Immunity
Roles of Runx Complexes for Treg Cell Function

A
22
4
201‘ .
i g 74721487008 probes
i8 ‘ [0 3566122530 genes
it .
16 i T
‘L BoEof v
: & :
Méé £ 3 ; ‘ : §
i~ [ i & I
124 ot R SONPI
= ! ERE L e
x 30 4 vy [ S
=10 3 iR soEeE '; 6.
B Bt e R
T [ 4 3 [N T
[ TE oy b I
g [ i bop g
6 riprbpoiibirgy
: pol i | 4
4t Pt Erock Pirpt
iz [ T PprEE 3 § I
[ SRR AN 458 | bioenn BUE E 3
24 : i poETES ] o oEl
ki fopbE £obnEy et
ot R e IR et
120340506070 910111213 141516 171819 X Y.
chromosome
B
£.105
Pt DN thymocyles
£0.0 :
T 105
£ g ik B ; CD4*CD25¢ T cells
- f :
& ‘ 3 : i Ikl
£ 0% ) w i) f‘h}{ Ll i,
S ¥ wH o
§soa,;,;i‘l~' A AT VTt TIM‘f'*
px PRRELIAY
Foxp3 o P 1_b
CNS1 CNS2 CNS3
C ,
Th2:cytokine focus {Chr11}
;8 Kif3a ‘114 113 - Rad50__ifs "1
] DN thymocyles
Bloo o i el
‘Té 328 14 silencer
s €D4*CD25' T celis
00 e Wi ‘.x‘,,x;

to the regulatory regions of Foxp3, /i4, and other genes in.Treg
cells.

RUNX1:Is Required for Optimal Regulation of FoxP3
Expression

The decreased. FoxP3 expression in.Cbfb-deleted Treg: cells
suggests that the Runx complex is required for constitutive
FoxP3 expression in Treg cells. Because introduction of siRNA
against RUNXT into human Treg cells efficiently repressed
RUNXT expression (Ono et al., 2007}, we examined the effect
of RUNXT knockdown on FoxP3 expression in FoxP3-express-
ing T cell line MT-2 and in primary human CD4*CD25" cells.
Both: MT-2 cells and human: Treg cells showed attenuated
expression of FoxP3 after RUNX1 siRNA transfection, indicating
a key contribution of RUNX1 to the maintenance of constitutive
FoxP3 expression (Figure 6A). Even'in the presence of 100.U/m|
oflL.-2, Treg cells transduced with RUNXT siRNA still showed
lower  FoxP3. expression, indicating that ‘attenuated. FoxP3
expression was independent of IL-2 supply (Figure 6B}. Further,
by RT-PCR, FOXP3 mRNA expression was slightly. but signifi-
cantly. - decreased in Cbfb-deleted Treg cells: and RUNXT
siRNA-introduced MT-2 cells, indicating that the Runx complex
regulated FoxP3 expression, at least in part, at the level of tran-
scription (Figure 'S6 and: Figure 6C). Moreover, with- human

Figure 5. Binding of the Runx Complex fo
Regulatory Regions of Foxp3 and 14

(A) The Runx complex bound to promoter regions
of various genes in Treg cells. MACS-purified
CD4"CD25" T cells of wild-type BALB/c mice
were subjected to ChiP with anti-Cb{f followed
by promoter tiling array. Red crosses indicate
Cbffi-bound genes.

(B) The Runx complex bound to CNSs of the Foxp3
gene in Treg cells of BALB/c mice. The binding of
the Runx complex: to-the: Foxp3 gene locus’in
double negative (DN} thymocyles and peripheral
CD4"CD25" T cells from BALB/c mice was exam-
ined through a custom tiling array for the Foxp3
locus coupled with ChiP with Cbffi antibody (left).
The signal intensity value of an individual probe
is represented by a red dot in correspondence o
the  structure of the mouse: Foxp3 gene and
mouse-human VISTA homology plot of the Foxp3
gene. Red areas and blue areas in the VISTA plot
indicate highly homologous regions and the exons
of the mouse: Foxp3: gene, respectively.: Gray
squares in the figure of Foxp3 gene structure indi-
cate 5’ untranslated regions {UTRs). The binding of

5 &:«}\lg}’& the Runx complex to CNSs of the Foxp3 gene and
R the UP1 region of the Zbtb7b gene was assessed
[T st by conventional ChIP assays {right).

LRI C\is2 | Foxp3- - (C) The Runx complex botind to the /i4 silencerin
C T ciss Treg celis of BALB/c mice. The binding of the
KNS U1 20070 g complex to the 114 silencer in CD4"CD25*
T cells from BALB/c mice was: detected with the
combination’ of ChiP. and 'genome tiling: array
customized: for: Th2: cytokine . locus (left) and
conventional ChiP assays (right).
N
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primary.naive CD4* T cells, in which T cell receptor (TCR] stimu-
lation can induce FoxP3 expression (Maniel et al., 2006; Walker
et-al, 2003}, RUNXT knockdown :attenuated this: activation-
induced FoxP3 expression (Figure 6D). This suggests that:the
Runx complex: controls not only: constitutive: expression of
FoxP3 in natural Treg cells but also its de novo induction in‘acti-
vated human CD4" T cells,

Given that the Runx.complex binds to the possible regulatory
regions of the FOXP3 gene, it may directly control FOXP3
transcription in Treg cells. We thus assessed the direct contri
bution of the Runx complex to FOXP3 transcription by reporter
gene assays. CNS1 and CNS3 of the human FOXP3: gene
exhibited significant transactivational activities in CD4" T cells
(Figure S11A and Supplemental: Data). The mutations of
Runx-binding: sites in.the: CNS1 and CNS3 constructs: failed
to attenuate the transactivational activities observed in those
constructs (Figure S11B and Supplemental: Data). However,
the Runx-site mutations in CNS1 abrogated the transactivation
of the construct in response to the stimulation (Figure 6k,
left). In contrast to CNS1, the CNS3 construct; either of wild-
type or mutant, showed no response to the: stimulation: (Fig-
ure GE, right). Similar results were also observed in: FoxP3:
expressing ATL-43T; a human adult: T cell leukemia. cell-line
(Figure 6F).

Immunity 37, 609-620, October:16; 2009 ©2009 Elsevier Inc. 615



>
O

Human primary

Immunity
Roles of Runx Complexes for Treg Cell Function

Figure 6. RUNXT Was Required for Optimal
Regulation of FoxP3 Expression
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Taken together, these results suggest that the Runx complex
is required for optimal regulation of FoxP3 expression.

Analyses of Runx17%: FIC and Runx3™: FIC Mice

Because both Runx1 and Runx3 were expressed in Treg cells
(Figure §12; Orio et al., 2007), we next investigated which one
played a key role for Treg cell function in vivo, We generated
Runx1™: FIC and Runx37": FIC mice by crossing FIC mice
with Runx1-floxed or Runx3-floxed mice, respectively (Naoe
et al,, 2007; Taniuchi et al., 2002). Runx1"%: FIC mice developed
histologically evident gastritis, high titers of parietal cell anti-
bodies, and: hyperproduction of IgE as observed in Chfib™’F:
FIG mice, whereas IgG production was not significantly altered
(Figures 7A~7D). By contrast, Runx3": FIC mice did not develop
gastritis, - parietal cell antibodies; or hyperproduction: of Ig&
(Figures - 7B-7D}. Runx1- but not Runx3-deleted Treg cells
showed: attenuated FoxP3 expression as observed in Cbfb-
deleted Treg cells (Figure 7E). In addition, Runx71- or Runx3-
deleted Treg cells did not lose CD103 expression; whereas
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Runx-binding consensus sequences. The FOXP3
CNS1'and CNS3 constructs with or without muta-
tions in Runx sites were transfected: into human
primary CD4*. T cells. (E} and ATL 43T celis (Fyand
cultured in medium or in medium containing PMA
and ionomycin. Results shown are the: mean + SD
of triplicates: done in one experiment representa-
tive of three,

Cbib-deleted Treg cells lost it, indicating that Runxi and
Runx3 function redundantly in the regulation of CD103 expres-
sion. {Figure 7F). Also, the finding indicates that. autoimmune
phenotypes due to Cbfp deficiency in Treg cells is not attributed
to the loss of CD103 expression because CD103 expression was
not altered in autoimmune Runx17/%: FIC mice. Our results thus
demonstrate that Runxi, but not Runx3, is indispensable for
in vivo Treg cell function but do not exclude possible functional
compensation between Runx1 and Runx3 in Treg cells.

DISCUSSION

In this study, we showed that Treg cell-specific deficiency of
CbfB or Runx1, but not Runx3, impaired in vivo Treg cell function;
resulting in the development of autoimmune disease and hyper-
production of IgE. The immunological diseases were similar in
spectrum:to those found in FoxP3 mutant or -deficient mice;
although the disease severities were mich. milder (Sakaguchi
et al, 2006).
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We have previously shown that Runx1 binds to the promoter of
thell2 andIfng genes and enhances IL-2 and IEN-y. production in
conventional T cells. Conversely, the FoxP3-Runx1 complex;
together with other transcription factors such as NFAT, represses
the expression of these cytokines and confers in vitro-suppres-
sive ‘activity to Treg cells: (Ono et al.. 2007). Here, we have
provided genetic evidence that Treg cell-specific deficiency of
the Runx1-Cbfp complex indeed impairs invivo Treg cell function.
This indicates that Runx-dependent gene regulation is critically
required for in vivo Treg cell function. In addition, Cbfp-deficient
Treg cells transcribed //77a and Rorgt to lesser extents than
control-Treg cells, whereas /4, I10, and Tbx21 increased in the
former. Other studies have shown that Runx1 induces the expres-
sion of RORyt, interacts with RORyt in conventional T cells, and
regulates /[17 transcription via controling the promoter or
enhancer regions of the //17 gene (Zhang et al., 2008). Runx3
also acts with T-bet 1o activate /fng and silence /14 via binding
to the Ifng promoter and the //4 silencer regions, respectively,
leading to. Th1 cell-specific cytokine production (Djuretic et al.;
2007). Further; Runx1 and: Runx3 interact with the Cd4 silencer
and the Zbtb7b silencer, in regulating thymocyte commitment
to the CD8! T cell lineage by repressing the alternative cell fate
(Setoguchi et al., 2008; Taniuchi et al., 2002). Thus, the Runx
complex:plays critical roles not only. in T cell differentiation, in
particular CD4-CD8 lineage commitment, but also in conferring

a variety of functions to T cell subsets'including Th1, Thi7, and
Treg cell. Further, phenotypical differences between Runx7-
and Runx3-deleted Treg cells suggest that Runx1 and Runx3
differently contribute to the differentiation and the functions of
T cell subsets. The Runx complex may this function as an essen-
tial core transcriptional “modifier" to regulate specialized effector
functions of CD4' T cell subsets by associating with paricular
lineage-specific transcription factors including FoxP3.
Regarding the mechanism by which Treg: cell function is
impaired in Cbfp- or Runx1i-deficient Treg cells, a notable finding
is that Cbff or Runx1 deficiency accompanies attenuated
expression of FoxP3 at mRNA and protein levels. Because atten-
uated FoxP3 expression can lead 1o loss of Treg cell-suppres-
sive function, as demonstrated by others (Wan and Flavell,
2007), reduced. expression of FoxP3 might be responsible for
dysfunction of Cbfb-deleted Treg cells. For example, Nro7 and
Pdedb, which were differentially expressed in Cbfb-deleted
Treg cells by expression microarray, could be affected by
FoxP3: hypoexpression. Other differentially expressed genes
are also. possibly ‘associated with the impaired function' of
Cbib-deleted Treg cells.. They include I, Libdr1; Cd160, and
Ccrb, all of which were overexpressed in Cbfb-deleted Treg
cells. Of particular note is the hyperproduction of IL-4 by Cbib-
deleted Treg cells. Elevated IL.:4 may contribute to the impaired
Treg cell-mediated suppression in Cbfb- or Runx1-deleted Treg

