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pressed with wild-type HA-Tip60, there was a higher Jevel of Lys5-
aceylated H2AX-Flag without 7IR-treatment, and the levels also in-
creased following IR, When co-expressed with HA-Tip60-ad, a
mutant that lacks acetylase activity |6], Lys5-acetylated H2AX-Flag
was not detected before or after /IR, confirming that acetylation of
H2AX on Lys5 following IR is mediated by Tip60 (Fiz. 1C). Next, to
examine the effects of the Sirt1 interaction on:the Tip60-mediated
acetylation of H2AX, we first designed short hairpin RNAs (shRNAs)
directed against Tip60 {pSuper-shTip60) or Sirt1:(pSuper-shSirt1)
(Fig, S4). The shTip60 reduced the level of acetylated H2AX-Flag
and endogenous HZAX on Lys5 both before and after vIR as com-
pared with a scrambled shRNA control {Fiz. 1D). On the other hand,
<hsirt? led to ai increase in the level of acetylated H2AX-Flag and
endogenous H2AX: on' Lys5 before and after: vIR (Fig. 1D). More;
Overexpression of SirtT-myc suppressed. the.7IR-induced acetyla-
tion of H2AX-Flag on Lys5 (Fig: S315).:These results indicated that
St represses Tip60-mediated acetylation of H2AX on Lys5.

Acetylation of H2AX on Lys5'is required for DDR pathway

Next; K5R H2AX-Flag, which should act as a dominant-negative
repressor of the acetylation of endogenous H2AX on Lys 5, was ex-
pressed in Hela cells, which were then treated with 5 Gy. y-ray. We
measured the proportion of cells with more than 10 MDC1, BRCAT,
or Rads1 foci in cells expressing H2AX-Flag or K5R H2AX-Flag fol-
Jowing IR. More than 80% of the mocked- or H2AX-Flag-transfec-
ted cells had more than 10 MDC1 or BRCA1 foci, and more than 50%
of themn had more than 10.Rad51 foci (Fig. 2).In contrast, following
¥IR, the number of cells overexpressing K5R H2AX-Flag with more
than 10 MDC1. BRCAT1, or Rad51 foci was greatly reduced after yIR
(Fig.2). As it is likely that K5R H2AX-Flag prevents the acetylation
of endogenous H2AX, these results strongly suggest that the acet-
ylation of H2AX on Lys5 is required for IRIF formation and for effi-
cient recruitment of the DSB repair factor Rad51 to DSB sites. Thus
Sirt1 appears to repress the acetylation of H2AX on Lysb to inhibit
formation of IRIF and Rad51 foci.

MDC1

Sirt1 deacetylates auto-acetylated Tip60

To investigate the mechanism of how Sirt1 represses acetyla-
tion of H2AX, we examined the effects of 7IR on the physical inter-
action between Tip60 and: Sirtl (Fig. SHA). Unexpectedly, the
amount -of Sirtl-myc co-immunoprecipitated with Flag-Tip60
was unaffected by vIR. However, 7IR strongly affected the level
of acetylated Tip60; which is auto-acetylated or is acetylated by
p300/CBP [20.21]; that is, the level of acetylated Flag-Tip60 was
decreased gradually after approximately 2 h post-7IR and returned
to the basal Jevel within 4 h (Fig. S5A)

Additionally, we co-transfected Flag-Tip60 with either Sirt1-myc
oF H363Y Sirt1-myc and treated each cell culture with 5Gy y-ray
(i, 3A). In the control experiment. acetylated Flag-Tip60 decreased
within 2 hafter iR, Co-expression of Sirt1-myc accelerated the de-
crease of acetylated Flag-Tip60, whereas co-expression of H363Y
Sirt1-myc delayed it. Furthermore, depletion of Sirt1 by shSirt1 in-
creased acetylated ‘Flag-Tip60- and. recombinant GST-Sirt1-myc
effectively deacetylated acetylated Flag-Tip60, confirming that Sirt1
is required for the deacetylation of Tip60 (Fig. 55B and C).

Nicotinamide, which inhibits Sirt1 |13}, increased the level of
acetylated Tip60 (Tig. 3B), strongly suggesting that SirtT deacety-
Jates Tip60. Interestingly, trichostatin A, an inhibitor of class 1 and
1 histone deacetylasés (HDACs). but not of Sirt1, also increased
the level of acetylated Tip60, indicating a collaboration between
Sirt1 and class Tand 1l HDACs in the deacetylation of Tip60(Fig. 3B).

These results indicate that a part of Tip60 is normally acetylated
at least. and that Sirt1 deacetylates acetylated Tip60.in response to
DNA: damage. However, Sirtl could not deacetylate acetylated
H2AX-Flag:in the deacetylation assay in vitro, suggesting that Sirt1
indirectly regulates the acetylation level of H2AX (Fig. S5D).

Sirt1 regulates the amount of Tipb0 protein

The deacetylated form of Foxo3a, which is deacetylated by Sirt1,
is less stable than the acetylated one |22} Thus, we examined
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whether Sirt1 affects the stability of Tip60 in HA-Tip60/Sirt1-myc
co-transfected cells (Fig. 3C). When co-expressed with Sirt1-myc,
the level of HA-Tip60 decreased: more rapidly than when co-ex-
pressed:-with empty vector, suggesting that Tip60. protein is less
stable in the presence of excess Sirt1. The decrease in HA-Tip60
protein. was suppressed by ‘the proteasome . inhibitor MG132
(Fig. 3C)..The decrease in HA-Tip60 piotein was not enhanced by
co-expression of H363Y Sirt1(Fig. 3D). These findings indicate that

Tp60 is degraded in proteasome-dependent manner. and that the
deacetylase activity of Sirt1.is necessary. for the degradation of
TipG60.

Depletion of Sitt1 leads to an increase in IRIF and Rad51 foci formation

We analyzed the effects of endogenous Sirt1-mediated repres-
sion of H2AX acetylation on IRIF formation and Rad51, an essential
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factor for homologous recombination (HR) 23] recruitment to
DSB in vivo. For these experiments, Tip60 was depleted with pSu-
per-shTip60-enhanced green fluorescent protein (EGFP) and Sirt1
was depleted with pSuper-shSirt1-EGFP (Iig. 4A). These constructs
allowed cells containing the shRNA construct to be identified by
EGFP fliorescence, The proportion of EGFP-positive cells with more
than 10 MDC1, BRCAT, or Rad51 foci were the same:in cells trans-
focted with the control vector {shScramble-EGFP) as in untransfec-
ted cells before or after 7IR. However, the proportion of cells with
more thaih 10 MDCT, BRCAT, or Rad51 foci was reduced in-Tip60-
depleted cells: In contrast, shRNA-mediated depletion of Sirt1 led
to a gradual increase in_the proportion. of cells with more. than
10 MDC1. BRCA1; or Rad51 foci; suggesting that Sirt]l normally re-
presses MDC1, BRCA1, or Rad51 foci formation and; together with
the results of Iig. 2, that the repression of HZAX acetylation by
Sirt1resulted in a decrease of IRIF and Rad51 foci (Iig. 4A).

Overexpression of Sirt1 results in loss of cellular viability following IR,
which-can be rescued by Tip60

Finally, to analyze the association of Sirt1 and Tip60 on cellular
survival after vIR, Hela cells wete stably transfected with ‘HA-
Tip60: ot HA-Tip60-ad and either Sirt1-myc ot H363Y Sirtl-myc
as shown in Tig. 4B. Expression of HA-Tip60-ad sensitized cells to
vIR, indicating that Tip60 activity was required for cellular survival
after yIR. Moreover, overexpression of Sirt1-myc reduced the resis-
tance of cells to IR, indicating that an excess of Sirt1 had delete-
fiotis effects on DNA-damaged cells. The effect could be partially
rescued by overexpression of HA-Tip60. These results are consis-
tent with the hypothesis that Sitr1 negatively regulates DDR by
repressing the activity of Tip60.

Discussion

We showed that Sirt1 physically interacts with Tip60 and that
Sirt1 deacetylates auto-acetylated Tip60 and stimulates the pro-
teasome-dependent degradation of Tip60. Although Tip60 plays
an important role in DDR through acetylating H2AX on Lys5, Sirtl
represses acetylation of H2AX on Lys 5, which: is acetylated by
Tip60 in response to DNA damage. Furthermore, we showed that
Tip60 and Tip60-mediated acetylation of H2AX are required for
effective MDCT, BRCA1 and Rad51 foci formation. Overexpression
of Sirt1 resulted in repressed H2AX acetylation. In addition, deple-
tion of Sirt1 resulted in accelerated H2AX acetylation, leading to
increased foci formation of MDC1, BRCA1 and Rad51. These find-
ings strongly suggested that Sirt] negatively regulates the forma-
tion of these foci after IR, probably via negatively regulating
Tip60-mediated H2AX acetylation on Lys 3.

Interestingly, Sirt1 interacts with Tip60 without DNA damage,
and depletion of Sirt1 results: in accelerated ' H2AX acetylation
without DNA damage. These results might indicate that: Sirt1
aggressively represses excessive H2AX acetylation in response to
intrinsic DNA damage.

The mechanism by which acetylated H2AX is regulated by Sirt1

In this report, we showed: that Sirt1 stimulates proteasome-
dependent degradation of TipG0: This indicates that Sirt1 negatively
regulates the level of Tip60 protein in vivo. Interestingly, Sirtl
deacetylates acetylated Tip60. Although Tip60 is highly auto-acety-
lated in vivo [20], after yIR, Tip60 is deacetylated gradually, relative
to the deacetylase activity of Sirt1, Previous reports have described
that a deacetylated form of Foxo3a (Foxo3a is acetylated by p300/
CBP and deacetylated by Sirt1) is less stable than the acetylated
form [22]. We therefore assumed. that auto-acetylation of TipGO

[

protects Tip60 itself from proteasome-dependent protein degrada-
tion, and that Sirt1 stimulates protedsome-dependent protein deg-
radation of Tip60 by rémoving acetyl group{s) from acetylated
lysine residue(s) of Tip60 required for stability. The decrease of
Tipb0 protein level may result in repression of acetylated H2AX
on Lys5. This hypothesis might explain why the deacetylase activity
of Sirt1 is required for Tip60 degradation. We cannot exciude the
possibility that Sirt] directly removes an acetyl group from-acety-
lated H2AX. However, this is unlikely, as Sirt1 could not deacetylate
acetylated H2AX in vitro and this hypothesis cannot explain.the
physical interaction between Tip60 and Sirtl.

