BPA treatment led to increased thickness of corpus callosum,
concomitant with increased number of cells expressing
oligodendrocyte lineage marker, OLIG2

BPA treatment markedly reduced region specific-GFAP* and GS*
astrocytes, accompanied with increased OLIG2* cells
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BPA inhibited LIF-induced GFAP-positive astrocyte
differentiation of NSCs in vitro

E14.5 NPCs Passage Fix
v bFGF v Stimulation v
b
5 ' — -
Day 0 Day 4 Day 8

B-TUBULIN Il MERGE

FBS+BPA

FBS LIF+BPA LIF

BPA inhibited LIF-induced GFAP-positive astrocyte
differentiation of NSCs in vitro

B-tublll+/Hoe
35% GFAP+/Hoe

R EFrs i

CTRL BPA LIF  LIF+BPA FBS FBS+BPA
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Development of astrocytes

] e [
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rous astOCyte =
Morphology Immature
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Subcortical white
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Molofsky et al., Genes dev, 2013

Origin of astrocytes: Molecular actions of BPA on
LIF, EGF and TGFB in astrocyte specification?

Subcortical white matter BPA Subcortical white matter

Migration & Maturation
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GFAP level and glial density: Implications in psychiatric diseases

Reft Synidrome

e ‘Adult onset’ psychiatric diseases
VS
diseases of neurodevelopment
@ o

+ Developmental exposure of BPA N L) 2~
which led to reduced GFAP level and
density, together with corpus
callosum hypertrophy ------ new
animal disease model that reflects SCHIZOPHRENIA

gene-environment interactions and
developmental processes.
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Fig. 1 Results of the open field test and assessment of
impulsiveness

140



FH25E3A40 TR4EEERE HEE RREERTA—7 4

SERE24 EEEALBRSIHRERDS (L2MBURIHRER)
MEREE-REHOCLENERBICLIERTRZERITITEDC
A EB RN T B S M RELICE Y HHR (H23-LF-—#&-004)

FAE-REHERTT/—IARED {7
EIREIHT ARERA

I ATEUE NIRRT

PR REMRtL SRR

IHA—Z

1. :#Lif@ﬁi@&sﬁ)%@ =E:3]

B4 IR - 2L R - B RS TRESN = 27T/ — LAQE ROV TIEHA L
FRAThN TE=,
A B A - R T B O T, A ERENATICE T OHRLED

AHEOBH:

2YREETILBMEL-HIR TR RBRREBEL. Fae—FREHRIZBITS
Ez71/—)LAREOTEEECHTHREITONT, BT E L UHEETRIS
BETRBEETAARMEMILTH L

ER23EEQHEDRELE:
BEIHRETIRIZAVLNTNSAROEENTET RN WT DEH
O%t - REH - BT ARABRBEOER7T/—LARBICER T 5EE X005
FETERE (BREHEOLEL, FBREOEL F) :
ABEEELYE OEREDLENE C LT BHEEICR T IREER
THRIZIXBABEICEBRNH S

AEEDQBM:

FR2IEEQHEMNSASMITH-T=FRIR - 2L IR B IS BAE S TREREINT:
£ 297 J— LA L BB EE D Z LI DL T L UM E OB R T BREE
BEL ISTEMTREETICE

141

L4
RIKEN

@
RIKEN



e

KHAEDEE
REERMITL—THoEETIEECHMENRESN TS

Horm Behav. 2012 Sep;62(4):480-90.

Gestational and lactational exposure to bisphenol-A affects anxiety- and depression-like
behaviors in mice.

Xu X, Hong X, Xie L, LiT, Yang Y, Zhang Q, Zhang G, Liu X.

O£, BRI DBPARBINARBEDT R OHEREZTET D
—ER23FEEDILUHDOHEEL—HL-HER

Neurotoxicology. 2012 Oct;33(5):1390-5. doi: 10.1016/j.neuro.2012.08.002. Epub 2012 Sep 12.:

A single exposure to bisphenol A alters the levels of important neuroproteins in adult
male and female mice.

Viberg H, Lee I.
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Prog Neuropsychopharmacol Biol Psychiatry. 2012 Dec 3;39(2):273-9. doi: 10.1016/j.pnpbp.2012.06.016. Epub
2012 Jul 1.