Immunity 37, 609-620, October 16; 2009 ©2009 Elsevier Inc. - 617



cells because it has been shown that the addition of excgenous
IL-4 renders CD41CD25™ conventional T cells resistant to in vitro
Treg cell-mediated suppression (Pace ¢t al., 2008). We and
others: have. previously: reported  that the  Runx complex
represses ‘//4 via binding 1o the /i4 silencer in naive CD4*
T cells'and. Th1 cells {Djuretic et al., 2007; Naoce et al., 2007).
Our observation that the Runx complex bound to the //4 sslencer
in Treg cells suggests that the complex similarly represses //4
expression. in:Treg cells and that loss of Runx complex. dere-
presses /4, leading to hyperproduction of IL-4 in Cbfb-deleted
Treg cells. Nonetheless, ‘it is also possible that reduction of
FoxP3 expression directly derepresses /4. expression. Taken
together, our findings show that impaired suppressive function
of Cbfb-deleted Treg cells could be atiributed, at least in part,
to the reduction of FoxP3 and the hyperproduction of IL-4; in
addition to the impaired formation of the Runx-Cbfp-FoxP3
complex (Ono et al.; 2007).

The maintenance of constitutive’ FoxP3 expression in Treg
cells appears to require the Runx complex. Our observations
that the complex bound to the regulatory regions of the Foxp3
gene in Treg cells may suggest that the Runx complex would
directly upregulate FoxP3 expression. In: the reporter: assays,
however,  Runx=binding . site-dependent  transactivation was
observed only under activated condition; and not under unstimu-
lated condition. This suggests that the Runx complex regulates
constitutive FoxP3 expression more than by transactivating the
FOXP3 gene. It has also been shown that RUNX1 not only. is
a conventional transcriptional activator but also plays a critical
role:in  chromatin modifications such as histone acetyiation via
interacting - with . histone.: ‘acetyltransferases - (Yoshida and
Kitabayashi, 2008). This suggests that the binding of the Runx
complex to the Foxp3 gene regulatory regions may contribute
to constitutive FoxP3 expression through epigenetic regulation.
It is also possible that the deficiency of the Runx complex. may
primarily dysregulate other genes encoding molecules neces-
sary for the maintenance of FoxP3 expression in: Treg cells.
These possibilities are currently under investigation.

Our: results support the concept that Runx-dependent
program plays essential roles for immune homeostasis including
Treg cell-mediated immune suppression. Single-nucleotide
polymorphisms (SNPs) affecting the consensus sites for RUNX1
are associated with the genetic susceptibility to several autoim-
mune diseases including systemic lupus erythematosus, theu-
matoid arthritis; and psoriasis (Alarcon-Riguelme, 2004; Helms
etal,, 2003; Prokunina et al., 2002; Tokuhiro et al., 2003). In addi-
tion, a SNP in the RUNXT gene itself was strongly associated
with rheumatoid arthritis (Tokuhiro et al., 2003). It is thus likely
that genetic alterations of RUNX1 may contribute to the develop-
ment of autoimmune diseases in part by means of affecting
Treg cell-mediated immune regulation. Furthermore, our study
suggests that Treg cell-specific inhibition of the activity. of the
Runx1-Cbfp complex could be useful for reducing Treg cell
activity and thereby evoking effective tumor immunity.

EXPERIMENTAL PROCEDURES

Mice
C.B-17 SCID.mice were purchased from CLEA Japan (Tokyo, Japan). BALB/c
mice were purchased: from Japan SLC {Shizuoka, Japan). Foxp3-fres-Cre

618 Immunity 37, 609-620, October 16, 2009 ©2009 Elsevier Inc.

Immunity

Roles of Runx Complexes for Treg Cell Function

(FIC), Runx1*, Aunx3”, and Cbib™ mouse strains were described previously
(Hiuse et al, 2007; Tariucni et el, 2002; Wirg et al, 2008). In this paper,
a mouse described with a "FIC": genotype was either a: FIC/Y hemizygote
male or FIC/FIC homozygote female. All mice were maintained in our animal
facility and treated in accordance wilh the guidelines for animal care approved
by the Institute for Frontier Medical Sciences, Kyoto University:

Antibodies
Biotinylated or FITC=, phycoerythrin (PE}-, PerCP-Cy5.5-, or allophycocyanin

{APC)-conjugated mAbs: for. CD4, CDB, CD25, HSA (CD24), TCRi, CDsS,

CD122; CD44, CDE2L, CTLAY4, Ki-67, CD127, CD103, IFN-y. 1L-2, 1L-4,
IL-10."and IL-17 were purchased from BD Biosciences, Biotinylated anti-
GITR (DTA1) was previously described {Shimiza ! &, £ 902), APC- -conjugated
anti-mouse Foxp3 (FUK-16 s} was purchased from eBioscience. The following
mAbs: were used: for detecting human_ antigens: PerCP-Cy5.5-conjugated
anti-CD4. and" FITC-conjugated. anti-CD45R0O: from" BD' Biosciences and
biotinylated anti-human FOXP3 (236A/E7) from eBiosciences. Cbifi antibody
was generated by immunizing rabbits: with peptides corresponding to the
N-terminal of Cbff;

Histology
Gastritis and colitis were graded in a blinded fashion in accordance with the
published criteria (Asario et al., 1996; Asseman el al., 1998).

Immunobloting
Lysates prepared from purified 5 .10 cells were loaded and immunoblotted
with anti-Cbfp.

Identification of Chfb: and Chfb-Deleied Aliele by PCR

Equivalent amounts of genomic DNA extracted: from individual lymphocyte
subset were subjected to multiplex PCR with the following primers: G2,
5'-CCTCCTCATTCTAACAGGAATC-3'; G3, 5'-GGTTAGGAGT CATTGTGATC
AC-3';'and G6, 5'-CATTGGATTGGCGTTACTGG-3", Cbib" and Chib-deleted
afleles were identified by PCR ampilification with the G3/G2 and the G3/G6
primer ‘pair, . respectively. (Figure S13). The Cbfb’ allele-specific ‘and ' the
Cbfb-deleted allele-specific amplicons: were distinguished according to their
length.

ELISA

Autoantibodies specific for gastric parietal cells were detected by ELISA as
previously: described (Sakaguchi et al.. 1995). Serum IgG and IgE levels
were assessed by ELISA with Mouse 1gG ELISA Quantitation Kit (Bethyl Labo-
ratories) and OptEIA Mouse IgE ELISA set (BD Biosciences), respectively,

Cell Sorting

Fresh mouse CDA4” T cells were isolated as previously described (Horiet al.;
2002). Then, CD4’ T cell subpopulations including CD4*CD25" cells,
CD4*CD257 cells, and CD4'CD25°CD45RB" cells were purified by sorting
with a cell sorter (MoFio, Dako}. In'some experiments, CD4*CD25 cells
were purified by MACS {Miltenyi Biotec).

Intracelluiar Cytokine Staining :

Cells were stimulated for 5 hr.with 20 ng/ml phorbol 1 2-myristate 13-acetate
(PMA} and 1 M ionomycin in the preserice of GolgiStop (BD Biosciences).
For intracellular. cytokine staining, stimulated cells were stained for stiface
antigens, fixed, permeabilized with BD Cytofix/Cytoperm: (BD Biosciences),
and stained by anti-cytokine. ‘For costaining of intraceilufar cytokine and
FoxP3, stimulated cells were stained for surface antigens, fixed, permeabilized
with Foxp3 Fixation/Permeabilization Kit (eBioscience), and finally,: costained
with cytokine antibody and Foxp3 antibody.

Proliferation Assay and Suppression Assay

Atotal of 2 x 10% responder T cells were cultured with or without graded
numbers of suppressor cells for 3 days in the presence of 4 x 10% antigen-pre-
senting cells {mitomycin C-treated Thy1.2 cell-depleted BALB/c splenocytes)
and 0.5 ig/mi CD3 antibody (145-2C11, BD Biosciences). [SH)thymldme (1 nCi/
well) was added during thelast 8 hr of culture:
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Quantitative Real-Time RT-PCR

Total RNA was prepared from cells of interest with RNeasy Mini Kit (QOIAGEN].
cDNA was synthesized from total RNA with SuperScript 1l reverse transcrip-
tase and oligo(dTjiz. s primer {invitrogen), Quantitative real-time RT-PCR
was performed with the' LightCycler 480 System {Roche Applied Science}
with QuantiTect SYBR Green PCR Kit {QIAGEN). Primer pairs used are fisted
in Table S& Al samples were run in triplicate and the data were normalized
to Hprt mRNAexpression.

Chromuatin Immunoprecipitation and Tiling Array

Cells were crosslinked by the addition of one-tenth volume of fresh 11% form-
aldehyde solution for 10" min at room temperature. Cells were resuspended,
lysed in lysis buffers, and sonicated for solubilization and shearing of ¢ross-
linked DNA: The:cell extract was incubated overnight 'at'4 € with 100 nt of
Dynal anti-rabbit ' IgG- magnetic beads: that had been preincubated. with
10 ng of the Cbffy antibody. Beads were washed five limes with RIPA buffer
and one time with TE ¢containing 50 mM NaCl, Bound complexes were eluted
from the beads by healing at 65 C with occasional vortexing, and crosslinking
was reversed by overnight incubation at 65 C. Immunoprecipitated. DNA and
whole-cell: extract: DNA were then purified by treatment with: RNaseA,
proteinase K; and multiple: phenol:ichloroform:isoamyl: alcohol: extractions.
For conventional ChiP. assays, the precipitated DNA was subjected to PCR
amplification.. The primers: used are as follows: FXCNS1-for; 8-AGCCCTGT
TATCTCATTGATAC-3"; FXCNS1-rev, 5-GACCTCGCTCTTCTAATAATCC-3";
FXCNS2-for; 5'-=CCCATACCCACACTTTTGACCTCTG:3'; FXCNS2-rev, 5-GC
ACTTGAAAATGAGATAACTGTTCA-3'; FXCNS3-for, 5-CTGGCATCCAAGAA
AGACA-3/; and FXxCNS3-rev, 5/-GGCTTCATCGGCAACAA=3", Primers for 14
silencer region and for the region at 1 kb upstream of Zbtb7b (Th-POK) exon
la: (UP1): were described previously. {Naoce et ak, 2007, Setoguchi‘et: ak;
2008}, For a ChiP-on-chip experiment, purified DNA was amplified twice by
LM-PCR in dccordance with: the. manufacturer's protocol {Agilent}. We used
mouse promoter array and custom microarrays generated by Agilent that tiled
through several loci via: 60-nucleotide oligonucleotide probes. The: probes;
representing: the forward strand, were spaced every 200 bases and. were
printed at random location on the array. Probe hybridization and scanning of
oligonucleotide array data were performed in accordance with the manufac-
turer's protocol (Agilent). Data analyses were carried out with Feature Extrac:
tion software and ChiP Analytics sofiware (Agilent).

