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Fig. 1. Comparison of gane exprassion profiles in E11.5 and E14.5 NPCs. (A) Schematic of experimental protocol, NPCs isolated from E11.5 mouse
telencephalon were plated (day 0) and used on the following day for immunostaining and RNA extraction (day 1). NPCs isolated at E14.5 were
expanded for 4 days and replated on day 4. On day 5, these celis were fixed for immunostaining. RNA was also extracted. (B) E11.5 and E14.5 NPCs
ware stained with antibody against Sox2 (green). Scale bar=25 um. Insets: Hoechst nuclear staining of each fleld. Scale bar=25 um. (C) The
percentage of Sox2-positive cells In E11.5 and E14.5 NPCs was quantified. Mean=5.D. (D) Scatter plots of E11.5 (upper left) and E14.5 (upper right)
samples obtained from GeneChip analysis indicated no significant change between independent experiments with the same sample. Overview (lower
piot) of gene expression change was compared between each sample. One hundred ninety-four genes were expressed at >fivelold higher level in
E11.5 NPCs than E14.5 NPCs (light blue zone). (E) Of the 194 genes thal were highly expressed in E11.5 NPCs, known genes were dassified
according to Affymetrix gene ontology. For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.
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Table 1. Transcription-related genes highly expressed in E11.5 NPCs

ProbeselID GenBankID Gene  E115 E145 E115/

symbol NPCs NPCs E145
1433919.at  AV302111  Asb4 98 05 196
1419406_a_al NM_016707 Bclila 138 18 7.7
1418271_at  NM_021560 BhimbS 108 1.2 8.8
1452207_at Y1513 Cited2 167 26 6.4
1449470_al  NM_010053 Dix7 138 24 58
1448877_at  NM_010054 Dix2 08 1.8 5.4
1449863_a_at NM_010056 Dix5 12 07 16.0
1459211_al  AWS46128  Gli2 80 15 5.3
1456067_al  AW546010  Gi3 206 21 08
1422851 a1 X58380 Hmga2 255 05 51.0
1450723 at  BQ176915  lis1 86 0.1 86.0
1427300_at  D49658 Lhx8 105 01 1050
1417155.a1  BCOO5453  Nemyc 82 1.2 68
1415811_at  BB702754 NP5 126 2.1 6.0
1421193 a_at NM_016768 Pbx3 123 18 77
1417400_at NM_030690 Rai14 11.0 16 6.9
1435856 x_al AV310148  Smarch! 80 1.6 50
1431255_at  BB656631  Soxf1 387 62 62
1450034_at  AW214029  Stat1 96 18 53
1416711_at  NM_009322  Tbr! 98 02 430
1423424_at  BB732077  Zicd 1.2 05 224

Genes reported to participate in cell growth, differentiation and
chromatin remodeling are shown in boldface.

Spatio-temporal expression patterns of genes highly
expressed in E11.5 NPCs

To substantiale the GeneChip results, we extracled RNA
from E11.5 and E14.5 NPCs and performed real-time RT-
PCR using specific primers for each selected gene. Con-
sistent wilh the GeneChip analysis, all five genes were
highly expressed in E11.5 NPCs compared with E14.5
NPCs (Fig. 2A). We next performed in situ hybridization for
each gene using E11.5, E14.5 and E17.5 mouse brain
sections (Fig. 2B). N-myc and Hmga2 mRNAs were spe-
cifically detected in the ventricular zone (VZ) of E11.5
brain, implying that N-myc and Hmga2 play some role in
NPCs at this stage. By contrast, Bhihb5, Sox11 and Bel11a
expression was stronger in cortical plate, where postmi-
totic neurons reside, than in the VZ (Fig. 2B). We therefore
decided to analyze the function of N-myc and Hmga2 in
more detail.

Transduction of N-myc and Hmga2 inhibits astrocyte
differentiation of E14.5 NPCs

We next examined whether N-myc and Hmga2 affect as-
trocyte differentiation of NPCs. We expressed EGFP alone
(control), and EGFP together with either N-myc or Hmga2,
using retroviral infection in E14.5 NPCs, in which expres-
sion of the endogenous genes is very low. Virus-infected
E14.5 NPCs were cultured for 4 days in the presence of
LIF to induce astrocyte differentiation, and then stained
with antibodies against GFP and GFAP. As shown in Fig.
3A and B. NPCs infected with control virus effectively
differentiated into GFAP-positive astrocytes in response to
LIF stimulation (42+2.6%). In contrast, GFAP-positive as-
trocyte differentiation was virtually abolished in cells ec-
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topically exprassing N-myc (0.5£04%) and Hmga2
(3%2.0%) (Fig. 3A, B). Expression of these genes did not
significantly affect neuronal differentiation of NPCs, as
assessed by monitoring expression of the neuronal marker
Blli-tubulin, compared with the control cells (Fig. 3C, D).
We further examined whether the observed suppression of
astrocyte differentiation of NPCs infected with viruses en-
coding N-myc or Hmga2 could be attributed to specific
cell-growth inhibition or to cell death. To address this issue,
we performed immune staining for the cycling cell marker
Ki67 and the apoptotic marker cleaved caspase 3. Al-
though proliferation of NPCs ectopically expressing N-myc
or Hmga2 appeared to be slightly enhanced, expression of
either gene caused negligible cell death. These results
suggest that N-myc and Hmgaz2 inhibit astrocyte differen-
tiation of NPCs by a mechanism distinct from that of the
neurogenic bHLH factors, which enhance neuronal differ-
entiation (Sun et al., 2001).

Continuous expression of N-myc and Hmga2 in
E11.5 NPCs fails to preserve the hypermethylated
status of an astrocyte-specific gene promoter

We have previously shown that the gfap promoter is highly
methylated in E11.5 NPCs, and becomes demethylated as
gestation proceeds (Takizawa et al., 2001). This demeth-
ylation enables NPCs at later developmental stages, E14.5
or thereafter, to respond to LIF and differentiate into
GFAP-positive astrocytes. As shown in the foregoing data,
expression levels of N-myc and Hmga2 thus seemed to be
reduced concurrently with the developmental stage-de-
pendent demethylation of an astrocyte-specific gene pro-
moter; furthermore, ectopic expression of these genes in
E14.5 NPCs inhibited GFAP-positive astrocyte differentia-
tion. We therefore hypothesized that sustained expression
of N-myc and Hmga2 in E11.5 NPCs might maintain the
hypermethylated status of the gfap promoter. To test this,
we Infected E11.5 NPCs with viruses expressing EGFP
alone and EGFP together with either N-myc or Hmga2 and
cultured them for 4 days. GFP-positive cells were sorted by
FACS and their genomic DNAs were extracted for bisulfite
sequencing. As observed in the previous study (Takizawa
et al., 2001), the gfap promoter including the STAT3 site
became demethylated to about 65% in control virus-in-
fected cells after the 4-day culture, and this was also the
case for both N-myc- and Hmga2-expressing virus-in-
fected cells (Fig. 3E, F). These results indicate that sus-
tained expression of N-myc and Hmga2 in E11.5 NPCs
does not affect the process of demethylation in this astro-
cyle-specific gene promoter. On the other hand, when
4-day-cultured control virus-infected E11.5 NPCs were
then stimulated with LIF for an additional 4 days, GFAP-
positive astrocytes appeared, probably due to demethyl-
ation in the promoter, whereas neither N-myc nor Hmga2
virus-infected cells gave rise to astrocytes even in the
presence of LIF (data not shown). These results suggest
that N-myc and Hmga2 inhibit precocious astrocyte differ-
entiation of midgestational NPCs independent of the DNA
methylation status of an astrocyte-specific gene promoter.
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Fig. 2. N-myc and Hmga2 are highly expressed In the VZ of E11.5 mouse brain. (A) Gene-specific real-time RT-PCR was performed to validate
GeneChip analysis data. (B) /n situ hybridization was performed for E11.5, E14.5 and E17.5 mouse brain sections. No signal was detected when
sense-probes for each gene were used (data not shown), Scale bar=500 um,

DISCUSSION
In this study, we compared NPC gene expression profiles
at different developmental stages using Affymetrix Gene-
Chips and the Percellome method, and then analyzed by
in situ hybridization the spatio-lemporal expression pal-
tems of genes which were highly expressed in E11.5
NPCs. We found that N-myc and HmgaZ2 were specifically
expressed in E11.5 NPC both in vivo and in vitro and,
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furthermore, that the transduction of these genes into
NPCs suppressed LIF-induced astrocytic differentiation
without affecting DNA demethylation of the astrocyte-spe-
cific gfap gene promoter.