Interestingly; H363Y5irt1 also sensitized cells to 7IR as well as
wild-type Sirt1; although Tip60 could not rescue it. A recent report
has shown that Sirt1 -7 DT40 cells, which show no defects.in cell
cycle-checkpoint and DNA damage repair. are more susceptible
to cell death following ~IR than wild-type cells. Thus H363Y5Sirt1
might inhibit functions of Sirt1 other than cell cycle checkpoint
and DNA damage repair in a dominant-negative manner, resuiting
in a defect of cellular viability following. 7IR [24].

Biological meaning of repressing acetylation of H2ZAX

The depletion of Sirt1 results in increased foci formation of MDC1,
BRCAT. and Rad51, indicating that Sirt1 negatively regulates the for-
mation ‘of these foci after IR Because IRIF formation is a critical
event for DDR signaling [4]; our findings strongly suggest that Sirt1
cansuppress the DDR pathway. However, Sirt1-mediated repression
of DDR seems to be unfavorable to DNA-damaged cells and inconsis-
fent with the anti-apoptotic function of Sirt1{25]. Perhaps if Tip60
incorrectly: stimiilates IRIF formation, IRIF-dependent excessive
and/or prolonged activation of DDR signaling might have a negative
effect on the survival of cells with DNA damage d ue to excessive DDR
signal-dependent apoptosis. Accordingly, Sirtl may repress DDR sig-
nals by suppressing Tip60 activity: Our results indicated that Sirt]
could not only repress IRIF, but also Rad51 foci formation. This im-
plies that Rad51-dependent HR is negatively reguilated by Sirt1 (be-
cause HR repair is thought to take place at Rad51 foci, our results may
suggest that HR repair can be repressed by Sirt1 [23]). Sirt1 may
achieve genomic stability by negatively regulating HR repair, such
as BLM, p53, and the mismatch repair system, because excessive
HR is deleterious to cells [26]. Inconsistent with this hypothesis,
we found that overexpression of Sirt1 results in reduced cellular via-
bility post-vIR, and that Tip60 can rescue the defect. However, we do
not think that it is difficult to explain the discrepancy. That is; as
shown inFig. 3, despite a significant amount of Sirt1; deacetylation
of Tip60 progressed slowly for some hours after yIR, This phenome-
non suggested that deacetylation of Tip60 by Siit1 is regulated by a
DDR-induced mechanism. Such a mechanism would cause Sirt1 to
negatively regulate Tip60 at an appropriate time point. In our sys-
temn, constitutive overexpression of Sirt1 may result in inappropriate
inactivation of Tip60, leading to theloss of cellular viability. In bud-
ding yeast, ESA1 as well as other HATs are initially recruited to DSB,
followed by. recruitment of HDACs—including: Sir2 (yeast's: Sirtl
homolog)=during HR repair [19]: In also mammals,: the ordered
recruitment of HAT and HDAC to DSB is required for the regulation
of the acetylation state of histones around DSB.

Finally, we have shown that acetylation of H2AX at Lys5 is not
only positively regulated by Tip60, but also negatively regulated by
Sirt1: This complicated regulation of HZAX acetylation may play an
important role in DDR.
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SUMMARY

Naturally arising regulatory T (Treg) cells express the
transcription factor FoxP3, which critically controls
the development and function of Treg cells. FoxP3
interacts with another transcription factor Runx1
(also known as AML1)}. Here, we showed that Treg
cell-specific deficiency of CbfB, a cofactor for all
Runx proteins, or that of Runxi, but not Runx3,
induced lymphoproliferation, autoimmune disease,
and hyperproduction of IgE. Cbfb-deleted Treg cells
exhibited impaired suppressive function in vitro and
in vivo, with altered gene expression profiles
including attenuated expression of FoxP3 and high
expression of interleukin-4. The Runx complex bound
to more than 3000 gene lociin Treg cells, including the
Foxp3 regulatory regions and the //4 silencer. In
addition, knockdown of RUNX1 showed that RUNX1
is required for the optimal regulation of FoxP3
expression in human T cells. Taken together, our
results indicate that the Runx1-Cbip heterodimer is
indispensable for in vivo Treg cell function, in partic-
ular, suppressive activity and optimal expression of
FoxP3.

INTRODUCTION

CD4*CD25FoxP3* naturally occurring regulatory T (Treg) cells
play essential roles for the maintenance of immunological self-
tolerance and: immune homeostasis by actively suppressing
aberrant or excessive immune responses harmful to the host
(Sakaguchi et al,,; 2006). Natural Treg cells specifically express
the transcription factor FoxP3; which critically controls the devel-
opment and the function of Treg cells as illustrated by FOXP3
mutations (Ochs et al.; 2005}, FoxP3 deficiency or dysfunction
in humans results in the development of IPEX (immune dysregu-
lation, polyendacrinopathy, enteropathy, X-linked): syndrome,

which is characterized by severe autoimmune disease; allergy,
and. inflammatory. bowe! disease (Sakaguchi et al., 2006}
‘FoxP3 expression can confer suppressive activity to Treg cells,
suppress the production of cytokines: such: as interleukin-2
(IL=2) and interferon-gamma (IFN-y), and upregulate the expres-
sion of Treg cell-associated molecules including €D25 and cyto-
toxic: T lymphocyte-associated antigen 4 (CTLA-4) (Fontenot
et al. 2002 Hori et al., 2003; Khattii et al., 2003). Recent studies
have shown that the gene regulatory function of FoxP3 requires
its association with other. transcription factors, such as NFAT
(nuclear factor:of activated T celis), NE=xB (nuciear factor-«B},
and Runx1 (runt-related transcription factor 1), also known as
AML1 (acute myeloid leukemia 1), and with histone deacetylases
and acetyltransferases (Bettelli et al;, 2005: Li et ali; 2007: Ono
etal.; 2007; Wu el al.. 2006). Yet, the precise molecular mecha-
nisms by which FoxP3 controls Treg cell function remain to be
elucidated.

The Runx (AML) transcription  factors  consist' of three
members: Runx1 (AML1), Runx2 (AML3), and Runx3 (AML2)
{van Wijnen et al., 2004). All Runx proteins bind to the specific
DNA consenstis sequences (AGCACA) via a highly conserved

- DNA-binding runt domain. Runx binding is stabilized by the asso-
ciation: with CbfB: (core-binding factor B}, a non-DNA-binding
cofactor essential for the function of all Runx proteins (Speck,
2001). The Runx-Cbfp heterodimeric complex interacts ‘with
other DNA-binding transcription factors, coactivators, ot core-
pressors to either activate or repress expression of the target
genes in a context-dependent manner (Durst and Hiebert;
2004: Taniuchi and Littman, 2004); In addition to the essential
requirement of Runx proteins for definitive hematopoiesis: (de
Bruijn and Speck, 2004), Runx1 and Runx3 are crucially involved
in the differentiation and: function of peripheral T cells (Djuretic
etal.; 2007: Komine et-al., 2003; Naoe et al., 2007; Zhang et al,,
2008) as well as thymic T cell development (Grueter et al., 2005;
Sato et al., 2005; Setoguchi et al;, 2008; Taniuchi et al, 2002;
Woolf et al.; 2003). We have previously shown that Bunx1 binds
1o-the promoter of the /2 and Ifng 'genes and upregulates the
production of IL-2 and IFN-y, respectively. Further, FoxP3 binds
to Runx1 in Treg cells, thereby repressing /2 and: Ifng and
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activating the genes encoding CD25 (/l2ra) and:CTLA-4 (Ctlag)
(Ono et al,, 2007). We have also shown that; in vitro, FoxP3 ¢an
interact with the other members of the Runx family, Runx2 and
Runx3, in addition to Runx1(Ono et al, 2007). These findings
collectively - suggest- that” the’ Runx-dependent  transcription
program operating in conventional T cells could be miodulated
in. Treg cells_ through interaction with. FoxP3. Yet, it remains
obscure whether the Runx-mediated gene regulation’is indeed
required for the in vivo function of Treg cells.

In this report, we have generated mice with. Treg cell-specific
conditiona! deletion of Cbfb to analyze in vivo the possible contri-
bution of Runx-dependent gene regulation to Treg cell function
because all Runx proteins need o form a heterodimeric complex
with ' CDbf3. for exerting transcriptinal activities and Cbfp defi-
ciency - disrupts the  function- of the: Runx- complex: (Speck.
2001). Here, we showed that Treg cell-specific Cbff-deficient
mice spontaneously developed lymphoproliferation, atitoim-
mune disease, and IgE hyperproduction: and that Cbfb-deleted
Treg cells exhibited impaired suppressive activity: both in vitro
and in-vivo. In addition; Treg cell-specific conditional deletion
of Rtinx1, but not Runx3, led to the development of immuinolog-
ical diseases similar to those observed in Treg cell-specific Cbip
deficiency. Our findings thus indicate that the heterodimeric
Runx1-Cbfp complex is an indispensable transcription reguiator
for in vivo functions of Treg cells and that it is a potential thera-
peutic target for controlling physiological and pathological
immune responses.