RNA Interference

MT-2 cells and MACS-sorted primary human CD4" T cells. were transduced
with’ RUNXT siRNA (HSS141472; Invitrogen) or, Stealth RNAi negative controi
GC high (Invitrogen) as previously described (Ono et al., 2007).

Expression Microarray. .

Total RNA was isolated with the RNeasy Micro Kit (QIAGEN). Biotinylated anti-
sense cRNA was prepared by two cycles of in vitro amplication. Biotinylated
cRNA (1571g) was hybridized to Affymetrix GeneChip Mouse Genome 430.2.0
arrays. Data analyses were done with the use of MeV (v4.2) (Saeed et al.; 2003},

induction of FoxP3 Expression in Human Naive T Cells
CD25-CD45R0Q™ primary human naive T celis were negatively sorted with
MACS Pan'T Cell Isolation Kit Il; CD25 MicroBeads, and CD45R0O MicroBeads
(Miltenyi Biotec). A total of 7' x 10® purified haive T cells were transduced with
control or RUNXT siRNA with a Human T Cell Nucieofector Kit (Amaxa), mixed
with 4 X 10° T cell-depleted syngeneic PBMCs, and then cultured in a volume
of 1 mi (12-well plates) for: 24 h, Then, 7. x.10° cells: were harvested and
cullured in a volume of 200 ! (96-well plates) in'the presence of 0.01 jg/mi
anti-CD3 (OKT3)and 0.02 ig/mi anti-CD28 (CD28.2) for 4 days. Blood samples
were obtained from healthy adult volunteers (20-40 years old), The study was
conducted with the approval from the human ethics committee of the Institute
for Frontier Medical Sciences, Kyoto University.

Statistical analysis
Comparisons were analyzed: for. statistical significance by’ Mann-Whitney.
U test, unless otherwise stated, with p < 0.05 being considered significant;
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The epigenctic mechanism involving chromatin modification plavs a.critical role inn the maintenance of the
expression of Hox genes, Here, we characterize a mutant of the medaka fish, named biaxial symimetrics. (bis);
inwhich hrpf1 a subunit of the MOZ histone acetyl transferase (HAT) complex; is mutated. The bis mutant
displayed patterning cefects both in the anterior=posterior-axis of the craniofacial skeleton and the dorsal-
ventral axis of the caudal one. iy the anterior region, the bis mutant exhibited craniofacial cartilage homeosis:
The: expression: of Hox ‘genes ‘was decreased: in the pharyngeal arches, suggesting that the ‘pharyigeal

Keyworrs: . L : : g . ; s
3l segmental identities: were-altered i the” bis' mutant.:In. the posterior region: the bis: mutant exhibited
Moz abnormal patterning of the caudal skeleton, which ectopically formed at the dorsal side ol the caudal fin. The

TisG expression of Zic genes:was decreased at. the: posterior: region, suggesting that the dorsal=ventral axis

Medaka formation of the posterior trunk was disrupted in the his. mutant. We also found that the MOZ-deficient mice
Mutant exhibited ‘an-abnormal ‘patterning - of their craniofacial and: cervical ‘skeletons ‘and. a* deerease  of - Hox
bis transcripts. We propose a common role of the MOZ HAT complex in vertebrates, a complex which is required
’:"‘-‘ for the:proper patterning for skeletal development.

5_.’“"?‘0“ : 2009 Elsevier Inc. All rights reserved.
Finiray :
Introduction Anteriotly, the craniofacial skeleton is derived: frony the head

Determination of 3 axes, e, the anterior-posterior {A=P) axis,
dorsal=ventral {D=V) axis, and left=right (L-R) axis; underlies the
developmental processes of a.vertebrate embrvo as it forms from the
fertilized egg to: achieve the proper morphology (Beddinglon and
Robertson: 1999; Kuratani, 2005). The A-P axis is governed by Hox
genes, which encode homeodomain-containing transcription factors.
Hox genes were first described in: Drosophila for their ability to cause
segmental homeotic transformation in the body plan (Lewis, 1978;
Wellil, . 2007). A co-linear relationship exists between the relative
orders of Hox genes. Genes at the 3" end of the Hox clusters are
activated first in the most-anterior parts of the developing embivyo,
whereas genes located at the more 5' genomic position of the Hox
clusters are. activated subsequently in. the ‘more: posterior parts
{Frohmanetal, 1993; Kmita and Duboule, 2003; Kondo and Duboule,
1099). The existence of ‘a 'Hox code’ has been proposed-to-assign
morphologies to each segnient as:a result of the combination of the
expression of each Hox gene (Kuratani; 2005, Wellik, 2007 ),

# Corresponding author; Fax: + 8145 924/5718;
E-mail addresss aladodbia e chiac jp (A Kudo)

0012 1606; $ = see: front; matier €. 2009 Elsevier: Inc; Albrighis reserved;
doit 10016, v bics2009.02.021

segmented: pharyngeal: arch. the fate of which is determined by Hox
genes located at the 37 end of the chromosome {Piotrowski and Nussleins
Volhard, 2000}, For instance, targeted inactivation of HoxaZ2 in mice causes
homeotic transformation. of the second arch to the skeletal element
derived from the first arch with reverse polarity (Gendron-Maguire et al,
19935 Rancourt et ak, 1995; Santagati et al;, 2005). Posteriorly, the fate of
the skeletal identity in the tail region is determined by Hox senes located
at the 5 end of the chromosome (Wellik and Capecchi: 2003). Targeted
disruption of Hox13 grotps results in an anterior shift of morphology of
the vertebrae (Dolle et al, 1993 Economides et al. 2003: Godwin aind
Capecchi; 1998). Thus, the proper regulation of Hox senes is required for
the proper morphology along the A-P axis.

The expression of Hox genes is regulated in dual phases: an early
phase, in which the initial expression pattern- of Hox genes is
established- along the A-P axis, and a late phase. in which the
expression pattern is sustained during further development
(Deschamps et al, 1999; Deschamps and van Nes, 2005). The initiation
of the expression of Hox genes depends on fibroblast growth factor
(Fel) and retinaic acid (RA) signals, and the counter gradients of Fef
and RAsignals control the A=P:axis formation via regulation of the
expression of these Hox genes (Bel-Vialar et al, 2002; Deschamps and
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vanves, 2005: biez del Corral and Storev, 2004 ), Maintenance of stable
expression patterns of the Hox genes is regulated by the Polveomb-
graup (PeGYand Trithorax group {(TrxGj of proteins, which are involved
in the epigenetic mechanism via modulating the chromatin structure,
Previous reports have demonstrated that PcG proteins repress the
expression of Hox genes, whereas TrxG proteins maintain the active
state of their expression (Papp and Wuller: 20068 Soehnilava and
Duboule, 2008 ). In mammals, taigeted disruption: of PcG genes; bmi,
mel-18, m33; and rac28, causes an anterior shift of the expression of
Hox genes, whichyresults in the homeotic transformation of vertebrae
1o posterior segmental identities (Akacaka et al., 19 :
2001y Coreetal 1997 del hiar Lorente et al 2000 Suzoki ot all, 2002
Takihara et al, 1997). Targeted disruption of a mammalian frx gene, mii
in mice, causes: a gradual reduction in' the expression of Hox venes
during development (Glaser et ak, 20067 Yo et ahl 1G98, 19055 In
addition; a: histone acetyltransferase {HAT) of the. MYST family, Moz
{Myst3}, which has been implicated tu actas a TraG; is required for the
maintenance of the expression of Hox genes in the pharyngeal arches
during zebrafish embryogenesis (Miller et al, 20043, Although these
stuidies on PcG and TrxG genes have shown several alterations of Hox
gene expression in restricted regions of developing embiyos, PeG and
TrxG functions in the transcriptional regulation of Hox genes; especially
TrxG functions, have not been ddequately demonstrate.

In-this study, we isolated and characterized a mutant in ‘medaka
named hiaxial symmetries. (bis). a. mutant which displays patterning
defects not'only in the'A-P.axis of its craniofacial skeleton but also in
the D=V axis of its caudal fin. In the'bis mutant; the craniofacial
skeleton: was: homeotically: transformed  into. one with. anterior
morphology. The expression: of Hox: genes was decreased in the
pharyngeal: arches in the bis mutant, suggesting that the segmental
identities of pharyngeal arches had been disrupted. Positional cloning
revealed a loss of Brpf1 function in the bis mutant. Brpf1, containing a
bromodomain and PHD finger, is a TrxG miember and a close partner of
the MOZ HAT complex (Doyon et ak, 2006: Rokudai et al., 2009). This
study revealed that Bipfl is essential for the maintenance of
expression of Hox genes not only in the anterior region, but also in
the posterior: region, In the posterior trunk, disruption of Brpfl
function caused decreased expression of Zic genes. which regulate the
D-V axis of the caudal fin. Furthermore, we characterized the skeletal
abnormality. of the MOZ-deficient mice; and demonstrated similar
abnormalities between the brpfl medaka mutant and MOZ-deficient
mice, thus implying a common rolé of the MOZ HAT complex:in the
skeletal patterning of vertebrates.

Methods
Medaka strains and mutant screening

The medaka (Oryzias latipes) strain Cab was used for all studies as
the wild type. The Dg mutant was purchased from local pet shops. The
fish were maintained in an aquarium system with re-circulating water
at 28.5 °C. Naturally: spawned embryos were obtained, incubated at
28.5C, and staged as previously described {lwamatsu, 2004 ). Eggs were
maintained in the medaka Ringer's solution (0.65% NaCl. 0.04% KCl.,
0.011% CaCl2, 0.01% MgSOj, 0.01% NaHCO+, 0.0001% methylene blue).

Mutagenesis: using N-ethyl-N-nitrosourea (ENU) was performed
according to a standard protocol established for zebrafish (Mullins et
al;1994; Solnica-Krezel et al., 1994; van Eeden etal, 1999}, with some
modifications (Tanaka et ak, 2004). The male fish were exposed to 2.5
or 3 mMENU for 2 h at room temperattire in a buffer containing 0,03%
instant ocean (Tetra) and 1. mM sodium phosphate buffer at pH 6.5,
The ENU treatment was repeated at 7 days after the initial treatment.
Three weeks after the second ENU treatment, these male fish were
crossed with the wild-type females to prodtuce families of F1 fish. The
F1 fish were then mated to.each other to obtain F2 families. For each
F2 family; random crosses (up to 8 pairs) were made to obtain the F3

progeny. Embryos and larvae were observed for their mutant
phenotypes under a stereomicroscope at 3 different stages (3, 5-6;
and 9-10 days after fertilization’.