The basic HLH leucine zipper transcription factor N-
myc,a member of the myc family of oncogenes, is a nu-
clear phosphoprotein exhibiting site-specific DNA-binding
activity (Ramsay et al., 1986; Alex et al., 1992), and has
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Fig. 3. N-myc and Hmga2 Inhibit astrocyte differentiation of NPCs even In the presence of LIF. (A-D) E14.5 NPCs were infected with recombinant
retroviruses engineered to express EGFP alone (pMYs), and EGFP logether with either N-myc (N-myc) or Hmga2 (Hmga2), and cultured with LIF
(50 ng/mi) for 4 days to induce astrocyle differentiation. The cells were then stained with antibodies against GFP (green) and GFAP (red) (A). Arrows
indicate GFP/GFAP double-positive celis. The percentage of GFAP-positive astrocytes in GFP-pasitive cells was quantified (B). Mean=5.D. The cells
were also stained with antibodies against GFP (green) and plli-tubulin (red) (C). The percentage of gli-tubulin-positive neurons in GFP-positive calls
was guantified (D). Mean=5.D. (E) E11.5 NPCs were infected with recombinant retroviruses engineerad to express EGFP alone (pMYs), and EGFP
together with either N-myc (N-myc) or Hmga2 (Hmga2), and subsequently cultured for 4 days. GFP-positive cells were then sorted based on GFP
fluorescence, and genomic DMA was extracted for bisulfite sequencing. White and black circles Indicate unmethylated and mathylated CpG sites,
respactively. The E11.5 NPC sample was freshly prepared NPCs from telencephalon at E11.5. The CpG dinucleotide within the STAT3 binding site
Is indicated In red. (F) Msthylation frequency in the gfap promoter. Mean=5.D. Scale bars=50 um (A, C). For interpratation of the references to color
in this figure legend, the reader is referred to the Wab version of this article
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been reporied to be expressed in a wide range of verte-
brate tissues, primarily during embryogenesis (Schreiber-
Agus et al., 1993). The mice deficient for functional N-myc
are embryonic lethal (Stanton et al., 1992). Since N-myc
has been shown lo be a transcriptional activator, it may
inhibit astrocyte differentiation via induction of neurogenic
bHLH factors such as Ngn1 (Sun et al., 2001), which have
already been suggested to inhibit astrocyte differentiation
In midgestational NPCs. However, this scenario seems
unlikely because N-myc expression in NPCs did not affect
neuronal differentiation, as assessed by monitoring ex-
pression of the neuronal marker glil-tubulin (Fig. 3C, D).
On the other hand, Hmga2 possesses an acidic C-terminal
tail and three individual DNA-binding domains which bind
short stretches of AT-rich DNA with high affinity (Reeves,
2001). Hmga2 is expressed in pluripotent embryonic stem
(ES) cells and in most tissues and organs during embryo-
genesis, but at very low levels or not at all in adult tissues
(Zhou et al., 1995). Its function appears to be critical for cell
growth, because mice lacking functional Hmga2 exhibit a
pygmy phenotype (Zhou et al., 1895). Recently, it was
reported that Hmga2 specifically accumulates on senes-
cent cell chromatin and that it functions as a structural
component of senescence-associated heterochromatin
foci and as a repressor of proliferation-associated genes
(Narita et al,, 2006). We therefore expecied that Hmga2
would maintain the hypermethyiation status of the astro-
cyte-specific gfap promoter via transcripti
heterochromatin formation in E11.5 NPCs. However, our
results indicate that this is not the case. The mechanism(s)
whereby N-myc and Hmgaz2 inhibit astrocyte differentiation
must await further investigation,

Although DNA methylation is a critical cell-intrinsic
determinant for the neurogenic-to-astrogliogenic switch
and/or astrocyte differentiation of NPCs, many other spa-
tio-temporally expressed extracellular factors such as
CT-1, Notch and Wnt1 (Barnabe-Heider et al., 2005;
Hirabayashi and Gotoh, 2005; Nagao et al., 2007) and
intracellular factors including Ngn (Sun et al., 2001), N-
CoR (Hermanson et al., 2002), N-myc and Hmga2 (this
study) complement DNA methylation to ensure the se-
quential differentiation of NPCs during development. Thus,
to better understand the mechanism underlying these pro-
cesses, this study emphasizes the need to take cell-extrin-
sic cues, cell-intrinsic programs and factors, and their in-
teraction into consideration.
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Functional importance of evolutionally conserved Thx6
binding sites in the presomitic mesoderm-specific enhancer
of Mesp2

Yukuto Yasuhiko'-*, Satoshi Kitajima', Yu Takahashi', Masayuki Oginuma?, Harumi Kagiwada?, Jun Kanno'
and Yumiko Saga®*

The T-box transcription factor Tbx6 controls the expression of Mesp2, which encodes a basic helix-loop-helix transcription factor
that has crucial roles in somitogenesis. In cultured cells, Thx6 binding to the Mesp2 enhancer region is essential for the activation of
Mesp2 by Notch signaling. However, it is not known whether this binding is required in vivo, Here we report that an Mesp2
enhancer knockout mouse bearing mutations in two crucial Thx6 binding sites does not express Mesp2 in the presomitic mesoderm.
This absence leads to impaired skeletal segmentation identical to that reported for Mesp2-null mice, indicating that thess Tbx6
binding sites are indispensable for Mesp2 expression. T-box binding to the consensus sequences in the Mesp2 upstream region was
confirmed by chromatin immunoprecipitation assays. Further enhancer analyses indicated that the number and spatial organization
of the T-box binding sites are critical for initiating Mesp2 transcription via Notch signaling. We also generated a knock-in mouse in

which the endogenous Mesp2 enhancer was replaced by the core enhancer of medaka mespb, an ortholog of mouse Mesp2. The
homozygous enhancer knock-in mouse was viable and showed normal skeletal segmentation, indicating that the medaka mespb
enhancer functionally replaced the mouse Mesp2 enhancer. These results demonstrate that there is significant evolutionary
conservation of Mesp regulatory mechanisms between fish and mice.

KEY WORDS: T-box transcription factor, Enhancer, Targeted disruption, Somitogenesis

INTRODUCTION
Somitogenesis is an important morphogenic process that generates
metameric structures in vertebrates, including vertebra, muscles and
motoneurons. The segmental boundary of each somite forms at the
anterior end of the presomitic mesoderm (PSM) or unsegmented
paraxial mesoderm, which are supplied from the primitive streak or
tailbud at a later stage of development (Saga and Takeda, 2001). This
process proceeds through the interaction of a number of signaling
cascades, including Notch, Wnt and Fgf (Delfini et al., 2005; Dunty
etal., 2008; Galceran et al., 2004; Hofmann et al., 2004; Moreno and
tner, 2004; Takahashi et al., 2000). Thus, somitogenesis could be
a very useful model system in which to study the interactions among
the various signaling cascades that facilitate periodic pattern
formation.

The basic helix-loop-helix transcription factor Mesp2 plays a
crucial role in both somite segmenl border formation and in the
establishment of the rostrocaudal patterning of each somite (Saga
etal., 1997). Mesp2 shows dymmlc and periodic expression in the
anterior PSM. This expression pattern defines the positioning of
the newly forming somite by suppressing Notch signaling, in part
through the activation of lunatic fringe (Lfig) (Morimoto et al,,
2005). Genetic analyses have revealed that Mesp2 expression is
itself controlled by Notch signaling, indicating the existence of
complicated feedback circuitry (Takahashi et al., 2003; Takahashi
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et al,, 2000). We have previously identified the minimal PSM-
specific Mesp2 enhancer (denoted P2PSME) that is sufficient to
reproduce the normal Mesp2 expression pattern in transgenic
animals (Haraguchi et al., 2001). We have also demonstrated that
the T-box transcriptional regulator Thx6 directly binds to
P2PSME and is essential for P2PSME activity (Yasuhiko et al.,
2006). We also showed that Notch signaling strongly enhanced
Mesp2 activation via Thx6 and we identified the sequences that
are important for this enhancement using an in vitro reporter assay
(Yasuhiko et al., 2006). However, the question of whether
P2PSME is indispensable for Mesp2 expression during
somitogenesis remained to be addressed. Because of differences
in the expression patterns of Mesp2 and Thx6 — Tbx6 is expressed
throughout the PSM and tailbud (Chapman et al., 1996; White and
Chapman, 2005) whereas Mesp2 expression is observed only in
the anterior PSM (Saga et al., 1997) - another open question was
whether Thx6 actually binds to P2PSME.

The evolutionary aspect of this sysiem is also noteworthy. We
previously identified the mesph PSM-specific enhancer in the teleost
fish medaka, and reported that the mutation of two T-box binding sites
therein diminished its PSM-specific enhancer activity in transgenic
embryos (Terasaki et al., 2006). However, definitive evidence as to
whether the T-box-factor-dependent regulation is a conserved
mechanism among vertebrates remains elusive.

In this study, we established Mesp2 enhancer knockout mice
and confirmed that Tbx6 binding sequences are essential for
Mesp?2 expression. The in vivo association of Thx6 with P2PSME
was confirmed in chromatin immunoprecipitation assays, and
reporier assays further showed that the number and spatial
organization of Thx6 binding sites are important for P2PSME
activity. Furthermore, using a knock-in mouse that harbors the
medaka mespb enhancer in place of the mouse Mesp2 enhancer,
we show that the T-box-factor-dependent rcgullllm of the Mesp
gene is evolutionally conserved between fish and mice.
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MATERIALS AND METHODS

Site-directed mutagenesis

Site-directed mutagenesis of each Thx6 binding site was performed using
previously reported PCR-based procedures (Yasuhiko et al., 2006) with the
following primers (mutated nucleotides in lower case): mBl, 5'-
CCTTCGAGGGGTCAGAATCgAAICTCTGCAAATGGGCCCGCTTT-
3", mB2, §'-CCTTCGAGaGaCIGAATCCACACCTCTGCAAATGG-
GCCCGCTTT-3"; mD, §'-AACCTGGCAGGGGACCACCTCgCgaCTT-
TAGTCCAGATAAAAGCT-3"; mG, 5'-CTGGGCTCTGTGGGTTTIG-
AatCTCTCTGCAACCTGGCA-3". The mutated Thx6 binding sites are
indicated for each construct, such that P2EmBID represents a P2PSME
containing both mB 1 and mD.

