP4 enhancer (Bourdeau et al., 2004; Denger et al., 2008))
or an ERE in the FST promoter identified by in silico analysis
(Fig. 3B). ;

In line with the expression data, the ChIP results show recruit-
ment of ERa to these regions upon treatment with DES or 3-MC,
but not with TCDD (Fig. 3A-C). Neither AhR nor ARNT was re-
cruited, suggesting that 3-MC acts via ERa.

In control experiments, a xenobiotic response element (XRE) in
the promoter region of the CYP1A1 gene was analyzed in the same
cells, and ERa was not found to associate to this region (Fig. 3D).
When precipitations were carried out with AR or ARNT antibod-
ies, we found high enrichment of both AhR and ARNT at the
CYP1A1 enhancer in the presence of both 3-MC and TCDD, con-
firming our treatments and the responsiveness of the cell model.

These findings demonstrate that 3-MC, just like DES, can induce
ERa-recruitment to EREs in target genes, independently of ARNT-

or AhR-recruitment. This is true not only for known ERo-target
genes (like GREB-1 and IGFBP4) but also for FST, identifying FST
as a novel ER-target gene.

4. Discussion

TCDD and 3-MC are widely used as prototypical AhR ligands
and CYP1A1 inducers, however, their precise biological response
patterns have not been characterized. In this study, we compared
the transcriptional response to TCDD, 3-MC and DES in HepG2
cells, a cell line that is able to metabolize 3-MC: The microarray
analysis showed that, while 24 h treatment with DES and TCDD af-
fected around 200 and 300 genes, respectively, 3-MC treatment
significantly altered the expression of almost 700 genes. We sug-
gest that this outcome reflects the high number of metabolites
generated by biotransformation of 3-MC in HepG2 cells, and their
actions within the cell.

Importantly, 3-MC and TCDD control distinct gene networks
and biological functions. 3-MC has frequently been used as an
ARR agonist instead of TCDD in both in vitro and in vive studies,
due to strict national regulations controlling the use of dioxin in
laboratories. The findings presented here clearly show that data
obtained with 3-MC cannot be generalized for other AhR ligands,
particularly not for TCDD.
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Fig. 2. Validation of microarray data (qRT-PCR). Verification of the microarray data was carried out as described in Materials and methods. Total RNA from control HepELN,
HepELN-ERo. or HepELN-ERB cells treated with DES-, 3-MC or TCDD was prepared after 6 h and 20 h. The relative level of mRNA of regulated genes was then analyzed by
quantitative RT-PCR. Samples were analyzed in triplicates and are given as SEM. (A) TFF1/pS2; (B) IGFBP-4; (C) PAI-1; (D) FST.

Endocrine disruption has been extensively documented, in
particular for the estrogen receptor. TCDD and 3-MC have both
been shown to interfere with the ERs but by different mecha-
nisms of action. We and others could demonstrate that 3-MC,
or rather some of its metabolites, act as ERa ligands (Abdelrahim
et al., 2006: Swedenborg et al., 2008). TCDD, on the other hand,
inhibits ER-mediated gene transcription by indirect mechanisms,
e.g. by inducing competition between ER and AhR for their
common co-activator ARNT (Brunnberg et al, 2003; Ruegg
et al., 2008; Safe et al., 2000). In this study, we could confirm
that 3-MC can induce ER-target genes in an ERo-dependent man-
ner. The induction was apparent already after 6 h of treatment,
suggesting that 3-MC derived compounds act directly on ERa.
This notion was corroborated by the finding that ERa is recruited

to predicted ERE sequences located in the target gene promoters
upon 3-MC treatment. A complex molecular interplay between
the AhR and ER can occur on some promoters (Klinge et al.,
2000; Matthews et al, 2005; Safe and McDougal, 2002: Safe
et al, 2000; Spink et al, 2003; Wang et al, 2001; Wormke
et al., 2000; Zacharewski et al., 1994). However, on the promoters
analyzed in this study, no co-recruitment of ERo, AhR, and ARNT
could be measured.

Intriguingly, the estrogenic effect of 3-MC was only detected in
ERa-expressing cells but not in ERB-expressing cells. This result
indicates that, in contrast to DES, the active 3-MC metabolite acts
through an isoform-selective mechanism. Again, this is in contrast
to TCDD that has been shown to interfere in particular with ERB
(Ruegg et al., 2008).
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Fig. 3. Chromatin immunoprecipitations (ChiPs). HepELN-ERa cells were treated for 2 h as described in Materials and methods. ChIPs were carried out with antibodies
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(B) FST (ERE - 1.1 kb); {(C) GREB-1 (ERE - 1 5 kb); (D) CYP1A1 (XRE - 1.1kb).

In addition to the known ER target genes, DES and 3-MC in-
duced genes that have not been shown previously to be regulated
by ER. For FST and PAI-1 we could confirm that they are regulated
by activated ERa, FST also by activated ERP. As their expression
was already upregulated after 6 h we speculated that they are no-
vel direct ER target genes. Indeed, we could identify potential ER
binding sites in.the promoter region of these genes. For FST, we
could show DES and 3-MC-dependent ERo-recruitment to a
predicted ERE, confirming it to be a direct ERo-target gene. FST is
important for the development of bone, muscle, and skin (Matzuk

et al,, 1995), and is essential for functioning ofthe fernale and male
gonads (reviewed in e.g. de Kretser et al., 2002). Our finding that
3-MC can induce FST-expression calls for further experiments
evaluating the effects of 3-MC on FST in these systems.

5. Conclusions

We have shown that the prototypical AhR ligands TCDD and 3-
MC control separate gene regulatory networks and have distinct
impacts on the cells. Thus care should be taken when interpreting
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studies that use these two compounds interchangeably. In contrast
to TCDD, 3-MC induces known estrogen-responsive genes such as
GREB1, IGFBP4 and TFF1/pS2 as well as genes not previously
reported to be ER target genes, like FST and PAI-1/Serpinel. Fur-
thermore, estrogenicity of 3-MC, or some of its metabolites, is ER
isoform-selective, affecting only ERa.
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To elucidate target molecules of white matter development responding to hypothyroidism, global gene
expression profiling of cerebral white matter from male rat offspring was performed after maternal expo-
sure to anti-thyroid agents, 6-propyl-2-thiouracil and methimazole, on postnatal day 20. Genes involved
in central nervous system development commonly up- or down-regulated among groups treated with
anti-thyroid agents. Immunohistochemical distributions of vimentin, Ret proto-oncogene (Ret), deleted
in colorectal cancer protein (DCC), and Claudin11 (Cld11) were examined based on the gene expression
profile. Immunoreactive cells for vimentin and Ret in the cingulum, and the immunoreactive intensity of
Cerebral whitematier Cld11 and DCC in whole white matter were increased by treatment with anti-thyroid agents. Immunore-
Vimentin active cells for vimentin and Ret were immature astrocytes and oligodendrocytes, respectively. Thus,
Ret immunoreactive cells for vimentin and Ret may be quantitatively measurable targets of developmental
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1. Introduction