Whole-mount RNA in ity hybridization and skeleral Staining

Whole-mounit RNA in situ hybridization tsing digoxigenin-labeled
anti-sense=RNAprobeswas* perforimed “as previously” deseribed
Unohaya ot eh 1945, 195GY For cartilage staining with Alcian blue
8GX {Sigmay}, larvae were fixed with 4% paraformaldehyde (Sigma} in
PBS at 4 °C overnight. washied twice. in PBS containing 0.1% Tween
{PBST}-for 10-min, and stained with the Alcian blue solution (70%
ethanol, 30 acetic acid. containing 0.1% Alcian: blue) at room
temperature overnight, Larvae were hydrated by passage through a
graded series of PES and decolorized in‘a‘solution of 1% KOH and 0.0%
hydragen peroxide; Then the Jarvae were treated at room temperature
for less than T howitl 0% trypsin {DIFCO) in'a 30% sodiuny borate
saturated solution, The calcificd bone was stained with Alizarin ved 'S
{Nacalai Tesque). For this staining, larvae were fxed in 4% parafor-
maldehyde with 0.05 N sodium: hydroxide at 4 °C overnight: After:a
brief washing in PBST, the fixed larvae were stained by immersion in
the Alizarin red solution (4% Alizarin red, 0.5% potassium hydroxide)
at room temperature for several hours or overnight. Stained samples
were stored in 80% glycerol and photographed: For visualization of the
cartilage in whole motise-embryos (£14.5; embryos were fixed in 95%
ethanol overnight and:stained with Alcian blue solution {80% ethanol.
20% acetic acid containing 0.1% Alcian blue) for 24 h. They were tien
washed for 24 hin 95% ethanol. Cartilages were ¢leared with 1% KOH,
Embryos were stored in S0% glycerol; 1% KOH.

Positional cloning

The bhis' heterozygous fish  maintained ‘on- the: southern Cab
genomic background were mated with the wild-type northern HNI
fish to generate F1 families. Embryos for the genetic mapping were
obtained from inter-crosses of the FI bis carriers. For establishment of
the initial genetic linkage, bulk segregant analysis was conducted on
pools of genomic DNA from the bis mutants and wild-type embryos
by using: the sequence-tagged site (STS) markers on the medaka
genome (Kimura et al.,; 2004). The genetic interval was narrowed
down by the analysis of individual embryos by the use of additional
STS markers, MFO1SSAO07H10 ‘and MFO1SSAO44E03 (Naruseret al,
2000). and newly designed restriction fragment length: polyniorph-
ism (RFLR) markers, CRELD and BICD2 [CRELD. 5'-AGATAGAAGAC-
CAAGTGGAGACG-3" and S!-GTATCCTGGATCGCAGATGC-37/Hinfl:
and. BICD2: 5-TCTGCGGACAGTCCTAAAGG-3" and 5-TTCCACAGAG:
CAATCTCAGC-3'/Hhall. cDNAs of brpf1 from the bis mutants and the
wild types were amplified in 2 groups of about 2000 base pairs (bps)
and the sequences verified: To directly confirm the linkage between
the bis locus and brpf1, we amplified a part of brpfl genomic DNA
{primers 5'-GCTAAGGACACGGTGTTTTAC:3? and 5-GCTGCCTGETAC:
CATCTGTC-34), and digested the PCR fragiments with the restriction
enzyme Ddel, which cleaves the mutant-type allele, but nof the wild-
type one. The nucleic acid sequence of medaka brpf1 was deposited in
the DDBJ;/EMBL:GenBank. Accession No: AB488461.

lnumunohistochemistry

Embryos were fixed with 4% paraformaldehyde/PBS for 2 h: After
fixation, embryos were washed three tinies for 10'min each tinie with
MABT (0.1% Triton=X-100 in MAB, which was 100 mM maleic acid and
150 mM NaCl, pH 7.5) and subsequently with MABDT (1% BSAand 1%
DMSO: in- MABT). twice for 30 min. each time. After having: been
blocked: with 2% lamb serum i MABDT, embryos were incubated in
the blocking solution: containing the primary antibody (1:200; anti=
Phospho-histone H3; Upstate) overnight at 4 *C.Embryos were
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washed with MABDT three times for 5 min each time, four times for
30 min each time with 2% lamb serum in MABDT for blocking.
Thereafter, embryos were incubated with the secondary antibody
{1:1000; Alexa-488 conjugated: anti-rabbit 1gG: Molecular Probes)
overnight-at-'4. °C. Then, ‘embryos: were washed: with: MABT and
observed using a confocal microscope (Fluoview FVI000; Olympush:

Generation of construct and tramsgenic lines

A genomic. fragment containingthe: bipfl- promoter and” Bipfl
coding: sequence - was: amplified: in 2 parts (57 half-and 3" half
ragments): from-a BAC clone {ola148H10) by using the appropriate
primers. The-amplified fragnients were cloned into the TA cloning
vector: We then digested the 5-half fragmentwith Sall and Notl and
subcloned it into: the: Xhol:Noti sites of an:I-Scel backbone vector
which: contains two: 1-Scel sites £ Theries S The 3%-half
fragment, digested with Ncoland Notl, veas cloned into the Neol site of
the inserted 5<half fragnment and the Notl site o the vector: This
plasmid: was: digested with 1-Scel (New' England: Biclabs?, and the
fragments (20 ng7ulj were injected into the cytoplasm of 1-cell stage
embryos:. The embryos showing a transiently strong expression of the
exogenous gene wereallowed to grow to adulthood. We then checked
the GFP expression in-the next generation, and picked an embryo with
stable integration of the injected construct as the transgenic line.

Determination: of the genotype of the:rescued his mutant was
performed by using ENU-induced polymorphism; which exists at the

hyosymplectic cctopic cartilage
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genomic region 70 kb separated from the brpfl mutation peint. This
polymorphisiy showed sirong linkage with” the brpf7 mutation (0
recombinations per 950 meiosesy. It was difficult to use the bipf!
mutation point itsell for determining the genotype because of the
rescue construct: containing: the wild-type bipfl - sequence. The
genomic fragment was amplified by using the following primers:
forward: 5 -ACTTCITCTGCTTCACATGTGAC-3, antt reverse, 5 -ACAGA-
CAGTCCTGGTATTCGG-3", and sequericed by means of direct sequen-
cing:for determination of (he genotype.

Whole-mount it sine hybridization of mouse embrvos

Whule-mount i gitr hybridizations were'carried ot according to
the ‘established protocol:§ Tt using . DIG-
labeled ‘viboprobes. Embryos were permeabilized: with 10 g ml
proteinase K-for 15 min. Probes (Hoxa3 255 dy o1 al P004Y, Hoxad
{ S Hoxd 10 (R et 9423, Hoxd 11 {1zpisua-
Si1rwere described previously.

Fagooani Dighealel

Results

Isolation of-a medaka mirtant that exhibits phaiyngedl cartiluge
homeosis

To investigate organogenesis' of vertebrates; we  perforned a
medium-scale screening of medaka mutants ‘obtained by ENU

Fig: 1. The bis mutant displayed skeletal malformation. {A: BY Lateral view o a 3dph Tarva, The bis mitant has a shrunken head. Other tissues appeared to have a normal morphology.
{C=6) Craniolacial cartilage stained with-Alcian blue: (€, D) Ventral view of wild-1vpe and bis lnivae, The bracket indicates the head region: of the: bis mutant and: wild-1ype.
Arrowheads indicate basihyal, whiclh is decreased iy the bs mutant: and arraws, the ceratohval, which is short and Ubek in the mieant, (£, F) Hishly'magnified view of black-boxed
region in °C" and “D” The arfow in 'F” indicates the ectopic cartilage at the lateral end of the first ceratobranchial inthe bis mutant, compared with the wild-type (arrow in "E'%(G)
View ol a flat- mauinted hyosymplectic and the ectopic cartilage of the bis nvant. The shapeof ectopic cartilage bas featives eharacteristic of the hyosymplectics (H=M) Calcified bone
was stained with Alizavin red {H, 1) Veniral view of-the wild type and the bis mutant, Afrows indicate the branchiostegal vays; which are decreased in pumber in the bis mutant. {J.K)
Highly magnificd view ol the tooth region. Arrows indicaie This region; where small pharvngeal tectivare seen in the bis mutant (L MY Lateral=doisal view of the nee region. Arrow's

indicate the first veriebra, which is Tused o the head in the bis miutant, biv, basibyal: ch. cevatohyals cb 1=5: Airst to ffth coratobranchialy bb, basibranchial: he, Iy voplectics bsr,
branchiostegal rayy pte pharyngeal tooth; :
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mutagenesis, and isolated the medaka mutant biaxial symmictry {bis}.
The bis mutant: dies several days  after hatching.. Morphological
examination showed the bis mutant to have a shrunken head. {Figs
1A, B To visualize the craniofacial skeleton, we: stained medaka
larvae at 3 days post hatching (dph} with Alcian blue for cartilage. The
craniofacial cartilage of the bis. mutant was. shrunk compared with
that of the wild-type larvae (Fics: 1C DY In'the his mutant, the length
of each gill cartilage {ceratobranchials) was shorter, and the basihyal
[derived from the second pharyngeal archy was shoitened compared
with that of the wild-type larva (Figs. 1C, D, arrowhead and brackets}.
- The ceratohyal {derived from the second pharyngeal arch) was shorter
and thicker than that of the wild type (Fizs. 1€ Dy arrow ). The second
to the fifth ceratobranchials in the bis mutant were thicker and longer
than those:in" the: wild-type larvae (Igs: 1C. D). Although | the
hasibranchial was separated in. 2 parts in. the wild-type larvae at the
third ceratobranchial, the basibranchial was fused and extended to the
fifth. ceratobranchial-in the bis. mutant (Figs. 1Co Dy asterisk) In
addition; an ectopic cartilage was detected at the lateral end of the first
ceratobranchial (derived: from:the third pharyngeal arch) on both
sides of the head (Figs. 1C, D, square; E F arrow). An ectopic cartilage
was ofteir observed: at the lateral end of the second ceratobranchial
(Figs. 1C D and Table 1 ). To further characterize the-abnormalities of
the bis mutant, we focused on the shape of the ectopic cartilage at the
lateral ‘enc of ‘the first: ceratobranchial in- the bis mutant.’A flat-
motnted observation revealed that the shape of the ectopic cartilage
had the characteristic feature of the hyosyniplectic, which is normally
derived from. the: second pharyngeal arch (Fig. 1G). To observe the
calcified” bone, we stained the larvae with Alizarih red. Deformed
brachiostegal rays (Figs. 1H, ] arrow) and small pharyngeal teeth (Figs.
1}, K, arrow) were observed in the bis mutant. In the cervical region,
the vertebrawith neural arch was fused to the head skeleton in the bis
mutant (Figs. TL M arrow). These results indicate that the bis mutant
exhibits patterning abriormality of its craniofacial skeleton, suggesting
that the pharyngeal segmental identity: in:the: bis mutant had been
disrupted.