Gene targeting

For targeted disruption of PZPSME, a 356-bp DNA fragment containing
mutated Site B and Site D was generated by PCR using primers mB1 and
mD. As a negative control, the wild-type P2PSME fragment was also
generated by PCR. To construct the targeting vectars, a floxed PGK-neoR
selection marker cassetie was inseried between a 6-kb long arm and the 356-
bp DNA fragment with or without mutations (Fig. 1A). The region
corresponding to Mesp2 exon 1, intron 1 and a part of exon 2 served as the
short homology arm. The targeting vector was introduced into mouse ES
cells (strain TT2) by electroporation. Resulting G4 18-resistant ES clones
were characterized by PCR using primers: Fesneo, 5'-CGCCTTCT-
ATCGCCTTCTTOGACGAG-3' and RP213, 5'-CAGGACAGCCACT-
GAGCTGCAGGCCTGA-3", Southem blots were performed to confirm
homologous recombination, Positive ES clones were then aggregated with
B-cell stage ICR mouse embryos in arder to produce chimeric mice. The ES
selection marker PGK-neoR was removed by mming tbe chmwric mice
with CAG-Cre mice, which exp Cre The
resulting mouse strains, Wﬂhmmmofenhsmm.ludPZPSMEarmld-
type P2PSME, were designated P2ZEmBID or P2ZEmCont, respectively,
Although the knockout mice were established using an ES cell line (TT2)
obtained from a C57TBL/6 X CBA cross (Yagi et al, 1993), mice were
maintained in an ICR background unless otherwise stated.

Skeletal preparation
Embryonic day 17.5 (E17.5) mouse embryos were obtained by ing the

37°C. The prepnmuoa of cell Iyumaad ChIP assay were performed using

the Ct I 1on Assay Kit (Upstate biology) according
to the mnufnctm:npmmml PCR primers used for ChIP assays were:

LP286, 5'-AGACATCCAGGTACCTCGAGGTC-3'; LP287, 5'-CGG-
GATAGACATCCAGGTACCCA-3"; and RP287, 5'-GGCTGGTGT-
GACTCTGGGAAGCT-3'. LP286 and RP287 were used for detection of
mutated P2PSME, whereas LP287 and RP287 were used for detection of
wild-type PIPSME. As a positive I, the DilJ derm (msd)
enhancer was amplified using the following primers: LP259, 5'-
CCCAACACAGATGATTCTGCCCAGTAACT-3"; and RP255, 5°-GCT-
TTGTGTTGAGCATGCCATGAGCTGTA-3'. A sequence 22 kb from
P2PSME was amplified by PCR as a negative cantrol, using the following
primers: LP285, 5'-GGTCTGTTTGCAGCTGATTCTGAA-3'; and RP286,
S -CAGTTCTCACCTTGCTTCCATGT-3".

Electromobility shift assay (EMSA)
The full-length Thx6 ORF was obtained from the pACT-Tbx6 construct,
which was previously isolated from a yeast one-hybrid screen ( Yasuhiko et
al., 2006). After ligation 10 a 3XFLAG tag (Sigma), the tagged Thxd insert
was cloned imto pCS2+ (Rupp et al., 1994). In vitro transcription/translation
was then performed using the TNT In Vitro Translation Kit (Promega)
according to the manufacturer's protocol. Oligonucleotide probes were
labeled with DIG-11-ddUTP using recombinant TdT (Roche Diagnostics).
Five microliters of crude in vitro translated product was subjecied 10 EMSA.
As a pegative control, reticulocyte lysate without The6 template was used.
The aliganucleotide probes are as follows (mutated nucleotides are indicated
in lower case): SiteF, 5'-GCTAAATTACGOGTATATGGACCACAC-
CTGTATCAGTCCC-3'; SiteG, 5'-CTGGGCTCTGTGGGTTTITGACA-
CCTCTCTGCAACCTGGCA-3'; SiteGmut, 5'-CTGGGCTCTGTGG-
GTTTTGAmMICTCTCTGCAACCTGGCA-3'; SiteB, 5'-CCTTCGAGG-
GGTCAGAATCCACACCTCTGCAAATGGGCCCGCTTT-3; TI, §5'-
CAAGTGCTGGTCTTGGCATCACACCTCTTTATTTGTTTCCATAC-3';
T2, 5'-GCAGAATCTGCAGAGGTGTCACTTCACACCTCTGTGG-
CCTGGCT-3"; and T3, 5'-GCTCTCACAGCTGAGGTGTGAAGCG-
ACACCTCCAGGCTCATAAG-3'.

EMSA was performed as described (Yasuhiko et al., 2006). Anti-Tbx6
antibody (3.5 pg) was added to the reaction to assess the specificity of the

mutants of interest. Embryos were then fixed with 90% ethanol. For
genotyping, PCR was performed using a piece of embryonic liver digested
with proteinase K (Roche). Alcian Blue and Alizarin Red staining were
performed as described (Saga et al., 1997; Takahashi et al., 2000).

Generation of anti-Thx6 antibody

His-tagged fragments of Tbx6 protein (N-terminal antigen, amino acids 2-
78%; internal amtigen, amino acids 311-408) (White and Chapman, 2005)
were produced using the pET system (Novagen) and Escherichia coli
Rosetia-gamiB (Novagen) as a host strain. The Tbx6 fragments wm
extracted from bacterial culture using the M His (P

protein-DNA i As a competitor, a 100-fold excess of unlabeled
oligonucleotide corresponding to the probe was added to the reaction.

Transgenic assay

DNA fragments with and without mutations in conserved upstream sites
were generated from an Mesp2 genomic fragment using a standard PCR-
based protocol. Each transgene comprised the lacZ reporter and a 6-kb
gcmc&ummmwmnfthnﬂmp)ﬁrﬂﬂﬂ.ntludmgﬂmuﬁ
with and without i Thx6 binding sites. The ransgenes were
mwmhpmudmnhhﬂlludmumw(ﬂmaﬂ 1994)
Embryos recovered at E9.5-10.5 were analyzed for lacZ expression by X-

purified by thrombin digestion lommwnhn H.u-u;. fuuuwedbyaﬁmly
column purification (Novagen) and dialysis using a p
membrane cassette ( Pierce). Rabbits (two animals for each umgen) were
immunized with the purified Thx6 fr and p d for l
purification following the standard pmcedum of Hokudo Bio (Ahum,
Hokkaido, Japan).

Protein and mRNA expression analyses

Whole-mount RNA in situ hybridization was performed as described (Saga
al,, 1997). Whole-mount immunchistochemistry and simultancous

staining of Mesp2 mRNA and Thx6 protein were as previously described

(Morimoto et al , 2005; Oginuma et al., 2008).

Chromatin immunoprecipitation (ChiP) assay

Embryonic tails were dissected along the anteroposierior axis inlo three parts
using a tungsten needle. Somite part (s) corresponds to SIV to SII, anterior
PSM (ap) is from SI to S-1, and posterior PSM (pp) corresponds to the
region posterior to S-2. Alnulufliﬂemquwmdinmd,wwn
treated with trypsin and dispersed cells counted (around 1 10° cells for cach
sample). Cells were fixed in 1% formaldehyde in PBS for 10 minutes at

Gal g (Saga et al., 1992) and were subsequently examined for the
presence of the transgene by PCR (Sasaki and Hogan, 1996).

Luciferase assay

The Kpnl-Neol fragments (356 bp) carresponding to P2ZPSME, with and
without mutations in the Thxé binding sites, were subcloned into the pGL3-
Basic (Promega) vector to generate luciferase reporter constructs. The
expression vectors for the proleins 1o be assessed were constructed in the same
way as those used in the EMSA assays described above. The luciferase assay
using COS-7 cells was conducted as described iously (Yasuhiko et al.,
2006). Each assay was performed in triplicate and repeated at least twice.

RESULTS

Mutations in the Tbx6 binding site of the Mesp2
enhancer result in the complete loss of Mesp2
expression in the presomitic mesoderm

We have shown previously that nucleotide substitutions in two
Thbx6 binding motifs in the Mesp2 PSM enhancer (P2PSME)
eliminate Thx6 binding activity in vitro (Yasuhiko et al., 2006).
To establish the function of these Thx6 binding sites in vivo, we
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Fig. 1. Disruption

homologous
detection of homozygotes In the P2Em81D intercross, (C) Impaired

P2EmB1D/P2EmBID

D PEmBIle-

Tox18

expression. (A) Targeting stratagy to the Mesp2 enhancer knockout

generate
mouse (P2EmB1D). Ammtmmgmmm;mmmmmmmmwwmmmmmhm
recombination. The PGK-neoR selection marker was remaved by the Cre-loxP system to obtain a Aneo allele. (B) PCR
skeletal

tion in the Mesp2 enhancer knockout mouse, The

P2EmB1D/P2EMB1D mouse exhibits severa skeletal malformation at E17.5 (centre) identical to that of the Mesp2-null mouse (PZMCMPZMCM,
right). Note the shortened spine with incompletely segmented vertebrae (upper panels) and fused ribs (bracket In lower panels), (D) Expression of

Mesp2 and the somite-specific genes

Mesp!, Ephad and Thx18 in P2EmB10/+ (left column) and P2EmB10/P2EmB1D (right column) embryos.