Thyroid hormones are essential for normal fetal and neona-
tal brain development, control neuronal and glial proliferation in
definitive brain regions and regulate neuronal migration and dif-
ferentiation [1-3]. In humans, maternal hypothyroxinemia early
in pregnancy may adversely affect fetal brain development, and
importantly, even mild to moderate hypothyroxinemia may result
in suboptimal neurodevelopment [4], thereby increasing the

Abbreviations: CC, corpus callosum; Cld11, claudin 11; CNS, central nervous sys-
tem; DCC, deleted in colorectal cancer protein; GAPDH, glyceraldehyde 3-phosphate
dehydrogenase; GD, gestation day; GDNF, glial cell line-derived neurotrophic fac-
tor; GFAP, glial fibrillary acidic protein; MMI, methimazole; OSP, oligodendrocyte
specific protein; PCR, polymerase chain reaction; PND, postnatal day; PTU, 6-propyl-
2-thiouracil; Ret, Ret proto-oncogene; RT, reverse transcription; v-Maf, v-maf
musculoaponeurotic fibrosarcoma oncogene; Zfhx1b, zinc finger homeobox 1b.
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concern of impaired brain development induced by exposure to
thyroid hormone-disrupting chemicals in the environment.

Developmental hypothyroidism leads to growth retardation,
neurological defects and impaired performance in various behav-
ioral learning actions [5,6]. Rat offspring maternally exposed
to anti-thyroid agents, such as 6-propyl-2-thiouracil (PTU) and
methimazole (MMI), show impaired brain growth including white
matter hypoplasia with decreased axonal myelination and oligo-
dendrocytes, and impairment of neurogenesis, neuronal migration,
dendritic arborization and synapse formation [2,7-9]. These types
of impaired brain growth are permanent and accompanied by
apparent structural and functional abnormalities. However, the
molecular mechanism of impaired brain growth is still unclear.

Histological lesion-specific gene expression profiling pro-
vides valuable information on the mechanisms underlying lesion
development. In previous studies, we established molecular anal-
ysis methods for DNA, RNA and proteins in paraffin-embedded
small tissue specimens using the organic solvent-based fixative
methacarn, with high performance similar to that of unfixed frozen
tissue specimens [10-12]. These methods have been used to ana-
lyze global gene expression changes in microdissected lesions
[13-15].
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To evaluate in vivo developmental brain growth effects of
thyroid hormone-disrupting chemicals, we morphometrically ana-
lyzed neuronal migration and white matter development in a rat
developmental hypothyroidism model [16]. Molecules involved in
aberrant neurogenesis and neuronal mismigration were identi-
fied by global gene expression analysis of the hippocampal area
[15]. In the present study, to elucidate marker molecules in white
matter involved in developmental hypothyroidism, we performed
global gene expression profiling using microarrays. To obtain the
white matter-specific gene expression profile, a microdissection
technique was applied to the corpus callosum (CC) and bilateral
cerebral white matter. Based on expression profiles, cellular local-
ization of selected molecules was then immunohistochemically
examined in cerebral white matter after developmental exposure
to anti-thyroid agents.

2. Materials and methods
2.1. Chemicals and animals

6-propyl-2-thiouracil (PTU; CAS No. 51-52-9) and methimazole (MMI; CAS No.
60-56-0) were purchased from Sigma Chemical Co. (St. Louis, MO). Pregnant CD®
(SD) IGS rats at gestational day (GD) 3 (GD 0: the day vaginal plugs appeared)
were purchased from Charles River Japan Inc. (Yokohama, Japan). Animals were
individually housed in polycarbonate cages (SK-Clean, 41.5cm x 26cm x 17.5cm;
CLEA Japan Inc., Tokyo, Japan) with wood chip bedding (Sankyo Lab Service Corp.,
Tokyo, Japan) and maintained in a climate-controlled animal room (24 + 1°C, rela-
tive humidity: 55 4+ 5%) with a 12 h light/dark cycle. A soy-free diet (Oriental Yeast
Co. Ltd., Tokyo, Japan) was chosen as the basal diet for maternal animals to elimi-
nate possible phytoestrogen effects | 17]. Animals received food and water ad libitum
throughout experimentation including a 1 week acclimation period.

2.2. Experimental design

Animal experiments are described elsewhere [16]. Briefly, maternal animals
were randomly divided into four groups including an untreated control. Eight dams
per group were treated with 3 or 12 ppm PTU or 200 ppm MMI, which was added to
drinking water from GD 10 to postnatal day (PND) 20 (PND 0: the day of delivery).
On PND 2, four male and four female offspring per dam were randomly selected
and remaining litters were culled. On PND 20, 20 male and 20 female offspring (at
least one male and one female per dam) per group were subjected to prepuber-
tal necropsy [16,18]. All animals were weighed and sacrificed by exsanguination
from the abdominal aorta under deep anesthesia with ether. Animal protocols were
reviewed and approved by the Animal Care and Use Committee of the National
Institute of Health Sciences, Japan.

2.3. Preparation of tissue specimens and microdissection

For microarray and real-time reverse transcription (RT)-polymerase chain reac-
tion (PCR) analyses, the whole brain of male offspring was immediately removed at
prepubertal necropsy on PND 20 (n=4/group) and fixed with methacarn solution
for 2h at 4°C [10]. Coronal brain slices taken at —3.5 mm from the bregma were
dehydrated and embedded in paraffin. Embedded tissues were stored at 4 °C until
tissue sectioning for microdissection [19].

For microdissection, 4 and 20 um-thick serial sections were prepared. The
4 pm-thick sections were stained with hematoxylin and eosin for confirmation
of anatomical orientation of the hippocampal substructure to aid microdissection
(Fig. 1). The 20 pm-thick sections were mounted onto PEN-foil film (Leica Microsys-
tems GmbH, Welzlar, Germany) overlaid on glass slides, dried in an incubator
overnight at 37 °C, and then stained using an LCM staining kit (Ambion, Inc., Austin,
TX). Regions of CC and bilateral cerebral white matter (external capsule) in sec-
tions, as shown in Fig. 1, were subjected to laser microbeam microdissection (Leica
Microsystems GmbH). Forty sections from each animal were used for microdissec-
tion, and microdissected samples were individually stored in 1.5 ml tubes at —80°C
until total RNA extraction.

2.4. RNA preparation, amplification and microarray analysis

Total RNA extraction from microdissected regions, quantitation of RNA yield,
and RNA amplification were performed using methods described elsewhere
[14,15,19].