Table 1
Skeletal phenotype of the bis mutant.

Cranio facial cartilage n=283
Arch2
Basihval rediiced

Ceratohyal shorter and: thicker

3 (100%)
83 (100%)

Aich3
Ectapic cartilage at the Jateral end of 1st cb
Ectopic cartilage shape
Small fragment
Simple stick shape
Similar'to:hs
Hyobranchials absent

83 (100%)

5 (6.0%)
161192%)
62 (74.7%)
§3 (1003)

Posterior arch

Ectopic cartilage at the lateralend of 2nd ¢b
Hyoebranchials absent

Ceratobranchials distally broadened

17.{204%)
83 (100%)
83 (100%)

n=32
28 (87%)
32 (100%)

Cervical and pliaryngeal hone.
Fused veitebrate to head bone
Reduced pharyngeal tooth

Caurdal skeleton n=>50
Fused vertebrae 38.{76%)
Exira vertebra at the.end of notochord 46 (90%)
Dorsally formed fin rays 50 {100%)

Reduced hypurals 43.(86%;

Percentage of animals with each: phenotype: was listed:: Phenotypes: of craniofacial
cartilages were assessed: by Alcian blue staining at3: dph: Phenotvpes of corvical amd
pharyngeal bonewere assessed: by Alizarin red staining at 3 dph-and: those of caidal
skeletons were assessed by Alizarin red staining at 4 dph These phenotypic dillerences
of - catndal-skeleton: were: most: likelycaused: by the subtle dilference: of ithe
developmental stage in each animalk

The bis mutant exhibits defective skeleral patierning at the posterior
region

The bis mutant-exhibited  disruption of the skeletal patterning
not-only: i the anterior: head: region, but ‘also in the posterior
region: Compared: with: those of the wild-type:larvae, the fin rays
were ectopically formed at the dorsal region of caudal fin in the
mutant {figs. 2A, B, arrowl; and’ the: ossification pattern- was
disrupted at the caudal vertebrae in the bis mutant. An extra
vertebra had formed at the end of the notochord in the bis mutant
{(Fize ZA, B arrowhead ). Invaddition, the ossified hvpuial in the. bis
mutant.was: smaller than that of the wild type,- and the hypural of
the caudal most vertebra-was deleted in the bis mutant {Iigs: #A,
B, asterisk}. Morphological analyses of embryos stained with* Alcian
blue revealed: that- the: hypuial- was also ectopically formed at the
dorsal side of the caudal fin-and that éach hypuoral was fused in the
bis mutant (Fieso UG Dy arrows Furthermore, the blood  vessels
were ectopically extended at the dorsal side of the caudal fivin the
bis mutant at- 7 dpf (Fig. - 2F, arrow) as opposed: to- their normal
pattern: in: the: wild type: (Fig: 2E; arrow): To  further: characterize
the caudal 287 fin-abnormality: of the bis mutant, we: examined
mitotic cells: using:mitotic marker phospho-histone H3-antibody-at
day -7 post fertilization (7 dpf, because 'the ‘mesenchyme of the
caudal fin, which:exists: at the ventral caudal end- of the notochord,
is- known highly: proliferative and: involved: in- the  development
of the caudal fin (Hadzhiev et al, 2007, Sakaguchis et al, 2006)

inthe wild-type: larvae, - the mitotic cells 'largely. existed at. the
ventral caudal end of the notochord (Fig. 2 arrow in G, 1).-as
reported previously (Hadzhiev et al., 2007; Sakaguchi et al., 2006);
whetreas in the bis mutant, the mitotic cells existed not only at the
vential caudal end of the notochord but also at the dorsal caudal
end (Fig.2 ‘arrow inH, 1) These :results " indicate - that  the  bis
mutant exhibits:a defect in the dorsal=ventral:patterning of caudal
fin.

The: bis locus encodes hipfl

To identify a genomic mutation in the bis mutant, we mapped the
mutated genomic position on the genetic linkage map by using the
sequence-tagged site (STSy markers, and subsequently mapped it to
within 0.1 ¢cM distance in Linkage Group 7.(1 recombination among
980-meioses in Fig. 3A; see Methods). By searching for genes and
ESTs that have been previously mapped to this genomic region, we
found 3 predicted genes homologous to fed1, wnk, and brpfl. We
then sequenced the RT-PCR fragmenit of these candidate genes from
bis and wild-type embryos, and found-a T-to' A nonsense mutation in
the open reading frame of brpfl ¢DNA(Tig. 3B). Using both the
alighment of vertebrate Brpfl amino acid sequences and the 5 and 3/
race methods, we identified the medaka full-length birpfl ¢DNA
sequence, which encoded 5451 bp and a 1283 amino acid protein
with a high similarity to the. mammalian Brpf1 (68% identical to
human and mouse Brpf1):and zebrafish: Brpf1: (77%: identical® to
zebrafish one). In the medaka’ genome sequence, we could not find
other paralogues of Brpfl: Brpfl contains a BROMO domain, which
has a binding affinity for the acetylated lysine of histones (Dhalluin
et al 1999: Yang: 2004); a PHD domain; which has: a binding affinity
for tri-methylated lysine of histones (Pena etal, 2006; Taverna et al;
2000); and & PWWPdomain, which has affinity: for ‘condensed
chromosomes {Laue et al, 2008 Turlure et ali; 2006): In the . bis
mutant, the T to A transition introduced a stop codon (Y§105top) at
the end of BROMO. domain; resulting:in-a truncated: form of Brpfl
{Figs 3B, C).

To examine the expression pattern of brpfl. we performed
whole-mount RNA in sitie hybridization on medaka embryos.:The
expression of brpfl-was ubiquitous at st:21 (Fig.:3D), whereas at st
30 it-was: decreased  in the: trunk region: and- expressed in the
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W1 his WT

Dorsal side

phospho-histone H3 positive velle

@ -globin-gfp

Fig. 2. The bis mutant exhibits D=V axis disruption in its caudal region. (A, B; Calcificd bone of the caudal fin was stained with Alizarin red. A Jateral view of the wild wwpe and the bis
ANt i6 showwn. The arrow in *B” indicates the ectopic formation of fin rays at the dorsal fegion in the bis mutant: and that in “A” denotes its absence. The arrowhead m "7 indicates
the abnormal patterning of the vertebra formed at the tip of the notochord. whereas that in SA” shows the normal patterning. In "RY the asterisk denotes the reduced orabsence of
hypurals in the bis mutant; and that in “A™ the normal hypurals.{C, D Cartilage of the caudal fin was stained with Alcian bliie. A Iateral view af the wild type and the fiis mutant is
shown, The arfow in- D7 indicates the ectopic formation of the hypural cartilage at the dorsal side in the bis mutant, compared with the wild-type (arrow in "€ (L F) Blood vessels
ate visualized in The a-globin=GFP transgenic medaka. The blood vessel has ectopically extended at the dorsalside of the notoechord inthe mutant | sand its absence they
indicated by the arraw i “E* (G, H} Mirotic cells were labeled with anti-phospho- histone H3 antibody. A fateral view of the caudal finis showwn: The arrow in "H” points ta the ectopic
proliferating cells at the dorsal side of the caudal region iin the bis mutant, compared with:the wild=type {arvow i "G7), (1 Histograny showing that mitotic cells were significantly
increased at the dorsal side in the bis mutant Error bar indicate S.D. fi invay: hp, hypural. :

pharyngeal -arches -and. neural epithelium (Fig. (3L, arrow and
arrowhead). The expression of brpfT was strong'in the head: region:
however, the expression of brpfl. was also detectable in the trumk
and caudal region by long exposure at 4 dpf (Figs. 3F,G). In the bis
mutant, bipfl mRNA could be detected, suggesting. that the bis
mutation: does not affect the stability of brp/l- mRNA and. that the
bis mutant produces: truncated Brpf1 protein (Figs. 3H. ). In the
Bis mutant; ‘the ‘expression of bipfl- mRNA existed. we  then
examined: how this mutation. affects the Brpfl function by
observing: in vitro: interaction. with other. members: of the MOZ
HAT complex and cellular:localization of Brptl. We generated the
HA tagged human Brpfl construct which contains the stop codon
4t the corresponding site to the bis mutation. By the bis mutation,
the PWWP domain was deleted. Recently, it was demonstrated that
the PAWWP. domain was not required for the interaction with Moz
and g5 (Ullah et ak, 2008). Consistent with this report, the
truncated  Brpfl was. normally interacted with ‘Moz and Ing5
(Supplementary: Figs: 1A-C). Although the truncated Brpfl could
be interacted: with other-members of the MOZ HAT complex,
truncated: Brpfl was not co-localized with the condensed: chromo-
some of mitotic cells: (Supplementary Fig. 1D} as. described
previously (Laue et al,-2008; ‘Turlure et al. 2006). These data
stiegest that the bis mutation causes the defect of Brpfl function.

hepf1 is:the gene responsible Jor the bis mutant

To confirm that the defects in: the bis: mutant were due to the
genomic mutation in the brpf1 gene, we rescued the bis mutant by
introducing into.the bis mutant the wild-type brpfl gene under the
control-of the genomic brpfl promoter region. To express. the wild-

tvpe brpfl in an-appropiiate position and stage, we first obtained a
genomic DNA fragment involving the 6-kb upstrears region from the
first methionine’ codon of the: brpf1 gene by the PCR. To check: the
ability of  this: promoter region to express the birpfl. gene; we
constructed. an: EGFP. reporter vector ancl: generated  transgenic
medaka. Fluorescent signals of EGFP were similar to the expression
pattern-of endogenous brpfl. MRNA (Fies: 3] K).: suggesting ‘the
suitability of this. 6-kb- promoter region. We then generated a
transgenic construct that contained the 6-kb promoter region, the
genomic sequence: encoding the -brpfl gene, and the crystalin
promoter-GEP. that is used: for checking the transgene integration
into a:chromosome (the construct is shown in Fig. 4A). We micro-
injected: the rescue DNA construct into the fertilized. eggs of
heterogenous mutants, picked up embrvos with EGFP-positive eyes,
and then inter-crossed the offspring  to ‘obtain: the: bis mutant
harboring the rescue DNA construct. The. bis mutant:that had the
rescue DNA construct developed normally, and was indistinguishable
from: the wild type. Histomorphometric analyses using ‘Alcian blue
and- Alizarin red showed that the skeletal patterning of the rescued
bis’ mutant indicated a restored normal morphology (Figs. 4B=])
These results confirni: that the brpfl gene was responsible for the bis
mutant,