Mesp2 mRNA expression is ellmlmwd in the P2EmB1D/P2EmB1 D homazygotes. Wild-type (+/+) and heterazygote (P2EmB1D/+) embryos showed
varying Mesp2 expression patterns owing to its cyclic expression. Mesp | is upregulated and Ephad is not affected, whereas Thx18 Is completely

abolished in PZEmBID/PZEmMBID.

introduced nucleotide substitutions into the mouse genome using
a gene-targeting technique. These mutations disrupted two Thx6
binding sites, denoted Site B and Site D, that were shown to be
sufficient to activate Mesp2 expression in vitro (Yasuhiko et al,,
2006) (Fig. 1A). After the establishment of a neoP2EmBID
mouse line, the neoR cassette was removed (Aneo) by a cross with
the deleter mouse line CAG-Cre. Interbreeding of the Aneo
mutants gave rise to homozygotes (P2EmB1D/P2EmB1D) that
retained a loxP site after neoR removal (Fig. 1B). This residual
loxP site appears to have no effect on Mesp2 expression or

somitogenesis because another knock-in mouse, P2EmCont, in
which wild-type P2PSME is knocked-in using the same strategy,
had viable homozygous offspring without any morphological
defects (data not shown).

The homozygous P2EmB1D/P2EmBID embryos showed distinct
skeletal defects (Fig. 1C) and perinatal lethality, features identical to
the previously reported Aneo-type Mesp2-null mouse (Fig. 1C,
P2MCM/P2MCM). As from the phenotype, Mesp2

in P2EmB1D/P2EmB1D embryos was eliminated (Fig.
1D). Segmental borders were generated during an early stage of
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somitogenesis (Fig. 1D, right-hand panels). However, the borders
were unlikely to be maintained because the vertebral bodies were
fused along the anteroposterior axis at later developmental stages
(Fig. 1C).

To further characterize the phenotypes in these embryos, we first
examined the expression of Mesp/, which is known to be
upregulated and to partially rescue somitogenesis in the absence of
Mesp2 (Morimoto et al., 2006; Takahashi et al., 2007). Mesp!
expression was upregnlmed in the P2EmB1D/P2EmBID embryo,
but its exj was broader than normal (Fig. 1D).
Ephad, wh:ch is required for proper border formation, was

Fig. 2. Thx6 binds to P2PSME in the PSM and tallbud.

(A,B) Characterization of the anti-Tbx6 antibody produced in this study.
(A) Whole-mount immunohistochemistry demonstrating the localization
of Thxé protein in the mouse PSM and tallbud. {B) Western blot analysis
showing that the anti-Tbx6 antibody detected a protein of expected
molecular weight (58 kDa) in the PSM and tailbud (p] but not in formed
somites (s). The asterisk indicates non-specific binding. (O Double
staining of Mesp2 mRNA (purple) and Thx6 protein (green)
demanstrating the coexistence of both signals in the anterior-most part
of the Tbx6-positive region (white in merged image). (D) Design of an in
vivo technigue for detecting Tha6 binding to the P2PSME by ChiP.
Arrows represent primers for the ChiP assay for the Mesp2 and Dill
genes. Dif1 is known to be downstream of Tbx6 and was therefore
used as a positive control. Gray and black boxes represent the PZPSME
and DIIT mesoderm (msd) enhancers, respectively. White ovals indicate
Tbx6 binding sites. P2Em and P2Ewt, mutated and wild-type P2PSME
regions, respectively; NC, unrelated sequence as negative control.

(E) Tbx6 associates with P2PSME in the anterior and posterior PSM.

(F) The association of Tbx6é with mutated P2PSME as detected by ChiP
assay. Mutated and wild-type P2PSME regions were differentially
detected by PCR with different sets of primers in the tails of E10.5
embryos obtained from the crossing of P2EmB1D/+ and ICR mice.

expressed normally. However, Thx]8, which is implicated in the
maintenance of segmental border and somite patterning (Bussen et
al., 2004), was not expressed (Fig. 1D). These gene expression
patterns were similar to those reported for the Aneo-type Mesp2-null
mouse (Morimoto et al., 2006; Takahashi et al., 2007). These results
confirmed that the Tbx6 binding sites are bona fide enhancer
elements required for Mesp2 expression.

Thx6 binds the Mesp2 PSM enhancer in vivo

The Thx6 protein is normally broadly distributed in the PSM and
tailbud (White and Chapman, 2005), whereas Mesp2 is expressed
only in the anterior PSM (Saga et al., 1997). This discrepancy
between the Tbx6 and Mesp2 expression patterns prompted us to
investigate whether Thx6 actually binds to the Mesp2 enhancer in
vivo. We raised an anti-Thx6 antibody using two different antigens:
an N-terminal portion of Tbx6 and an internal portion. The internal
antigen yielded an antibody with gvood spec|ﬁcny and sensitivity.
Embryo whole-mount i y confirmed the
previously reported distinct Thx6 staining pattern in the PSM and
tailbud (Fig. 2A) (White and Chapman, 2005). Westem blot analyses
further revealed that this antibody identifies a single band of
approximately 58 kDa in cell lysates prepared from the posterior
region (PSM and tailbud), but not from the anterior region (formed
somite), of E11.5 tails (Fig. 2B). We also performed double staining
of Mesp2 mRNA and Thx6 protein and confirmed colocalization
only in the anterior-most region of the PSM (Fig. 2C).

For ChIP assays, we dissected E11.5 embryo tails into three
regions: the tailbud and posterior PSM (pp), the anterior PSM and
newly formed somites (ap), and formed somites (s). Protein-DNA
complexes were prepared from each pool and used in ChIP assays,
which revealed that Thx6 binds to the Mesp2 PSM enhancer in the
ap and pp regions, but not in the s region, which is consistent with
the expression pattern of Thx6 (Fig. 2E). These results indicate that
Thx6 binds to the P2PSME uniformly in its expression domain,
suggesting that Thx6 alone cannot activate Mesp2 in the posterior
PSM where it binds. DI is known to be a downstream target of
Thbx6 and putative binding sites have been identified in its mesoderm
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(msd) enbancer (White and Chapman, 2005). ChIP assays using the
putative Dill msd enhancer (Fig. 2E, column DI11) revealed that
Tbx6 also binds to the DI/ enhancer in both the ap and pp regions,
which is consistent with the expression pattern of DIIJ. In all cases,
the negative control (PCR amplification of an unrelated sequence in
the mouse genome) gave no signal in ChIP assays with the anti-Tbx6
antibody (Fig. 2EF, column NC). Thus, these results confirm our
previous finding that Thx6 binding is required for Mesp2 expression,
but is not sufficient for full transcriptional activation.

Mutated P2ZPSME contains Tbx6 binding sites that
are inactive in vive

‘We next applied the ChIP assay system to confirm that the
phenotype of our enhancer-specific knockout mouse was due to the
lack of Tbx6 binding in the Mesp2 enhancer region. We performed
ChIP assays using the tails of P2EmB 1D heterozygous embryos and
specific primer sets in order to distinguish the mutated DNA
fragment from its wild-type counterpart, expecting that Thx6 would
not bind to the mutated enhancer. Surprisingly, mutated P2PSME,
which has no PSM-specific transcriptional activity (Fig. 1), gave rise
to a band that co-precipitated with the anti-Tbx6 antibody. This
indicated that Thx6 still binds to the mutated PSME in vivo (Fig.
2F). To identify the Thx6 binding site within the mutated P2PSME,
we re-cxamined this region for a consensus Thx6 binding sequence
(White and Chapman, 2005) and found two additional candidate
sites, denoted Site F and Site G, in and upstream of P2PSME (Fig.
3A). EMSA demonstrated that Site G was strongly associated with
Tbx6 in vitro (Fig. 3B).

The number and spatial organization of the T-box
binding sites are important for initiating Mesp2
transcription via Notch signaling

‘We reported previously that the simultaneous mutation of two Thx6
binding sites, Site B and Site D, eliminates PSM-specific activation
of a reporter gene by P2PSME in transgenic embryos (Yasuhiko et
al., 2006). To confirm this finding and also investigate the possible
involvement of the new Thx6 binding site, Site G, in enhancer
activity, we generated a series of reporter constructs with P2PSME
harboring serial mutations in the Thx6 binding sites. We tested two
types of reporter assay: a luciferase assay using cultured cells, and
transgenic analyses. In the luciferase assay, the loss of any single
Thx6 binding site among Sites B, D and G, caused a 10-fold
reduction in Tbx6-dependent and Tbx6 plus Notch signaling-
dependent reporter activation (Fig. 3C, right). Conversely,
expression of a lacZ reporter in transgenic embryos was not

(Fig. 3D, left, P2ZEmB1D). These results strongly suggest that the
PSM-specific expression of Mesp2 requires at least two Thx6
binding sites in P2PSME. Notably, the PZPSME reporters with two
intact Tbx6 binding sites (P2EmDG, P2EmBI1, P2EmB2D,
P2EmB2G) showed variable levels of activity in the luciferase assay.
either one or three mutated Tbx6 binding sites (Fig. 3C,D).
P2EmDG, with two Tbx6 binding sites in Site B intact, displayed a
more than 2-fold stronger activity than P2EmB2G, which harbors
single Thx6 binding sites within Site B and Site D. P2EmB2G
activated the luciferase reporter at levels comparable to those of
reporters with a single Tbx6 binding site and showed no synergistic
activation when Notch signaling was applied (Fig. 3D). Taken
together, these data indicate that the four Tbx6 binding sites have
equal importance in regulating P2PSME activity, and at least two
neighboring sites are required for the Notch signaling-dependent
induction of Mesp2 expression.

