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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 Ces6 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

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 et 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
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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 (comn 0il+0.1% DMSO0), 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 situ 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.
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Humanized response of hSXRki mice to RIF and PCN; In situ hybridization for Cyp3all mRNA in liver. A DIG-labeled -

cRNA probe for Cyp3all was hybridized and developed for purplish blue chromogenic reaction. Histologically, Cyp3all
induction was localized around the central veins in both mice with species-specific ligands, respectively.

human-specific ligand RIF to the mice. Induction of the
well-known SXR-regulated genes, Cyp3all and Ces6
was monitored by Percellome quantitative RT-PCR. As
shown in Fig. 3, in the liver and small intestinal mucosa,
RIF, but not PCN, induced Cyp3all and Ces6 in hSXRki
mice (closed column), whereas PCN exclusively induced
these genes in WT mice (open column). ISH of Cyp3all
of the liver also showed humanized responses in hSXRki
mice (Fig. 4).

DISCUSSION

We generated a new humanized mouse model in which
the ligand binding domain (LBD) of human SXR was
homologously knocked-into the murine SXR gene so that
systemic response induced by human-selective SXR lig-
ands can be monitored in mice. Firstly, we showed that
mRNA from this chimeric gene was expressed at appro-
priate levels in the same tissues as the endogenous mouse
SXR gene in WT mice. Then the humanized response
of the mouse was confirmed by monitoring its response
to the human-selective activator RIF, and the lack of
response to the rodent-selective activator PCN.
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There are relatively few reports about the regulation of
SXR expression to date. Aouabdi et al. (2006) reported
the presence of a PPAR alpha binding site 2.2 kb upstream
of the transcription start site in human SXR. This site cor-
responded to the induction site with clofibrate in the rat
and they further confirmed its importance using human
liver cancer cell line (Huh7). Jung et al. (2006) report-
ed the presence of four FXR binding sites in intron 2 of
the mouse SXR gene that were required for FXR regula-
tion of SXR expression. This intron 2 region is complete-
ly intact in our hSXRki mouse. Therefore, the regulation
by FXR should be preserved in our mice.

Compared to the previously generated humanized Alb-
SXR, SXR BAC, and hSXR genome mice, we contend
that our hSXRki mouse has an advantage because the
human-mouse chimeric gene is expressed in the same tis-
sues and at similar levels to endogenous SXR in WT mice
under control of the mouse promoter. This feature would
make this model suitable not only for systemic toxici-
ty but also toxicity at various stages of development of
the embryo and fetus, maturation of infant, and of senes-
cence, where the cis and frans regulations might be crit-
ical in its regulation (Sarsero et al., 2004) (Konopka et
al., 2009). Thus, we believe that our system has a broader
application range for toxicological studies.
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GlcNAcylation of histone H2B facilitates its

monoubiquitination
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Housheng Hansen He?, Katsuhide Igarashi®, Jun Kanno*, Fumiaki Ohtake', Hirochika Kitagawa!, Robert G. Roeder?, Myles Brown®

& Shigeaki Kato™®

Chromatin reorganization is governed by multiple post-translational
modifications of chromosomal proteins and DNA'?, These histone
modifications are reversible, dynamic events that can regulate DNA-
driven cellular processes>’. However, the molecular mechanisms
that coordinate histone modification patterns remain largely
unknown. In metazoans, reversible protein modification by
O-linked N-acetylglucosamine (GIcNAc) is catalysed by two enzymes,
O-GIcNAc transferase (OGT) and O-GIcNAcase (OGA)®%. However,
the significance of GlcNAcylation in chromatin reorganization
remains elusive. Here we report that histone H2B is GlcNAcylated
at residue S112 by OGT in vitro and in living cells. Histone
GIcNAcylation fluctuated in response to extracellular glucose
through the hexosamine biosynthesis pathway (HBP)>*. H2B S§112
GlcNAcylation promotes K120 monoubiquitination, in which the
GIcNAc moiety can serve as an anchor for a histone H2B ubiquitin
ligase. H2B $112 GIcNAc was localized to euchromatic areas on fly
polytene chromosomes. In a genome-wide analysis, H2B S112
GlcNAcylation sites were observed widely distributed over chromo-
somes including transcribed gene loci, with some sites co-localizing
with H2B K120 monoubiquitination. These findings suggest that
H2B S$112 GlcNAcylation is a histone modification that facilitates
H2BK120 monoubiquitination, presumably for transcriptional
activation.

Some nuclear proteins have been shown to be GlcNAcylated by
OGT, for example the enzymatic activity of histone H3K4 methyl-
transferase 5 (MLL5) is modulated by GlcNAcylation™. To identify
chromatin substrates for OGT further, we screened for unknown
GlcNAcylated glycoproteins in HelLa cell chromatin. GlcNAcylated
proteins were purified by WGA lectin column chromatography and
anti-GlcNAc antibody (clone RL2). Liquid chromatography-mass
spectrometry (LC-MS)/MS analysis of the fraction revealed 284 factors,
including previously reported GlcNAcylated glycoproteins®® (Sup-
plementary Table 1). Among the candidates, the enrichment of nucleo-
somes was confirmed by silver staining and western blotting (Sup-
plementary Fig. 2), suggesting one or more histone(s) might have been
GlcNAcylated. As OGT is the only known nuclear enzyme for protein
GlcNAcylation®, we asked whether histones served as substrates for
OGT in vitro (Supplementary Fig. 3). H2A and H2B, as well as H2A
variants (H2A.X and H2A.Z), but not H3 and H4, appeared to be
GlcNAcylated (Fig. 1a). With histone octamers, H2B, but not H2A,
appeared to serve as a substrate (Fig. 1b). Likewise, H2B in
Drosophila histone was also GlcNAcylated (Supplementary Fig. 4),
implying that H2B GlcNAcylation is conserved in metazoans.