For microarray analysis, second-round-amplified biotin-labeled antisense RNAs
were subjected to hybridization with a GeneChip® Rat Genome 230 2.0 Array
(Affymetrix, Inc., Santa Clara, CA).

Gene selection and normalization of expression data were performed using
GeneSpring® software 7.2 (Silicon Genetics, Redwood City, CA). Per chip normaliza-
tion was performed according to a method described elsewhere [14,15]. Genes with

Fig. 1. Overview of the cerebral hemisphere of a male rat at PND 20 stained with
hematoxylin and eosin. Magnification, 12.5x.

expression changes of at least 2-fold in magnitude compared with those of untreated
controls were selected. Common genes with altered expression in anti-thyroid agent
exposed groups were also selected.

2.5. Real-time RT-PCR

Quantitative real-time RT-PCR using an ABI Prism 7900HT (Applied Biosys-
tems Japan Ltd., Tokyo, Japan) was performed for confirmation of expression values
obtained from microarray analysis. Selected genes showed altered expression (>2-
fold, <0.5-fold) in any of the anti-thyroid agent-exposed animals as compared with
those of untreated controls. For example, vimentin, Ret, v-maf musculoaponeu-
rotic fibrosarcoma oncogene (v-Maf) and tektin 4 as up-regulated genes, and Cld11
and zinc finger homeobox 1b (Zfhx1b) as down-regulated ones. RT was performed
using first-round antisense RNAs prepared for microarray analysis. For real-time
PCR analysis, ABI Assays-on-Demand™ TaqMan® probe and primer sets from
Applied Biosystems (n=4/group) were used. For quantification of expression data,
a standard curve method was applied. Expression values were normalized to glyc-
eraldehyde 3-phosphate dehydrogenase (GAPDH) using TaqMan® Rodent GAPDH
Control Reagents (Applied Biosystems Japan Ltd.).

2.6. Immunohistochemistry

To evaluate the immunohistochemical distribution of molecules identified by
microarray analysis, the brains of male pups obtained at PND 20 were fixed in Bouin’s
solution at room temperature overnight. Ten animals for each group were used
except for the untreated control group with six animals.

Antibodies against vimentin (mouse monoclonal antibody, 1:200; Millipore
Corporation, Billerica, MA), glial fibrillary acidic protein (GFAP, rabbit polyclonal
antibody, 1:500; Dako, Glostrup, Denmark), Ret (rabbit polyclonal antibody, 1:50;
Santa Cruz Biotechnology, Inc., Santa Cruz, CA), DCC (mouse monoclonal antibody,
1:40; Leica Microsystems GmbH), and oligodendrocyte specific protein (OSP, same
as Cld11, rabbit polyclonal antibody, 1:200; Novus Biologicals, Inc., Co., Littleton, CO)
were used forimmunohistochemistry. For antigen retrieval, sections were heated in
10mM citrate buffer inamicrowave for 10 min before incubation with anti-vimentin
and -DCC antibodies. Immunodetection was carried out using a VECTASTAIN® Elite
ABCKkit (Vector Laboratories Inc,, Burlingame, CA) with 3,3'-diaminobenzidine/H, O,
for the chromogen as described elsewhere [13,14]. Sections were then counter-
stained with hematoxylin and coverslipped for microscopic examination.
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Up-regulated (22-fold)

200 ppm MMI

3 ppm PTU 12 ppm PTU

Down-regulated (<0.5-fold)

200 ppm MMI

3 ppm PTU 12 ppm PTU

Fig. 2. Venn diagram of genes with altered expression in microarray analysis in response to maternal exposure to anti-thyroid agents. (Left) Up-regulated genes (>2-fold).

(Right) Down-regulated genes (<0.5-fold).

2.7. Morphometry of immunolocalized cells

The number of immunoreactive cells was quantitatively measured by vimentin
and Ret expression in white matter at the cingulum of the bilateral sides using
two sections with an approximately 100 wm interval (i.e. four images per animal;
Fig. 1), and values were normalized and expressed as those in the unit area (cm?).
GFAP-immunoreactive cells were similarly measured. For quantitative measure-
ment of each immunoreactive cellular component containing vimentin, Ret and
GFAP, digital photomicrographs at 100-fold magnification were taken using a BX51
microscope (Olympus Optical Co., Ltd., Tokyo, Japan) attached to a DP70 Digital Cam-
era System (Olympus Optical Co.), and quantitative measurements were performed
using WinROOF image analysis software 5.7 (Mitani Corp., Fukui, Japan). To evaluate
immunoreactivity of DCC and Cld11 in white matter, staining intensity was scored
as 0 (none), 1 (minimal), 2 (slight), 3 (moderate) and 4 (strong) by observation at
40-fold magnification.

2.8. Statistical analysis

Numerical data were assessed by one-way analysis of variance or the
Kruskal-Wallis test following Bartlett’s test. Statistically significant differences were

analyzed by Dunnett’s multiple test for comparison with that of the untreated con-
trol group. For grading immunohistochemical findings, scores of DCC and Cld11
expression were analyzed with the Mann-Whitney’s U-test between the untreated
control group and each anti-thyroid agent treated group.

3. Results
3.1. Global gene expression analysis

Fig. 2 shows the Venn diagram of genes with altered expression
in microdissected cerebral white matter in treated groups in
combination or individually in each treated group. Numerous
common genes were found to be up- or down-regulated in
two of the three treatment groups. The number of genes with
up- or down-regulation in response to 3 ppm PTU was higher
compared with that of 12 ppm PTU. The number of genes with