Effects of perinatal exposure to low dose of bisphenol A on anxiety like behavior and

dopamine metabolites in brain.
Matsuda S, Matsuzawa D, Ishii D, Tomizawa H, Sutoh C, Nakazawa K, Amano K, Sajiki J, Shimizu E.
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Epigenetic Regulation of Adipogenesis by PHF2

Histone Demethylase

Yosuke Okuno, Fumiaki Ohtake, Katsuhide Igarashl Jun Kanno,? Takahiro Matsumoto,

Ichiro Takada,' Shigeaki Kato,? and Yuuki Imai’

PHF2 is a JmjC family histone demethylase that removes the
methyl group from H3K9me2 and works as a coactivator for
several metabolism-related transcription factors. In this study, we
examined the in vivo role of PHF2 in mice. We generated Phf2
floxed mice, systemic Phf2 null mice by crossing Phf2 floxed
mice with CMV-Cre transgenic mice, and tamoxifen-inducible
Phf2 knockout mice by crossing Phf2 floxed mice with Cre-
ERT2 transgenic mice. Systemic Phf2 null mice had partial neo-
natal death and growth retardation and exhibited less adipose
tissue and reduced adipocyte numbers compared with control
littermates. Tamoxifen-induced conditional knockout of PHF2
resulted in impaired adipogenesis in stromal vascular cells from
the adipose tissue of tamoxifen-inducible Phf2 knockout mice as
well as of Phf2 knocked-down 3T3-L1 cells. PHF2 interacts with
CEBPA and demethylates H3K9me2 in the promoters of CEBPA-
regulated adipogenic genes. These findings suggest that PHF2
histone demethylase potentiates adipogenesis through interac-
tion with CEBPA in vivo. Taken together, PHF2 may be a novel
therapeutic target in the treatment of obesity and the metabolic
syndrome.

he architecture of eukaryotic chromatin is dy-

namically modulated by posttranslational mod-

ifications of the histones, including acetylation,

phosphorylation, ublqultmatlon a.nd methylation
(1). Methylation states of histones are crucial for chro-
matin reorganization and regulation of gene transcription.
For example, lysine (K) methylation at H3K9, H3K27, and
H4K20 is associated with regions of transcriptionally si-
lenced chromatin, whereas methylation at H3K4, H3K36,
and H3K79 is associated with transcriptionally active
regions. Such modifications are controlled by a balance
between enzymes that catalyze the addition and removal
of methyl groups. LSD1 and the Jumonji C (JmjC) domain—
containing proteins have been shown to possess such
histone demethylase activities (2-4).

Plant homeodomain finger 2 (PHF2) is a newly charac-
terized JmjC domain—containing protein identified as an
interactant of nuclear receptors. PHF2 forms a complex
with the AT-rich interactive domain 5B (ARID5B) and
works as a coactivator for farnesoid X receptor (FXR) or
hepatocyte nuclear factor 4 o (HNF4A). It is enzymatically
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inactive by itself but becomes an active H3K9me2 deme-
thylase through protein kinase A (PKA)-mediated phos-
phorylation (5).

Although an mcreasmg number of histone demethylases
have been identified and their molecular functions pro-
gressively unraveled, the physiological functions of these
demethylases remain largely unknown. Recently, LSD1
was reported to be required for embryogenesis (6),
whereas JHDM2A is required for spermatogenesis (7) and
obesity resistance (8) in vivo. In zebra fish, PHF8 and
KDM?7, which belong to the same subfamily of JmjC do-
main proteins as PHF2, regulate brain development (9,10).
It has been suggested that PHF2 plays a role in induction
of gluconeogenic genes by PKA signaling in hepatocytes
() or rRNA expression in nucleoli (11) in vitro. However,
in vivo analyses are required to explore the physiological
role of PHF2. In this study, we generated PHF2 knockout
mice and found that PHF2 plays a role in both neonatal
growth and adipogenesis. These results imply that PHF2
demethylase function would be a novel translational target .
for human metabolic diseases.