A quadrupole (Q)-time of flight (TOF) MS assessment of the in vitro
GlcNAcylated H2B showed that OGT could transfer three GIcNAc
moieties to H2B (Supplementary Fig. 5). Electro-transfer-dissociation
(ETD)-MS/MS mapped the sites to S91, S112 and S$123 (Fig. 1c and
Supplementary Fig. 6). Unlike a recent report'!, we were unable to

detect the reported sites in H2B $36 and H4 S47. However, H2A
T101 was detected as a GIcNAc site when H2A protein alone was used
(data not shown). This discrepancy in identified GlcNAc sites might be
due to differences in experimental approaches.
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Figure 1 ] H2B is GlcNAcylated at the C-terminal §112. a, b, In vitro OGT
assay with recombinant histones (a) or the octamers reconstituted in vitro

(b). Histones were GlcNAcylated by uridine diphosphate (UDP)-[*H]GIcNAc
and OGT, and the radiolabelled histones were subjected to autoradiography
(top) and CBB staining (bottom). ¢, ETD-MS/MS scanned the GlcNAcylated
peptides (2349.43 m/z) in Supplementary Fig. 5b. d, A series of H2B mutants at
the indicated S/T was assessed by in vitro OGT assays. e, Sequence alignment of
aC. f, The locations of the GIcNAc sites and the ubiquitination site of H2Bin a
nucleosome. The oC helix is illustrated as a white ribbon.
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Next, in vitro OGT assays using peptide arrays covering full-length
H2B revealed peaks at 101-115 peptides in the carboxy (C)-terminal
a-helix (aC)* (Supplementary Fig. 7). This peptide was found to bear
only one moiety by matrix-assisted laser desorption/ionization-time
of flight (MALDI-TOF)/MS (Supplementary Fig. 8). Indeed, sub-
stitutions of S112 and T122 to A significantly reduced in vitro
GlcNAcylation by OGT (Fig. 1d), but not mutations in the amino
(N)-terminal tail (Supplementary Fig. 9). On the basis of these data,
we concluded that the conserved S112 was a GlcNAc site in H2B,
whereas T122 might be needed for recognition by OGT (Fig. 1e, f).

With our newly developed antibody (Supplementary Fig. 10), H2B
S112 GlcNAc was detected in histones of HeLa cells. Depletion of
glucose from the media for 24 h induced deglycosylation with neither
overt cell death (Fig. 2a and Supplementary Fig, 11) nor alteration in
histone acetylation marks of cell state indicators (H3 K14, H3 K56, H4
K16)"** (Supplementary Fig. 12). H2B §112 GlcNAc could be restored
by re-treatment with glucose at physiological concentrations (Sup-
plementary Fig. 13).

Because many histone modifications are orchestrated, we tested if
H2B S112 GlcNAc influenced H2B K120 monoubiquitination because
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Figure 2 | H2B S112 GIcNAc is a glucose-responsive modification linked to
K120 monoubiquitination (ub). a, Chromatin was prepared from HeLa cells
cultured in media with or without 1 g1™* glucose (Glc) for 24 h, and subjected to
western blotting. Arrowheads show the indicated proteins. Asterisks indicate
non-specific band. b, ¢, After 24 h Glc depletion, chromatin samples were
prepared from HeLa cells treated with 4.5g1™" Glc for the indicated time. The
intensities of the western blotting bands (b) were quantified (c). d, e, The effects of
OGT knockdown (d) or H2B mutations (e) on H2B modifications after Glc
replenishment. f, Western blotting analysis of the H2B modifications in HeLa cells
that were cultured in DMEM without Glc (Cont.), or supplemented with 1 mM
pyruvate (Pyr.), 10 mM GlcNAc or 4.5g1 ™" Gle with or without HBP inhibitors,
6-diazo-5-0xo-L-norleucine (100 pM, DON) or azaserine (100 pM, AZA).
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of their proximity. After glucose depletion, replenishment of glucose
gradually increased global GlcNAcylation of proteins, followed by H2B
$112 GlcNAc and H2B monoubiquitination (Fig. 2b, c). Their reciprocal
modifications disappeared when OGT was knocked down (Fig. 2d and
Supplementary Fig. 14). In addition, in the immunoprecipitates of H2B
containing the S112A and T122A double mutations (H2B AA), no res-
ponse of K120 monoubiquitination to extracellular glucose was detected
(Fig. 2e and Supplementary Fig. 15). Conversely, GIlcNAcylation of H2B
S112 was observed, even when K120 was mutated to R (Fig. 2¢). From
these findings, we conclude that H2B K120 monoubiquitination is
mediated, at least in part, through S112 GlcNAcylation.

As glucosamine, but not pyruvate, potentiated H2B S112 GlcNAc
(Fig. 2f), it appeared that this GIcNAcylation step was dependent on
the HBP. To clarify this point, two HBP inhibitors (DON and AZA)
were tested (Supplementary Information). After glucose depletion
from media, these inhibitors attenuated the effect of glucose in H2B
$112 GlcNAcylation along with K120 monoubiquitination (Fig. 2f).

In yeast, it was previously shown that H2B K120 monoubiquitina-
tion was induced by carbohydrates by glycolysis®. To address this
issue, inhibitors of both glycolysis and deGlcNAcylation were applied
to assess the crosstalk between the two modifications. When the cells
were treated with iodoacetate, which blocks glycolysis but not HBP'®,
the glucose effects on histone modifications were impaired, whereas
the additional treatment of an OGA inhibitor (PUGNAC) restored
both H2B S112 and K120 monoubiquitination (Supplementary
Fig. 16). These data support the notion that H2B S112 GlcNAc senses
decreases in glucose levels below normal levels and acts to promote
H2B monoubiquitination, a modification that is associated with active
transcription. Together with the fact that OGT is absent in yeast®, the
present H2B S112 GlcNAc-dependent pathway appears to constitute a
system capable of sensing nutritional states in metazoans.
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Figure 3 | GlcNAcylation at S112 facilitates ubiquitination at K120 in H2B.
a, Western blotting analysis of the interaction of H2B mutants with BREIA.
b, ¢, In vitro monoubiquitination assay with GlcNAcylated H2B (b), or in the
presence of competitor peptides (c). H2B was GlcNAcylated in vitro (b, top
right), and the reactants were subsequently ubiquitinated by H2B
monoubiquitination ligase. The reaction was performed with the indicated
competitor peptides (0.25 pg ml™) (c). H2B K120 monoubiquitination was
detected by western blotting (b, bottom; ¢, right) and quantified (b, top; c, left).
Error bars, means and s.d. (n = 3).
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The terminal GlcNAc of polysaccharides reportedly serves as a
recognition moiety for E3 monoubiquitination ligase'®. Therefore, we
proposed that H2B §112 GlcNAc affected K120 monoubiquitination by
the BREIA/1B complex"’. Flag-tagged H2B, but not AA or S112A, was
co-immunoprecipitated with BRE1A (Fig. 3a). This association was
observed in the presence of physiological levels of glucose in the media,
and BRE1A was bound to H2B S112 GIcNAc (Supplementary Fig. 17).
We then assessed how the GlcNAcylation of H2B influenced its in vitro
ubiquitination by E1, RAD6A (E2) and the BRE1A/1B complex (E3).
Although H2B K120 could be substantially ubiquitinated only by the
ligases (Supplementary Fig. 18), GlcNAcylation of H2B promoted sub-
sequent H2B ubiquitination, but not its S112A mutant (Fig. 3b).
Likewise, ubiquitination was significantly attenuated by the presence
of an H2B-S112-GlcNAcylated peptide, but not by either the un-
muodified control peptide or by GlcNAcylated serine (Fig. 3c). On the
basis of these results, we conclude that the GIcNAc moiety at H2B S112
may anchor H2B monoubiquitination ligase.