Table 1
List of representative genes associated with brain development showing up- or down-regulation common to treatments with MMI and PTU at both 3 and 12 ppm (>2-fold,
<0.5-fold). ;
Accession no. Gene title Symbol MMI PTU, 3ppm PTU, 12ppm
Up-regulated (20 genes) o
NM.052803 ATPase, Cut+ transporting, alpha polypeptide Atp7a 5.02 11.39 11.09
NM.001108322 T-box 1 Thx1 420 4.34 231
NM.001191609 Laminin, alpha 5 Lama5 411 11.57 9.35
NM.031550 Cyclin-dependent kinase inhibitor 2A Cdkn2a 3.59 2.70 337
NM.001114330 Glutamate receptor, metabotropic 1 Grm1 345 2.92 5.89
(NM-001114330) (3.01) (2.85) (2.88)
NM.023091 gamma-Aminobutyric acid A receptor, epsilon Gabre 3.20 3.91 7.46
NM.001107692 Ephrin A4 Efna4 3.13 5.07 6.72
NM.001002805 Complement component 4a C4a 3.04 7.15 6.43
NM-019328 Nuclear receptor subfamily 4, group A, member 2 Nrda2 297 2.87 492
NM._001110099 Ret proto-oncogene Ret 2.89 5.01 439
NM_053629 Follistatin-like 3 Fsti3 2.85 4.28 6.08
NM.053708 Gastrulation brain homeobox 2 Gbx2 2.82 473 4.09
NM.019236 Hairy and enhancer of split 2 Hes2 276 2.93 3.11
NM.001109223 Wingless-related MMTV integration site 16 Wnt16 271 242 3.82
XM-001077495 Nuclear receptor co-tepressor 1 Ncorl 2.67 2.01 297
NM.001012220 Cation channel, sperm associated 2 Catsper2 2.54 6.69 4.56
NM.001024275 Ras association (RalGDS/AF-6) domain family 4 Rassf4 231 4.67 5.43
NM-138900 Complement component 1, s subcomponent Cls 2.12 331 3.88
NM.031140 Vimentin Vim 211 6.01 427
NM.053555 Vesicle-associated membrane protein 5 Vamp5 2.04 2.62 3.41
Down-regulated (4 genes)
NM.013107 Bone morphogenetic protein 6 Bmp6 0.23 0.38 0.25
NM.053759 Sine oculis homeobox homolog 1 Sixt 0.45 035 046
NM.019280 Gap junction membrane channel protein alpha 5 Gjas 0.46 0.16 0.28
NM_133293 GATA binding protein 3 Gata3 047 0.47 0.24

Abbreviations: MMI, 2-mercapto-1-methylimidazole; PTU, 6-propyl-2-thiouracil.
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Fig. 3. Validation of mRNA expression of genes selected from microarray data (n=4 in each group). *P<0.05, **P<0.01 vs. untreated controls.

up- or down-regulation in response to 200 ppm MMI was much
lower compared with those of both PTU groups. Four hundred and
eighty six common genes (428 up-regulated; 58 down-regulated)
were identified with altered expression between MMI and both
PTU groups (Fig. 2 and Supplementary data: Tables 1 and 2).
Among these genes, the genes associated with central nervous
system (CNS) development, cell differentiation and cell adhesion
were commonly up- or down-regulated in response to anti-
thyroid agents (Supplementary data: Tables 1 and 2). Twenty-four
genes (20 up-regulated; 4 down-regulated) were related to CNS
development involving glial cell differentiation, axon guidance,
myelination, and cellular migration (Table 1). Among. them,
12 up-regulated genes and two down-regulated genes showed

PTU dose-dependent expression changes. For confirmation of
microarray data, four genes that were up-regulated and two genes
that were down-regulated in response to anti-thyroid agents were
selected for mRNA expression analysis by real-time RT-PCR. Results
are summarized in Fig. 3. All genes examined showed fluctuations
in transcript levels in any of anti-thyroid agent treatment groups,
which was similar to that of microarray data.

3.2. Immunolocalization of selected molecules in cerebral white
matter

Immunohistochemical localization of vimentin, Ret, DCC and
Cld11 was examined in the cerebral white matter. Within white
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Fig. 4. Immunohistochemical distributions of vimentin- and Ret-positive cells in the while matter tissue. (A) Vimentin-immunoreactive cells in the cingulum. Untreated
control animal (left) and MMI-treated animal (right). 200 x magnification (inset: 400x magnification). Graph shows the mean number of positive cells within the cingulum
at 200x magnification (untreated controls: n=6; MMI and PTU groups: n=10). **P<0.01 vs. untreated controls. (B) Ret-immunoreactive cells in the cingulum. Untreated
control animal (left), MMI-treated animal (right). 200x magnification (inset: 400x magnification). Graph shows the mean number of positive cells within the cingulum at
100x magnification (untreated controls: n=6; MMI and PTU groups: n=10). *P<0.05, **P<0.01 vs. untreated controls.

matter tissues, vimentin-immunoreactive cells were scarcely dis-
tributed in untreated control animals (Fig. 4A). After treatment with
anti-thyroid agents, the distribution of vimentin-positive cells were
mainly observed in the cingulum with a statistically significant
increase in number with MMI and 12 ppm PTU treatments (Fig. 4A).

Ret-immunoreactive cells were mainly observed in white mat-
ter tissues of untreated control animals (Fig. 4B). After treatment
with anti-thyroid agents, Ret-positive cells were mainly observed
in the cingulum with a statistically significant increase in number
with MMI and 12 ppm PTU treatments (Fig. 4B).

DCC showed diffuse immunoreactivity in white matter, indicat-
ing myelin sheaths with a statistically significant increase in the
intensity scores of animals treated with MMI and 12 ppm PTU as
compared with those of the untreated control (Fig. 5A).

Diffuse Cld11-immunoreactivity was observed in white matter,
indicating myelin sheaths (Fig. 5B). The immunoreactivity showed
a statistically significant increase in the intensity score of animals
treated with MMI as compared with that of the untreated control
(Fig. 5B).

3.3. Immunolocalization of GFAP

To investigate the cell type of vimentin-positive cells, cellular
distribution of GFAP immunoreactivity was analyzed as a marker
of astrocytes. Untreated control animals showed scattered distri-
bution of GFAP-immunoreactive cells in cerebral white matter, and
the number of GFAP-immunoreactive cells was higher compared
with that of vimentin-positive cells. GFAP-immunoreactive cells
showed a similar distribution to that of vimentin-immunoreactive
cells, with accumulated distribution in the cingulum (Fig. 6). After
treatment with anti-thyroid agents, the number of GFAP-positive
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cells was significantly increased in animals treated with MMI and
12 ppm PTU.