The medaka mespb PSM enhancer regulates
Mesp2 expression and normal somite formation

in the mouse embryo

mespb, the zebrafish homolog of Mesp2, shows a similar expression
pattern to mouse Mesp2 during embryogenesis and we speculated
that it might exert a similar function in the mouse (Nomura-
Kitabayashi et al., 2002). We have previously identified the PSM-
specific enhancer of medaka mespb, which contains T-box binding
sites. Two of these sites, T1 and T2, are important for PSM-specific
mesph expression (Terasaki et al,, 2006) (Fig. 4A). These data
suggest that the T-box-protein-dependent expression mechanism is
evolutionally conserved between mammals and teleosts (zebrafish,
medaka). We demonstrated that zebrafish Thx24, a T-box protein
that is homologous to mouse Tbx6 and is responsible for the fised
somite (fss) mutant phenotype, binds to the medaka mespb PSME
(Fig. 4B). A sequence comparison revealed three putative T-box
binding sites in the medaka mespb PSME (Fig. 4A). Two of these
bhad the ability to bind two Tbx24 molecules each, whereas in the
mouse P2PSME, only Site B can bind two Thx6 molecules (Fig.
4B).

To more directly demonstrate the evolutionary conservation of
this regulatory mechanism, we generated a knock-in mouse with a
medaka mespb upstream sequence inserted in place of the
endogenous Mesp2 PSME. For this purpose, we substituted the 356-
bp sequence upstream of the Mesp2 first ATG with 2.8 kb of
sequence upsiream of the mesph first ATG, generating a medakaP2
mouse (Flg 4C). Heterozygous mice (medakaP2/+) were viable and

markedly affected by the loss of any individual Thx6 binding site
(Fig. 3C, left). These results suggested that each Tbx6 binding site
contributes equally to P2PSME activity, but that the loss of a single
site is not sufficient to disrupt the in vivo function of P2PSME.

We next examined the effects of systematically removing multiple
Tbx6 binding sites. Removal of two Thx6 binding sites from
P2PSME resulted in a further decrease in luciferase reporter activity
(Fig. 3C, lane P2EmDG, and Fig. 3D). lacZ expression in transgenic
embryos was also diminished, both in intensity and frequency. Out
of nine transgenc-positive embryos, only one showed weak lacZ
expression with the P2EmB1 reporter, which has two intact Thx6
binding sites (Fig. 3D, left). When three out of four Thx6 binding
sites were eliminated, the synergistic effects of Thx6 and Notch
signaling on P2PSME activation were no longer observed and
mutants resembled P2EmB1DG, which has lost Tbx6 binding
capability at all four sites (Fig. 3D, right). In transgenic embryos,
lacZ expression was not activated by any single Tbx6 binding site

| (date not shown). Homozygous mice
(medakaﬁ"/medaka!’!] were also viable and showed no physical
malformations (Fig. 4D). In skeletal preparations, we observed that
medakaP2 homozygous fetuses were indistinguishable from
heterozygous or wild-type littermates (Fig. 4E), indicating that the
PSMEs of medaka mesph and mouse Mesp2 are functionally
equivalent, despite some differences in their structural features,

DISCUSSION

The activation of Mesp2 expression requires at
least two Tbx6 binding sites in P2ZPSME

In our current study, we have shown that Tbx6 binding sites are
fundamentally important for P2PSME function and that P2PSME is
necessary and sufficient for Mesp2 expression during somite
formation in mouse embryogenesis. However, ChiP assays revealed
that Tbx6 binds to P2PSME not only in Mesp2-expressing cells, but
also in non-expressing cells such as those in the tailbud and posterior
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Fig. 3. Multiple Tbx6 binding is required for Mesp2 activation. (A) The sequence of the mouse Mesp2 enhancer region that contalns four
presumptive Tox6 binding sites (Sites B, D, F and G). Sites A and C are presumptive RBPJ-x binding sites (Yasuhiko et al., 2006). The Tbx6 consensus
binding site was originally reported by White and Chapman (White and Chapman, 2005). (B) Site G, but not Site F, binds to Thx6 in an
electromobility shift assay (EMSA). Site G produced a bandshift indicating a single bound Tbx6 molecule (lane 16), whereas Site B produced two
bands (lane 1). Mutated oligonucleotide probes mB1, mD and mG produced no shifted bands (lanes 5, 11 and 20, respectively). The mB2 probe
showed a single shifted band, implying the loss of one Thx6 binding site in Site B (lane 6). (€, D) Luciferase reporter assays were conducted using
several mutated enhancer elements. Luciferase activity was measured after transfection of reporter constructs along with an empty vector (None),
Toxb expression vector (+Tbx6), or both Tbx6 and Notch Intracellular domain expression vectors (+Tbx6 +NICD). Each reporter construct is
presented schematically to the left of each graph. Black oval, mutated Tbx6 binding site; white oval, wild-type Thx6 binding site; arrow,
transcription start site. The number of wild-type Thx6 binding sittes is also indicated (number of Thx6 binding: C, 4 to 2; D, 2 to 0). To the left are
representative images of acZ staining In transgenic embryos with P2PSME-lacZ reporters bearing the indicated enhancers. The number of facZ-
positive/transgene-positive embryos is Indicated. The results of a consecutive series of reporter assays, as described in C, are shown in D, buton a
different scale owing to the steep declines in activity, The PZEmDG lane represents the same data in both C and D. Each luciferase assay was
performed In triplicate In at least three independent experiments. Error bars represent s.d.

PSM (Fig. 2E). This indicates that Tbx6 binding alone is not  restricted expression pattern of Mesp2 in the anterior PSM is
sufficient to activate Mesp2 expression. Previously, we showedin  regulated by a combination of Thx6 and Notch signaling in vivo.
vitro that Mesp2 was activated weakly, ifat all, by Tbx6 alone, but ~ Similarly, Tbx6 activates DIlJ together with Wnt signaling
rigorously by a coexisting Notch signal (Yasuhiko et al., 2006).  (Hofmann et al., 2004) and activates Ripply in cooperation with
Taken together, these data suggest that it is highly likely that the =~ Mesp2 (Hitachi et al., 2008). Although the molecular mechanisms
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Fig. 4. The medaka mespb PSM enhancer is functionally equivalent to its counterpart in the mouse. (A) A comparisan of the medaka

mespb and mouse Mesp2 PSME regions. Black and gray boxes represent presumptive T-box binding sites. The numbers above the boxes represent
the nucleotide positions from the first ATG. The nucleotide sequences of the putative T-box binding sequences are shawn beneath. Consensus Thx6
binding sequences and their directions are indicated by arrows. The dashed arrow in Site B of the Mesp2 PSME depicts an incomplete Tbwb binding
sequence that only binds to Tbx6 if an adjoining complete Tbx6 binding sequence s present. The T-box proteins that might bind to these sequences
are indicated, (B) EMSA analysis of the T-box binding sites in the medaka mespb PSME. T-box binding site T1 associates with a single Tbx24
molecule and T2 and T3 with two Tbhx24 molecules, which Is consistent with their nucleotide sequences as shown in A. (C) The targeting strategy

used to generate the medaka mespb PSME knock-in mouse (medakaf2). A 2.8-kb fragment of mespb genomic DNA that Is required for PSM-
specific mespb expression was substituted for Mesp2 PSME by homalogous recombination. The neoR selection marker was removed by
recombination using the Cre-loxP system. (D) medakaP2 homozygotes are viable and have normal external features. (E) Homozygotes are
indistinguishable from heterozygotes and wild-type littermates In skeletal preparations.

by which Thx6 regulates its target genes together with various
partners remain elusive, it is possible that the number and spatial
organization of Tbx6 binding sites facilitate the response of
P2PSME to Notch signaling.

In total, there are four Thx6 binding sequences in this region: two
palindrome-like sequences in Site B and one each in Sites D and G.
Importantly, the P2PSME reporters with only one intact Tbx6
hinding site were inactive in both the luciferase assay and the
transgenic analyses (Fig. 3D), suggesting that a single P2PSME-
bound Thx6 molecule might not act as a mediator of Nolch signaling

in the regulatory mechanism controlling Mesp2 expression. This is
consistent with the observation that Site G fails to activate Mesp2
expression by itself in the P2EmB]D mouse.