RESULTS

Treg Cell-Specific Deletion of Cbfb and the Resulting
Development of Autoimmune Disease
To. determine whether Runx proteins were required for in vive
function of FoxP3" Treg cells, we generated Treg cell-specific
Cbfb-deleted mice by crossing mice harboring LoxP-flanked
Cbrb allele with Foxp3-ires-Cre (FIC) knockin mice, which faith-
fully express Cre recombinase in: FOxP3? T cells (Naoe et al.,
2007; Wing et al.,. 2008). FIC-mediated genomic deletion of
LoxP-flanked regionoccurred in aimost 100% CD4*FoxP3* celis
and a small population of CD8* T cells (Wing et al., 2008}, With
genomic DNA-PCR analyses of subpopulations of thymocytes
and splenic T cells from Cbfb™: FIC mice; inactivation of the
Cbfb gene was initiated specifically in CD4-single positive
(CD4SP) HSA®CD25"™ mature thymocytes and was completed
in CD4*CcD25" splenic T cells, indicating Treg cell-specific dele-
tion of the Cbfb gene (Figure 1A, left). Some of the CD4*CD25~
T:cells also harbored the genomic Cbfb deletion (Figure 1A,
left). This can be attributed to the presence of CD4*CD25 FoxP3*
Treg cells in this CD4*CD25™ popuilation (Figtire S1 and Supple-
mental Data available online), As a consequence of the gene
inactivation, the CbfB protein was undetectable in CD4*CDo5M
‘splenocytes, although a substantial amount of the Cbfp protein
remained in CD4SP HSA°CD25" thymocytes (Figure 1A, right).
Thus, the Cbif protein is gradually decreased in FoxP3? cells after
Cbib gene deletion in the thymus and almost completely lost in
the periphery, which is consistent with a similar finding with condi-
tional Cbfb deletion by Cd4-Cre transgene (Naoe ef al., 2007).
Notably, Cbb™": FIC mice spontaneously developed severe
lymphadenopathy and splenomegaly with significantly increased
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numbers of splenocytes by 14 weeks of age (Figure 1B). Various
types of immune cells inclugding CD4* T cells; CD8* T celis. B
cells, macrophages, and dendritic cells increased in the enlarged
spleens of Cbib™: FIC mice (Figuie $2). Seventy percent of
Cb'”": FIC mice developed histologically evident gastritis
accompanying high titers of anti-gastric parietal cell autoanti-
bodies in the sera, whereas control Cbib™*: FIC fittermates did
not (Figures 1C and 1D). Flow cytometric analysis revealed that
non—Treg T cells, i.e.; CD4'FoxP3 - conventional T cells and
CDB'-T cells, in Cbib™ : FIC mice showed an_ activated or
memory phenotype; e.g;, CD687, CD122*. CD44", and CDB2L"°
(Figure 1E). CD4' and CD8* T cells abundantly produced
cytokines such as [EN-y, IL-2, IL-4; and [L=10; as revealed by
intracellular cytokine 'staining after stimulation: with PMA and
ionomycin (Figure: 1F). In addition, Cb - FIC mice showed
10-fold elevated concentrations of ‘serurm IgE "and 1.5-fold
increase in serum IgG (Figure 1G). Thus, Treg cell-specific Cbfp
deficiency produced autoimmune disease and led 1o hyperpro-
duction of IgE.

The Effects of Treg Cell-Specific Cbfb Gene Deletion

on Treg Cell Development and Function

To analyze the mechanism of autoimmuriity caused by Treg cell-
specific Cbfb deficiency, we attempted to determine whether
thymic generation and differentiationof Treg cells, their periph-
eral survival, or their suppressive function was affected by the
deficiency.

There was no significant difference in the number of total or
FoxP3' thymocytes between Cbib™: FIC and Cbb™*: FiC
mice (Figure ZA and Figure S3). HSA®CD25MFoxP3*CDA4SP
thymic Treg cells normally developed in Cb65F: FIC mice as in
control Cb™*: FIC mice (Figure 2B). Whereas Runx proteins
were required for the differentiation of immature thymocytes
to TCRB"HSACD4SP mature thymocytes (Egawa et al.
2007), the generation of FoxP3'TCRBYHSA®CD4SP mature
thymocytes was not markedly impaired in Cb6F £IC mice
(Figure S4). Residual CbifB protein might be sufficient to support
differentiation and maturation of FoxP3* cells in the thymus
(Figure 1A).

We next examined whether Treg cell homeostasis was
impaired in the periphery of Cbfb-deleted mice. The proportion
of.CD4*FoxP3* Treg cells to total CD4" T cells and the absolute
number of Treg cells were slightly higher in Cbi™%: FIC mice
than in Cbfb™: FIC mice (Figures 2C and 2D). Notably, Tregcells
in Cbfb"”*: FIC mice showed substantially decreased expression
of FoxP3, compared to those in control mice (Figure 2D}, Expres-
sion of Ki-67, a cellular: marker for proliferation, indicated that
an equivalent or larger proportion. of Treg cells were active in
cell ‘cycle in Cbb™: FIC mice compared: with' control mice
(Figure 2E). In Cbit™: FIC mice, Ki-67" resting Treg cells
showed reduced expression of FoxP3, whereas Ki-67" prolifer-
ating Treg cells expressed FoxP3 at equivalent amotints ‘as
Ki-67" Treg cells in control mice (Figure 2E). In vivo BrdU labeling
also revealed that CD4'CD25" splenocytes in Chb™ - FIC mice
were more actively proliferating than those in C5f*: FIC mice
(Figure 2F). Treg cells in the former expressed only slightly lower
amounts of CD127 (IL-7 receptor « chain) and were not apoptotic
according to 7-AAD (7-amino-actinomycin D) and Annexin V
staining, in accord with the previous finding that Burix7-deficient
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Treg cells in Runx17: Cd4-Cre mice were apoptosis resistant
(Egawa et al;; 2007) (Figures 2G and 2H).

Phenotypically, Cbrb-deleted Treg cells expressed CD25 and
glucocorticoid-induced. tumor: necrosis factor receptor family-
related protein (GITR) at higher amounts and CTLA-4 at equiva-
lent amounts compared to control Treg: cells, whereas they
scarcely expressed CD103 inaccord with the finding that Runx3
controls €D103 expression (Grueter et al., 2005) (Figure 3A).
Neither Cbfb-deleted nor control Treg cells proliferated in
response 1o in vitro: polyclonal TCR stimulation. with anti-CD3
(Figure 3B). Yet, Cbfb-deleted Treg cells were less suppressive
in vitro (Figuie 3C). In'addition; they failed to prevent the develop-
ment of colitis and weight loss in SCID mice when cotransferred
with BALB/c CD4'CD25-CD45RB™ T cells, in contrast to effec-
tive disease prevention by cotransfer of control-Treg cells (Fig-
ures 3D-3F), Similarly, Cbfb-deleted Treg cells failed to suppress

14 weeks of age. Data are representative of three
experiments.

{G) Titers of igG and IgE in the sera of 8-week-oid
CbiF; FIC and Chib™*: FIC littermates (n'=:10)
were assessed by ELISA. Horizontal lines represent
averages fromeachgroup. ™' p=0.04;""""p=0.001.

the development of gastritis: (data ‘not

shown). Cbfb-deleted Treg celis survived

when transferred. to: SCID: mice : (Fig-

ure : S5A); indicating: that the impaired

in--vivo suppressive - activity: of Cbfb-
deleted Treg cells was not due to their shorter survival: In addi-
tion,: the attenuated CD103 expression in: Cbfb-deleted Treg
cells: (Figure S5B) would not be responsible: for: the impaired
Treg cell function because others reported that Treg cell-medi-
ated. control: of ‘colitis did: not require: GD103 'expression: by
Treg ceils (Annacker et ak, 2005);

Collectively, these findings indicate that:failure in Treg:cell-
mediated self-tolerance in Cbfb™: FIC mice is not due to numer-
ical deficiency, reduced proliferation, or enhanced apoptosis of
FoxP3* Treg cells; but due to their impaired suppressive activity.

Chrb-Deleted Treg Cells Show Hyperproduction of iL-4
Treg cells hardly produce cytokines such as [L-2; IEN-v, and IL-4
{Sakaguchi et al., 2006). Flow cytometric analysis revealed that
a larger proportion of FoxP3* Treg cells from Cbfb™: FIC mice:
produced L-4 and IL-10 compared to Treg cells from control
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Figure 2. Generation and Homeostasis of
Treg Cells in Cbfb™'F: FIC Mice

{A} The absolute numbers of FoxP3” thymocyles
from: 2-vieek-old’ Cbib™: FIC and Cbib™*: FIC
linermates (n = 3} are shown as the mean = SD
value.

(B} Expression of CD25 and FoxP3 by CD4SP
HSA® thymocytes from 3-week-old Cbib™*: FIC
and Cbfb™*: FIC littermaltes. Results represenia-
tive of three experiments are shown,

(C) The absolute nurmnbers of CD4” FoxP3" spieno-
cytes from Cbib™: FIC and Cbfb™*: FIC litter-
males {n = 3} at 2 weeks and 3 months of age are
shown as the mean = SD value, 'p = 0.05.

(D) Expression of FoxP3 by CD4” spleriocytes from
7-week-old Cofs™: FIC 'and Cbb™: FIC litter-
mates. Resulls representative of five experiments
are shown.

{E} Expression of Ki-67 and FoxP3 by CD4* T cells
from. 7-week-old Cbb™F: FIC and CbIb™: FIC
litermates. - Data. are. representative of three
experiments;

(F} 9-week-old Cbio™: FIC and Cb1b"'*: FIC litier-
mates were injected: with' BrdU for. 3 days, and
incorporation of BrdU: into' CD4*CD25™ spleno-
cyles: was assessed by flow: cytometry. Results
representative of four experiments. are shown,.

(G}, Expression of CD127 and FoxP3 by CD4*
T cells from 7-week-old Cbfb™: FIC and Cbib™:
FIC littermates, ' Results representative: of four
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mice; whereas there were no. substantial differences in: the
percentage of IL-2- or {FN-y-producing cells among. FoxP3*
Treg cells (Figure 3G). Few IL-17-expressing FoxP3* Treg
cells:were present. in: both groups of mice: (Figure 3G). The
amount of mRNA for each cytokine in CD4*CD25" cells: in
CbibfF: FIC and control mice correlated  with: the - protein
expression. However, mRNA for |L-17, which was detectable
in Cbfbf’*: FIC mice, was substantially lower in. Cbio™ ' FIC
mice (Figure 3H).