4. Discussion

In our previous study [16], maternal exposure to MMI and PTU
induced typical hypothyroidism-related changes in the concentra-
tion of thyroid-related hormones, and variability in the distribution
of hippocampal CA1 pyramidal neurons due to neuronal mismi-
gration [16]. With regard to thyroid hormone-related changes
in functions or structures in glial cell populations, gene expres-
sion alternations have been reported in myelin-related protein
genes related to oligodendrocytes [20,21], as well as in enzymes
or cytoskeletal components related to astrocytes [22-24]. There-
fore, both oligodendrocytes and astrocytes could also be the target
of developmental hypothyroidism. We, in the above-mentioned
study [16], also observed changes in white matter structures
with hypoplasia due to impaired oligodendroglial development
as previously reported [2,9]. Using the same study samples, we,
in the present study, analyzed immunohistochemical distribu-
tion of molecules that showed fluctuations in gene expression
from microarray analysis of cerebral white matter tissue collected
using microdissection targeting oligodendrocytes and astrocytes.
This is the first report to use microarray analysis of gene expres-
sion changes induced by deveiopmental hypothyroidism in white
matter, whereas there have been such approaches for the study
of cerebral cortex and hippocampal substructures [15,25,26]. We
found that anti-thyroid agents caused fluctuations in a number of
genes associated with CNS development involving glial cell dif-
ferentiation, axon guidance, myelination, and cellular migration
as listed in Table 1. Among them, vimentin, Ret, DCC and Cld11
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Fig. 5. Immunohistochemical distributions of DCC- and ClId11 in the while matter tissue. (A) DCC-immunoreactivity in the myelin sheath of the external capsule, internal
capsule, and fimbria of the hippocampus. Untreated control animal (left), MMI-treated animal (right). 40 x magnification. Graph shows the mean intensity score of immunore-
activity at 40 x magnification (untreated controls: n=6; MMI and PTU groups: n=10). **P<0.01 vs. untreated controls. (B) Cld11-immunoreactivity in the myelin sheath of
the external capsule, internal capsule, and fimbria of the hippocampus. Untreated control animal (left), MMI-treated animal (right). 40x magnification. Graph shows the
mean intensity score of immunoreactivity at 40x magnification (untreated controls: n=6; MMI and PTU groups: n=10). *P<0.01 vs. untreated controls.

showed immunohistochemical distribution changes in the cerebral
white matter of offspring after maternal exposure to PTU and MMI.

Cld11 is a four-transmembrane protein, which is primarily
expressed in oligodendrocytes of the CNS and is the third most
abundant CNS myelin protein [27-29]. CId11 is involved in the
formation of intramembranous tight junctions within the myelin
sheath [30].Itisknown that developmental hypothyroidism results
in continued reduction of oligodendrocytes in the CC region from
PND 10 [2]. In vitro study has shown that Cld11-overexpression
results in induction of oligodendrocyte proliferation [31]. This
result indicates that the overexpression of Cld11 at PND 20 is a
compensatory response to decrease numbers of oligodendrocytes.
However, mRNA levels were inconsistently decreased, suggesting

involvement of post-transcriptional events such as those regulating
mRNA stability and protein turnover.

DCC is a transmembrane receptor for netrin-1 via the fourth
fibronectin type Il domain [32]. Netrin-1 is a secreted pro-
tein, which elicits both attractive and repulsive responses in
axonal guidance, neuronal migration and oligodendroglial migra-
tion depending on the homomeric or heteromeric combination of
receptor dimers including DCC and Unc5 [33-35]. Netrin-1 signal-
ing via DCC mediates growth cone extension and myelin sheath
formation [36,37]. Therefore, increased expression of DCC in the
myelin sheath at PND 20 induced by developmental hypothy-
roidism in the present study suggests a compensatory increase in
response to suppression of myelin sheath formation [2]. However,

Cont MMI 3 12

PTU (ppm)

Fig. 6. Immunohistochemical distributions of GFAP-positive cells in the cingulum. Untreated control animal (left), MMI-treated animal (right). 200x magnification. Graph
shows the mean number of positive cells within the cingulum at 200x magnification (untreated controls: n=6; MMI and PTU groups: n=10). *P<0.05, **P<0.01 vs. untreated

controls.
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DCC has an alternative function to drive cell death independent of
both mitochondria-dependent and death receptor/caspase-8 path-
ways [38,39]. Moreover, DCC induces cell death in the absence
of netrin-1 [40]. Because we did not find an increase in netrin-
1 transcript levels using microarray analysis, it is possible that
increased ligand-free DCC may lead to glial cell apoptosis. Progres-
sive decrease in the CC area and the number of oligodendrocytes in
this area during maturation after developmental hypothyroidism
suggests the involvement of apoptosis due to increased ligand-free
DCC [2,16].

Ret is areceptor protein-tyrosine kinase of glial cell line-derived
neurotrophic factor (GDNF), a member of the transforming growth
factor-B family [41]. GDNF signals play a critical role in develop-
ment of the entire nervous system, kidney morphogenesis and
spermatogenesis. While the functional relevance of Ret in oligo-
dendrocytes has not been reported, this molecule is expressed
in progenitor and immature oligodendrocytes in vitro and medi-
ates cell proliferation induced by GDNF treatment [42]. Therefore,
increased expression of Ret on PND 20 proceeding developmental
hypothyroidism suggests a compensatory increase in response to
decreased numbers of oligodendrocytes [2]. However, Ret induces
cell death in the absence of its ligand similar to that of DCC [43].
Because we did not find an increase in GDNF transcript levels using
microarray analysis, a progressive decrease in the size of the CC
area and its oligodendrocyte density during maturation suggests
involvement of apoptosis due to the increase of ligand-free Ret
[2,16].

Vimentin is a member of the intermediate filament family of
proteins. In the brain, this molecule is expressed in immature astro-
cytes during development [44-46]. Reactive astrocytes that are
activated immature astrocytes during gliosis processes in response
to injuries of CNS tissue also express vimentin [47,48]. Reactive
astrocytes also express GFAP similar to that of mature astro-
cytes [47,48], suggesting that immature astrocytes can express
both of vimentin and GFAP. On the other hand, developmental
hypothyroidism leads to increase in vimentin expression in fetal
rat brains [23]. Increase of GFAP-expression was also reported after
developmental hypothyroidism in the CC region on PND 15 [49].
These results may suggest that developmental hypothyroidism
increases the immature population of astrocytes. In the present
study, vimentin-immunoreactive cells showed similar localiza-
tion to those positive for GFAP. Therefore, a larger population
of vimentin-positive cells in the cingulum induced by develop-
mental hypothyroidism was considered to consist of immature
astrocytes resembling reactive astrocytes. Interestingly, we previ-
ously reported frequent induction of subcortical band heterotopia
in the CC, manifested by the appearance of aberrant cortical tis-
sue in this anatomical area, in hypothyroid animals identical
to the present study [16]. Anatomical location of this hetero-
topic tissue was close to the cingulum accumulating immature
astrocytes, suggesting an etiological relation between the two.
Alternatively, the increased immature astrocytes may simply be
the reactive change in response to reduced oligodendrocytes due
to developmental hypothyroidism [2,16,49]. However, develop-
mental hypothyroidism may affect differentiation of neuronal
progenitor cells, thereby inhibiting differentiation into oligoden-
drocytes, and instead, facilitating astrocytic differentiation during
gliogenesis.