The loss of two or more of the four Thx6 binding sites greatly
diminishes P2PSME activity in both luciferase and transgenic assays
(Fig. 3D). Interestingly, the reporters with two intact Thx6 binding
sites showed varied levels of activity depending upon the position
of the intact sites. Two intact Thx6 binding sites in Site B resulted in
the highest reporter activity (Fig. 3D). These data indicate that Site
B may be of predominant importance in the function of P2PSME,
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Fig. 5. Putative mechanism for the Thx6-mediated regulation of
Mesp genes. (A) Thx6 activates Mesp2 expression through multiple
Thx6 binding sites. Notch signaling (NICD, red ovals) activates Masp2
expression via factor X (gray ovals), which recognizes two neighbaring
Thx6 binding sites in P2PSME. (Left) Schematic description of the Thx6-
dependent activation of Mesp2. (Middle column) facZ expression In the
P2Ewt transgenic embryo. (Right) Normal skeletal formation in the
heterozygous fetus of a P2ZEmB1D mouse. (B) Mutation in Site B results
in decreased expression of Mesp2. (C) A single Tbx6 binding site is
unable to activate Mesp2 expression, presumably owing to an inabllity
to respand to Notch signaling.

implying that its two neighboring Thx6 binding sites play a central
role in regulating the activation of Mesp2. The binding of Thx6 to
one of the two binding sites in Site B depends on the presence of
another Tbx6 molecule binding to this site (Yasuhiko et al., 2006).
This property might be related to the unique palindrome-like
sequence of this site. Although several T-box binding sites have been
identified in the upstréam region of other Thx6-downstream genes,
such as DI (Hofmann et al., 2004) and Msgn/ (Wittler et al., 2007),
the palindrome-like site has thus far been found only in the PSME
of Mesp2 and its medaka ortholog mespb (Fig. 4A). It is therefore
possible that two neighboring Tbx6 molecules on the palindrome-
like site are specifically recognized by as yet unidentified factor(s)
(Fig. 5, *X") that together with Thx6 constitutes an RBPJ-x (Rbpj)-
independent Notch signaling machinery [disruption of potential
RBPJ-x binding sites does not affect PZPSME activity in transgenic
embryos (Yasuhiko et al., 2006)]. Further analyses of Mesp2 PSME
might shed light on these novel regulatory mechanisms that operate
during development.

Mutations that removed any one of the Tbx6 binding sites in
P2PSME, regardless of which, diminished Iuciferase reporter
activity by the same amount (Fig. 3C), suggesting that each Tbhx6
binding site contributes equally to Mesp2 expression in vitro. In
vivo, by contrast, the mutation of a single Thx6 binding site did not
seem to affect PSM-specific gene expression (Fig. 3C). Taken
together, these results indicate that the multiple Thx6 binding sites
confer a functional robustness to P2PSME that ensures proper
Mesp2 expression during embryogenesis.

An evolutionally conserved mechanism regulating
Mesp expression through multiple -box binding
sites

We previously found that the deletion of two T-box binding sites in
the mespb PSME greatly reduced its PSM-specific enhancer activity
in transgenic medaka embryos (Terasaki et al., 2006), similar 1o our
findings in transgenic mouse embryos. The medaka mespb PSME
harbors three T-box binding sites (T1-T3), which is similar to the
complement of the mouse Mesp2 PSME (Fig. 4A). However, the
total length of the PSME is very different between mouse Mesp2 and
medaka mespb (356 bp versus 2.8 kb, respectively) (Terasaki et al.,
2006). The number of T-box proteins that bind to the medaka and
mouse PSMEs is also different (Fig. 4A,B), and the distance
between each element is greater in the mespb PSME than in its
mouse counterpart.

We have demonstrated, however, that the medaka mespb PSME
is functionally equivalent to the mouse Mesp2 PSME. In our
transgenic assay, & mutation in the double T-box binding site (Site B
in mouse and Site T2 in medaka) had the most profound effect upon
PSME activity. Consistent with these results, deletion of medaka
Site T1 (harboring a single T-box binding sequence) did not affect
reporter expression. However, deletion of one of the sites
within the double T-box binding sequence (T2) caused a 50%
decrease in reporter expression (Terasaki et al.,, 2006), again
demonstrating the importance of the binding to the double T-box site
for PSM enhancer function.

In the teleost fish, zebrafish, the T-box transcription factor Thx24
was identified as responsible for the fused somite (fss) mutant
phenotype. Tbx24 has a T-box domain that is homologous to that of
mouse Thx6 (Nikaido et al., 2002). The segmentation of somites and
expression of mespb are eliminated in the f&s mutant (Sawada etal.,
2000), implying that mespb is a downstream target of Thx24, similar
to the relationship between Mesp2 and Tbx6 in mice. However, f5s
mutant fish are viable and fertile (van Eeden et al., 1996), whereas
Thxé-null mouse embryos fail to form & mesoderm and die early in
development (Chapman and Papnioannou, 1998). This difference
might be due to the presence in zebrafish of a 7hx6 counterpart gene,
spadetail, which supports paraxial mesoderm formation. Despite
this difference, our data clearly demonstrate that the mechanism
regulating the PSM-specific expression of Mesp2 and mesph is
evolutionarily well conserved between fish and mice.

We thank Hiroyuki Takeda (University of Tokyo) for providing Tha24 cDNA
denes and Mariko tkumi, Erlko lkeno and Shunsuke Matsusaka for technical
assistance. This work was supported by a grant-in-aid for scientific research
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Japan, a grant for Research on Risk on Chemical Substances (H20-004) from
the Ministry of Health, Labor and Welfare of Japan, and a grant from the NIG
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Objective. To elucidate the common characteristics of murine radiation-induced myelogenous
leukemias, global gene-chip expression profiles were compared with age-matched steady-state
hone marrow tissue profiles and spontaneous myelogenous leukemia profiles.

Materials and Methods. Six each of C3H/He mice-derived radiation-induced and spontane-
ously developed myelogenous leukemias were analyzed. Bone marrow cells from five each
of 2- and 21-month-old mice were used to subtract nonleukemic information in the analysis.
mRNAs from individual mice were analyzed separately using 45,101 gene chips followed by
computational biological analysis.

Results. First, principal component analysis (PCA) was performed to discriminate the gene
expression profiles of individual mice with radiation-induced myelogenous leukemia from
those of bone marrow cells from 2- or 21-month-old mice. Discriminant union genes for indi-
vidual leukemias were then selected, which finally yielded 242 genes, among which six are ra-
diation-related genes including Hus-1, Edfla2, andVegf-c; 16 are apoptosis/cell-death — related
genes, 13 are cell-cycle/cell-growth —related genes, and 50 are suppressor/promoter genes.
PCA of these 242 genes consistently enabled the discrimination of the radiation-induced len-
kemias from the spontaneous leukemias. Second, the other components of the same PCA pro-
vided four different eigenvector clusters in an unsupervised manner representing four
histopathological findings, with which the differential diagnosis in molecular taxonomy was
significant as determined by analysis of variance of the global gene expression profiles.
Conclusion. Discriminant union genes in radiation-induced myelogenous leukemias against
spontaneous myelogenous leukemias and age-matched nonleukemic bone marrow profilings
generated by unsupervised computational analysis essentially represent probabilistic
biomarkers for radiation-induced myelogenous leukemias, which may contribute to develop-
ing a model for risk of secondary carcinogenesis in patients treated by whole-body irradia-
tion. © 2009 ISEH - Society for Hematology and Stem Cells, Published by Elsevier Inc.

Currently, extensive DNA microchip analyses are utilized to
elucidate the xenobiotic effects of chemical compounds and
to determine toxicological and pathological characteristic
gene expression profiles. In this study, the original aim is to
elucidate the gene expression profiles of radiation-induced

Offprint requests to: Tohru Inoue, M.D., National Center for Biological
Safety and Research, National Institute of Health Sciences, 1-18-1 Ka-
miyohga, Setagayaku, Tokyo 158-8501, Japan; E-mail: tohru@nihs.go.jp

myelogenous leukemias using DNA microchips [1]. Several
studies have elucidated radiation-specific gene expression
profiles; however, no clear radiation-specific profile was ob-
tained. This may be due to induction of unique expression
profiles by radiation exposure, compared to profiles resulting
from chemical exposure; namely, radiation exposure does
not provide a homologous specific adduct formation, but
rather provides stochastic and probabilistic modifications
of gene expression.

0301-472X/09 $-see front matter. Copyright @ 2009 ISEH - Society for Hematology and Stem Cells. Published by Elsevier Inc.

dor: 10.1016/j.exphem.2008.10.006
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C3H/He mice are prone to develop myelogenous leuke-
mias with up to 50% probability after a single graded in-
creased dose of whole-body irradiation from 1 0 5 Gy;
unirradiated mice can also spontaneously develop myelog-
enous leukemias, but with only ~ 1% probability [2,3]. The
former and the latter myelogenous leukemias are histolog-
ically undefined. Although spontancous myelogenous leu-
kemias show a high degree of stochasticity of gene
expression, radiation-induced myelogenous leukemias
show, homogenous characteristics. Homogeneity may be
due to the presence of a limited number of radiation-in-
duced fragile sites that may initiate radiation damage. On
the other hand, stochastic characteristics may be the result
of random leukemogenic processes that are induced by epi-
genetic process after radiation damage [4,5]. To determine
whether the gene expression profile of radiation-induced
myelogenous leukemias is based on any biomarker genes
related to radiation activation of fragile sites, if any, and,
whether that of spontaneous myelogenous leukemias is
based on differences in gene expression, the gene expres-
sion profiles of spontaneous and radiation-induced myelog-
enous leukemias were analytically compared [6—9].