Next, the expression: of transcription. factors: Foxp3, Tbx21,
Gata3,-and Rorgt; all of which are essential for Th or Treg cell
lineage differentiation, were examined. in. Cbfb-deleted Treg
cells.: Foxp3 mRNA 'expression decreased in: Cbfb-deleted
Treg cells, which is consistent with decreased FoxP3 expression
at the protein level (Figure S6Y). In contrast to the hyperproduction
of Th2 cell cytokines IL-4 and IL-10, mRNA expression of Th2
cell-specific transcription factor Gata3 in Cbfb-deleted Treg cells
was' equivalent to: that in control Treg cells, whereas Cbfb-
deleted Treg cells showed higher. expression of Th1 cell-specific
transcription factor: Thx21. Thus, hyperproduction: of :-Th2: cell
cytokines by Cbfb-deleted Treg cells was not due to overexpres-
sion of Gata3, although: it has been reporied that Runxi
represses. Gata3: expression: in: conventional CD4* T celis
(Komine et al, 2003).. The expression of Rorgt, which controls
the differentiation of IL.=17-producing Th17 cells; also decreased
in: Cbfb-deleted Treg cells compared with control Treg cells
(Figure S6). Taken together, our findings show that Cbip-defi-
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Annexin V.|~

{H) 7-AAD and AnnexinV staining’ of CD4*CD25"
cells from 8-week-old Cbb™F: FIC and littermate
control mice. Results representative of two exper-
iments are shown.

cient Treg cells transcribed /178 and: Rorgt to lesser extents
than control-Treg cells, whereas //4; 1110, and Tbx21 were more
actively transcribed in the former.

Genes Possibly Associated with Impaired Suppressive
Function of Cbfb-Deleted Treg Cells

To elucidate the molecular mechanisms underlying the dysfunc-
tion of Cbfb-deleted Treg cells; we examined gene expression
profiles ‘of CD4*CD25" cells from Cbb™: FIC and littermate
CbIbF™*: FIC mice by expression microarray. We first focused
on the previously described “Treg cell signature” genes, which
are differentially expressed between Treg celis and conventional
CD47 T cells and therefore thought to be closely related to Treg
cell-intrinsic. - properties - including  suppressive - function (Hill
et al., 2007). Sixty-nine signature genes including Socs2 and
Nrp1 were found to be differentially expressed in Cbfb-deleted
Treg cells (unpairedt test, p < 0.05. see Tabie St1). Yet, there
were not signiticant differences in the expression of many well-
known Treg: cell-associated genes, such as Ctfa4, Tnfrsfi8
(Gitr); Gzmb,: Folr4, and. Gpr83;. between Cbfb:deleted and
control: Treg cells (Figtire 4A). Decreased mRNA expression of
ltgae (CD103) in Cbfb-deleted Treg cells was consistent with
the aforementioned flow cytometry' results (Figure - 4A and
Figure :3A). Using the false discovery rate (FDR)-controlling
procedure (FDR < 0.2), we further attempted to determine other
genes that were differentially expressed in Cbfb-deleted Treg
cells. We found that 22°'and 24 geres were significantly Up- or
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Figure 3. lmpaired In Vivo- and In Vitro-Suppressive Activity of Chfb-Deleted: Treg Cells

{A) Expression of FoxP3 and other Treg cell-associated molecules by CD4* T cells from 7-week-old Cbfb™F: FIC and.Cbib™”*: FIC littermates. Results represen-
{ative of at least three experiments are shown.

(B) CD4*CD25. conventional T cells from wild-type BALB/c mice and CD4*CD25" cells from Chfb™: FIC and Cbib™: FIC littermates were stimulated in vitro for
3 days, and cell proliferation was assessed by thymidine incorporation. Data are mean = SD of triplicates done in one experiment representative of seven.
(CyIn vitro suppression assay With CD4*CD25- T cells from 6-week-old wild-type BALB/c mice as responders and ©D4*CD25" T cells from 5-week-old ChibE:
FIC (red lines) or Chib™*: FIC (blue lines) littermates as suppressors. Data are mean + SD of triplicates done in one experiment representative of four. *p = 0.004
(unpaired t test). ; .

(D) Eight-week-old C.B-17 SCID mice received 4 x 10° CD4*CD25~ CD45RB" cells purified from wild-type BALB/c mice either alone (black lines) or together with
3% 103 CD4*CD25" cells purified from 6-week-old Chib™F: FIC (red lines) or Cbib™*: FIC (blue lines) littermates. Body weight is represented as the percentage of
initial weight (mean + SD). Results from a total of four independent experiments are shown.”’p = 0.01; *"p = 0.02, Chibt '+ FIC versus CbibT*: FIC by Mann-
Whitney U test. '

{€) Hematoxylin and eosin staining of sections from colons of SCID mice transferred as described in (D) {n = 3 each group). Representative photomicrographs are
shown. Scale bars represent 10.0 pm.

(F) Colitis were histologically scored (n'= 3 each group).

(G} Costaining of FoxP3and the indicated cytokines in CD4* T cells from 14-week-old Cbib"’F: FIC and Chib™*: FIC littermates fter the stimulation with PMA and
jonomyein for 6 hr. Results representative of three experiments are shown,

{H) Relative mANA expression of the indicated cytokines in CD4*CD25™ cells purified from Chib’%: FIC and Cbib™*: FIC littermates al 6 weeks of age. Data are
representative of two experiments. ;
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Figure 4. Gene Expression Analysis of Treg

Chib": FIC CHIVFTFIC Cells in CbfbF % FIC Mice
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downregulated, respectively, in: Cbfb-deleted Treg cells (Fig-
ure 4B and Table S2). Differentially expressed molecules
included IL-4, CCRS, leukotriene B4 receptor 1 (Ltb4ri, also
called BLT1), and CD160, which are secreted or have exiracel-
lular regions possibly involved: in cellular interactions.

The Runx Complex Binds to the Regulatory Regions

of Many Genes Including Foxp3 and Ii4

To further investigate Runx-dependent gene regulation in Treg
cells, we attempted to identify target genes of the Runx complex.
Genome-wide  analysis with chromatin  immunoprecipitation
(ChiIP) coupled with promoter tiling array showed that the Runx

- complex bound to the promoter regions of 3566 genes including

Foxp3(Figure 5A and Table S3): Similar analysis with the custom-
ized array covering the Foxp3 gene locus revealed that the Runx
complex bound to several regions of the Foxp3 gene in Treg celis
prepared from wild-type BALB/c mice (Figure 5B; left). It has
been reported that the following three conserved: noncoding
sequences. (CNSs) contribute to Foxp3 expression: one CNS
located in 0.5 kb upstream of the transcription start site (CNS1)
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mRNA expression profiles of CD4*CD25™ T cells
from Cbio™: FIC and Cbib™: FIC littermates
B oo were analyzed by expression microarray (n = 3),
% ok (A} shows fold change in expression of representa-
R <1 tive "Treg cell signature” genes in CD4*CD25™
Siaté T cells from Cbb"": FIC mice versus Cbib™
Agpatd FIC littermates.. >, p = 0.01; >, p = 0.03; ", p =
Zz:” 0.02 {unpaired t test). (B) shows a heat map of
Neodd genes' differentially. expressed’ in- CD4*CD25"

T cells of Cbb™™: FIC mice with statistical signifi-

Lgals3bp
Sle25819 cance (FDR < 0.2},
Ankrdi6
Marcks
Syrie2:
EpnZ
Coch
KIk1b11 and two CNSs located in the first intron
. g;':'go (CNS2' and: CNS3) (Kim' and Leonard:
p3z00s023rk - 2007 Mantel: et al.|" 2006 Tone et al,
f:ca‘ﬂ 2008}, The binding of the Runx complex
ve! to CNS1 and CNS3 of the Foxp3 gene in
Treg cells was: detected, although the
binding “to. CNS2 'was  not. examined
because of unavailability of appropriate
probes for this region (Figure 5B, left).
Conventional: ChiP assays revealed' that
the Runx: complex bound 1o CNS2 as
well as CNS1 and CNS3: of the Foxp3
gene.in Treg cells, but not to the region
at: 1 kb upstream of Zbtb7b (Th-POK)
exon la (UP1), which was used as a nega-
otz tive-control locus (Setoguchi‘et al., 2008)
Timemi149 (Figure 5B, right). In. CNS1 “and CNS3,
180 but not:in. CNS2, there are conserved
;’;’:;;49 Runx-binding consensus sites (ACCACA)
Smurz (Figure S7 and S8), suggesting that the
Statd Runx. complex might bind 1o CNS2 via
Z’:j, associating with other molecules:
Because  Cbfb-deleted : Treg : cells
showed ' IL-4. hyperproduction " without
overexpression of Gata3, we investigated how the Runx
complex controlled //4 expression in Treg cells. By promoter
tiing array analysis, we could not detect the binding of the
Runx complex to the /14 promoter region in Treg cells: However,
by coupling ChIP assay with custom tiling array for the Th2 cyto-
Kine locus :(~200 base intervals), we found that the Runx
complex. bound to the /i4 silencer in Treg cells (Figure 5C,
left). We further confirmed this binding by. conventional ChIP
assays (Figure 5C, right). Thus, the Runx complex may repress
114 expression in Treg cells via binding to the /4 silencer as in
naive CD4* T cells and Th1 cells, as wé and others have recently
reported. (Djuretic et al., 2007; Naoe et al., 2007). ChIP and
promoter tiling array also revealed that the Runx complex
bound 1o the promoter region of the Ifng gene in Treg cells,
being consistent with our previous finding: that' Runx1 bound
to this region (Ono et al., 2007) (Figure S9). The Runx complex
also bound to the reguiatory region of the Gzmb ‘gene, which
is highly expressed in Treg cells in specific enviroriment and is
involved in. Treg cell-suppressive function (Cao et al., 2007
Gondek et al., 2005) (Figure S10). Thus, the Runx complex binds
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to the regulétory regions of Foxp3, Ii4, 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
EoxP3 expression in Treg cells. Because introduction of siRNA
against. RUNXT. into human Treg cells. efficiently repressed
RUNX? expression (Ono et al., 2007); we examined the effect
of RUNX1 knockdown on FoxP3 expression in FoxP3-express-
ing T cell line MT-2 and in primary human CcD4*CD25" cells.
Both. MT-2 cells and human Treg cells showed attenuated
expression of FoxP3 after RUNXT siRNA transfection, indicating
a key contribution of RUNX1 to the maintenance of constitutive
FoxP3 expression (Figure 6A). Even in the presence of 100 U/ml
of -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 RUNX1