In conclusion, focusing on white matter development, we
found aberrant expression of molecules associated with brain
development after maternal exposure to anti-thyroid agents.
Immunochistochemically, we found increased expression of Cld11,
DCC, Ret and vimentin in white matter. Among them, vimentin and
Ret were expressed in immature astrocytes and oligodendrocytes,
respectively. Both positive cell populations were mainly distributed
in the cingulum with the largest area of white matter. Because
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vimentin- and Ret-positive cells can be quantitatively evaluated,
these molecules may be useful markers of glial cells, which respond
to developmental exposure to thyroid hormone-disrupting chem-
icals.
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ABSTRACT — The human steroid and xenobiotic receptor (SXR), (also known as pregnane X receptor
PXR, and NR1I2) is a low affinity sensor that responds to a variety of endobiotic, nutritional and xenobi-
otic ligands. SXR activates transcription of Cytochrome P450, family 3, subfamily A (CYP3A) and oth-
er important metabolic enzymes to up-regulate catabolic pathways mediating xenobiotic elimination. One
key feature that demarcates SXR from other nuclear receptors is that the human and rodent orthologues
exhibit different ligand preference for a subset of toxicologically important chemicals. This difference
leads to a profound problem for rodent studies to predict toxicity in humans. The objective of this study
is to generate a new humanized mouse line, which responds systemically to human-specific ligands in
order to better predict systemic toxicity in humans. For this purpose, the ligand binding domain (LBD) of
the human SXR was homologously knocked-in to the murine gene replacing the endogenous LBD. The
LBD-humanized chimeric gene was expressed in all ten organs examined, including liver, small intestine,
stomach, kidney and lung in a pattern similar to the endogenous gene expressed in the wild-type (WT)
mouse. Quantitative reverse transcription-polymerase chain reaction (RT-PCR) analysis showed that the
human-selective ligand, rifampicin induced Cyp3all and Carboxylesterase 6 (Ces6) mRNA expression in
liver and intestine, whereas the murine-selective ligand, pregnenolone-16-carbonitrile did not. This new
humanized mouse line should provide a useful tool for assessing whole body toxicity, whether acute,
chronic or developmental, induced by human selective ligands themselves and subsequently generated
metabolites that can trigger further toxic responses mediated secondarily by other receptors distributed
body-wide.

Key words: Steroid and xenobiotic receptor, Pregnane X receptor, Humanized mouse,
Ligand binding domain, Knock-in mouse

INTRODUCTION

Most orally administered xenobiotics are metabo-
lized first by the intestine and then by the liver after por-
tal transport. The expression levels of enzymes involved
in xenobiotic metabolism are regulated at the transcrip-
tional level by key xenobiotic sensors including the ster-

oid and xenobiotic receptor (SXR), also known as the
pregnane X receptor (PXR), pregnane activated receptor
(PAR) and NR112 (Bertilsson ef al., 1998; Lehmann et
al., 1998; Blumberg et a/., 1998). SXR is important in the
field of toxicology for at least two reasons. Firstly, this
receptor system induces the expression of CYP3A and
CYP2B enzymes, the major metabolizers of pharmaceu-
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ticals and xenobiotics. Therefore, SXR is a key mediator

of drug- and chemical-induced toxicity as well as drug-

drug and drug-nutrient interactions (Zhou et al; 2004).
Secondly, the orthologous rodent and human receptors
exhibit differential sensitivity for a subset of chemical
ligands important in the field of toxicology. For exam-
ple, rifampicin (RIF) is a specific and selective activator
of human SXR, whereas pregnenolone 16a-carbonitrile
(PCN) is selective for the rodent orthologue.

Rodent-human differences in CYP3A and CYP2B-
mediated responses to xenobiotics can be a profound
problem in toxicologic studies where rodents are used
to predict the toxicity of a compound in humans (Ma ez
al., 2007). Therefore, development of a murine model
that reconstructs the SXR-mediated systemic response of
humans is of a great significance in toxicology.

Human and rodent SXRs share ~95% amino acid
sequence identity in the DNA-binding domain (DBD)
but only about 77% identity in the LBD. Tirona ef al.
(2004) analyzed the ligand selectivity of a human-rat
chimeric protein and showed that the species differenc-
es are primarily defined by sequence differences in the
LBD. Watkins and colleagues showed that the key resi-
dues responsible for the majority of the ligand selectiv-
ity were Leu 308 (human) and Phe305 (rat and mouse).
Crystallographic analysis located these amino acids with-
in or neighboring the flexible loop that forms a part of the
pore to the ligand-binding cavity. Swapping the rodent
and human-specific residues was shown to modulate the
activation by the human-selective activator RIF in vitro
(Watkins ef al., 2001). According to those findings, a

simple replacement of the mouse LBD with the human

sequence should be sufficient to “humanize” the lig-
and binding properties as well as activation of the down-
stream target genes.

Three kinds of humanized mice have already been
generated. One is the SXR-null/Alb-SXR mouse
(Alb-SXR mouse) made by crossing the SXR knockout
mice with a transgenic mouse line that expresses human
SXR in liver under the control of the albumin promot-
er (Xie ef al., 2000). Gonzalez and colleagues gener-
ated a transgenic mouse expressing a human BAC con-
taining the entire hSXR gene in a SXR null background,
thus controlled under human SXR promoter (SXR BAC
mouse) (Ma et al., 2007). Another mouse is the human
SXR genome knock-in mice (hSXR genome mouse)
(Scheer et al., 2008). The human SXR genomic region
from exon 2 to exon 9 was knocked-in to mouse SXR
exon 2. This mouse expresses the human full length SXR
mRNA under the control of mouse SXR promoter regu-
lation. Although useful for toxicology studies, these mice
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have disadvantages in that the human SXR is expressed
only in the liver (AIb-SXR mouse), hSXR mRNA is not
expressed in all of the tissues where SXR is known to be
expressed (SXR BAC mouse), and there might be poten-
tial differences in the bindin'g affinities of hSXR DNA-
binding domain (DBD) to cis-acting elements in mouse
SXR target genes (hSXR genome mouse).

Asnoted above, it is known that the critical differences
between human and rodent ligand-selectivity reside in the
LBD. Therefore, when our project to generate a human-
ized SXR mouse was initiated, we reasoned that altering
the LBD would be sufficient to generate a humanized lig-
and selectivity. We decided to retain the mouse DBD to
avoid any potential differences between the binding affin-
ities of the chimeric receptor for cis-acting elements in the
mouse genome. To maintain the tissue-specific expression
pattern of the endogenous gene, we inserted the human
c¢DNA encoding the region carboxyl-terminal to the DBD
into the mouse gene. This retains all of the 5° and 3’ reg-
ulatory elements in the mouse gene, as well as introns 1
and 2, which contain important elements for regulating
SXR expression (Jung et al., 2006).