To illustrate the role of H2B S112 GlcNAc in chromatin regulation,
its location was visualized on fly polytene chromosomes. H2B S112
GlcNAc was detected widely in euchromatin, and, as anticipated, its
signal disappeared in an OGT-disrupted fly, sxc'/sxc”® (Supplementary
Fig. 19). H2B S112 GlcNAc overlapped with H3K4 me2 more than
with H3K9 me2 or H3K27 me3 (Fig. 4a). Similarly, in immunostained
HeLa cells, H2B S112 GlcNAc sites appeared exclusively in 4',6-
diamidino-2-phenylindole (DAPI)-poor areas (Supplementary Fig. 20).

LETTER F G

Thus, H2B S112 GIcNAc probably accumulates in active chromatin
rather than inactive chromatin.

To determine the precise loci of H2B S112 GlcNAc in HeLa cells, we
performed chromatin immunoprecipitation (ChIP) and high-
throughput sequencing (ChIP-seq). We confirmed ChIP quality by
enrichments of H2B GIcNAc as well as H3K4 me2 and H2B K120
monoubiquitination, but neither H3K9 me2 nor H3K27 me3
(Supplementary Fig. 21). A total of 47,375 peaks were found widely
distributed over the genome (Supplementary Fig, 22). However, H2B
S112 GlcNAc peaked near transcription start sites (TSS), whereas the
distribution decreased at transcription termination sites (TTS)
(Fig. 4b), suggesting that it correlated with transcriptional regulation.
To test this assumption, the activities of genes harbouring H2B S112
GlcNAc near TSS were estimated by microarray analysis (Supplemen-
tary Table 2). The average profiles near TSS significantly correlated
with gene activity (Fig. 4c). Moreover, the expression levels of the 1,299
genes were reliably measured, and 1,021 genes showed high expression
(Supplementary Fig. 23a and Supplementary Table 3b). Moreover,
gene ontology analysis revealed that there was an association of the
genes harbouring H2B S112 GlcNAc to cellular metabolic processes
(Supplementary Fig. 23b and Supplementary Table 3c).

Next, we analysed the genome-wide overlap of H2B S112 GIcNAc
with K120 monoubiquitination. A total of 44,158 peaks of H2B K120
monoubiquitination were detected, and their average profiles near TSS
were similar to those profiles of H2B S112 GlcNAc (Supplementary
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Figure 4 | GlcNAcylated H2B is associated with transcribed genes,

a, Polytene staining with o-H2B S112 GlcNAc (green) and DAPI (blue) along
with o-H3K4me2 (red, top), a-H3K9me?2 (red, middle) or o-H3K27me3 (red,
bottom). b—e, ChIP-seq analysis of the H2B S112 GlcNAc and K120
monoubiquitination. The distributions of H2B §112 GlcNAc were averaged near
TSS (top) and TTS (bottom) (b). The average profiles of H2B $112 GIcNAc near
TSS were calculated based on the associated gene activities (c). Venn diagrams

showing overlap of the peaks (d, left), and the genes (d, middle) and the
promoter (d, right) harbouring the modifications. The ChIP-seq profile
surrounding the GSK3B gene (e). Arrowhead, position of gPCR primer. f, ChIP-
qPCR validation in the GSK3B promoter. After Glc depletion, the control HeLa
cells (black bar) and the OGT-knockdown cells (white bar) were replenished
with Glc for 24 h. Then, the cells were subjected to ChIP with the indicated
antibody and qPCR analysis. Error bars, means and s.d. (n = 3).
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Fig. 24). Among the H2B K120 monoubiquitination peaks, nearly 10%
(3,974 peaks) overlapped with H2B $112 GlcNAc peaks (Fig. 4d, left),
and this evaluation was confirmed by a sequential ChIP~reChIP assay
(Supplementary Fig. 25). Although 5,778 genes (66.8% of H2B S112
GlcNAc and 84.4% of K120 monoubiquitination) were found at the
same loci (Fig. 4d, middle, and Supplementary Table 3d), 259 genes
were identified when the two peaks were compared only within the
promoters (Fig. 4d, right). The results of the ChIP-seq analysis were
validated by ChIP-quantitative PCR (qPCR) assessment for the gly-
cogen synthase kinase 3 (GSK3B) gene (Fig. 4e, f). These findings
suggest that at several H2B S112 GlcNAc sites, it aids H2B monoubi-
quitination ligase recruitment whereas at others additional or different
factors may be operational.

Here we provide evidence that histone GlcNAcylation is a post-
translational modification correlated with active transcriptional
events, and is responsive to serum glucose levels and/or cellular energy
states in certain cell types (Supplementary Fig. 1). Using an antibody
that specifically recognizes the S112 GlcNAc moiety of endogenous
H2B, H2B was shown to serve as an OGT substrate, We have focused
on the role of H2B S112 GlcNAcylation in gene regulation (Sup-
plementary Fig. 1). Genome-wide analysis revealed that H2B S112
GlcNAc was frequently located near transcribed genes, suggesting that
histone GlcNAcylation facilitates transcription of the genes. This idea
is supported by previous reports that transcriptional output driven by
several transcription factors is co-activated by OGT*'**. However,
recent papers reported that Drosophila OGT is itself a polycomb group
protein®, and that many O-GlcNAcylated factors are involved in
transcriptional repression and gene silencing”®. In this respect, it will
be interesting to identify other histone glycosylation sites and invest-
igate their roles in transcriptional repression as well as activation.

METHODS SUMMARY

Plasmids and cell culture. All plasmids were generated with standard protocols
(see Methods). Retrovirus production, infection and sorting of the infected cells
followed previously reported protocols®.