Brpf1 is required for the maintenance of expression of Hox genes

The defect in the segment patterning along the A-P-axis in the bis
mutant implies that the faulty regulation of Hox gene expression by
the chromatin structure {known as TrxG.and PcG) is responsible for
the bis: mutant phenotypes. because Brpfl:is:a component of the
MOZ HAT complex: (Doyon et:al, 2006). To elucidate the involvement:
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Fig. 3. The bis locus encodes the bipll. (A} Genelic map of the bis locus in LG7. The number of recombinations is shown under the ine. (B} The bis mutait as a T1o A non-sense
miitation inithe: brpfl gene: (€} Schematic of Brpll: protein structure: in- the wild typeand the bis mutant; The ' 1o A transition results in the Y8 10Stop-and thus generates a
truncated Brpfl protein with the bromo domain as its end in the bis mutant. {D-1} The expression: pattern of bipf1. (D) brp/1 is expressed ubiquitously:at st 21, (E) The expression
of brp[T became intense in the head at st 30, The arrow and arrowhead indicate the expression of brpfl at the pharyngeal arch and hindbrain, respectively. (F. G).The expression of
bpf1 at 4 dpf after-long exposure. The expression of hipfl is obscrved in the trunk region and caudal end. (H; 13 Lateral view of expression of brpf1 in the wild tvpe {(Hy and inthe

bis mutant:{1Yat st:30, The expression of brpflis normal in the bis mutant,’{]

<j Confocal microscape images of the brpf1-GFP transgenic medaka; The GFP signals are observed 1o

have: a pattern similar to_that of the endogenous bipfl expression (1 and K arrowhead. Compare with the E'and F). The intense signabwas: a'non-specific signal due 1o pignieint

s

{arrow: in "KL

of Hox genes in the bis phenotypes, we first examined the expression
of hoxa2a, hoxa3a, hoxada, hioxa5a. hoxbla, hoxb2a, hoxb3a, hoxbda,
and - hoxb5a in medaka, which were previously reported to be
expressed:in the pharyngeal arches and involved in the establish-
ment of the A=P axis identity of the pharyngeal arches and hindbrain
in mice and zebrafish (Favier and Dolle, 1997; Kinmmel et al., 2001),
Althotigh the expression of hoxb1a was maintained in rhombomere 4
during development of the wild-type at st 29 to st 31 (Supplemen-
tary: Fig. 2A), the expression gradually decreased in: the bis mutant
{Supplementary Fig. 2B);

Hox2 and 3 group genes play a crucial role in determining the
segmental: identity at the second and third  pharyngeal arches,
respectively. (Kimmel ‘et al.; 2001).: We first examined - the
expression of Hox 3 group in the bis mutant, because the ectopic
cartilage formation at the third pharyngeal arch implied the
disruption of the segmental identity at the. third arch in the bis
mutant.: The expression of both hoxa3a and hoxb3a was severely
decreased at this pharyngeal arch and mildly ‘decreased ‘iiy the
hindbrain of the bis mutant (Fig. 5A. B arrow and arrowhead ' in
right panels), compared with: that in. the wild type (Figs. 54, B
artow and arrowhead in left panels). Notably. the expression at the
third pharyngeal arch- was most affected: and completely: abolished
in the bis mutant (Figs. 5A,.B, line). These results suggest that the
segmental identity of the third arch had transformed to become
another segmental identity in the bis mutant. In other Hox genes,
similar: decrease was observed in the bis mutant (Supplementary
resultzand Supplementary Figs. 2C. D).

These Hox genes were normally expressed in the early stage (st
22-27)in the bis mutant (data not shown). These results suggest that
Brpf1 is involved in the maintenance of the expression of Hox genes in
the pharyngeal arches.

The segimental identities are disrupted i the pharyngeal arch in the bis
murant

The maintenance of the expression of Hox genes is essential for the
establishment of the segmental identity of the pharyngeal: arches
(Santagatiet dl, 2005). The segmentalidentities of pharyngeal arches
are defined by the expression of goosecoid (gsc) arid bapx1, which are
essential for the proper patterning of ‘the craniofacial cartilage
(Rivera-Perez ‘et ‘al. 1995; Tucker et al. 2004). To investigate the
effects of decreased expression of Hox genes on pharyngeal arch
identities in the bis mutant, we examined the expression of gsc and
bapx1-at the late stage (st 30), when the expression of Hox genes
was severely decreased in the pharyngeal arches in the bis: mutant.
Although gsc was expressed in the first and second pharyngeal arches
in the wild type, an ectopic expression of gsc was detected in the third
and fourth arches in the bis miutant (Fig. 5C, arrows in‘upper panels).
The ‘expression of gse in. the fifth to seventh pharyneeal arches
corresponding to the putative pharyngeal teeth was decreased in the
bis mutant- (Fig. 5C arrowheads in' lower panels), arches which
correspond to the putative pharyngeal téeth; The expression of bapx1
at the pharyngeal arch: was ‘also anteriorized - in the bis mutant
{Supplementary result and Supplementary Figs. 34, B). In mice;
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Fig: 4. bipf1 is yesponsible gene for the bis mutant {A} Schematic of the rescue DNA construct, This construct contains the 6-X brpf1 promoter. genomic sequence coding for the Brpfi
protein, and cryvsialin promater-GER. (B-D) The lateral view of the wild=type (B, bis (C) and rescued bis larva {D) at 3 dph is shown. Rescue consirict-treated bic mutants show
restoration of the normal morphology. The inset in "D shows the expression'of GEI in lens, {E=G ). Ventral View of craniofacial cartilage of the wild ypeEY, bis {F).and rescued bis
larva (G} staned with Alcian blte. The ectopic cartilage and shrunken gill arches were not observed in the rescued bis mutant. (H=}) The lateral view of ¢aid al fin rays of the wild-
type {H), bis (I, and rescued bis {J) larvae stained with Alizarin ved, Ectopically formied dorsal in‘ravs are not observed in the rescued bis mutant

inactivation of hoxa3:gene results in the defect:in thymus formation
(Le Douarin and Jotereau, 1975; Manley and Capecchi, 1997,.1998);
Then, we investigated ragl- expression which was expressed in the
hematopoietic: cells at.the: thymus [Willett et-al;; 1997). In the bis
mutant, ragl: expression was reduced compared with the wild type
(Supplementary result and Supplementary. Fig. - 3C). These results
indicate that the segmental identity of pharyngeal arches was altered
to the anterior identity in the bis mutant.

Brpf1 is required for the maintenance of Hox:gene expression in the
posterior:region

The.decreased expression of Hox genes in the anterior region can
account for the anterior transformation of the pharyngeal arch in the
bis.mutant, whereas it still remained unclear how this decreased
expression:would result in the defect in'the caudal fin. To clarify the
caudal fin: phenotype of the bis mutant, we focused on the. Brpfl
function that is required for the maintenance of the expression of the
posterior Hox: genes. . We: then investigated the expression of Hox
genes that are expressed in'the caudal trunk region (hoxaI3a, hoxcia,
hoxcl2a, hoxci3a, hoxdlla “and hoxdi2a). Although hoxclla was
expressed. in_ the caudal trunk in: the: wild type at 4 to 6 dpf,. its

expression: gradually decreased in the bis mutant at 4 to 6 dpf (Fig
GA). Expression of oxe12a was detected in the caudal trunk region in
the wild:type. In the bis mutant, this expression was decreased at'4 to
G dpf{Fig. 6B). The hoxc13a gene was expressed in the tip of the wild:
type: tail; whereas. in the bis mutant, the expression: gradually
decreased at 4 to 6 dpf (Fig. 6C). For other Hox genes, a similar
decrease was observed in-the bis mutant (Supplementary Fios. 4A-C),
Then, to investigate whether Brpf1 has a role in the maintenance of
the expression of all Hox genes, we examined. the expression of Hox

genes located at the center of the Hox cluster. In the bis mutant, the
expression of ioxa9a. hoxbGa, and hoxbSa were not affected, and the
expression of ioxb9a was mildly decreased. On the other hand, the
expression of oxd10a was severely decreased in the bis mutant
(Supplementary. Figs. 5A-E). These results suggest that Brpfl is
requited for the maintenance of the expression of the anterior and
posterior Hox genes but not for that of the center Hox genes,

The catidal skeletal phenotypes of the bis murant were similar to those of
the double anal n mutant (Da) in medaka

Posteriorly, the bis mutant exhibited the abnormality of D=V axis
formation at the caudal fin. Then, we focus on the Da mutant which
exhibits abnormal D-V axis formation in its somite and epithelial
derivatives (Ohtsuka et al; 2004), To elucidate the similaity and
difference between phienotypes of the bis mutant and those of the
Da mutant in the caudal tissue, we compared the caudal skeletal
abnormalities between the 2 mutants. The phenotype of caudal fin
in the bis mutant-was very similar to that of the: De. mutant (Figs,
7A, B arrows; G D; arrows), implying that a: similar mechanism
was. disrupted: in: the caudal fin of the Da and bis mutant. On the
other-hand; the extra vertebra and fused - hypurals: were not
observed .in-the Do mutant (Figs. 7A; B, arrowheads: C, D). We
then elucidated whether the expression-of Hox: eenes was affected
in the posterior region in the Da mutant; Although the expression
of foxal3a and hoxci3a in.the posterior region: was severely
decreased. in the bis mutant (Supplementary Fig. 4A” and 6€), the
expression: of these Hox genes was: normally expressed in the Da
mutant (Figs. 7E; F). This vesult suggests that the expression. of Hox
genes is not directly linked with the-appropriate: D=V axis forma-
tion of the caudal fin.
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Fig. 5. Brpll is essential for the maintenance. of expression: o Hox' genes: and
establishment of identities of pharyngeal arch, Developmental stages are indicated in
lower right corners, {A) Expression’of hoxa3a in the wild type and. the his mutant.
Arrows indicate the expression, which is decreased in the third and fourth pharvngeal
arches. {BY Expression of hoxh3a in the wild-type and the bis mutant: Arrows indicate

the: expression, which is feduced in the third and. fourth pharvngeal arches. Note that

the decrease i the levels of expression of Hox genes in the: hindbrain was less severe
than iy those of Hox senes inthe pharyngealarches {arrowhead and arrow respectively,
A BT {C) Upper: panels show ventialviews and lower panels show lateral views of
expression of soosccoid {gsc) in thewild type-and.the his mutantuArrows indicate the
expression, Wwhichis ectopic in the third and fourth pharyngeal arches in' the bis motant.
Arrowheads indicate the'expression in the: ffth 1o seventh pharyngeal arches, which is
decreased in the bis mutant.