It seems difficult to obtain possible discriminant profiles
specific to radiation-induced myelogenous leukemias. When
one attemplts to compare sample gene expressions from radia-
tion-induced myelogenous leukemia profiles with those from
spontancous myelogenous leukemia profiles using a dendro-
gram, those myelogenous leukemia profiles of two different or-
igins cannot be identified readily. This may be due to
similarities in the expression pattemns that characterize the
pathological diagnosis. When one compares the average ex-
pression profiles with that from animals of radiation-induced
myelogenous leukemias, from a mathematical operations re-
quired for consensus percentages, it makes generalization of
Procrustes analysis unavoidable; thus, no radiation-specific
characteristic profiles can be identified [6,10,11].

Use of senescence-linked gene expression profiles to sub-
tract and discriminate between the profiles of spontaneous
and radiation-induced myelogenous leukemias was also con-
sidered. Namely, the development of not only spontaneous
leukemias, but also radiation-induced myelogenous leukemia
is prolonged over the life-span of the mouse [12]. Thus, the
gene expression profiles of both types of leukemia were ana-
lyzed, relative to profiles of senescent animals. To determine
whether senescence-linked expression profiling is also asso-
ciated with myelogenous leukemias, the profiles of both types
of myelogenous leukemia were compared with those of
steady-state bone marrow cells in senescent mice. Senes-
cence-related genes are simultaneously expressed and ob-
served in the gene expression profiles of both spontaneous
and radiation-induced myelogenous leukemias.

Radiation-specific discriminant profiles of myelogenous
leukemias were obtained by maintaining inhomogeneity
throughout the computation. We identified 242 relevant
genes that composed a discriminant gene repertoires.

Materials and methods

Mice

C3H/He male mice purchased from Japan SLC (Hamamatsu,
Japan) or C3H/HeNirsMs male mice were maintained in the
board-approved laboratory animal facility of the National Institute
of Health Sciences (NIHS), Japan or the National Institute of Ra-
diological Sciences, Japan. All experimental protocols involving
the laboratory mice used in this study were reviewed by the Inter-
disciplinary Monitoring Committee for the Proper Animal Use
and Welfare of Experimental Animals, a peer review panel estab-
lished at NIHS, and approved by the Committee for Animal Care
and Use of the NIHS with the experimental code #9639415-2007.
All animal studies were conducted using humane protocols ap-
proved by the Committee for Animal Care and Use of the
NIHS, Japan.

cr " my I, 2 Laiilk

C3H/He mice are prone to develop myelogenous leukemias but
generate spontancous leukemias with only 1% probability [2,3],
the histological types of which range from myelogenous leuke-
mias with marked differentiation to blast-type leukemias with lit-
tle differentiation. Mice with spontancous myelogenous leukemias
were obtained from S-week-old C3H/He male mice purchased
from Japan SLC at 188 mice per week for 3 weeks. All the
mice were monitored throughout their lifetime, except for those
showing symptoms of advanced hematopoietic neoplasms, such
as anemia and palpable splenomegaly, which were euthanized at
the agonal period and then examined hematopathologically. Pieces
of leukemic spleens were stored in an RNA stabilization reagent
(RNAlater; QIAGEN GmbH, Hilden, Germany) until RNA extrac-
tion. The remaining mice were also examined histopathologically.

Radiation-induced myelogenous leukemias

The method used here to induce myelogenous leukemias by irra-
diation is described elsewhere [2]. Briefly, 10-week-old C3H/He-
NirsMs male mice were exposed to 3 Gy of whole-body x-ray
irradiation at a 200-kV/20-mA pulse using a therapeutic x-ray ir-
radiator (Simadzu, Kyoto, Japan) with 0.5-mm Al and 0.5-mm Cu
filters at a dose rate of 0.614 Gy/minute and a 56-cm focus surface
distance. Mice were monitored at least twice daily untl they
showed symptoms of advanced hematopoietic neoplasms. They
were then euthanized at the agonal period for hematopathological
examination. Pieces of leukemic spleens as well as tubes of cell
suspension in 10% dimethyl sulfoxide with 10% fetal calf serum
from radiation-induced leukemias were similarly stored with or
without RNA stabilization reagent, as described in the case of
spontaneous myelogenous leukemia cases. When analyzing the
gene expression profiles of leukemia cases, frozen leukemic cells
were thawed and injected into C3H/HeNirsMs mice.

Histopathological and cytological examination

For the evaluation of spontaneous hematopoietic malignancies,
mice were sacrificed under ethyl ether anesthesia for autopsy.
Whenever possible, cytological examinations for spleen and
bone marrow tissues were examined. For histopathological exam-
ination, all the visceral organs including the thymus, spleen,
sternum, and femoral bone marrow were fixed in 4% neutral
buffered formalin for 24 hours. The stermum and femoral bone
marrow were decalcified in 7.5% formic acid for 72 hours. After
routine processing, paraffin-embedded sections were stained
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with hematoxylin and eosin and then examined histopathologi-
cally under a light microscope [13.14].

Bone marrow cell collection for RNA extraction

Two-month-old C3H/He mice or 21-month-old C3H/HeNirsMs
mice from which bone marrow cells were collected for RNA extrac-
tion were carefully chosen by evaluating peripheral blood cell num-
ber and bone marrow cellularity using a blood cell counter {Sysmex
M-4500; Sysmex Co., Kobe, Japan) and by companing the results
with those reported previously [15,16]. All the 21-month-old mice
used here were examined histopathologically and confirmed to
have neither tumors nor life-threatening fatal diseases.

Bone marrow cells were harvested from the femur of each mouse
after the animals were sacrificed by cervical dislocation under deep
anesthesia with ethyl ether. A 26-gauge needle was inserted into the
femoral bone cavity through the proximal and distal ends of the bone
shafts, and bone marrow cells were flushed out under pressure by in-
jecting 2 mL o—minimum essential medium with ribonucleosides
and deoxyribonucleosides (Invitrogen, Carlsbad, CA, USA). After
resuspending, the bone marrow cell pellet in guanidine isothiocya-
nate—containing lysis buffer (Buffer RLT) (QIAGEN GmbH) with
2-mercaptoethanol (Sigma, St Loms, MO, USA), the bone marrow
cells were immediately frozen in liquid nitrogen and stored in
a —80°C deep freezer until RNA extraction.

Analysis of mRNA expression level by microarray

Total RNA was extracted from bone marrow cells collected from
each individual mouse or leukemic cells and applied on a GeneChip
Mouse Genome 430 2.0 Array (Affymetrix, Santa Clara, CA, USA),
as described elsewhere [17] and briefly here as follows.

Total RNA preparation. Total RNA was extracted from bone
marrow cells collected from each individual mouse or leukemic
cells using columns of an RNeasy kit (QIAGEN GmbH) in accor-
dance with the manufacturer’s instructions. The extracted total
RNA yielded OD ratios (ODyggmg0) of 1.7 to 2.1; its purity and
concentration were confirmed by capillary electrophoresis using
an Agilent 2100 Bioanalyzer (Agilent Technologies Inc., Santa
Clara, CA, USA).

Targert preparation from total mRNA, First-strand cDNA was syn-
thesized by incubating 40 ug total RNA with SuperScript I
reverse transcriptase (Invitrogen, Carlsbad, CA, USA) and a T7-
(dT);4 primer. Second-strand cDNA was synthesized by incubat-
ing the first-strand cDNA with DNA polymerase (Invitrogen),
and residual RNA was digested using RNase H (Invitrogen). The
purified products of double-strand cDNA were used to
synthesize biotin-labeled cRNAs by in vitro transcription using
a BioAmay High-Yield RNA transcript labeling kit (Enzo Diag-
nostics, Farmingdale, NY, USA). The labeled cRNA was then
purified using an RNeasy minikit (QIAGEN GmbH) in accordance
with the manufacturer's instruction. The purified cRNA was then
fragmented in |x fragmentation buffer (40 mM Tris-acetate,
100 mM KOAc, and 30 mM MgOAc) at 94°C for 35 minutes.

Hybridization, washing, staining, and annbody amplification. For
hybridization to the GeneChip Mouse Genome 430 2.0 Amay
(Affymetrix), the fragmented cRNA (15 pg) was diluted with
control oligonucleotide B2, Eukaryotic Hybnidization Controls
(Affymetrix) and injected into a prehybnidized GeneChip

cartridge. The GeneChip cartridge was incubated in a 45°C rotis-
serie oven (Hybndization Oven 640; Affymetnx) for 16 hours.
After hybridization, the cartridge was washed and stained with
a GeneChip Fluidic Station (Affymetrix) using appropriate anti-
body amplification washing and staining protocols.

Probe array scanning. The phycoerythrin-stained array was
scanned using GeneChip Scanner 7G (Affymetrix) as a digital image
file and analyzed using Microarray Suite version 5.0 software
(Affymetrix). All the procedures such as experimental design, aray
design. sampling, hybridization, signal measurements, and normali-
zation control were in accordance with the MIAME guidelines [18].