Purification of GIcNAc proteins from chromatin. Chromatin pellets were pre-
pared from HeLa cells as previously described*”. GlcNAc proteins were enriched with
a-O-GlcNAc (RL2) antibody (Abcam) immobilized on Dynabeads (Invitrogen), and
released with GlcNAc-O-serine.

Generation of monoclonal antibody. The synthetic H2B 5112 GIcNAc peptide
(CKHAYV S(GlcNAc) EGTK) was used to immunize mice. The hybridomas were
selected by enzyme-linked immunosorbent assay (ELISA) and western blotting
analysis.

In vitro OGT and monoubiquitination assays. Flag-OGT, Flag-El, and Flag-
BRE1A/BRE1B were purified by baculoviral systems, whereas histones and
6 X His-RAD6A were prepared from bacteria as previously reported'”?. H2B
was incubated with OGT or H2B monoubiquitination ligases in vitro, and its
modification was detected by western blotting as previously reported™*.
ChIP-seq and ChIP-qPCR. ChIP and ChIP-seq library construction was per-
formed as previously described**, and the libraries were sequenced to 50 base
pairs (bp) with Hiseq2000 (Illumina). The fragments of interest in the libraries
were quantified with specific promoter sets (Methods) by gPCR.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS

Plasmids and retroviruses. Complementary DNAs (cDNAs) of N-terminally
Flag-tagged H2B and its mutant were subcloned into pcDNA3 (Invitrogen). A
series of H2B point mutants were subcloned into the pET3 vector (Novagen).
shRNA sequences targeting hOGT (5'-GCACATAGCAATCTGGCTTCC-3')
and Renilla luciferase (5'-TGCGTTGCTAGTACCAAC-3', as a control) were
inserted into the pSIREN-RetroQ-ZsGreen vector (Clontech). For retroviral pro-
duction, the constructed shRNA vectors were transfected into PLAT-A cells. The
virus contained in the medium was used for infection.

Generation of stable cell lines. To generate OGT-KD cells by retroviral infection,
10° cells were plated in 60 mm culture dishes, treated with 3ml of retroviral
cocktail (1 ml of the prepared retroviral solution plus 2ml of DMEM with 10%
FBS and 8 pig ml ™" polybrene), then cultured for another 48 h. A FACSVantage
(BD) sorter was used to isolate the retrovirally transduced, enhanced green fluor-
escent protein (eGFP)-positive cells, as previously described®. To generate the cells
stably expressing Flag-tagged constructs, Hela cells were transfected with the
pcDNA vectors encoding the Flag-tagged H2B or the AA mutant. The cells con-
taining the integrated vectors were selected by exposure to 0.5 mg ml™" G418.
Generation of monoclonal antibody. H2B S112 GIcNAc peptide (CKHAV
S(GlcNAc) EGTK) was synthesized (MBL Institute) and used as an antigen
(Operon Biotechnologies). The hybridomas were briefly screened using ELISA
with the GleNAc peptide, and finally selected by immunoblot analysis with the in
vitro GlcNAcylated H2B.

Antibodies. Antibodies were obtained as follows: o-Flag M2 agarose (Sigma),
o-H2A, «-H2B, o-H3, o-H4 (Abcam), o-H2B K120 monoubiquitination
(Upstate), a-GlcNAc (RL2 or CTD110.6) (Abcam), «-OGT (Sigma), a-Flag
(Sigma) and o-RNF20/BRE1A (Bethyl).

Purification and identification of GIcNAc proteins. The o-O-GlcNAc-
immobilized beads were prepared with 15 ug a-O-GlcNAc (RL2) antibody and
0.5ml of Dynabeads M-280 sheep o-mouse IgG (Invitrogen) according to the
manufacturer’s instructions. Chromatin extracts from Hela cells (0.5 g protein)
were prepared essentially as previously described®, In brief, the chromatin pellet,
which consisted of residual material from the nuclear extract preparation with
buffers supplemented with 1 mM streptozotocin (STZ), was re-suspended with
micrococcal nuclease (MNase) buffer (20mM Tris-HCl, 1 mM CaCl,, 2 mM
MgCl,, 0.1M KCl, 0.1% (v/v) Triton-X, 0.3M sucrose, 1mM DTT, 1mM
benzamidine, 0.2mM PMSFE, 1 mM STZ, pH 7.9). After addition of 3Uml™’
MNase, the samples were incubated for 30 min at room temperature with con-
tinuous homogenization and the reaction was stopped by adding 5 mM EGTA and
5mM EDTA. After centrifugation at 2,000 for 30 min at 4 °C, the supernatant
(chromatin extract) was used for the following purification steps. The chromatin
extracts were passed through a WGA agarose column (Vector). The flow-through
fraction was further mixed with o-O-GlcNAc-immobilized beads and rotated for
8h at 4°C. After three washes with buffer D (20mM Tris-HCJ, 0.2 mM EDTA,
5mM MgCl,, 0.1 M KCl, 0.05% (v/v) NP-40, 10% (v/v) glycerol, 1 mM DTT,
1 mM benzamidine, 0.2 mM PMSF, 1 mM STZ, pH 7.9), glycoproteins were eluted
twice with buffer D plus 0.4 mgml ™" GlcNAc-O-serine (MBL) (elutions 1 and 2)

I343i] RESEARCH.

and finally with 0.1M glycine-HCl (pH2.0) (elution 3). Eluted proteins were
desalted by methanol-chloroform precipitation, digested with trypsin (Promega)
then loaded on the automated LC-MS/MS system, which was assembled with
Zaplous nano-LC (AMR) plumbed with a reverse-phase C18 electrospray ioniza-
tion (ESI) column (LC assist) and a Fiinigan LTQ jon-trap mass spectrometer
(Thermo). The LC-MS/MS data were processed using Thermo BioWorks
(Thermo) and SEQUEST (Thermo) for protein identification. The list of the iden-
tified proteins was further analysed by using the ‘gene functional classification tool’
in DAVID bioinformatics resources 6.7 (http://david.abcc.nciferf.gov/).
Recombinant proteins. Preparation of recombinant proteins was performed as
previously reported®?, Recombinant Flag-OGT, Flag-El, Flag-BREIA/B com-
plexes were isolated by baculovirus expression and immunoprecipitation-based
purification with o-Flag M2 agarose (Sigma). Recombinant 6 X His-RAD6A was
expressed in bacteria and partly isolated with a HIS-Select Nickel Affinity Gel
(Sigma). The eluate was diluted 1:20 with BCO (20 mM HEPES, 0.2 mM EDTA,
10% (v/v) glycerol, pH 7.9), and fractionated with a Resource Q column (GE
Healthcare) using a linear gradient (0-0.5 M KCl) method. Preparation of recom-
binant Xenopus histone H2B and its mutants was performed as previously
described™®,

In vitro GlcNAcylation assay (autoradiographic analysis). Recombinant Flag—
OGT protein (0.5 pg) was incubated with 0.5 pg of recombinant histone and 0.2 mM
(0.2 uCi) UDP-[*H]GIcNAc (PerkinFlmer) in a 25 pl reaction (50 mM Tris-HC],
12.5mM MgCl,, 1 mM DTT, pH 7.5) for 24h at 37 °C. The reaction was resolved
with SDS-PAGE, blotted onto a polyvinylidene difluoride (PVDF) membrane, then
subjected to autoradiography after spraying EN°HANCE (NEN Lifescience).

