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11.5 Conclusions

Our present observations that estragole appears to be as potent an agonist of
PPAR-alpha as clofibrate (on a mg-kg™' basis) should now be confirmed by
actual binding and signaling studies. If confirmed, the hepatocarcinogenic
potential of this compound should be reevaluated accordingly. Although recent
reports on estragole carcinogenicity suggest involvement of its metabolites®® or
glucocorticoid pathways,?' our Percellome data support neither the involve-
ment of such pathways or pronounced genotoxicity (which can be monitored
indirectly as an enhancement in DNA repair and responses to oxidative stress).
Interestingly, DEHP and Wyeth 14,643, well-characterized non-genotoxic
rodent hepatocarcinogens that evoke tumors through peroxisome proliferation,
gave mutation in Lac Z transgenic mice.*
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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 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 ef al., 1998). SXR is important in the

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-

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 af., 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 et
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 et 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
(AIb-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 et 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

Vol. 37 No. 2

have disadvantages in that the human SXR is expressed
only in the liver (Alb-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 binding affinities of hSXR DNA-
binding domain (DBD) to cis-acting elements in mouse
SXR target genes (hSXR genome mouse).

As noted 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
cDNA 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 ef 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 hSXRki knock-in mice

A DNA fragment of mouse SXR infron 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:
hSXRO04FW and hSXR1887RVEcoRI (template; human
SXR cDNA). 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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Humanized SXR Mouse by knock-in of human SXR LBD

Table 1. List of primer pairs

Purpose Primer name Sequence (5' to 3')

Targeting vector construction BAC39486FW CCATGGGTACCACGAATAACAA
mSXR462RV CATGCCACTCTCCAGGCA
hSXR904FW AAGAAGGAGATGATCATGTCCG
hSXR1887RVEcoRI CCGAATTCTCATCATCAGCTACCTGTGATACCGAACA

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

Percellome quantitative RT-PCR~ Cyp3all FW CAGCTTGGTGCTCCTCTACC
Cyp3all RV TCAAACAACCCCCATGTTTT
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 SacIl 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 RV5. 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 et 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 ez 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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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 mhSXRSARV. *: 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 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

100.00 S ,
< Wild Type (n=2, —:mean)

5 & hSXRki (n=2, — :mean) ,

£ 1000 oL T

Q 2 -

E // k

= 100 2 )

5 1 ,

o T

: $ s %

2 $ %

2 010 eeeee

O

o

0.01

Brain  Thymus Heart Lung Liver

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 Iibi-
tumn. 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

'\‘ . !;/%, \\.\
..... & e B
-~ TTT7T
Stomach Spleen Kidney  Small Testis

intestine

* DL:PCR detection limits of each crgan

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 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

Vol. 37 No. 2

Cesb

-266-

Cyp3ai1

.
ol

Capy number / cefl
- B 88
;.._‘__._‘_...4__.
-l :
E :

Copy numbar / cefl

o 2 7w 20 "o 1w 3 10
mgikg
Small Intestine

3 3 2000 | uu
3 £ 1500 |
€ €
H £ 1o |
3 g "%
8 8500%
o
0 10 3 100
mgkg
Liver

w . PCN m . RIF
= 500 4 = 500 4
g, g |
<~ 400 - > 400
g2 Pl
€ 300 4 € 300
2 | 2 |
3™ S hial
g ] 8
© 100 4 Oml»

0+ 04

0o 2 ™ 2w

mgkg mgkg
Small Intestine
a0 . PCN a0 RIF

= ] - #a
8 300 4 8 300
5 PR
2 0 | € 200 |
g 100 ; g 10 g

o AL o i

] 100

O Wild B hSXRKi

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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ISH of Cyp3ai1
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Wild

hSXRKi

Fig. 4. Humanized response of hSXRki mice to RIF and PCN; /n sizu hybridization for Cyp3all mRNA in liver. A DIG-labeled
c¢RNA 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 ef 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 ef 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 ef 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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& Shigeaki Kato"®