Expression: of Zic genes:is decreased in the posterior frunk region of the
bis mutant

The Da mutant has 2 insertions near the zicl and zicd genes,
resulting in the decreased expression of zicl and zic4 genes at the
dorsal somite inthe Do mutant (Ohtsuka ‘et al, 2004). ' To
investizate the D=V axis formation governed by Zic genes in the
bis mutant, we examined the expression of zicl and zicd genes in
it. “The expression of the-zicl gene gradually decreased: in the
dorsal:neural tube and somatic cells in the bis mutant from 4 to
6 dpf. compared with that in the wild type (Figs. SA; B). The zicd

gene was also decreased in expression in the bis mutant {Fiz, &C,
Dy Althoughy inthe bis 'mutant, the expressions of zic! and zicd
genes: were severely: decreased:at-the caudal- tissue, their expres-
sions were not affected in the midbrain, hindbrain and anterior
neural tube {fig. &E, arrows and arrowheads and data not shown).
These results suggest that the disruption of the D=V axis formation
at the caudal fin in the bis mutant was due (o the decreased
expression of Zic genes in the posterior trunk

MOZ HAT complex has a common role in the skeletal paiterning

I medaka; BrpfT has a crucial role i tie patterning of the
anterior and posterior skeletons. We: then investigated whethier the
function of .the MOZ: HAT complex in the skeleral patterning was
common between: fishes and mammals. To examine the skeletal
abnarmality ‘i the -Moz—/= mice (Katcumoto: ot L) 200

hoxclla

6dpf

hoxcl2a

Sdpt

Gdpf

-t
Gdpf Gdpf
Fig. 6. Brpl1-is vequired: for the. regulation: of: expression: of . posterior: Hox gcnes,
Developmental stases of: the: embirve ave fndicated i3 the Jower right comeérs; and
laterabvicws:are shown for all photos: (A} Expression of hoxcjla. in the wild type and
the: bis mutant. The expression of hoxelTa gradually decreases in the, bis mutant; {B)
Expression”of hoxcl2a. iy the:wild: type “and: the his ‘mutant. The expression ol
hoxc12a is alse decreased: i the: bis: mutant. (€Y Expression. of hoxcI3n. in: the. wild
type-and: the bis mitant.: The! expression: of hoxci3a: has completely decreased: by
G dpt in the bis‘mutant,
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Fig. 7. The Do mutant exhibits a caudal fin phenotype similor to that ol the bis mutant,
Lateral views are given forall photos: {A, BY Caudal skeleton stained with Alizarin red at
3 dph: Ectapic dovsal formiation of finravs is evident in botly the his mutantaind the Da
muitant i arrow); However, evidence ol ectopic formation of vertebrae is not ebscived in
the Da-matant {arrowhead ), though' it is i theibis one {arrowhead ). {C DY Cartiloge
stained with  Alcian blue a3 dph. Evidence. of ectopic dorsal formation of hypurals is
seen’ i both the bis mutant {arfowY and: the Da mutant:(arvow ), However, the fised
Bvpurals are-not observed: in: the Da mutant(E) Expression of hoxeI3n in the Da
nitants {FY Expressions of hoxai3a in the Do mutant. The expression of hoxcl3d and
froxa 3@ is normal in the Do mutant

of the hyoid: is derived from the second phatyngeal arch; and the
greater horn, from: the third pharyngeal arch. Moreover, the hyoid
bodyis derived: from: the second: and: third pharyngeal: arches
(Lumsden et-al: 1991 Noden, 1978, 1988). I the:ventral view. of
hvoid cartilage, the shape of the hyoid body was changed rostially to
an acute shape in the Moz—/= mice (Figs. 9A-G); and in the
anterior view, the lesser horn of hvoid was seen to have fused to the
hyoid: body in the Moz-—/~ mice (Figs. 9C,. D, G). In the dorsal=
lateral.view, an accessory: projection was observed on: the greater
lorn of the hyoid:in:the Moz—/— mice (Figs: 9O, F. G): Although in
the Moz—/ = mice, a small ectopic cartilage was formed adjacent to
the styloid process, other ‘structures derived from the second
pharyngeal arch were not affected in the Moz—/—~ mice (Supple-
mentary Figs. 7A=D). 10 the Dis mutant, the first cervical vertebra was
fused to the head skeleton. So we examined the cervical skeleton of
the Moz=/= mice.. The neural arches of the cervical vertebrae were
fused, and those of the axis and €3 were thickeneéd in Moz=/— mice
{Figs. YH, 1), Notably, the: morphological feature of €3 neural aych has
changed: to that of axis (Figs. 9H, 1, asterisks). In addition; the atlas
was fused to the exoccipitals in the Moz</= mice (Figs. 9}=M). In
the posterior region, the Moz—/="mice hada kinky tail, although we
failed to find_an: abnormality: of posterior cartilage formation in the
Moz—/ = mice (Supplementary Figs, 7E,: F). These results suggest

that the MOZ HAT complex plays an cssential role for the proper
skeletal patterning in mice.

RMOZ HAT complex was required for the rranscriptional regudation of
anterior and posterior Hox genes in mice

Moz—/— mice exhibited the similar phenotype in cervical
cartilage to that in Hox4 deficient mice (Horan ot ol 1995 We
then examined whether the MOZ HAT complex was reqtired for the
maintenance of expression of Hox genes. The expression of Hoxa3
and Hoxad were mildly decreased at the rhombomere and neural
tube in Moz— - mice [io 1GA, B, arrowheads ). On the other hand,
their expressions were severely reduced at the somite 7 Fins 10A, B,
arrows: Consistent with. the: ohservation™ of ‘the medaka hipfl
mutant; in Moz~ - mice) the expressions of Hoxas and Hoxod
veere. also decreased at thes third and fowrth pharyngeal- arch,
respectively CICA Bodrrows in lower panelss Although the
decrease of Hovus expression was observed, it was less severe than
that of Hoxud expression at the pharyngeal arch, Furthermore, we
examined the expression of posterior Hox genes; Hoxd 10 and Hoxd11.
In-Moz-= 7= mice; the expressions of Hoxd 10 and Hoxd 11 were also
reduced at:the somite {Figs 101G D, arrows). These restilts suggest
that, in mice, the MOZ HAT: camplex were also required for the
maintenance of the expression of anterior and posterior Hox genes,

Discussion

In this study, we characterized the bis mutant in medaka; which
exhibits:defects: in the: development. of its craniofacial ‘and' caudal
skeletons: The expression: of 'Hox:“genes was- decreased ' during
development of the bis mutant, compared with that: of the wild
type. Genetic analysis and the rescue experiment demonstrated that
the Joss of Brpf1 function was the cause of the bis phenotypes. Brpf1 is
a-partner of ‘the MOZ: HAT: complex,: which is essential for the
maintenance of the expression: of Hox ‘genes, suggesting ‘that the
segmental identities along the A-Paxis, which are governed by Hox
genes, are disrupted:in the bis mutant. Thus, we conclude that Brpf1
maintains the expression.of Hox genes by regulating the modification
of chromatin.

Brpf1 behaves as a part of the MOZ HAT complex functionaily in'skeletal
devclopnient

Bipl1. contains. multiple “domains with: the affinity: for the
modulated: histone tail, suggesting ' that Brpf1 regulates: transcrip=
tionvia modulating ‘the  chromatin: structure. Previous studies
showed: that Brpfl is a member of the MOZ HAT complex (Dovon
et-al;; 2006; Yang and: Ulah, 2007). Targeted inactivation of Moz in
mice: resulted in reduced hematopoiesis - and . deécreased. expression
of Hoxa9 gene: in fetal liver (Katsumoto et al; 2006, Thomas et al;
2006). In-addition. spleen formation was disrupted in the Moz=;
mice. We also observed that spleen formation was disrupted:in- the
bis.mutant: (data: not: shown).. ENU:induced: mutation of the moz
gene - in zebrafish causes the. homeotic  transformation “of ‘the
craniofacial cartilage ‘and: the decreased expression of Hox: genes
in the pharyngeal arches (Crump et ak, 2006, Milier et al ' 2004).
Recently, phenotypes- of the ENU-induced zebrafish- mutant bipfI
were shown to-be similar to those of ‘the zebrafish moz mutant,
and the expression: of Hox genes”in the pharyngeal arches was
decreased -in ‘the - zebrafish ‘brpfl- mutant (Laue et al, 2008).
Consistent with these previous reports, the bis mutant exhibited
the “anterior  transformation: of craniofacial cartilage "and the
deceased expression: of Hox genes.: In: this: study, ‘we  performed
the:brpfl 'morpholino’ anti=sense  oligo ‘experiment; however: we
failed in the phenocopy: of bis mutant. {data not shown); because
the: developmental ‘stage of the establishment of ‘pharyngeal arch
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A WT B bis C WT D bis
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Fig: 8. The bis mutant exhibits decreased expression of Zic genes. Lateral views are given in all photas: (A, B) Expression of zict in the posterior region in the. wild type and the bis
mitant; Although the expression of zicTis normally expressed in the his mutant at 4 dpf, the expression gradually decreases at 5 and 6 dpf. {C, Dy Expression of zicd in the posterior
vegion in the wild type and the bis mutant. The expression of zicd is normal in the his mutant at 4 dpf, whereas it gradually decreases al 5 and 6 dpf. (E} Lateral view of the expression
of zicl in the wild type and bis larvae. Although the expression of sicTwas decreased at the caudat tissue {arrowhead ), it was not-affected in the anterior neural tube:and hindbrain

(arrow).

identity: in: medalka was later than: that in zebrafish. Alternatively,
we . demonstrated  that re-introduction of. the normal bipfl gene
into: the bis. mutant could rescue the bis phenotype, and:inhibition
of. HDAC activity partially rescued the phenotype of bis mutant
(Supplementary result,: Supplementary: Fig: 6 and: Supplementary
Table :1); although; the ‘efficiency of 'TSA treatment in the bis
mutant was significantly lower than that of the zebrafish:moz and
brpf1: mutants, probably: due: to: the different sensitivity to: TSA
between two species. Thus, we: suggest that Brpf1 behaves asa part
of MOZ complex functionally: in skeletal development.

The decreased expression of Hox. genes in.the pharyngeal arches causes
homeotic transformation ' in:the bis mutant

Our study demonstrates: that Bipfl is:required for the proper
patterning of the craniofacial cartilage, which is derived from neural
crest cells: that migrate from the hindbrain. Hox signaling has been
implicated: in the establishment: of segmental identities of cranial
neural crest cells. Hox2-group genes determine the identity of the
second arch.’/A mutation in: the Hoxa2 gene in mice or knock down
of  hoxa2b.and hoxb2a genes in:zebrafish leads toa homeotic
transformation of ‘the second ‘arch: tothe  first arch identity
{Gendron-NMaguire et al.-1993; Hunter and Prince, 2002). The bis
mutant.exhibited: the partial transformation of the second arch to
the: first identity, which is consistent: with the deceased expression
of the hoxb2a gene. Although  zebrafish ‘moz-and: brpfl. mutants
exhibited -a complete. transformation of the second arch identity to
the first arch identity, the skeletal transformation of the second arch
element was: not significant in the 'bis: mutant; This phenotypic
difference - between zebrafish -and medaka. may be due to the
difference in the Hox cluster evolution. For example; although the
expression:of loxa2a was maintained in-the second pharyngeal:arch

in the bis. mutant, hoxaZa does not exist in:zebrafish (Hoecg et al.,
2007: Kurosawa et al: 2006), suggesting that “a’ Hox - paralogue
group, hoxa2a, has a functional redundancy in determining the A=P
axis-identity_in the bis mutant. Thus, in the. disruption of Brpfl
function,: the ‘other redundant: mechanisny may. act: in" the main-
tenance of the expression of hoxaZa

“The bis mutant- displayed ‘decreased ‘expression of Hox3 genes
and ectopic expression of gsc in the third pharyngeal arch; implying
that the 'segmental identity of the third pharyngeal arch- had
changed to that of the second pharyngeal arch in'the bis mutant. A
loss of the thymus in:the Hox3 group: knock-cut mice is consistent
with that in the bis mutant (Mailey: and Capecchi. 1995,:1998);
Furthermore, the fusion of:the first vertebra to the head skeleton in
the: bis mutant probably corresponds to the similar phenotype. in
the Hox3 group knock-out mice (Condie and Capecchi; 1994: Manley
and: Capecchi, 1997). ‘Although: skeletal phenotypes: of ‘knock-out
mice:of the Hox3 paralogue group did not- display an" apparent
transformation of the third arch-derived structure; the decréased
expression of Hox3 genes in the valentino mutant of zebrafish and
the kreisler mutant of mice causes ectopic cartilage formation in the
third pharyngeal arch, whose characteristic features resemble’ the
hyvoid: derived ‘from ‘the second arch : (Frohman et ‘al-1993;
Manzanares: et -al 19997 Moens: et al, 1998: Prince et al; 1998);
Thus, the: decreased expression ‘of Hox3: genes might cause the
homeotic transformation: of the third arch identity into the second
arch identity in the bis muitant.