In vitro GlcNAcylation assay (MS analysis). Recombinant histones (1 pg) or
recombinant histone octamers assembled in vitro (1 pg) were GlcNAcylated by
recombinant Flag-OGT in 25pl reactions (50mM Tris-HCl, 2mM UDP-
GlcNAc, 12.5mM MgCl,, 1 mM DTT, pH 7.5) for 24 h at 37 °C. The reactions
were directly subjected to a nano-LC ESI-TOF mass spectrometer system, which
was assembled with a 1100 nanoLC (Agilent) plumbed with a ZORBAX 300SB-
C18 column (Agilent) and micrOTOF (Bruker). Or, the reactions were digested
with trypsin (Promega) and subjected to purification of glycopeptides with an MB-
LAC WGA kit (Bruker). The enriched glycopeptides were loaded on the nano-LC
ESI-ETD ion-trap mass-spectrometer system, which was assembled with the
Agilent HP1200 Nano (Agilent) plumbed with ZORBAX 300SB-C18 (Agilent)
and amaZon ETD (Bruker).

In vitro monoubiquitination assay. GlcNAcylated histones (1 ug) were ubiquiti-
nated with the E1 (0.1 pg), RAD6 (0.2 pg), BRE1 complex (0.5 pig), ubiquitin (3 pig)
in 50 mM Tris (pH7.9), 5mM MgCl,, 4 mM ATP at 37 °C for 24 h.

ChIP-seq and ChIP-qPCR. ChIP and ChiIP-seq libraries were constructed as
previously described**?. For ChIP-seq analysis, the libraries were sequenced to
50bp with Hiseq2000 (Hlumina). For ChIP~gPCR analysis, the fragments of
interest in the libraries were quantified with Thermal Cycler TP800 (TAKARA)
and SYBR Premix Ex Taq II (Takara). The qPCR primer sets for the GSK3B gene
were 5'-TGCAAGCTCTCAGACGCTAA-3' and 5'-CTCATTTCTCATGGGCG
TTT-3".
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1. Introduction

ABSTRACT

It has recently been demonstrated that genistein (GEN), a phytoéstrogen in soy products, is an epigenetic
modulator in various types of cells; but its effect on endomietriim has not yet beén determined. We
investigated the effects of GEN on mouse uterine cells, in vivo and iri vitro, Oral administration of GEN
for 1 week mduced mild proliferation of the endometrium in ovariectomized (OVX) mice, which was
accumpamed by the mducnon of steroidogenic factor 1 (SF-1) gene expression. GEN administration
mduced demethylanon of multiple CpG sites in the SF-1 promoter; these sites are extensively methylated
and thus silenced in normal endometrium, The GEN-mediated promoter demethylanon occurred pre-
dommantly on the luminal side, as opposed to myometrium side, indicating that the epxgenetxc change

‘was miainly shown in regenerated cells, Primary cultures of endometrial stromal cell colonies were

screened for GEN-mediated alterations of DNA methylanon bya hxgh—reso!unon melting (HRM) method.
One out of 20 colony-forming cell clones showed GEN- ed demethylation of SF-1: This clone exhib-
ited a high proliferation capacity with continuous colony forrmation activity through multiple serjal clon-
ings. We propose that only a portion of endometrial cells are capable of receiving eplgenenc modulation
by GEN.

© 2011 Elsevier Inc. All nghts reserved.

Recently, GEN was shown to alter DNA methylation in various
types of cells mcludmg ES cells [8], but most studies have been

Genistein (GEN) a major phytoestrogen in dietary soy, IS a sub-
stanitial component of the typical Asian an 1
diets, ‘well as recent]ydevelo ed inf;

also paradoxxcally stlmulates growth of breast cancer cells in cul-
ture [2] and uterine enlargenent in todents [4] Thése effects
may be mediated through estrogen receptor interactions and/or
modulation of endogenous estrogen m stabolism [5.6]. Since GEN
can bind to estrogen receptors (ERs) o and B, with a stronger affin-
ity to ERB [5], it is categorized as a phyto—seiecnve estrogen recep-
for modulator (SERM) 167]. The 'va GEN's agomsnc or
antagomstlc effects may be aﬁ'ected by vanat:dns in endogenous
st avels. Previous s ’ ned whether
the plelotropxc effects of GEN mvolve distinct epigenenc ‘alteration.

* Corresponding author. Fax: +81 3 5280 8058.
E-mail addresses: hmatsukura.epi@mritmd.acjp (Hiroshi Matsukura), nsato.
epi@md.acjp (N. Sato),

0006-291X13 see front matter © 2011 Elsevier Inc: All nghts reserved.
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performed usmg cancer cell lmes [9—11] There have been few re-
ports of the effects of GEN on DNA methylation in intact cells or
in vivo [12]. In the present study, we utilized a uterotropic assay
in ovariectomized (OVX) mice, as a model system to analyze epige-
netic regulation by GEN.

In a previous study, high-dose GEN administration to OVX rats
resulted in mcreased utenne nght and changed endometrial cell
gene expressmn {G] However, no epxgenetxc alterations were dem-
onstrated under this con dmon We selected the stermdogemc fac-
tor 1 (SF-1 oﬁ‘icxal syrr : NrSai) géne as a target for the
methylatmn analys:s SF-1 1s an orphan nuclear receptor and tran-
scnphon factor for key enzymes involved in steroidogenesis, such
as StAR, Cypﬁai (p4505cc) Cypl7a1 (p450c17), and Cyp18al
(aromatase) [13] The SF-1 gene is not expressed in normal endo-
metrium; however, SF—] eéxpression is reactivated in the disease
state of human ectopxc ometnos:s. in which the SF-1 promoter
is abnonna]ly demethylatéd by an unknown mechamsm [14]. The
subsequent enhancement of stero dogemc genes and resu]tant

[15]. Therefore, we hypothestzed that in mouse endometnal cells,
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SF-1 might be subjected to epigenetic modulation by some exter-
nal stimuli. Here we show that the SF-1 promoter was demethylat-
ed in vivo and in vitro by GEN treatment. This is the first
demonstration of a phytoestrogen altering the epigenetic state of
adult endometrium.