Analysis of mRNA expression level by

quantitative real-time polymerase chain reaction

Total RNA extracted from each leukemic mouse was also used for
quantitative reverse transcriptase polymerase chain reaction (RT-
PCR) assay as described elsewhere [19] and briefly here as fol-
lows. The isolated mRNA was reverse-transcribed using Super-
script (Life Technologies, Grand Island, NY, USA) and Oligo-
dT (Promega Corp, Madison, WI, USA). Next, triplicates of the
transcribed cDNA per sample were analyzed by quantitatuve RT-
PCR using TagMan Universal PCR master mix (Applied
Biosystems, Foster City, CA, USA) and specific primers and
probes using the Applied Biosystems 7900 Sequence Detection
System. The specific primers and probes for each of the six spon-
taneous and six radiation-induced leukemia samples, and ribo-
somal RNA (rRNA) genes selected on the basis of their
expression intensity were purchased from Applied Biosystems
(TagMan Gene Expression Assays, Sh2dla, Mm00448717_ml,
Trib3, Mm00454879_ml; Mmp9, Mm00600163_ml: Gmi/
Hemrl, Mm00468837_m!; Evil, Mm00514814_ml; Sox4, Mm
00486320_s1; Gngel, MmO0B02677_ml; Lect!, Mm0049
5289 _gl; Sgipl, Mm00513890_m1; /gll/, Mm01716143_ml;
Tmeml78, Mm00509628 ml;, Movi0l, Mm00473179_ml;
rRNA, P/N 4308329). PCR conditions and data analysis were in
accordance with the instructions provided with the Sequence
Detection System, version 2.0. All the reactions were performed
in tnplicate. In accordance with manufacturer’s instruction, the

signals examined were normalized with rRNA signals using the
formula 2—$Cl ) 2—(& RNA - C1 S:lnll]_

Statistical analysis

Computational data processing. Line configuration analysis, den-
drographic analysis, principal component analysis (PCA) with
contributing scoring and Pearson correlation calculation for each
gene, and gene ontology analysis with likelihood ratio calculation
were performed using GeneSpring GX 7.3.1 (Agilent Technolo-
gies Inc.). PCA was also applied using SPSS 14.1 (SPSS Inc., Chi-
cago, IL, USA). Student's i-test and fold-change calculation were
carried out using Microsoft Office Excel 2003 (Microsoft, Red-
mond, WA, USA). Differences were considered significant at
p < 0.05.

Data normalization and statistical analysis. The obtained micro-
array data were normalized and analyzed using GeneSpring GX
7.3.1 (Agilent Technologies Inc.), SPSS 14.1 (SPSS Inc.) and
Microsoft Office Excel 2003 (Microsoft). In this normalization,
all the expression intensities measured were converted into Euclid-
ian distance, which is based on the S0™ percentile of 1.0. Namely,

-314-



198 Y. Hirabayashi et al./ Experimental Hematology 2009,37:195-205

for normalization, the following steps were applied to the data: 1)
data transformations: values <0.01 were set at 0.01; 2) per chip:
each measurement was divided by the 50th percentile of all
measurements in that sample; and 3) per gene: the measurement
of each gene was divided by the median of its measurements in
all samples. When the median of the raw values was <10, each
measurement for that gene was divided by 10 when the numerator
was > 10; otherwise, the measurement was disregarded.

Generation of union gene list. To generate a gene list that can
discriminate between radiation-induced and spontanecous mye-
logenous leukemias, maintenance of the stochasticity of expres-
sion characteristics was attempted during PCA. The gene
expression profiles of the age-matched group were compared
separately with each individual expression profile of radiation-
induced myelogenous leukemias by PCA followed by the selec-
tion of genes with high contribution scores from certain PCA
components. A union gene list can be generated from each
PCA combination comresponding to individual radiation-induced
myelogenous leukemias. Other union gene lists are also incor-
porated, for example, those obtained by the combination of
the profiles of spontaneous myelogenous leukemias and each in-
dividual expression profile of radiation-induced myelogenous
leukemias.

Results

Linear configurations of spontaneous and radiation-
induced myelogenous leukemias

Figure 1 shows linear configurations of each expressed
gene that have been connected for >12 cases of leuke-
mias, including six cases per group from the leftmost

Normalized Intensity Jog scale)

end, nos. 01 to 06, and another six cases, from number
07 to the rightmost end, number 12. The former six cases
on the left are from nonirradiated spontaneous myeloge-
nous leukemias, and the other six cases on the right are
from radiation-induced leukemias that developed after 3-
Gy x-ray exposure. When one focuses on a case, number
12 for example, and designates genes in the order of ex-
pression intensity from red (the highest) to green (the
lowest), then the order from red genes to green genes
in each case, as observed in number 12, is essentially
comparable to those on the six individual cases on the
right (no. 07 to no. 12), namely, the orders of gene ex-
pression intensities of the six cases on the right seem to
be comparable among the groups (i.e., upregulated genes
in the case of number 12 designated by red are nearly
identical to those in the cases from nos. 07 to 11.) How-
ever, the order of the gene expression profiles in the case
of spontaneous myelogenous leukemias shown from num-
ber 01 to 06 is the opposite across the cases as compared
with those in number 12; namely, red genes, which are
highly expressed in number 12, tend to appear in the
low-expression zone in the case of spontaneous myeloge-
nous leukemias, from number 01 to 06. Furthermore, the
red linear configurations, ie., genes that are highly ex-
pressed in the case with radiation-induced myelogenous
leukemias, are largely located below 1.0 for the spontane-
ous myelogenous leukemia cases. The green linear config-
urations, i.e., relatively low-expression level genes
associated with radiation-induced leukemias, are reversed
and show a high-expression intensity.

Y-axis:  #E1S 12 samples, Default Interpr
Colored by1 2 radiation=induced

Gene List:all genes (45102)

Figure 1. Linear configurations of spontancous and radiation—induced myelogenous leukemias: micuwnypruﬂlingdiﬂwuuimndilﬁm—in&mdqy-

elogenous leukemias from spontaneous leukemias. The six individual data points on the left panel are from spontaneously

leukemias

developed
in C3H/He mice. The other six individual cases on the right panel are from 3—Gy—radiastion—induced myelogenous leukemias in C3H/He mice [2,3]. Along
the gene expression intensity scale from the highest (red) to the lowest (green) of number 12 case, the same gene is connected and indicated by the same color.
Accordingly, genes overexpressed in the radiation—induced myelogenous leukemia groups are largely repressed in the spontaneous myelogenous leukemia

groups. See text.
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Table 1. Top 20 genes in terms of expression intensity

199

A.Sp o PR
* B 4 5 6
1 [ 142 1448291 _at 1422400_a_at 1438325_at 1425502_x_at
2 1425500_x_at 1449366 _at 1425145 _at 1425583 _m
3 1449835 _at 1428864 _at 1416298 _at 1436155 _at 1450545_a_at 1426215 _at
4 1440156 _s_at 1426065_a_at 1442339 _mt 1427357 _at 1419156_at
5 1436598 _at 1423580_at 1419764 _at 1428816_a_at 1449757_x_at
6 1433924 _at 1441054 _at 1425451 _s_at 1431751 _a_at
7 1422340_a_at 1456022 _at 1417837_at 1419764 _at 1425452 s_at
] 1437542_at 1456456_x_at 1450009_at 1435285 _at 1419538 _at 1419157 at
9 1425502 5 _at 1425288 _at 1452732_at 1430182_a_at 1455626_at 1424367 _a_at
10 1421930_at 1438833 _at 1435761_at* 1428359 _s_at 1425584 _x_at 1422632 _at
1419411 _at 1436598 _at 1426243 _at 1420805 _at 1424547 _m
12 1421931 _at 1421277 _m 1451537 _at 1419271 _at 1433939 _at 1449903_m
13 1427656_at 1419421 _at 1422953 _at 1451596_a_at 1452855 _at 1427608 _a_at
14 1426208_x_at 1421009 _at 1419334_at 1420712_a_at 1427608 _a_at 1426168 _a_at
15 1442544 _at 1438189_s_at 1434137 _x_at 1421628 _at 1423608 _at
16 1419684_a 1452740 _at 1439902 _at 1428221 _at 1455279 _at
17 1456956_at 1434553 _at 1419709_at? 1428209_at 1417155_at 1433471 _at
18 1452127 _a_at 1421008 _at 1422190_at 1450333 _a_at 1425451 _s_at
19 1449888 _at 1447655_x_at 1421930_at 1426887 _at 1454867 _at 1440782_at
20 1452539_a_at 1431194 _mt 1425324 _x_m 1456527 _at 1425471 _x_mt 1443937 _mt
B, Radiat Tp—— rem—
m* 7 ] 9 10 11 12
1 1423327_at 1452730_at
2 1420176_x_at 1420176_x_at
3 1423915_at 1427170_at
- VIS )
5 1448470 _at 1449869 _at
6 1428685 _at
7 1417649 _at b i
8 1421594_a_at
9 1416271 _at
10 1438452_at 1417673 _at 1417074 _at
11 1451679 _at 1417745 _at
12 1435761 0% | 1449922_at 1441258 _at 1456777 _at 1416713_at
13 1418796t 1434848 _at 1448696 _at 1422837 at
4 1452388 _at 1449074 _at 1453357 at. )
15 1437932 a_at 1450513 _at 1441258_at | 1418796_at
16 1416776_at 1419321 _at 1449831_at 1448949 _at 1419321 _at | 1429348 a
17 1419709 _at® 1427170_at 1427277 _at 1425843 _at
18 1455901 _at 1452986_at 1435887 _at 1419748 _at 1453357 a1
19 1449965 _at 1423582 _at 1429512 _at 1448573_a_at 1449254 _at
20 1437060_at 1418395 _at 1448990_a_at 1437467 _at 1455771 _at
Each column indicates gene names designated as Affymetrix systematic name.
The color of each column indicates appearance frequency of each gene among 6 cases each of sp ous and radi induced myelog leukemias
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