RESEARCH DESIGN AND METHODS

Generation of Phf2 floxed mice by gene targeting. A bacterial artificial
chromosome (BAC) DNA containing mouse Phf2 (BAC clone RP23-114C14)
was obtained from the BAC-PAC Resources Center. LoxP was inserted be-
tween exons 6 and 7 of Phy2 using the Escherichia coli-based BAC modifica-
tion system (12). Modification cassettes were generated by PCR amplification of the
PL452 vector with the following primers:5-TATATAAGGAGCACTTGGGACCAGT
GACATACATGTGTCTAATGTCCTGAGAATTCATTCCGATCATATTCAATAACCC-
3" and 5-ACTCTGGACACTAGGTGACCCAGTGGCCTCTCCTAATAGTTAATGA
GCTCGAACTAGTGGATCCCCTCGA-3'. LoxP4inserted fragments of mouse Phf2
were subcloned. into the pBSIKS+ vector using the E. coli-based BAC re-

' combination system. Modification cassettes and retrieval cassettes were generated

by PCR amplification of the pBSIIKS+ vector with primers corresponding to each
promoter. LacZ-PGK-Neo was digested from the pNTRJacZ-PGK-neolox vector
and inserted into the pMClD’I‘pA vector that contained DT-A. Oligonucleotides of
loxP and frt were inserted into this vector (cassette vector). LoxP- inserted frag-
ments of mouse Phj? were inserted into the cassette vector to form the final Phf2
knockout construct. The Phf2 knockout construct was linearized by Sacll and was
introduced into M1 mouse embryonic cells (RIKEN) by electroporation and
screened by genomic Southern blotting. Chimeric mice were generated by ag-
gation of embryonic stem cells with eight cell embryos of BDF1 mice. Prf2*
mice were generated by crossing Phj2N mice with CMV-Cre mice (13). Pr@%*
mice were generated by crossing Phf2""* mice with Fipe deleter strain ACTB-Flpe
mice (Jackson Laboratory). Mice with P2V, Ph2”*, and Phf?"* were main-
tained by backcrossing to C57BL/6J mice under a specific pathogendfree envi-
ronment. All animals were maintained according to the protocol approved by the
Animal Care and Use Committee of The University of Tokyo.
Generation of Phf2 conditional knockout mice and genotyping. Cre-
ERT2 transgenic mice were provided by Dr. Daniel Metzger (14). Cre-ERT2
transgenic mice were crossed with Phf2"" mice to generate Phf2"%Cre-ERT2
mice. Genotyping was performed by PCR using corresponding primers.
Sequences of primers were as follows: P1, 5'-CACCCTCTGTGTCCTCCTGT-3";
P2, 5-CAGTTCTCTTAGCTCCCCCTTT-3'; P3, 5-GACAGGAAGCCAAGGA-
GATG-3'; P4, 5'-GACAGCCTGGTCAGGTGAAT-3'; and P5, 5'-TGTAATACA-.
CCTGGGGCTCA-3'. Cre-ERT2 transgenic mice were identified by amplification
of the Cre allele using primers 5'-TTACGGCGCTAAGGATGACT-3" and 5'-
TTGCCCCTGTTTCACTATCC-3'.
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PHF2 REGULATES ADIPOGENESIS

Adipose tissue collection. Mice were killed by cervical dislocation. Epi-
didymal, gonadal, lumbar subcutaneous, and mesenteric white adipose tissues
(WATSs) were carefully separated from testis, uterus, skin, and intestines, re-
spectively. Wet weights of these WATs were measured.

Glucose and insulin tolerance tests. Food was removed 2 h before glucose
(2 g/kg) or insulin (1 units/kg) was administéred by intraperitoneal injection.
Blood samples were collected from the tail vein at various times after the
glucose load, as indicated. Plasma glucose was immediately determined on an
Accu-Chek Aviva (Roche).

Cell culture. 3T3-L1 mouse fibroblasts were maintained and differentiated into
adipocytes as previously described (15). Mouse primary embryonic fibroblasts
were isolated on embryonic day 13.5 and cultured in Dulbecco’s modified
Eagle’s medium with 10% FBS.

Plasmids. FLAG-tagged, full-length cDNAs of human CEBPA or PPARG were
inserted into pcDNA3 vectors (Invitrogen).