The abnormality in D=V axis formation in the caudal. n occurs die to
decreased expression of Zic'genes fii-the bis mutant

The bis mutant exhibited abnormalities in its posterior skeletal
patterning. Although these: phenotypes were: not described in moz
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Fig. 9. Moz=/ = mice exhibit-abnormal patterning in hyoid and cervical cartilages: {A=F). The hyoid cartilage was stained with Alcian blue. (AU BY Ventral views of the hyoid
cartilage. The hyoid body is seen {arrows), which in the Moz= = mice has morphological similarity to Meckel's cartilage. (€, D) Anteriar views of i hyoid cartilage: The lesser
horn of the hyoid: {arrows) has fused to the hyoid bady in the Moz—/== mice but notin the wild type; and an accessory process is notable on the greater horn of the hyeid in the
mutant {arvewhead) but is absent i the wild-type {arrow indicating its absence}, {E, F) Dorsal=lateral view of the greater horn of the hvoid, showing the same phenotypes as scen
in the anterior view, {G) A schematic of the hyoid cartilage in the wild type =+ - and Moz—7 = mice. {H-M) Cervical cartilages were stained with Alciaiy blue, {H. 1) Lateral views
of the: cervical cartilage. The neural arches 'of atlas, axis, and: C3-{arrowsY are fused in the Moz= /= mice. The morphological feature of the neural arch of ‘€3 (asterisks) has
changed:ta thatof the axis. (], K} Dorsal-lateral views of the cervical cartilage. The atlas {arrows]) has fused 1o the exoccipital in the Moz= 7~ mice. (L M) Dorsal views of the
cervicalcartilage. The ventral part of the atlas {arrows) has been deleted in the Moz—/ — mice. mc, Meckel's cartilage; hb, hvoid body: 1h; losser horn of hyeid; gh, greater horn of

hyoid: C1=C5, cervical vertebya: 116 5. at. atlas; ax, axis.

and bipfT mutants in: zebrafish, the expression of brp/1 itself exists
in: the posterior. trunk region: in: zebrafish ((ZFIN:* MGC55530): The
bis mutant ‘exhibited - the D=V axis disruption: inits candal fin:
Our study revealed that the expression of zicl and zicd genes in
the posterior - trunk: vegion was: severely decreased in the bis
mutant, suggesting that the disruption of the D=V axis was due to
the decreased expression of these genes.

The bis mutant also exhibited decreased expression of Hox genes
in the posterior trunk region. It should be noted that their expression
decreased earlier than thatof Zic genes in the posterior region: (Figs. 6
and 8). Furthermore, in the'Da mutant, Hox: genes were normally
expressed in the posterior region. Although no other previous reports
have described the relationship between Hox genes and Zic genes in
vivo, the Chip-on-Chip assay for Hoxa13 showed that the Hoxal3

protein binds to the zicl and zicd promoter sequence (Rinn et al.
2008). Therefore, our findings suggest that Brpfl: regulates the
expression of Zic genes via the regulation of Hox genes.

The decreased expression of Hox genes causes the abnormal patrerning
of caudal verrebrae in the bis mutant

The bis mutant exhibited similar phenotypes as the Da mutant
in its caudal fin, On the other hand, the phenotypes of caudal
vertebra and hypural were different between: the -2 mutants, This
result indicates that this-abnormality is caused independently by tiie
decreased expression of Zic genes, The targeted disruption of Hox13
genes results in the anterior transformatioh of an increased number
of caudal- vertebrae (Dolle et al.; 1993; Fconomides et ‘al. 2003:
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A Hoxa3 B Hoxa+
Moz+/+ Moz-/- Mo7_+/+ Moz-/-

C __Hoxdl0 Hoxdll
Moz+/+ Moz-/- _ Moz+/+

Fig 10. Moz =/ — mice exhibited the decreasc of the expression of anteriar and posterior. Hox genes. Whole- mount in sitis wbridization was performed at E11.5 in the wild: type and
Moz=/— mice. {A) Expressions of Hoxa3 in the wild tvpe and:Moz =, = mice. Expressions of Hoxa3 were mildly decreased in the rhombomere and: neural tube'in Moz=/— mice
{arrowheads in upper and middle panels). On the other hand, their expressions were decreased at the somite in Moz - mice {afrows in upper and middle panels). Expressions of Hoxa3
were mildly decreased atthe third pharyngeal arch in Moz = = mice (artows in lower pancels). {B) Expressions of Hoxad in the wild type and Moz—, = mice. Asimilar decrease was obscrved
in Moz= /= mice {arrows and arrowheads. in upper and mutdle paniels). Note that the expressions of Hoxa+ at the pharvngeal arches were severely decreased inNoz—=/ = mice {arows in
Tower pancls). {C) Expressions of Hoxd 10 in the wild type ahd Moz—/ = micc, The expiession of the Hoxd10 was severely decreased in the somite:and newnal tube {arrows): Howeverthe
expression of Hoxd 10 in the hind limb was not decreased {arrowheads), (D) Expressions of Hoxd 17 in the wild type and Moz=7 — mice, Expressions of Hoxd 11 were:also decreased at the
somite and ricural tube i Moz 7= mice: {arrow ), Expressions of Hoxd 11 were not affected at the hind limb {arrowhead ), pa3; third pharyngeal arch; pad: fourth pharyngeal arch.

Godwin and Capecchi, 1998). Although an appaient transformation disappeared i the bis mutant, This phenotype might be caused
of vertebral morphology. was not observed in the bis. mutant, the by the partial transformation of caudal vertebrae into the morphol-
hypurals. of ‘the caudal vertebrae were reduced. in size or ogy ‘of anterior ones.
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Gene-speci: ¢ regnlation by Brpf1 in the anierior and posterior regions

In this study., we demonstrated that Brpf1 rezulates the expression
of Hox-genes in the anterior and posterior regions of the developing
body but not that of those in the central region. Previous studics on

the function of TrxG mainly were performed on mll knock-out mice
and focused on the gene-specific regulation of Hox zenes. - mil
knock-out mice, the-expression of hoxa7; hoxdd, and hoxcS was
decreased at the central region of the developing embrvo (Gl
al 20065 Terranova et al, 2006 Y ot dky 19498, 14945), Oncthe other
hand; the bis mutant exhubned decreased expression oflio,\ genes in
the: anterior. and. posterior. regions. 1t should "be: noted: that. the
expression of Hox-genes located at the center of the Hox cluster-and
expressed in the central region of the developing embwo Wwas not
affected or only mildly decreased:in the his mutant {
e Sk implying the ! gene-specific: regulation of l,rpﬂ in the
maintenance-of ther expression of “the Hox: genes: In A-Paxis
formation,. in- addition: to Hox genes, FGF-and RA: signals are” also
involved in the initial establishment of A=P axis formation { Bel-Vialar
et ak. 2002, Diez del Corral and niorey. 20047 FGE preferentially
functions iy the anterior and posterior axial formation, whereas RA
preferentially functions:in the central axial-formation. . The. regions
where the expression:of Hoy genes was decreased: in the bis mutant
have a strong relation to the FGF organizing area, suggesting that MOZ

et

HAT comiplex may collaborate with FGE signaling in the regulation of

Hox: gene expression.: In addition, although: the expression: of Hox
genes was decreased in various regions of the developing body of the
bis ‘mutant, the expression of some Hox genes was only mildly
decreased:at ‘certain: vestricted: regions, e.g.. hindbrain, posterior
pharyngeal arch. These findings suggest that a different requirement
for Bipfl exists at the different regions or that some other factors
function: redundantly at these regions. To estimate the:functional
redundancy of Brpfl, we examined the expression of all Brpf families,
which include bipfl. brpf2, and brpf3, and found that these genes were
expressed: in similar regions (data not shown); indicating that bipf2
and: bipf3 have no functional redundancy in maintaining the Hox
expression. In this study, the detailed mechanisms which undetlie the
maintenance of Hox genes have not been clarified: A further study is
required to elucidate how the expression of each Hox gene in various
tissues is differently regulated by the chromatin regulation.

Aiconumon role of the MOZ HAT complex:in'skeletal development via
regularing the expression of Hox genes

In this study, we also demonstrated the abnormality of the skeletal
patterning in the Moz= ;= mice.The shape of the hvoid cartilage was
changed in the Moz—/— mice. In the ventral view, the shape of hyoid
body ‘was: similar to that of Meckel's cartilage. I addition, the
accessory process on the greater horn of the hyoid in the Moz—/ —
mice was:similar to the: phenotype of kreisler mutant mice and
zebrafish valentine mutant, in which the reduced expression of Hox3
genes is observed, and the: lesser horn of the hyoid is ectopically
formed on thegreater hornof the hyoid (Frohman et al. 1993: Kimmel
et al.; 2001; Manzanares et al., 1999; Prince et al., 1998). Consistent
with: these reports; Moz—7- mice exhibit the reduction of Hoxa3
transcript at the third pharyngealarch: In‘the cervical region; the axis
was fused: to. the exoccipital in the Moz=/=: mice. A similar
phenotype was demonstrated in the Hox 3 paralogue group:knock-
out mice {Condie and Capecchi, 1994; Manley and Capecchi, 1997).
Furthermore, the neural arch of the €3 had a morphological similarity
to that of the axis; and the fused neural arches in cervical vertebrae
were similay to those of thie Hoxad and Hoxb4 double knock-out mice
{(Horan etal; 1995). Consistently; Hoxa4 transcripts were decreased
at the somite in'Moz—/— mice, suggesting that the abnormality of
cetvical vertebrae was caused by A=Paxis disruption. Furthermore, in
the: posterior: vegion, the. Moz—/—>mice exhibited a decrease of
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Hoxd10 and Hoxd !l expressions. However, we failed to find
abnormalities of cartilage formation in the Moz /-- mice at the
position of the hind limb {data not shuwn}. It may be possible that
finding the abnormality of the Moz~ -~ mice was difficult, because
the posterior skeleton has not fully !m‘ncd at E14.5. Thus, these
results suggest that the abnormal skeletal phenotypes oflhc Moz—/—
mice were caused by the decreased expressions of Hox zenes, and the
common mechanism using MOZ HAT complex exists in the skeletal
patterning in vertebrate development.
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