2, Materials and methods
2.1. Ethics statement

All procedures described here were performed according to pro-~
tocols approved by the Animal Care Committee of the National
Institute of Health Sciences, and Tokyo Medical and Dental Univer-
sity (No. 0110306A).

2.2, Oral administration of genistein to ovariectomized mice

C57BL/6)JmsSlc fernale mice (SLC) were used in this study, All
mice were fed a phytoestrogen-free diet (Oriental Yeast) and were
ovariectomized (OVX) 2 weeks prior to the genistein (GEN) treat-
ment. OVX mice were divided into three different treatment
groups, each consisting of 3-5 independent replicates, which orally
received low-dose GEN (60 mg/kg/day), high-dose GEN (200 mg/
kg/day), or vehicle (0.5% CMC-Na (Maruishi Pharmaceutical);
5 mi/kg/day) for 1 week, At the end of treatment (9 weeks of
age), all mice were euthanized by exsanguination under ether
anesthesia,

2.3. Uterotrophic assay and gene expression study after oral
edministration of genistein

Whole uteri were harvested, blotted, and weighted. Each uterus
was divided into two horns, immediately placed into 2 ml plastic
tubes of RNAlater solution (Ambion), and stored at 4 °C. From each
sample, one horn was processed for mRNA expression analyses;
RNAlater was replaced with 1.0 ml of RLT buffer (Qiagen), and
the horn was homogenized by addition of a 5 mm diameter Zirco-
nium bead (Funakoshi) and shaking with a MixerMill 360 (Qiagen)
at 20 Hz for 5 min (only the outermost row of the shaker box was
used). Further sample preparation and analysis were performed as
previously described [16]. mRNA expressions were analyzed using
Affymetrix Murine Genome 430 2.0 GeneChips, and calculated as
copy number per cell by the Percellome method [16]. The second
uterine horn of each sample was subjected to genomic DNA
isolation.

2.4, Isolation of colony-forming cells derived from intact uteri

Five 8- to 9-week-old C57BL{6]jmsSlc female mice (SLC) were
euthanized by cervical dislocation and whole uteri were harvested.
Uterine horns were collected in Dulbecco’s meodified Eagle’s med-
ium/Hams F-12 (DMEMJF-12; Nacalai Tesque) containing
0.05 mg/ml gentamicin (Sigma-Aldrich), Each horn was dissected
longitudinally and the endometrial tissue was divided into two
portions: the luminal side and the myometrium side. A single cell
suspension of endometrial cells was obtained using enzymatic
digestion and mechanical means adapted from Chan et al. {17).
The tissue samples were minced and dissociated in 500 i
DMEM/F-12 containing 0.12 mg/ml (0.56 Wilnsch Ujml) Blend-
zyme 2 and 40 pgfml deoxyribonuclease type I (both from Roche
Applied Science) in a shaking incubator (~S0 rpm) at 37 °C. At
15 min intervals, the digests were pipetted to promote separation
and cell dissociation was monitored microscopically. After 45 min,
debris was filtered out using a 40-pm sieve (BD Biosciences). The
single-cell suspensions were collected in DMEM/F-12 containing

10% FBS, 0.05 mg/ml gentamicin and stered on ice. Then the sieves
were backwashed, and myometrial and glandular debris were fur-
ther digested to single cells for 45 min as described ahove, All cell
suspensions were filtered as described above, and combined. To re-
move erythrocytes, the cells were resuspended in 500 pl of HLB
solution (Immuno Biological Laboratories) and incubated for
3 min. After washing twice with PBS, viable cell numbers were
counted with trypan blue (Sigma-Aldrich). Cells were seeded on
gelatin (0.1%, Sigma-Aldrich)-coated dishes at various densities
of 0.1-3 x 10° cell/60-mm dish. After 14 days, non-overlapping
clones were distinguished. Primary cell clones were expanded in
DMEM/F-12 containing 5% FBS (SAFC Biosciences) and 0.05-
0.1 mg/ml gentamicin, on gelatin-coated dishes.

2.5. Serial cloning of colony-forming cell clones

Self renewal was assessed by serial cloning of individual clones
as described by Gargett et al, [18]. Cells were seeded on gelatin-
coated 100-mm dishes at 10 cells/cm? (600 cells/100-mm dish).
Culture medium was changed every 4 days and secondary clones
formed distinct colonies by 14 days after plating. Secondary clones
were similarly recloned to generate tertiary clones, and were also
expanded in the same manner as the primary culture,

2.6. In vitro genistein exposure to colony-forming cells

From 70 isolated cell clones, we selected 20 clones from colo-
nies that were composed of fibroblastic-shaped, homogenous cells
with an average doubling time of less than 100 h. The selected clo-
nal cells, whose passage number was less than 10, were subjected
to in vitro GEN exposure. Cells were seeded on gelatin-coated 60-
mm dishes, treated with or without 10 pM of GEN (dissolved in
dimethylsulfoxide (DMSO)) in DMEM/F-12 containing 5% FBS and
0.05 mg/ml gentamicin for 7 days. The final DMSO concentration
was 0.02%, The culture medium was changed every 2 days.

2.7. Genomic DNA preparation and bisulfite sequencing

Genomic DNA was isolated using a QJAamp DNA Mini Kit (QIA-

'GEN) and 180 ng-1 pg was subjected to sodium bisulfite modifica-

tion with a EpiTect Bisulfite Kit (QIAGEN) according to
manufacturer’s protocols. Bisulfite sequencing primers are shown
in Supplementary Table 1. PCR products were cloned into the
pT7 blue T vector (Novagen) and transformed into Escherichia coli.
Plasmid DNA from positive colonies was purified and sequenced at
the Tokyo Medical and Dental University Genome Laboratory (To-
kyo, Japan). Sequence and statistical analyses were performed with
the QUantification tool for Methylation Analysis; http://quma.cd-
b.riken,jp/tep/quma_main_j.html [19]). The statistical significance
of the difference between two bisulfite sequence groups at each
CpG site was evaluated with Fisher’s exact test.