Here we report a new line of mouse (hSXRki mouse)
in which a cDNA encoding the human LBD is homolo-
gously recombined into the mouse gene after exon 3.
The tissue distribution of the resulting chimeric mouse
DBD-human LBD mRNA is comparable to that of the
WT mouse. The hSXRki mouse showed a fully human-
ized response to the human-selective activator RIF in that
the Cyp3all mRNA was induced in liver and mucosa
of small intestine in response to RIF, but not the rodent-
selective compound PCN. This new mouse line should
provide a useful tool for assessing the whole body toxici-
ty induced by a human selective SXR ligand itself and its
subsequently generated metabolite(s) that can trigger fur-
ther toxic responses through other pathways body-wide.

MATERIALS AND METHODS

Generation of hSXRKki knock-in mice

A DNA fragment of mouse SXR intron 2 to exon 3
was PCR amplified using mouse BAC DNA (BAC clone
No. RP23-351P21) as a template. Primers used were
BAC39486FW and mSXR462RV (for sequences of the
primers see Tablel). This fragment was connected to the
LBD of human SXR ¢DNA from amino acid 105 through
the carboxyl terminus amplified by the PCR primers:
hSXR904FW and hSXR1887RVEcoRI (template; human
SXR c¢DNA). The 3°'UTR of bovine growth hormone
(BGH) was added to 3’ to the terminal codon. This con-
catenated fragment was introduced to a vector, which
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Table 1. List of primer pairs

Purpose Primer name Sequence (5' to 3')

Targeting vector construction BAC39486FW CCATGGGTACCACGAATAACAA
mSXR462RV CATGCCACTCTCCAGGCA
hSXRO04FW AAGAAGGAGATGATCATGTCCG
hSXR1887RVEcoRI CCGAATTCTCATCATCAGCTACCTGTGATACCGAACA

Genotyping NeoAL2 GGGGATGCGGTGGGCTCTATGGCTT
SXR RC RVS TGAGAGTGCACAAGTTCAAGCT
WTInt5 AGTGATGGGAACCACTCCTG
WTEx6RV TGGTCCTCAATAGGCAGGTC
mhSXRE4 GTGAACGGACAGGGACTCAG
mhSXRSARV CTCTCCTGGCTCATCCTCAC

Percellome quantitative RT-PCR ~ Cyp3all FW CAGCTTGGTGCTCCTCTACC
Cyp3all RV TCAAACAACCCCCATGTTIT
Ces6 FW GGAGCCTGAGTTCAGGACAGAC
Ces6 RV ACCCTCACTGTTGGGGTTC
mouse SXR FW AATCATGAAAGACAGGGTTC
mouse SXR RV AAGAGCACAGATCTTTCCG
human SXR FW ATCACCCGGAAGACACGAC
human SXR RV AAGAGCACAGATCTTTCCG
mouse-human SXR FW CCCATCAACGTAGAGGAGGA

has the neomycin resistance gene with loxP sequence
at both ends, removable with Cre recombinase (Saga et
al., 1999). A 7kb Kpnl fragment containing intron 2 was
used as a long arm and 1.3kb PstI-EcoRI fragment con-
taining from exon 8 to intron 8 was used as a short arm
for homologous recombination (Fig. 1). The resulting tar-
geting vector was linearized with Sacll and introduced
by electroporation to TT2 ES cell line (Yagi ef al., 1993)
and neomycin resistant clones were selected, PCR geno-
typed, and confirmed by the Southern blotting. For gener-
ation of chimeric mice, these ES clones were aggregated
with ICR 8-cell embryos and transferred to pseudopreg-
nant female recipients. The chimeric mice born were bred
with ICR females. Germ line transmission of the targeted
allele was confirmed by PCR. A mouse was crossed with
a CAG-Cre transgenic mouse (Sakai and Miyazaki, 1997)
to evict the neomycin resistance gene, and back crossed
to C57BL/6 CrSlc (SLC, Inc., Shizuoka, Japan) at least 6
generations and used for the analysis.

PCR Genotyping
(See Table 1 for primer sequences)

Primers for identification of homologously recom-
bined ES clones were NeoAL2 and SXR RC RVS5. DNA
purified from the tail of each mouse was used for PCR
genotying. Primers for WT detection were WTInt5 and
WTEx6RV amplifying a product of 755 bp. Primers for

confirmation of removal of the neomycin resistance gene
were mhSXRE4 and mhSXRSARV amplifying a product
of 1,223 bp.

Southern blot analysis

To confirm homologous recombination, DNA from
ES cell cultures was purified and digested with BamHI
and Xhol, then electrophoresed and analyzed by South-
ern hybridization (Saga ef al., 1997). Mouse SXR exon
9 region which remains after homologous recombination
was used for the probe. The restriction fragments from the
WT allele and targeted allele are 2,305 bp and 1,925 bp,
respectively.

Chemicals

RIF (molecular weight 822.95) and PCN (molecu-
lar weight 341.49) were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Corn oil was purchased from
Wako Pure Chemical Industries (Osaka, Japan).

Quantitative RT-PCR (Percellome PCR)
(See Table 1 for primer sequences)

The method for Percellome quantitative RT-PCR
was described previously (Kanno ef al., 2006). Brief-
ly, tissue pieces stored in RNAlater (Ambion, Austin,
TX, USA) were homogenized and lysed in RLT buffer
(Qiagen GmbH., Germany) and 10 pl aliquots were used
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Fig. 1. Targeting strategy used to generate the:hSXRki mouse. A) Diagram of hSXRki chimeric protein. Hinge region and ligand
binding domain (LBD) of human SXR are knocked-in to mouse SXR, resulting in chimeric protein having murine N-ternial
domain and DNA binding domain (DBD). B) Targeting strategy used to generate the hSXRki mouse. The chimeric mouse
DBD and human LBD fragment, followed by the BGH 3’ UTR were knocked-in to the mouse SXR gene. The genomic
region spanning from exon 3 to exon 8 was substituted by the inserted fragment with the remainder of the gene remaining
intact. C) Confirmation of homologous recombination by southern blot analysis. Six ES clones positive for recombination
by PCR genotyping were further analyzed by southern blot (clones #4 ~ #101). Lower bands (1925 bp) indicate successful
homologous recombination; upper bands (2305 bp) correspond to WT allele. Clones #4, #25, #32, #77 and #101 were con-
firmed as homologous recombinants; clones #4 and #25 were used for the generation of chimeric mice. D) Confirmation of
Cre-mediated removal of the neomycin resistance gene. Mouse tail genome DNA was PCR amplified with the primer set,
mhSXRE4 and mhSXRSARYV. *: 2,858 bp (for the mice having the neomycin resistance gene), **: 1,223 bp (for the mice
without the neomycin resistance gene).
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for genomic DNA quantification with PicoGreen flu-
orescent dye (Invitrogen, Carlsbad, CA, USA). A pre-
pared spike mRNA cocktail solution containing known
quantity of five mRNAs of bacillus subtilis was add-
ed to the tissue lysate in proportion to the DNA quan-
tity. Total RNA was purified from the lysate using the
RNeasy kit (Qiagen). One microgram of total RNA was
reverse-transcribed with SuperScript II (Invitrogen).
Quantitative real time PCR was performed with an ABI
PRISM 7900 HT sequence detection system (Applied
Biosystems) using SYBR Green PCR Master Mix
(Applied Biosystems), with initial denaturation at 95°C
for 10 min followed by 40 cycles of 30 sec at 95°C and
30 sec at 60°C and 30 sec at 72°C, and Ct values were
obtained. Primers for Cyp3all were Cyp3all FW and
Cyp3all RV. Primers for Ces6 were Cesé FW and Ces6
RV. Primers for mouse SXR selective quantification were
mouse SXR FW and mouse SXR RV. Primers for hSXRki
selective quantification were human SXR FW and human
SXR RV. Primers for both mouse SXR and hSXRki quan-
tification were mouse-human SXR FW and mouse-human
SXR RV that amplify the DBD region of the chimera.