“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

M U 2607

Figure 5. Binding of the Runx Complex to
Regulatory Regions of Foxp3 and li4

(A) The Runx complex bound 1o promoter regions
of various genes in Treg cells. MACS-purified
CD4*CD25* T celis of wild-lype BALB/c mice
were subjected 1o ChiP with anti-Cbf 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 thymocytes and peripheral
CD4*CD25" T celis from BALB/c mice was exam-
ined thiough: a custom tiling array for the Foxp3
jocus coupled with ChIP with Cbift antibody (left).
Tre signal intensity value of anindividual probe
is represented by a red dot in correspondence to
the structuré” of the: mouse. Foxp3: gene: and
miouse-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

§ é\%\i&& the Runx complex to CNSs of the Foxp3 gene and
SE S the UP1 region of the Zbtb7b gene was assessed

B CNS1 by conventional ChiP assays (right).
C N chs: | Fore3 . (C) The Runx complex bound to.the /14 silencer in
CNS3 Treg cells of BALB/c mice. The: binding of the

Runx complex to the. Il4 silencer in CD4*CD25™
T celis 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).

m 114 sliencer.

primary naive CD4* T cells, in which T cell receptor (T CRY) stimu-
lation can induce FoxP3 expression (Mantel et al.; 2006; Walker
et al.; 2003), RUNX1 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 thosé
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 6E,
left). In contrast.to CNS1, the CNS3 construct, either of wild-
type or mutant, showed no response to the stimulation: (Fig-
ure BE; 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, 2008 ©2009 Elsevier Inc. 615
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Figure 6. RUNX1 Was Required for Optimal
Reguiation of FoxP2 Expression

{A4) Expressior of FoxP3 by MT-2 cells and humar
primary CD4" T cells transduced with control or
RUNX1 siRNA 3 days and 4 days after transduc-
tion, respectively. Results representative of three
experiments aré shown.

(B} Effect of exogenous IL-2 on FoxP3 expression
by human. primary CD4"CD25"CD45R0O ™" naive
Treg ‘cells: and” CD4*CD25"CD45RO" ‘memory
Treg. cells: transduced’ with ‘control- or RUNXT
SiRNA. siRNA-transduced humar Treg cells were
purified 24 hr after transduction: this: process
was followed by culture for 3'days in the presence
of the indicated concenirations of exogenous IL-2.

% ;. | Controt
: Numbers shown below: the gates: indicate the

SIRNA

MF1 (FoxP3).

FoxP3

RUNX1
SIRNA

Cell number (% of max)

.

mean fluorescence intensity (MFlj of FoxP3 in the
gates. Dataare representative of two experiments.
(C} Relative mRNA expression of FOXP3 in MT-2
cells transduced with control or RUNXT siRNA 24
hr and 48 hr after transduction; RNA was extracted

RUNX1
T ) siRNA

from purified P} {propidium iodide}-negative viable
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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™F: FIC Mice

Because both Runx1 and Runx3 were expressed. in Treg celis
(Figure 512; Ono et al., 2007), we next investigated which orie
played a key role for Treg cell function in vivo, We generated
Runx1™: FIC and Runx3™: 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 Cbip
FIC mice, whereas IgG production was not significantly aitered
(Figures 7A-7D). By contrast, Runx3™: FIC mice did not develop
gastritis, parietal cell antibodies, or hyperprodiction of IgE
{Figures 7B-7D). Runx1- but not Runx3-deleted Treg cells
showed attenuated: FoxP3 expression as observed in Chfb-
deleted Treg cells (Figure 7E). In addition, Runx1- or Runx3-
deleted Treg cells: did: not lose CD103 expression, Whereas
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MT-2 cells:: Results of three experiménts are
shown as the mean 't SD values, "p = 0.01; Tp=
0.0001 (unpaired t test). .

(D) RUNX1: knockdown  attenvated - activationi-
induced FoxP3 expression in human primary naive
CD4’ T cells. siRNA-introduced  CD4*CD25~
CD45R0O™ naive T cells were stimuiated with anti-
CD3 and anti-CD28 in the presence of antigen-
presenting cells: for 2 or 4 days. Numbers shown
above 'the: gales  indicate  the  percentages of
CD4*FoxP3" cells in CD4* T cells; Results repre-
sentative of two experiments are shown,

(E and Fy Activation.of the FOXP3 CNS1 by stimu-
lation  with: PMA and ionomycin: is. dependent on
Runx-binding consensus sequences. The FOXP3
CNS1 and CNS3 constructs with or without muta:
tions:in Runx sites were transtected: into human
primary CD4".T cells (€} and ATL 43T cells (F) and
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;

[ Medium
B PMAjionomycin

60

£J Medium
| PMA+{onomycin

Cbfb-deleted Treg cells lost it, indicating that Runki and
Runx3 function redundantly in the regulation of CD103 expres-
sion_(Figure 7F). Also, the finding indicates that autoimimiune
phenotypes due to Cbfp deficiency in Treg cells is ot attributed
to the loss of CD103 expression because CD103 expression was
not altered in autoimmune Runx1™: FIC mice. Our results thus
demonstrate that Runx1, 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 celi-specific deficiency of
Cbfp or Runx1, but not Runx3; impaired in vivo Treg cell function;
resuiting in the development of atitoimmune disease and hyper-
production of IgE. The immunological diseases were similar in
spectrum 1o those found in FoxP3 mutant or -deficient mice,
although the disease severities ‘were much milder {Sakaguchi
et'al.; 2006).
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Figure: 7. Development: of Autoimmune
i Disease . and.: Hyperproduction: of IgE: in
it Runx1™F: FIC. Mice, but Not_in- Runx3’'":

i FIC Mice

(Ay Hematoxylin and eosin staining of stomach
séctions of 8 to G-week-old Runx17F: FIC and
% Runx15: FIC littermates (= 7). Representative
—> photomicrographs are: shown. Scale: bars repre-

sent 10.0 3m:
(B} Titers of parietal cell autoantibodies in the sera

Riny1:7 Rorx 117 Runy 3" Rurix377.
FiC. - o FIC FIC o FIC s of 8- t6 S-week-oid Runx1" > FIC and Runx1™*:
080 BE 26 T 1E.CE L L3 0L B FIC liérmates in = 7) (ieff and Runx3F: FIC and
Cioloe el £ i Lol ey L S5 Runx3 T FIC Vittermates {n = 7 (right) were
S e & [ 3 ; : assessed by ELISA: Horizontal lines: represent
Cios . Cios b j‘ Y5 Y 76 &5 - averages from each group.’p = 0.01.
& o0 T ey iy 0ol in3 45.2'{ .7y - {Cang D) Titers of igE (C) and IgG (D) in the sera of

Runxt™ Runx 11F Runx3%: Rum3d’™%.

i 8: o 9-week-old Runx1™/%; FIC-and Runx17%: FIC

FIC: FIC FIC FiC

GITR

& Gastritis Grage 0
© Gaslrilis Gfade 1
* Gaslritis Grage 2

fitterrmates (n'= 7) and Runx3""; FIC and Runx3"*:
FIC littermates {n = 4) were assessed by ELISA.
Horizontal: lines ‘represent averages from. each
group.*'p = 0.002.

(E) Flow cytometric analysis of FoxP3 expression
by CD4* T cells from Runx17%: FIC and Runx1™:

FIC litermates (lefty and from: Runx3™: FIC and

Runx3™+ FIC ittermates (right) at 7. weeks of
age. Results representative of three experiments
are shown.

(F} Expression of FoxP3 and the indicated mole-
cules by Runx17%: FIC and Runx1™*: FIC litter-

mates and by Runx3™%: FIC and Runx3™*: FIC
littermates at-7 to 10 weeks of age. Results repre-
sentative of three expetiments are shown.
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We have previously shown that Runx1 binds to the promoter of
the 1/2 and /fng genes and enhances IL-2 and IFN-y production in
conventional T cells. Conversely, the FoxP3-Runxt complex,
together with other transcription factors suchas 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 complexindeed impairsinvivo 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 l/17a and Rorgt 1o lesser extents than
control Treg cells, whereas /l4, 110, and Tbx21 increased in the
former. Other studies have shown that Runx1 inducesthe expres-
sion of RORyt, interacts with RORyt in conventional T cells; and
regulates //17 transcription via controlling the promoter or
enhancer regions of the /17 gene (Zhang et al, 2008); Runx3
also acts with T-bet to activate /fng and silence //4 via binding
to the ling 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
16 the CDB* 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, Th17, and
Treg cell. Further, phenotypical differences between Runxi-
and Runx3-deleted Treg cells suggest that Runx1 and Runx3
differently contribute to the differentiation and the functions of
T cell subsets. The Bunx complex may thus function as an essen-
tial core transcriptional “modifier’ toregulate specialized effector
functions of CD4* T cell subsets by associating with particular
lineage-specific transcription factors including FoxP3.
Regarding the mechanism. by which Treg: cell function is
impaired in Cbfp- or Runx1-deficient Treg cells, a notable finding
is- that CbfB or Runx1. deficiency. accompanies attenuated
expression of FoxP3 at mRNA and protein levels. Because atten-
uated FoxP3 expression can lead to 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; Nrpt and
Pde3b, 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
Cbfb-deleted Treg cells. They include /4, Ltb4r1, Cd160, and
Cer5.-all of which were overexpressed in Cbfb-deleted Treg
cells: Of particular note is the hyperproduction of IL-4 by Cbfb-
deleted Treg cells. Elevated IL-4 may contribute to the impaired
Treg cell-mediated suppression in Cbfb-or Runx1-deleted Treg
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cells because it has been shown that the'addition of exogenous
IL-4renders CD47CD25™ conventional T cells resistant to in vitro
Treg cell-mediated suppression (Pace el &l., 2008). We and
others - have . previously reporied  that’ the Runx complex
represses. //4 via. binding 1o the /4 silencer in naive CD4*
T cells and . Th1 cells (Djuretic et al., 2007; Naoé &t al.. 2007).
QOur observation: that the Runx complex bound to the I/4 silencer
in.Treg- cells suggests that the: complex similarly represses /l4
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 attributed, at least in part,
to the reduction of FoxP3 and the hyperproduction of IL-4, in
addition: to: the impaired. formation of the Runx-Cbff-FoxP3
complex (Ono et al.; 2007).