Chromatin reorganization is governed by multiple post-translational
modifications of chromosomal proteins and DNA"2 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 (GIcNACc) is catalysed by two enzymes,
O-GlcNAc transferase (OGT) and O-GlcNAcase (OGA)*°. However,
the significance of GIcNAcylation 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 S112
GIcNAcylation promotes K120 monoubiquitination, in which the
GIcNAc moiety can serve as an anchor for a histone H2B ubiquitin
ligase. H2B S112 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 S112 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 HeLa 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 GIlcNAcylated 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 GlcNAc
moieties to H2B (Supplementary Fig. 5). Electro-transfer-dissociation
(ETD)-MS/MS mapped the sites to S91, S112 and S123 (Fig. 1c and
Supplementary Fig. 6). Unlike a recent report'’, we were unable to

detect the reported sites in H2B S36 and H4 S47. However, H2A
T101 was detected as a GlcNAc site when H2A protein alone was used
(data not shown). This discrepancy in identified GIcNAc sites might be
due to differences in experimental approaches.
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Figure 1 | H2B is GlcNAcylated at the C-terminal S112. a, b, I vitro OGT
assay with recombinant histones (a) or the octamers reconstituted i 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 mn/z) in Supplementary Fig. 5b. d, A series of H2B mutants at
the indicated /T was assessed by i vitro OGT assays. e, Sequence alignment of
«C. f, The locations of the GlcNAc sites and the ubiquitination site of H2B in a
nucleosome, The oC helix is illustrated as a white ribbon.

Ynstitute of Molecular and Cellular Biosciences, University of Tokyo, 1-1-1 Yayoi, Bunkyo-ku, Tokyo 113-0032, Japan. 2Laboratory of Biochemistry and Molecular Biology, The Rockefeller University, New
York, New York 10065, USA. *Department of Medical Oncology, Dana-Farber Cancer Institute and Harvard Medical School, Boston, Massachusetts 021 15, USA. “Division of Cellular and Molecular
Toxicology, National Institute of Health Sciences, 1-18-1 Kamiyoga, Setagaya-ku, Tokyo 158-8501, Japan. °ERATO, Japan Science and Technology Agency, Kawaguchi, Saitama 332-0012, Japan.

22/29 DECEMBER 2011 | VOL 480 | NATURE | 557

-269-



LETTER

Next, in vitro OGT assays using peptide arrays covering full-length
H2B revealed peaks at 101-115 peptides in the carboxy (C)-terminal
o-helix (atC)'? (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 GIcNAc site in H2B,
whereas T122 might be needed for recognition by OGT (Fig. le, f).

With our newly developed antibody (Supplementary Fig. 10), H2B
S112 GIcNAc 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 S112 GIcNAc 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 GlecNAc influenced H2B K120 monoubiquitination because
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Figure 2 | H2B S112 GlcNAc 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 4.5 g1 ™" Glc for the indicated time. The
intensities of the western blotting bands (b) were quantified (). 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 GIcNAc or 4.5 g1 ™" Glc with or without HBP inhibitors,
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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, GIcNAcylation 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 GlcNAcylation 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 (PUGNACc) restored
both H2B S112 and K120 monoubiquitination (Supplementary
Fig. 16). These data support the notion that H2B S112 GIcNAc 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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right), and the reactants were subsequently ubiquitinated by H2B
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The terminal GIcNAc of polysaccharides reportedly serves as a
recognition moiety for E3 monoubiquitination ligase’®. Therefore, we
proposed that H2B §112 GlcNAc affected K120 monoubiquitination by
the BRE1A/1B complex'’. Flag-tagged H2B, but not AA or S112A, was
co-immunoprecipitated with BREIA (Fig. 3a). This association was
observed in the presence of physiological levels of glucose in the media,
and BREIA was bound to H2B S112 GlcNAc (Supplementary Fig. 17).
We then assessed how the GIcNAcylation 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-
modified control peptide or by GlcNAcylated serine (Fig. 3c). On the
basis of these results, we conclude that the GIctNAc moiety at H2B S112
may anchor H2B monoubiquitination ligase.

To illustrate the role of H2B S112 GIcNAc 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 GIcNAc sites appeared exclusively in 4',6-
diamidino-2-phenylindole (DAPI)-poor areas (Supplementary Fig. 20).