Western blot. Protein levels were determined by blotting with anti-FLAG
antibody (Sigma-Aldrich), anti-CEBPA antibody (Santa Cruz Biotechnology),
and anti-PHF2 antibody (5). ECL Plus (Amersham) was used for detection of
the immunoreactive bands.

mRNA analysis. Total RNA was isolated with TRIzol reagent (Invitrogen)
according to the manufacturer’s protocol. First-strand cDNA was synthesized
from total RNA using PrimeScript RT Master Mix (Takara) and subjected to
real-time PCR using KAPA SYBR Fast gPCR Kits (Kapa Biosystems) with
Thermal Cycler Dice (Takara) according to the manufacturers’ instructions.
The following primers were used: mouse Phf2, 5'-TACTGCCTGATCTGTGT-
GAAGGA-3' and 5'-CTGGCCGGATGAGATAGAAGA-3’; mouse Pparg, 5'-TTA-
ACTGCCGGATCCACAAAA-3' and 5'-TGAGACATCCCCACAGCAAG-3'; mouse
Cebpa, 5-TGCCAAACTGAGACTCTTCACTAAC-3' and 5'-CCCAAACATCCC-
TAAACCAAAA-3'; mouse Adipog, 5'-CAAGGCCGTTCTCTTCACCTAC-3' and
5'"TCCCCATCCCCATACACCT-3'; mouse Fabp4, 5'-CAGCGTAAATGGGGATT-
TGG-3' and 5'-GCTCTTCACCTTCCTGTCGTCT-3'; mouse Plin2, 5'-GAGCTG-
GAGATGGAAGCAAAA-3" and 5'-GTGATAAGCCCGAGAGCAGAG-3’; mouse
Cd36, 5-AAGAACAGCAGCAAAATCAAGG-3' and 5-AGACAGTGAAGGCTC-
AAAGATGG-3’; mouse Lpl, 5'-TGGGACTGAGGATGGCAAG-3' and 5-GGCA-
GGGTGAAGGGAATGT-3'; and mouse Arbp, 5'-GCTCCAAGCAGATGCAGCA-3'
and 5-CCGGATGTGAGGCAGCAG-3'. -

Retroviral infection. Platinum-E cells were transfected with either pSuper-retro-
puro-shLacZ or pSuper-retro-puro-shPHF2 (5'-GCCTGACTCAGTTTCCCAACT-3")
using Lipofectamine (Invitrogen). Forty-eight hours after transfection, the medium
containing retroviruses was harvested, filtered, and transferred to 3T3-L1 cells.
Infected cells were selected with 1 pg/mL puromycin.

Chromatin immunoprecipitation assays. Chromatin immunoprecipitation
(ChIP) assays were carried out essentially as previously described (16). For im-
munoprecipitation, antibody against CEBPA (sc-61; Santa Cruz Biotechnology) or
PHF?2 (5) was used. The precipitated DNA fragments were amplified by real-time
PCR. The following primers were used: mouse Cebpa-CEBPRE, 5'-TTGCGC-
CACGATCTCTCTC-3" and 5'-CTTAGAGCCCGCCTTCTCCT-3'; mouse Pparg-CE-
BPRE, 5'-CCACTGGTGTGTATTTTACTGCAA-3" and 5'-GTTCTGTGAGGGGCGTGAA-
3'; mouse Fabp4CEBPRE, 5'-CATTGCCAGGGAGAACCAA3' and 5'-CCATGTGAC-
TGTAGGAGTGACCAA-3'; and mouse negative control region, 5'-CAGACATGTCAAA-
TCAAGAAGACAG-3' and 5'-ACTTTGGAGGAAGAGGCAGAAASS'.

Microarray analysis. These procedures were conducted according to the
Percellome method (17). Briefly, mRNA expression values were normalized to
the cell numbers in each sample by adding external spike mRNAs to them in
proportion to the genomic DNA concentration and using the spike RNA
quantity data as a dose-response standard curve for each sample. Total RNAs
were purified from epididymal adipose tissue using an RNeasy Mini kit
(Qiagen). First-strand ¢DNAs were synthesized using SuperScript II reverse
transcriptase (Invitrogen). After second-strand synthesis, the double-stranded
cDNAs were purified using a GeneChip (Affymetrix) Sample Cleanup Module
and labeled by in vitro transcription using a BioArray HighYield RNA Tran-
script Labeling Kit (Enzo Life Sciences). The labeled cRNA was then purified
using a GeneChip Sample Cleanup Module. Purified cRNA were hybridized
with GeneChip Mouse Genome 430 2.0 Array. Washing and staining were
performed in a GeneChip Fluidics Station using the appropriate antibody
amplification, washing, and staining protocols. The phycoerythrin-stained
arrays were scanned as digital image files, which were analyzed with
GeneChip Operating Software. The expression data were converted to copy
numbers of mRNA per cell by the Percellome method and analyzed using
Percellome software.