2.8, Screening of DNA methylation status by high-resolution melting
assay

All assays were performed on the LightCycler 480 using the
LightCycler 480 High Resolution Melting Master kit, according to
the manufacturer’s instructions. Primers, designed using Light-
Cycler Probe Design Software 2.0 (All, Roche Applied Science) are
shown in Supplementary Table 1. All data were analyzed using
LightCycler Gene Scanning Software,

2.9, Statistical analysis

Data are shown as means  SD. Unpaired t-tests were used to
compare the significance between two groups. Statistical analysis
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was performed using Dr. SPSS 2 for Windows. Results were consid-
ered statistically significant at a P value of <0,05.

3. Results
3.1. Effects of genistein in uteri of ovariectomized (OVX) mice
OVX mice were fed with either vehicle (control) or low

(60 mg/kg) or high (200 mg/kg) doses of GEN for 7 days and blotted
uterus weights were determined (Fig. 1A). Compared to the control,

A

Uterotrophic test

25

*k

20

blotted uterus weight (mg)

Cyp11ai(P450scc)
0.1

* %

mRNA expression (copy number by Genechip)

Cyp17a1(P450c17)
0.04

0.03

0.02

0.01

mRNA exprassion (copy number by Genechip)

ctr G 60

G 200

low-dose GEN treatment did not significantly increase the uterus
weight; high-dose treatment induced a slight but significant uterus
enlargement (1.4-fold of control; P<0.005). We then determined
the mRNA expression levels of SF-1 (Fig. 1B) and steroidogenic genes
(Fig. 1C-F) by the Percellome method. The mRNA levels of these
genes were very low in the endometria from control and low-dose
GEN-treatment groups, but were significantly increased (still less
than one copy per cell on average)in the high-dose treatment group
(P<0.05), indicating that high-doses of GEN induced expression of
these genes. Next, we determined the methylation status of SF-1 in

SF-1

mRNA expression (copy number by Genechip) (s¢)

ctr G 60 G 200

StAR

mRNA expression (copy number by Genechip) o

Cyp19at{Aromatase)

0.08

0.06

0.04

0.02

MRANA expression {(copy number by Genechip) M

ctr G 60 G 200

Fig. 1. Genistein induced endometrial regeneration and SF-1 mRNA expression in uterine tissue of OVX mice. {A) Blotted uterine weights were recorded. Control and GEN-
treated groups comprised five and four mice, respectively. ctr; control, G 60; GEN 60 mg/kg/d, G200; GEN 200 mg/kg/d. (B-F) mRNA expressions of steroidogenic genes were
determined using GeneChip analysis and were calculated by the Percellome method. ¥ axis indicates mRNA expression as copy number per cell. (B) SF-1 was determined by
1418315 at, (C) Cypilat by 1439947 at, (D) StAR by 1418729 _at, (E) Cyp17al by 1417017_at, and (F) Cyp19al by 1449920 _at. "Statistically significant at P<0.05.

*Statistically significant at P <0.005.
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the total uterus tissues of the three groups of mice by bisulfite
sequencing (Fig. 2A-C). There were 15 CpG sites spanning —-272 to
+199 of the promoter and the 5'-UTR (exon 1) region of SF-1. The per-
centages of total methylated CpG sites in this region, in control, and
low and high-dose GEN, were 78.3%, 73.9%, and 54.4%, respectively,
indicating that GEN dose-dependently induced demethylation in
this region. Most CpG sites in the 5-UTR (exon1) were demethylated
by high-dose GEN. In particular, the methylation levels of 5CpG sites
between +45 and +89 were significantly lower in high-dose GEN
than in control (Fisher’s exact test, P < 0.01). We further split the
endometrium to separate the luminal side (LU) from the basilar
myometrial side (MY), and both specimens were separately sub-
jected to bisulfite sequencing, This procedure was applied to the
samples from the GEN-treated groups but net to control samples
due to uterus atrophy. In low-dose GEN treated mice, the mean
methylation levels of LU and MY were 84.8% and 65.0%, respectively
(not shown), In high-dose GEN treated mice, the mean methylation
levels of LU and MY were 42.1% and 66.7%, respectively (Fig. 2D).
Thus, the demethylation induced by high-dose GEN occurred
predominantly in the LU, rather than in the MY.

3.2, Effect of genistein on primary endometrial cell culture

In order to study the SF-1 promoter methylation at the cellular
level, we employed an endometrial cell primary culture. Intact

369

murine endometrium were divided into LU and MY portions, and
cells were separately isolated. Primary cell clones were established
by colony-formation, following the plating of a serially-titrated cell
suspension (see Section 2). Efficient isolated colony formation was
achieved with cells seeded at a density of 4,500-15,300 cellsfcm?,
For LU and MY, the average frequencies of colony appearance were
7.5 per 10° cells and 15 per 10° cells, respectively. The growth
curves of representative clones derived from LU and MY are shown
in Fig. 3. Cell clones with highest and lowest proliferative activities
were obtained from LU and MY, separately. More highly prolifera-
tive cells were obtained from MY than from LU (Fig. 3A and C). We
selected 20 highly proliferative clones for further study (see Sec-
tion 2), Two rapid growing clones obtained from MY showed
self-renewal activity when secondarily seeded at a very low cell
density (10 cells/cm?) (not shown). To screen for primary cultured
cells that responded to GEN, we set up a high-resolution melting
(HRM) assay that identified region-specific methylation levels.
The region analyzed by HRM assay exclusively contained the 7
CpG sites between +19 and +89 bp that were most differentially
demethylated following oral administration of GEN (Fig. 2). Each
clone was treated with or without GEN for 1 week; cells treated
with a similar concentration of DMSO served as control. Among
the 20 clones that we screened, only one GEN-treated clone (No.
16) exhibited a significant shift in the melting curve compared to
control cells (Fig. 4A). This clone had the highest proliferation

§§ $ 2
T e DGO TR 2 290
A crn=a0) 78.3% P 0-3-0-00-00 90— 99—
ctr-1 (n=8) 78.7% —O0————0-0-0-90-0090-0—0-0-0—
ctr-2 (n=8) 79.2% — e 3-0-3-09-99 90— 0—-0-0—
cir3 (n=8) 81.7% — 29— 0-0-0-00-0080-0—0-0-0—
cir-4 (n=8) 71.7% —BO————3-3-0-00-0000—0—3-9-0—
cir-5 (n=8) 85.7% — P30 003 9—0- 68—
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6200-1 (n=16) 65.8% ————0-3-0-33-00900—0—9-9-9—
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Luminal side (n=32) 42.1%