LETTER BB TRy

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

To determine the precise loci of H2B S112 GIcNAcin 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 GIcNAc 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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a, Polytene staining with o-H2B S112 GIcNAc (green) and DAPI (blue) along
with o-H3K4me2 (red, top), o-H3K9me2 (red, middle) or o-H3K27me3 (red,
bottom). b-e, ChIP-seq analysis of the H2B §112 GlcNAc and K120
monoubiquitination. The distributions of H2B §112 GlcNAc were averaged near
TSS (top) and TTS (bottom) (b). The average profiles of H2B S112 GlcNAc near
TSS were calculated based on the associated gene activities (c). Venn diagrams
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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 S112 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
GIcNAc 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 3B (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
GIcNAc 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 GlcNAc proteins from chromatin. Chromatin pellets were pre-
pared from HeLa cells as previously described”. GIcNAc proteins were enriched with
0-O-GlcNAc (RL2) antibody (Abcam) immobilized on Dynabeads (Invitrogen), and
released with GIcNAc-O-serine.

Generation of monoclonal antibody. The synthetic H2B $112 GIcNAc peptide
(CKHAYV S(GIcNAc) 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-
BREIA/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 qPCR.

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 60mm culture dishes, treated with 3ml of retroviral
cocktail (1 ml of the prepared retroviral solution plus 2 ml of DMEM with 10%
FBS and 8 pg 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 0.5mg ml ™ G418.
Generation of monoclonal antibody. H2B S112 GlcNAc 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 GIcNAc 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, o-H2B, o-H3, o-H4 (Abcam), o-H2B K120 monoubiquitination
(Upstate), o-GlcNAc (RL2 or CTD110.6) (Abcam), o-OGT (Sigma), o-Flag
(Sigma) and a-RNF20/BREIA (Bethyl).

Purification and identification of GIcNAc proteins. The o-O-GlcNAc-
immobilized beads were prepared with 15 g o-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, 1mM CaCl,, 2mM
MgCL, 0.1M KCl, 0.1% (v/v) Triton-X, 0.3M sucrose, 1mM DTT, 1 mM
benzamidine, 0.2 mM PMSF, 1 mM STZ, pH 7.9). After addition of 3 Uml™*
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 2,000g 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 (20 mM Tris-HCI, 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)

(RARIS8 RESEARCH

and finally with 0.1 M 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 ion-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.abce.ncifcrf.gov/).
Recombinant proteins. Preparation of recombinant proteins was performed as
previously reported®”. Recombinant Flag-OGT, Flag-El, Flag-BRE1A/B com-
plexes were isolated by baculovirus expression and immunoprecipitation-based
purification with o-Flag M2 agarose (Sigma). Recombinant 6 X His-RADGA was
expressed in bacteria and partly isolated with a HIS-Select Nickel Affinity Gel
(Sigma). The eluate was diluted 1:20 with BCO (20mM 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 GIcNAcylation assay (autoradiographic analysis). Recombinant Flag-
OGT protein (0.5 pg) wasincubated with 0.5 jig of recombinant histone and 0.2 mM
(0.2Ci) UDP-[’H]GIcNAc (PerkinElmer) in a 25 pl reaction (50 mM Tris-HCI,
12.5mM MgCl,, 1 mM DTT, pH 7.5) for 24 h 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 GIcNAcylation assay (MS analysis). Recombinant histones (1 pig) or
recombinant histone octamers assembled in vitro (1 ug) were GlcNAcylated by
recombinant Flag-OGT in 25yl reactions (50mM Tris-HCl, 2mM UDP-
GleNAc, 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. GIcNAcylated histones (1 pig) were ubiquiti-
nated with the E1 (0.1 ug), RAD6 (0.2 pg), BRE1 complex (0.5 pg), ubiquitin (3 pg)
in 50mM Tris (pH7.9), 5mM MgCl,, 4mM ATP at 37°C for 24 h.

ChIP-seq and ChIP-gPCR. ChIP and ChIP-seq libraries were constructed as
previously described**?. For ChIP-seq analysis, the libraries were sequenced to
50bp with Hiseq2000 (Illumina). For ChIP-qPCR 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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