The maintenance of constitutive FoxP3: expression: in Treg
cells appears to. require the Runx: comiplex. 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 tnstimu-
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 acetylation: via
interacting ' with - histone . acetyltransferases ' (Yoshida  and
Kitabayashi, 2008). This suggesis that the binding of the Runx
complex to the Foxp3 gene regulatory:regions may contribute
to constitutive FoxP3 expression through epigenetic regulation.
Itis also possible that the deficiency of the Runx complex may
primarily dysregulate other genes encoding molectles 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 atitoim-
mune diseases including systemic lupus erythematosus, rheu-
matoid arthritis, and psoriasis (Alarcon-Riquelme, 2004; Helimis
et al.. 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 ef al.. 2003). It is thus likely
that genetic alterations of RUNX T 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-Cbff comiplex 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/¢

mice. were purchased. from:Japan SLC (Shizuoka, Japan). Foxp3-ires-Cre
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(FIC), Runx1”, Runx3”, and Chfb" mouse strains were described previously
(Huoe et o, 20070 Tariochi et al, 2002; Wing et o, 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 with 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
(APCj-conjugated mAbs. for CD4, CD8, CD25, HSA (CD24), TCR}:, Cheg,
CD122, CD44. CD62L, CTLA-4, Ki-67,/CD127, CD103, IFN=y, {L-2, IL-4,
IL-10, and: IL-17 were’ purchased from BD Biosciences, Biotinylated anti
GITR (DTA1) was previously described (St #1 o, 20525, APC-conjugated
anti-mouse Foxp3 (FJK-16 s} was purchased from eBioscience, The following
mADbs were: used: for: detecting human antigens: PerCP-Cy5.5-conjugated
anti-CD4 - and FITC-conjugated  anti-CD45R0: from BD' Biosciences and
biotinylated anti-human FOXP3 (236A/E7) from eBiosciences. Chif antibody
was generated by immunizing rabbits with peptides corresponding to the
N-terminal of Cbifs.

Histology
Gastritis and colitis were graded in a blinded fashion in ‘accordance with the
published criteria {Asano el al.; 1896; Assewian el al., 1999). :

Immunoblotting
Lysates prepared from purified 5 X 10° cells were loaded and immunoblotied
with anti-Cbff3.

ldentification of Cbfb" and Cbfb-Deleted Alicle by PCR

Equivalent. amounts of genomic DNA extracted from individual lymphocyte
subset. were. subjected ‘to’ multiplex: PCRwith the foliowing ‘primers:: G2,
5-CCTCCTCATTCTAACAGGAATC-3'; G3, 5'-GGTTAGGAGTCATTGTGATC
AC-3'; and G6, 5'-CATTGGATTGGCGTTACTGG-3". Cbib" and Chib-deleted
alleles were: identified by PCR amplification: with the G3/G2 and the G3/G6
primer pair; respectively. (Fiaure: $13). The Chib’ allele:specific and: the
Cblb-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 1gG- and: IgE levels
were assessed by ELISA with Mouse IgG ELISA Quantitation Kit {Bethyl Labo-
ratories) and OptEIA Mouse' IgE ELISA set (BD Biosciences), respectively.

Cell Sorting

Fresh mouse CD4" T cells were isolated as previously described (Hori et al.,
200%). Then, CD4' T cell subpopulations including CD4*CD25" cels;
CD47CD25 . cells, and CD4?CD25:CD45RB" cells were purified by sorting
with a cell sorter (MoFlo, Dako). In some experiments, CD4*CD25* cells

-were purified by MAGS (Miltenyi Biotec).

Intraceliular Cytokine Staining ;
Cells were stimulated for 5 hr with 20 ng/mi phorbol 12-myristate 13-acetate
{PMA) and 1 nM ionomycin in the presence of GolgiStop (BD Biosciences).
For intracellular cytokine staining, stimulated cells were. stained. for surface
antigens; fixed, permeabilized. with BD Cytofix/Cytoperm (BD Biosciences),
and- stained by anti-cytokine.: For costaining: of intracellular 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 Siuppression Assay

Actotal of 2:x 107 responder T cells were cultured with or without graded
numbers of suppressor cells for 3 daysin the presence of 4 x 10° antigen-pre-
senting cells {mitomycin C-treated Thy1.2* cell-depleted BALB/c splenocytes)
and 0.5 pg/mi CD3 antibody {(145-2C11,BD Biosciences). [*Hjthymidine (1uCi
well) was added during the last:8 hrof culture,
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Quantitative Real-Time RT-PCR

Total RNA was prepared from célis of interest with RNeasy Mini Kit (QIAGEN],
cDNA was synthesized from total RNA with SuperScript Hil reverse transcrip-
tase and oligo{dTjiz.1s. 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 listed
in Takic S20 Al samples were run in triplicate and the data were normalized
to Hprt mRNA expression.

Chromatin 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 cross-
linked" DNA’ The ¢ell extract was incubated: overnight at 4 C with 100il of
Dyrial- anti-rabbif IgG magnetic beads that: had. been preincubated with
10 jig of the Cbf antibody. Beads were washed. five times with RIPA buffer
and one time with TE containing 50 mM NaCl. Bound complexes were eluted
from the beads by heating 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:chioroform:isoamyl: aicohol extractions.
For conventional: ChIP. assays, the precipitated DNA was: subjected to PCR
ampilification. The primers used are as follows; FXCNS1-for, 5-AGCCCTGT
TATCTCATTGATAC-3"; FXCNS1-rev, 5-GACCTCGCTCTICTAATAATCC-3';
FxCNS2-for, 5-CCCATACCCACACTTTTGACCTCTG-3'; FXCNS2-rev, 5-GC
ACTTGAAAATGAGATAACTGTTCA-3'; FxCNS3-for, 5'-CTGGCATCCAAGAA
AGACA-3'; 'and FXCNS3:rev, 5-GGCTTCATCGGCAACAA-3. Primers for ll4
silericer region and for the region at 1 kb upstream of Zbtb7b {Th-POK]) exon
fa (UP1) were  described previously (Naoe et al.. 2007; Setoguchi et al.
2008}, For a ChiP-on-chip experiment; purified DNA was amplified twice by
L M-PCR.in accordance with the manufacturer’s protocol (Agilent}. We used
mouse promoter array and custom microarrays generated by Agilent that tiled
through several loci via 80-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
oligonuciectide 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 software (Agilent).

RNA Interference

MT-2 cells and MACS-sorted primary human CD4” T cells were transduced
with BUNXT siRNA (HSS141472; Invitrogen) or Stealth BNAi negative control
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 (15/)ig) 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 Celis
CD25-CD45R0O" primary human naive T cells were negatively sorted with
MACS Pan T Cell isolation Kit ll, CD25 MicroBeads, and CD45RO MicroBeads
{Miltenyi Biotec). A total of 7. x 10° purified naive T cells were transduced with
control or RUNX1 siRNA with a Human T Cell Nucleofector Kit (Amaxa}, mixed
with 4 X 108 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
cultured in a volume of 200 il {96-well plates) in the presence of 0.01 ig/m!
anti-CD3 (OKT3) and 0.02 jig/mi anti-CD28 (CD28.2} for 4 days. Blood samples
were obtained frorn healthy adult volunteers (2040 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.

ACCESSION NUMBERS

Microarray data are available from the National Center for Biotechnology Infor-
mation Gene Expression Omnibus (GEO) under accession number GSE18148.

SUPPLEMENTAL DATA

Supplemental Data inciude 13 figures, 5 tables, and Supplemental Experi-
mental Procedures; and: ¢an be found: with this arficle onling at iy,
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The epigenctic mechanism involving chromatin modification plays a critical role in the maintenance of the
expression of Hox genes. Here, we characterize a mutant of the medaka fish, named biaxial synunetries (bis),
inwhich: Brpf1 a subunit of the MOZ histone acetyl transferase (HAT} complex. is mutated. The bis mutant
displayed patterning defects both in the anterior—posicrior axis of the craniofacial skeleton and the dorsal-
ventralaxis of the caudal one. Iiv the anterior region; the bis ntant cxhibited craniofacial cartilage homeosis.

The expression of Hox_genes: was: decreased: in: the pharyngeal ‘arches, ‘suggesting that:the: pharyngeal
scemental identities were. altered in-the bis: niutant I the. posterior. region, the: bis mutant exhibited
abiormal patterning of the caudal skeleton; which ectopicaily formed at the dorsal side of the caudal fin: The
expression of Zic gencs was: decreased a {he posierior. region, suggesting: that the: dorsal=ventral axis
formation of the posterior trunk was disrupted in the bis mutant. We also found that the MOZ-deficient mice
exhibifed an-abnormal ‘patterning of their craniofacial ‘and: cervical. skeletons: and - a decrease of Hox
transcripts. We propose a comimon role of the:MOZ HAT complex i vertebrates, a complex which is required

Skeleton
Firy ray

for the proper patterning for skeletal developmoent:

L © 2009 Elsevier Inc. All rights reserved.

Introduction

Determination of 3 axes, i.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 embryo-as it forms from the
fertilized egg to achieve the proper morphology (Beddiniion and
Robertson, 1999 Kuratani, 2005). The A=P axis is governed by Hox
senes, which encode homeodomain-containing transcription factors.
Hox senes were first described in Drasophila for their ability to cause
seamental: homeotic transformation:in the body plan (Lewis. 1978
Wellik, - 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.embryo,
whereas genes located:at the more 5" genomic position.of the Hox
clisters’ are. activated . subsequently in-‘the more postetior parts
(Frohman et'al; 1993; Kmita and Duboule, 2003; Kondo and Duboule,
19949). The existence of a 'Hox code’ has been proposed to assign
morpliclogies to each segment as a result of the combination of the
expression of each Hox gene (Kuratani; 2005; Wellik,-2007).