G200-1-u (n=8) 58.3%
G200-2-u (n=8} 35.8%
G200-3-u (n=8) 42.6%
G200-4-lu (n=8) 31.7%

Myomelrial side (n=32) 66.7%

G200-1-my (n=8) 73.3%
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G200-3-my (n=8) 68.3%
G200-4-my (n=8) 54.2%

Fig. 2. Genistein induced demethylation of the SF-1 gene promoter in endometrial tissues of OVX mice. The schematic diagram indicates CpG locations on the SF-1 promoter
region, spanning 5'-flanking to exon 1. The CpG position relative to the first base of exon 1 (+1) is shown, The bisulfite sequencing fragment contains 15 CpG sites, The black
inlay represents the mean methylation levels of each CpG, and the left panel contains the number of sequenced clones and the mean methylation level of all CpGs.
Summarized methylation results are shown at the top. (A-C) Difference in methylation levels between (A) vehicle (control), (B) low-dose GEN (60 mg/kg/d), and (C) high-dose
GEN (200 mg/kg/d) exposed uteri. (D) Differenice in methylation levels between luminal and myometrial sides of a uterus exposed to high-dose GEN.
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Fig. 3. Proliferation properties of isolated clones: one clone showed highly proliferative activity. Representative growth curves of clones harvested from intact murine
endometrium are shown, Formula indicates the slope of fitted growth curves. Clones were divided into two groups: high and low proliferative (see Section 2). A total of 20
highly proliferative clones were analyzed by HRM after in vitro GEN treatment. (A, B) Asterisks indicate representative growth curves of cell clones isolated from luminal side.
(A) Clones with higher proliferative activities, derived from luminal side. Six highty proliferative clones were obtained in total; 2 representatives are shown. (B) Clones with
lower proliferative activities, derived from luminal side. (C, D) Each circle indicates representative growth curves of cell clones isolated from myometrial side, (C) Clones with
higher proliferative activities, derived from the myometrial side. In total, 14 highly proliferative clones were obtained; 10 representatives are shown. The arrow indicates the
clone with the most rapid growth. (D) Clenes with lower proliferative activities, derived from myometrial side.

activity (Fig. 3C, arrow). GEN treatment of the other clones did not
result in significant changes to the melting curve patterns (not
shown). We further confirmed the methylation status of clone
No. 16 by bisulfite sequencing. The percentages of CpG methyla-
tion in the SF-1-272 to +199 promoter regions for untreated and
GEN-treated cells were 85.0% and 65.8%, respectively (Fig. 4B).

4. Discussion

Growing evidence suggests that the manner in which nutrients
can either help maintain health, or conversely, promote disease
development may be mediated by epigenetic regulation [12,20].
However, relatively little is known about tissue-specific sensitivity
or how much plasticity exists in regards to the effect that a given
environmental factor can exert on a certain epigenetic target

[20.21]. GEN, a non-nutrient dietary component of soy products,
exhibits mixed estrogen agonist and antagonist properties, and
multiple functions both in vive and in vitro [7,22]. Several animal
studies have demonstrated that GEN acts as an epigenetic modula-
tor [20]. We focused on the effects of GEN on endometrium, be-
cause endometrium is not only hormone responsive, but also a
highly proliferative organ. Epigenetic alterations of proliferative
tissue or cells may then be expanded through tissue proliferation,
We used OVX redents, which are a widely used model for studying
estrogen withdrawal and replacement [23], as well as for the
assessment of endocrine-disrupting chemicals in the environment
[4]. In our experiment, GEN induced proliferation of the endome-
trium and increased uterine weight (Fig. 1A) to extents similar to
those previously reported in OVX rats [4]. Our findings also sug-
gested that GEN treatment induced marked demethylation of
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Fig. 4. Genistein induced demethylation of the SF-1 gene in the cell clone that showed the highest proliferative activity. (A) The GEN-mediated demethylation of CpGs (at the
positions of +19, 23, 45, 48, 55, 59, and 89) in the SF-1 gene'in vitro in one out of 20 isolated clones (Fix,BA and C). HRM analysis enabled to clear separation of the PCR product
mixtures wnh different CpG composinons. The methylation standards were prepared as 100% (red); 85.4% (orange), 90% (yellow), 77% (green), 54% (blue), and 9% (violet)
methylated template in demethylated background. Grey and pink indicate the control and GEN-treated clone sample, respectively. (B) SF-1 DNA methylation status, obtained
from bisulfate sequencing, of the clone that showed demethylation in HRM assay. Percentage under box (HRM region) indicates percent methylation of HRM region. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this paper.)
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from LU (Fig. 3). We thus speculate that there are GEN-sensitive
cells in the MY, which might contain endometrial stem cells [25].

Recently, human endometrial stem cells were identified; they
reside in endometrial stromal tissue and possess fibroblastic-shape
and self-renewal ability, thus forming large, densely packed,
homogenous colonies [17,18]. Some candidates for murine endo-
metrial progenitor cells have been suggested to reside in the lumi-
nal epithelial or area of adjacent to the myometrium {25). The
rapidly growing endometrial cell that we aobtained had a fibroblas-
tic-shape, formed large, relatively homogenous, densely packed
colonies, and showed self-renewal activity when seeded at a very
low cell density (data not shown). Although there are differences
between the species, we speculate that our rapid growing cell
clones may correspond to the human endometrial stromal progen-
itors cells [17].

Aberrant SF-1 expression with lack of prometer CpG methyla-
tion has been reported in ectopic endometriosis [14}, and thus
endometriosis is now considered an epigenetic disease [26]. Endo-
metriosis is classically defined as the growth of endometrial tissue
at extrauterine sites; it has been suggested that each endometriotic
lesion originates from a single epigenetically deregulated endome~
trial progenitor cell [27]. Further studies are required to identify
cells which are competent for epigenetic changes following GEN
exposure, and to elucidate the relationships between these cells,
GEN, and endometriosis.

In conclusion, we demonstrated that GEN demethylates the
promoter region of the SF-1 gene. This is the first demonstration
of phytcestrogen participation in epigenetic alterations in adult
endometrial tissue. These findings are important from standpoints
of nutrition, public health, and disease prevention. Further study is
warranted to characterize the nature of the cells that respond to
GEN in the endometrium.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016{j.bbrc2011.07.104.
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