In Situ Hybridization analysis

Digoxigein-labeled cRNA probe for Cyp3all was syn-
thesized according to Suzuki et al. (2005) by RT-PCR
using mouse liver cDNA as a template. The primers used
were as follows: forward 5’-GATTGGTTTTGATGCCT-
GGT-3’ and reverse 5’-CAAGAGCTCACATTTTTCAT-
CA-3’. The amplified product was sequence confirmed

100.00
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& hSXRki (n=2, — :mean)
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Fig. 2.

and ligated with Block-iT T7-TOPO (Invitrogen) Link-
er, which contains the T7 promoter site. A secondary PCR
was performed to generate the sense and antisense DNA
templates. For antisense template, Block-iT T7 Primer
and Cyp3all forward primer (or reverse primer for gen-
eration of sense DNA template), the same primer as for
the first PCR amplification, were used. With these DNA
templates, both sense and antisense digoxigenin-labeled
riboprobes were synthesized using a DIG RNA labeling
kit (Roche Diagnostics, Germany) according to the manu-
facturer’s protocol.

ISH on paraffin sections was carried out according to
Suzuki ef al. with a modification; permeabilization con-
dition 98°C for 15 min in HistoVT One (Nacalai tesque,

Japan).

Animals experiments

Male hSXRki and WT mice were maintained under a
12 hr light/12 hr dark cycle with water and chow (CRF-1,
Oriental Yeast Co. Ltd., Tokyo, Japan) provided ad libi-
tum. The animal studies were conducted in accordance
with the Guidance for Animal Studies of the National
Institute of Health Sciences under Institutional approval.
The expression level of the hSXRki and WT SXR mRNA
of ten organs (brain, thymus, heart, lung, liver, stomach,
spleen, kidney, small intestine and testis) were analyzed
on 15 weeks old male mice (n = 2) by the Percellome
quantitative RT-PCR.

For the demonstration of selective gene induction by
RIF and PCN in hSXRki and WT male mice on 13 weeks

Stomach Spleen Kidney  Small  Testis

Intestine

* DL:PCR detection limits of each organ

Conservation of tissue expression patterns of hSXRki mRNA in the knock-in mouse. Percellome quantitative RT-PCR anal-

ysis was performed to measure the absolute expression levels of WT SXR mRNA and hSXRki mRNA in ten organs of WT
and hSXRki mice. The expression levels of hSXRki mRNA among organs were comparable to-WT.
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old, three mice per group were singly dosed orally with
vehicle (corn 0il+0.1% DMSO), 10, 30, or 100 mg/kg of
RIF, or 20, 70, or 200 mg/kg PCN (approximately equiva-
lent in molar dose). Eight hours later, mice were sacrificed
by exsanguination under ether anesthesia and. the liver
and the small intestine mucosa were sampled. Liver sam-
ples in small pieces were stored in RNA later (Applied
Biosystems, Foster City, CA, USA) for further analysis.
The small intestine under ice-cooled condition was lon-
gitudinally opened, gently rinsed with RNase-free saline
and the epithelium was scraped with a glass slide and
immersed in RNAlater. For in sifu hybridization (ISH)
of Cyp3all in the liver, 15 weeks old male hSXRki and
WT mice were dosed orally with vehicle (corn oil), RIF
(10 mg/kg), or PCN (40 mg/kg) daily for 3 days and liv-
er sampled 24 hr later. All mice were sacrificed by exsan-
guination under ether anesthesia.

Statistical analysis

All values are expressed as the means =+ S.D. and group
differences analyzed by unpaired Student’s ¢ test or one-
way ANOVA followed by Dunnett’s post hoc compari-
son. Level of significance was set at p < 0.05.

RESULTS

Generation of hSXRki knock-In mice

Among 144 neomycin resistant TT2 ES clones, six
PCR positive clones were further submitted to Southern
blotting for the confirmation of homologous recombina-
tion. As shown in Fig. 1C, five clones were confirmed,
and two (#4 and #25) were used to generate chimeric
mice. The resulting mice were backcrossed to ICR strain
to confirm germline transmission. One clone (#4) was
crossed to a mouse constitutively expressing Cre recom-
binase to remove the neomycin resistance gene (Fig. 1D)
and backcrossed to C57BL/6 CrSlc for at least 6 genera-
tions before further analysis.

Tissue distribution of hSXRki mRNA

Ten tissues, i.e., brain, thymus, heart, lung, liver, stom-
ach, spleen, kidney, small intestine and testis from both
hSXRki and WT mice were measured for hSXRki or
WT SXR mRNA expression by the Percellome quantita-
tive RT-PCR. As shown in Fig. 2, the levels of hSXRki
mRNA are comparable to that of SXR in WT mouse and
expressed in all tissues analyzed.

Humanized responses in hSXRki mouse

Humanized response of hSXRki was demonstrated by
administration of the mouse-specific ligand PCN and the
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Humanized response of hSXRki mice to RIF and
PCN; Percellome quantitative RT-PCR. WT mice
and hSXRki mice (n = 3 each) were singly dosed
orally with vehicle (corn 0il+0.1% DMSO), 20, 70,
or 200 mg/kg PCN, or 10, 30, or 100 mg/kg of RIF
(approximately equivalent in molar dose each other).
Percellome quantitative RT-PCR data of Cyp3all and
Ces6, both known as SXR target genes, in liver and
small intestinal mucosa showed humanized respons-
es in hSXRki. Bars = S.D., *; p < 0.05, **; p <0.01
compared with vehicle group of WT, #; p < 0.05, ##;
p < 0.01 compared with vehicle group of hSXRki.
Analyzed by one-way ANOVA followed by Dunnett’s
post hoc comparison. Level of significance was set at
p <0.05.