*:Coyresponding author, Faxe+ 8145 924 5718.
E-maikaddyess: skododbioiitedniacip (A Kado)

0012-16067% = soe ront matter € 2000 Elsevier ney All vights reserved.
doi 10,1016 1A bie. 2000.02.021

Anteriorly, the: craniofacial skeleton is derived: from the: head
segmented pharyngeal: arch, the: fate of which is determined by. Hox
genes located at the 37 end of the chromosome { Piotrowski-and Nusslein-
Volhaid, 2000 For instance, targeted inactivation of HoxXa2 in mice causes
homeotic: transformation of the second arch to-the skeletal element
derived from the first arch-with reverse polarity (Gendron-Raguire et al.,
10937 Rancourt o al 1995: Santacati et 3L, 2003). Posteriorly, the fate of
the skeletal identity in the tail region'is determined by Hox genes located
at the 5% end of the chromosome. (Weilil-and Capecchi, 2003 ). Targeted
disraption of Hox13 groups results in an anterior shift of morphology of
the vertebrae {Dolle et ok, 1993; Eeonomides et al, 2003; Godwin and
Capecchi, 1998). Thus, the proper regulation of Hox genes is required for
the proper marphology 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
(Deschampsetal 1999: Deschamps and vaneNes; 2005). The initiation
of the expression of Hox genes depends on fibroblast growth: factor
(Fef) and retinoic acid (RA) signals, and the counter gradients of Fef
and RA signals tontrol the A-P axis formation via regulation of the
expression of these Hox genes (Bel-Vialaret al, 2002 Deschamps and
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vani Nes, 2005: Biez del Coral and Starcv, 2004). Maintenance of stable
expression patlerns of the Hox genes is resulated by the Polyconib-
group (PG and Trithorax group { TrxG ) of proteins, which are involved
in the epigenetic mechanism via modulating the chyomatin structure.
Previous reports have demonstrated that PeG proteins repress the
expression of Hox venes, whereas TrxG proteins maintain the active
state of their expression (Fapp nd Muller: J006: Sashnikova ang
Lubnude, 2008): In mammals. targeted: disruption- of PeG genes; bmi;
mel-18, 33, and rae28, causes an anterior shift of the expression of
Hox genes, which results in the homeotic transformation of vertebrac
to posterior segmental ident aEa el el 100 Pooct el
2001 Coreetal 1907 ¢ ; G obal, 20000 SuzakivriL o0
Takihara ¢t ol 1967 1 Targeted distuption of amammalian iy gene; mil
in mice, causes a gradual réduction in the expression of Hox genes
during development {Claoor e ol Toeet ah, 08, 19955 In
addition, a histune acetvlitransferase [HAT, of the MYST family, Moz
(Myst3}, which has been implicated toact asa TrsGlis required for the
maintenance of the expression of Hox genes in the pharyngeal arches
during zebrafish embryogenesis Z5iiller et ali 2004 Although these
studies on PcG and TixG geies have shown several alterations of Hox
gene expression in restricted regions of developing embrvos, PcG and
TrxG functions in the transcriptional régulation of Hox genes, especially
TrxG functions, have not beeiy adequately demornistrated:

I this study, we isolated and characterized a mutant in medaka
named: biaxial symmetries (bis);, a mutant which displays patterning
defects not only in the A-P axis of its craniofacial skeleton but akso 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 i the
pharyngeal: arches in:the bis mutant, suggesting that the segmental
identities of pharyngeal arches had been disrupted. Positional cloning
revealed aloss of BrpfT function'inthe bis mutant. Brpfl. containing a
bromodomain and PHD finger;is a TrxG member and a close parther of
the MOZ HAT complex (Doyon et ak; 2006 Roludai ¢ial. 2009). This
study revealed that Brpfl 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 senes. which regulate the
D-Veaxis of the caudal fin: Furthermore, we characterized the skeletal
abniormality of the MOZ-deficient mice, and demonstrated. siimilar
abnormalities between the brpfl- medaka mutant and MOZ deficient
mice, thus implying a common role of the MOZ HAT complex in the
skeletal patterning of vertebrates,

Methods
Medalka strais and nmitantscreening

The medaka (Oryzias latipes) strain Caly was used for all studies as
the wild type. The Da mutant was purchased from local pet shops. The
fish.were maintained in an aquarivm system with re-circulating water
at 28.5 "C: Naturally spawned embrvos were obtained. incubated at
28 °C,and staged as previously described (Iwamatsis, 2004). Egas were
maintained in: the medaka Ringer's solution (0.65% NaCl, 0.04% KCI;
0.011% €aCl2, 0.01% MgS0.;, 0.01% NaHCOs, 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 Feden et al., 1999), with some
modifications-(Tanaka eral. 2004). The male fish were exposed t0 2.5
or 3mMENU for 2 hat room temperature in a buffer containing 0.03%
instant ocean (Tetra) and T mM sodium phosphate buffer at pH 6.5,
The ENU treatment was repeated at 7 davs after the initial treatment,
Three weeks after the second ENU treatment, these male fish were
crossed with the wild-type females to produce families of F1 fisly. The
F1 fish were then mated to each other toobtain F2 families. For each
F2 family, randonycrosses (up (0’8 pairs) were miade to obtain the F3

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

Whole-moumt REA in situ hybridization and skeleral staining

Whole-mount RNA'in sitir hybridization using digoxigenin-labeled
anti-sense RNA"probes was* perfornisd  as previously” described
{ranava et el 1068, 4} For cartilage staining with Alcian blue
SGX (Sigma}, larvae were fixed with 4% paraformaldehyde (Sigma) in
PBS a1 4 "C overnight, washed: twice in PES containing 0.1% Tween
{(PEST} for 10 min, and stained with the Alcian Blue solution (70%
ethanok-30% acetic: acid containing: 0.1%: Alcian: blue) at rocim
temperatureovernisht. Larvae were hydrated by passage: through a
araded series of PBS and decolorized iva solution 6f 1% KOH-and 0.9%
hvdrogen peroxide. Their the larvae were treated at room temperature
for Jess than 1 e with 6% trvpsin (DIFCOY in"a 30% sodium borate
saturated solution. The calcified bone was stained with Alizarin red S
(Nacalai- Tesque). For this staining, larvae were fixed in 45 parafor-
maldehyde with 0.05 N sodium hydroxide at 4.°C overnight. Aftera
brief washing in PBST, the fixed larvae were stained by immersion in
the Alizarin red soltion (4% Alizarin red: 0.5% potassium hydroxide}
at room temperature for several hotirs or overnight. Stained samples
were stored in SO% glyceroland photographed. For visualization of'the
cartilage in whole mouse embryos (E14.5), embryos were fixed in 95%
ethanolovernight and stained with Alcian blue soldtion {80% ethanol,
20% acetic acid containing 0.1% Alcian blue) for 24 h. They were then
washed for 24 h'in 95% etharol: Ca rtilages were cleared with 1% KOH.
Emibryos were stored in 80% glycerol/ 14 KOH:;

Positional cloning

The.bis ‘heterozygous fish maintained on the sotithern: Cab
genomic background were mated with the wild-type northern HNJ
fish to generate T1 families; Embyyos: for-the senetic mapping were
abtained frominter-crosses of the F1 hi¢ carriers. For establishment of
the initial genetic linkage, bulk segregant analvsis 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 ak, 2004). The genetic interval was nariowed
down by the analysis of individual enmbryos by the use of additional
STS ‘markers; MFO1SSAGO7H10 and MFO1SSAO44E03 (Naruse et al.
2000), and newly designed restriction fragment length polymorph-
ism: (RELP) matkers, CRELD and BICD2 |ERELD, 5!-AGATAGAAGAC-
CAAGTGGAGACG=3" and 5’-GTATCCTGGATCCCAGATGC—3’;’Hinﬂ;
and BICD2, 5-TCTGCGGACAGTCCTAAAGG-3" and S-TTGGACAGAG:
CAATCTCAGC:3!/Hhal]. cDNAs of brpf1 from the bis mutants and the
wild-types were amplified in:2 groups of about 2000 base pairs {bps)
and the sequernices verified. To directly confirm the linkage between
the bis locus and brpf1, we amplified a part of bipfl' genomic DNA
(primers 5'-GCTAAGGACACGGTGTTTTAC3 and 5-CCTCCCT GGTAC-
CATCTGTC-3"), and digested the PCR fragments with the restriction
enzyme Ddel; which ¢leaves the mutant-type allele; but not the wild-
type one. The nucleic acid'sequence of medaka brpft-was deposited in
the DDBJ/EMBL; GenBank, Accession No: AB48S4E7-

Immunohistochemistry

Embrvos were fixed with 4% paraformaldehyde;PBS for 2 Iy After
fixation, embiyos were:washed thiee times for 10 min each time with
MABT (0.1% Triton-X-100 in MAB, which was 100 mM maleic acid and
150 mM NaCl pH 7.5y and subsequently with MABDT {1%BSA and 1%
DMSO in- MABT) twice for: 30 min each  time. Aftor having: been
blocked with 2% lamb serum in MABDT, embrvos: were incubated in
the blocking selution containing the primary antibody (1:200: anti-
Phospho-histane” 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 Dlocking:
Thereafter, embryos were incubated with the secondary antibudy
(1:1000; Alexa-488- conjugated - anti-rabbit- [5G Molecular Probes)
overpight-at 4 “C. Then, embryos. were: washed - with: MABT and
observed-using a confocal microscope (Fluoview FV1000, Olympus).