Morphometric analysis. Paraffin sections of epididymal WAT were processed
for hematoxylin-eosin staining and observed by light microscopy. Adipocyte
areas were measured using OsteoMeasure.

Evaluation of adipocyte number. The number of adipocytes in epididymal
* WAT was estimated as previously described (18). Briefly, adipose tissue was
minced and fixed at 37°C for 96 h in 1.88% osmium tetroxide. After washing
twice with PBS, it was replaced with 8 mol/L'urea at room temperature for 48
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h. Urea-free particles were washed through a 180-um net (Millipore), trapped
on 2 10-pm net (Millipore), and suspended using 0.01% Triton X-100 in PBS.
Particles were counted with a counting chamber.

Oil red O staining. Cells were stained with oil red O, and the quantification
was performed as previously described (19). Briefly, cells were fixed with 10%
formalin and stained in a working solution of oil red O. Isopropyl alcohol was
added to the stained culture dishes, and the extracted dye was monitored
spectrophotometrically at 510 nm.

Statistical analysis. Data were analyzed by two-tailed Student ¢ test, Pearson
x” test, log-rank test, or two-way repeated-measures ANOVA. For all graphs,
data are presented as mean * SEM. Statistical significance was accepted at
P < 0.05.

RESULTS

Generation of Phf2 floxed mice. Figure 1A shows the
strategy to generate the mutant Phf2 mutant allele. Suc-
cessful insertion of LacZ-PGK-Neo™ cassettes and loxP at
sites flanking exon 6 of the Phf2 allele was confirmed by
Southern blotting (Fig. 1B). Cre-mediated recombination
excised exon 6 and PGK-Neo® from the mutant allele,
resulting in the LacZ allele. P1, P2, and P3 primers were
used to differentiate the wild-type and LacZ alleles (Fig.
1C). Flpe-mediated recombination excised LacZ and PGK-
Neo® from the mutant allele, resulting in a floxed allele. P4
and P5 primers were used to differentiate the wild-type
and floxed alleles (Fig. 1D). Cre-mediated recombination
excised exon 6 from the floxed allele, resulting in a null
allele. Exon 6 corresponds to part of the JmjC domain of
Phrf2, and its deletion is expected to result in an alteration
of the reading frame of the Phf2 transcript. As expected,
the PHF2 protein was not detected in mouse embryonic
fibroblasts of Phf2%% (Fig. 1E).

Phj?Z/ Z mice were characterized by partial neonatal
death and postnatal growth retardation. Phf2%% mice
were born according to expected Mendelian ratios (Fig.
2A). However, <30% of Phf2%% pups were alive when they
reached 2 Weeks of age (Fig. 2B) In fact, daily observation
revealed that ~70% of Phf2%? mice died within 3 days of
birth (P = 3.0 X 107° compared with wild type) (Fig. 2C).
However, after 3 days of age, the remaining pups retained
viability and lived for no less than 6 months (data not.
shown). Phf2%? mice had progressively reduced growth
compared with littermate controls until 10 days after birth,
although there was little difference in body weight among
newborn mice of different genotypes (Fig. 2D). Two weeks
after birth, Phf2%Z mice grew in a manner similar to wild-
type or heterozygous littermates, but with significant dif-
ferences in body weight (Fig. 2F). The extent of these
weight reductions was not significantly different between
males and females (two-way repeated-measures ANOVA).
These data suggest that PHF2 is dispensable for the sur-
vival of embryos but is necessary for survival and growth
in the neonatal period.

Reduced adipose tissue in Phf2%%. Next, we surveyed
the Welght and appearance of each tissue present in male
Phj?z Z mice at 5 weeks of age. As mentioned previously,
Phf2?% mlce had decreased body weights at that time (Fig.
34). Phj2 mice exhibited significantly shortened body
lengths (Fig. 34). Various tissues of Phf2%%, including
brown adipose tissue (BAT), appeared normal and
weighed the same as in control littermates. However, WAT
and brain showed a different trend. The brain weights
were significantly increased compared with wild-type lit-
termates, the potential significance of which will be dis-
cussed later (Fig. 34). The weight of epididymal WAT was
only 50% of that found in control littermates, even when
normalized by body weight. Weight reduction was also
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