Generation: of construct:and transgenic lines

A genomic fragment: containing the hipfT- promoter: and Brpf1
coding sequence -was:amplified in 2 parts. {50 half-and: 3% half
fragmentsy from-a BAC clone folal48H107 by using the appropriate
primers: The amplified ﬂ'agmems were cloned: into: the TA cloning
vector: We: then dizested: the 5/ -half fragment with Sall and Notl, and
subcloned it into. the Xhol i Notl sites of an:[-Scel backbone.vector,
which: contains two -Scel sites: {11 cuetial 2000 The 35-halb
fragment. digested with Neoland Notl weas cloned into the Neol'site.of
theinserted: 5=hall fragment and the: Notlsite of the-vector: This
plasmid:was digested with ' -Scel (New England Biolabs;. and the
fragments (20 g/ pl) were injected.into the cytoplasm of 1=cell stage
embiyos: The embryos showing a transiently strong expression of the
exogenous gene were allowed to grow to adulthood..We then checked
the GFPexpressionin 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: bis mutant. was
performed by using ENU-induced- polymorphism, which exists at the

3

ectopic cartilage

hyosymplectic
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genomic region 70 kb separated fram the hrpfl mutation point. This
polymorphisny showed strong finkage with- the brpf1 mutation (0
recombinations per 980 mejosesy It was difficult to use the brpfl
mutation point jtsell” for determining the cenotype because of the
resctie. constroct containing. the - wild=type- brpfT- sequence. The
genomic fragnient was amplified - by using the following primers:
forward, S =ACTTCITCTGCTTCACATGTGAC-37, and reverse, 5-AGAGA-
C/foCCTGGTA'ITCCG—3', and sequenced by means of direct sequien-
cing for determination of the genotype.

Whole-motntin sitie hvbridization of nmouse embrvos

Whole-mount in situ livbridizations w ere ¢ mned outaccording to

i i ERITR i using DIG-
labeled  riboprobes: Embryos: were pel mu.lh!med mth 10 g /mi
pm(emake K for 15 mm Pml)es CHoxa3 (v o ,;,, Hoxed

Results

Isolation of a medaka nutant that exhibits pharyngeal curtitage
liomeosis

To investizate: organogenesis. of vertebrates, we “performed - a
mediums=scale screening of medaka mutants obtained by ENU

Fig. 1: The his muitant displayed skeletal malformation. {A, BY Lateral view of a 3 dph larva. The bis mutant has a shrunken head, Other tissues appeared io have a normal morphology.

(C=Gy Craniafacial cartilage stained with: Alcian blie, (€, D} ventral view ol wild-type and: bis Tarvae, The bracket indicates the: head: s
Arowheads indicate basihyal which is decreased in the bis mutant: and arrows, the cevatohyal, which is short and thick in the miitant 3
indicates the ectapic caitilage at the lateralend of the first ceratobranchial i the bis mutant; compared with the wild-tvpe {arfow in "), (G}

region in "Chand "D The arfow in

View ol a flat-mowunted hyosymiplectic and the ectopic cartilage of the bis mutant. The shape of cctopic cartilage has features characieristic of the hyvosyimplect

ion ol the bis mutant and wild-type.
Highly magnified view of black boxed

COHENDY Galcified bone

was stained with Alizarin red: {H. 1) Ventral view of the wiki type and the bis mutant. Arroves indicate the branchiostegal rays, whicl are decyeased in number in the bis mutanti); K}
Highly magnified view of the tooth region. Arrows indicate this region, where small pharyngcal teetvare seenin the his miutant (L M) Lateral=dorsal view of the neck region: Arrows

indicate: the frst vertebra; which s fosed vo the bead in'the bis imifant. bhy basihyaly che ceratohyal; b 1-5

branchiostegal vay; pty pharyngeal tooth:

; first 1o fifih ceratobranchialy bh:basibranchialy bs, hyosymplectic;
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mutagenesis; and isolated the medaka mutant biaxial symmetry (bis).
The bis:mutant dies’ several. days. after: hatching: Maorphological
examination showed the his mutant to have a shirunken head (3.
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
thatof the wild-type larvae {Fics 1C DY I the his mutant; the length
of each gill cartilage {ceratobranchials) was shorter, and the basihyal
{derived from the second pharyngeal arch} was shortened compared
with that of the wild-type larva (Figs: 1C, D, arrowhead and brackers),
The ceratohyal {derived from the second pharyngealarch) was shorter
and thicker than that of the wild type (i1 1C, D, arrow}. The second
to the fifth ceratobranchials.in the his mutanviwvere thickerand longer
than: these in the wild-type: larvae {lize. 1€ D Although - the
basibranchial was separated in- 2 parts in the wild=tvpe larvae at the
third ceratobranchial. the basibranchialwas fused and ¢xtendedto the
fiftly ceratobranchial- inthe bis-mutant 4 Co D asterisky: ' In
addition, an ectopic cartilage wasdetected at the lateral end of the first
ceratobranchial. {derived from the third pharyngeal arch) on both
sides of the head (Iigs. 1C Dy squarer E, Farfow ). An ectopic cartilage
was often observed: at (he lateral end of the second ceratobranchial
(Flgs: 16, Diand Table 1.3 To further characterize the abnormalities of
the bis mutant, we focnsed on the shape of the ectopic cartilage at the
lateral- end of the first' ceratobranchial in the bis: mutant. A flat-
mounted observation revealed that the shape of the ectopic cartilage
had the characteristic feature of the hyosymplectic, which is normally
derived from the second: pharyngeal arch (Fig, 1G). To observe the
calcified bone, we stained the larvae with Alizarin red. Deformed
brachiostegal rays (Fias. TH, Larrow) and small pharyngeal teeth (ligs.
1] K arrow) were observed in the bis mutant. In the cervical region,
the vertebra with neural arch was fused to the head skeleton in the bis
mutant:(Figs, 1L, M arrow), These results indicate that the bis mutant
exhibits patterning abnormality of its craniofacial skeleton, suggesting
that the pharyngeal segimental identity in the bis mutant had been
disrupted.

Table'1

Skeletal phenotype of the bis mutant;

Cranio facial cartilage n=383
Archz

Basihval reduced S3:4100%)
Ceratohyal shorter and thickey: 83.(100%)

Arch3
Ectopic cartilage at the lateralend of st ¢b
Ectopic cartilage shape
Small fragment
Simple stick shape
Similar to hs
Hyobranchials absent

$3(100%)

)
83 (100%)

Posterior arch

Ectopic cartilage at'the laieral end of 2nd ch 17:(204%)

Hyobranchials absent $3:{100%)
Ceratobranchials distally broadened S3 {1005
Cervical ond pharyngeal bone n=32
Fused vertebrate to head bone 28 (873}

Reduved pharyngeal tooth 32 (100%)
n=>50
38 (76%)
46:{90%)
50.0100%)
43 {865}

Caudal skeleton

Fused veriebrae

Extra vertebra at the end oi notochord
Dorsally formed fin rays

Reduced hypurals

Percentage: of: animals: with: each:phenotvpe:was: listod. Phenotvpes: of - craniolacial
cartifages were assessed: by Alcian: blue staining at:3:dphi Phenotvpes of corvicaland
pharyigeal bone were assessed by Alizavin ved staiing at.3 dply and those of catidal
skeletons were assessed by Alizarin red staining at 4 dph. These phehotvpic differences
ol candal skeleton were most likely caused” by the: subtle “difference of 1he
developmental stage in each animal,
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The bis mutant exhibits defective skeleral patterning at the posierior
recion

he s mutant exhibited: disruption of the skeletal patteming
not mﬂy i the: anterior head:region,: but-alse in the posterior
region, Compared with-those of the wild-type’ larvae, the fin ravs
were ectopically formied at the dorsal vegion of caudal fin in the
mutant (o ZAD B arrow it and s the s ossification pattern: was
disrupted at the caudal vertebrae in the bis mutant. £n extra
\encl)m had formed: at the end of the notochord in the his mutant
{Hn A Bearrowhead ) Incaddition, the ossified hypural in: the: his
mutant was smaller than that of the wild: type,- and: the hypural of
the caudal most: vertebra was deleted in the bis mutant Z
B, asterisk . Morphological analyses ol embrvos stained: with Alcmn
blue revealed: that the: hypural was also ectopically formed at the
darsabside of the caudal fin and that each hypural was fused in the
his matitant (Dizoo G Divarvowe Furthermore: the - Blood vessels
were ectopically extended arthe:darsalside: of the candal fin in'thie
bis-mutant at: 7:dpf (g, ZF, arrow} as'opposed 1o their normal
pattern: in the wild: type: (Fic: 2B, -arrowy, To" further characterize
the ‘caudal- 287 fin abhorimality: of the bis mutant, we examined
mitotic cells using mitotic markey phosphio-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 {Hadzhiey et el 2007; Sakaguchi- et al 2006),
I the wild-type larvae, the mitotic - cells Jargely. 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):
whereas in the bis mutant, the mitotic cells existed not only at the
ventral caudal end of the notochord but also at the dorsal caudal
end. (Fig. 2 arrow in H, 1), These results indicate: that the  bis
mutant exhibits:a defe(t in‘the dorsal=ventral patterning of caudal
fin.

The bis locus encodes brpf1

To identify a genoimic mutation in the bis mutant, we mapped the
mufated genomic position on the genetic linkage map by using the
sequence-tagged site (STS) 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, wak. and bipfl. We
then sequenced the RT-PCR fragment of these candidate genes from
bis and wild=type embryos. and found a T to A nonsense mutation in
the open reading frame of bipf! cDNA-(Fig. 3B). Using both the
alignment of vertebrate Brpf1 amino acid sequences and the 5' and 3
race methods, we identified the medaka full-length brpft cDNA
sequence, which encoded 5451.bp and a 1283 amino acid protein
with-a high similarity to the mammalian Bipf1 (685 identical to
human and motise Brpf1) and zebrafish Brpft (77% identical to
zebrafish one). In the medaka genome sequeice; we: could not find
other paralogues of Brpf1. Brpf1 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 et al., 2006 Taveina et ak;
2006); and a PWWP domain, which- has-affinity -for condensed
chromosomes: (Laue et al, 2008, Turlure et al, 2006) In the bis
mutant, the T to A transition introduced a stop codon (YS105top) at
the end of BROMO:domain, resulting in‘a truncated form of Bypf1
(Fius. 2B, ),

To examine the expression. pattern of brpfl, .we. peiformed
whole-mount RNA in sitii_hybridization: on medaka embryos. The
expression of hipfl was ubiquitous:at st 21 (Fig.:3D). whereas at st
30:it was decreased in the trunk region and” expressed in the




