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Summary

We found that Msx2-interacting nuclear target protein
(MINT) competed with the intracellular region of Notch
for binding to a DNA binding protein RBP-J and sup-
pressed the transactivation activity of Notch signaling.
Although MINT null mutant mice were embryonic le-
thal, MINT-deficient splenic B cells differentiated
about three times more efficiently into marginal zone
B cells with a concomitant reduction of follicular B
cells. MINT is expressed in a cell-specific manner: high
in follicular B cells and low in marginal zone B cells.
Since Notch signaling directs differentiation of mar-
ginal zone B lymphocytes and suppresses that of fol-
licular B lymphocytes in mouse spleen, the results
indicate that high levels of MINT negatively regulate
Notch signaling and block differentiation of precursor
B cells into marginal zone B cells. MINT may serve as
a functional homolog of Drosophila Hairless.

Introduction

The Notch signaling pathway plays a critical role in cell
fate determination of various lineages in vertebrates as
well as invertebrates (reviewed in Artavanis-Tsakonas
et al., 1995, 1999). In Drosophila Notch is typically in-
volved in binary cell fate decision at a variety of stages
and processes including neurogenesis, myogenesis,
and oogenesis. In mammals, Notch regulates develop-
ment of hematopoietic cells (reviewed in lzon et al.,
2002), nervous systems (reviewed in Beatus and Len-
dahl, 1998), muscle (Kopan et al., 1994; Kuroda et al.,
1999), pancreas (Apelqvist et al., 1999), and many other
tissues. The Notch signaling appears to exert two op-
posing functions, namely, facilitation and suppression
of differentiation at different stages and lineages. For
example, the Notch signaling facilitates differentiation
of T lymphocytes from common lymphoid progenitors
in thymus while it suppresses differentiation of B lym-
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phocytes in the bone marrow (Han et al., 2002; Radtke
et al., 2000). Similarly, Notch signaling regulates the final
differentiation step of bone marrow-derived B cells in
spleen where the newly formed (or T1) B cells with IgM"
IgD" CD21% markers are believed to pass through transi-
tional (or T2) B cells with IgM" IgD" CD21™ CD23" mark-
ers and then to differentiate into Fo B cells (IgM® IgD"
CD21" CD23") or MZ B cells (IgM" IgD"° CD21" CD23")
(Martin and Kearney, 2001; Oliver et al., 1997). We re-
cently found that Notch signaling facilitates generation
of marginal zone (MZ) B cells while it suppresses genera-
tion of follicular (Fo) B cells in spleen (Tanigaki et al., 2002).

The mouse Notch (mNotch) receptor is a large trans-
membrane protein that is cleaved in the transmembrane
region by an unknown presenilin-like protease upon in-
teraction with its ligands, Delta or Jagged/Serrate
(Mumm et al., 2000). The intracellular region of mNotch
(RAMIC) released by the ligand-induced cleavage di-
rectly translocates to the nucleus (Jarriault et al., 1995;
Schroeter et al., 1998; Struhl and Adachi, 1998). RAMIC
interacts with a DNA binding protein RBP-J (the mam-
malian homolog of Drosophila Suppresser of Hairless
[Su(H)]) through the RAM domain (Furukawa et al., 1992;
Schweisguth and Posakony, 1992; Tamura et al., 1995)
and activates downstream target genes such as HES1
and HES5 (Jarriault et al., 1995; Kuroda et al., 1999;
Ohtsuka et al., 1999). Four Notch receptors and its li-
gands are differentially and redundantly expressed in a
variety of vertebrate tissues (Lardelli et al., 1994; Lardelli
and Lendahl, 1993; Uyttendaele et al., 1996). On the
other hand, the RBP-J protein is ubiquitously expressed
(Hamaguchi et al., 1992) and commonly activated by all
of four Notch receptors (Kato et al., 1996). Thus, RBP-J
is an essential mediator of Notch signaling (Kato et al.,
1997). In the absence of RAMIC, RBP-J represses tran-
scription of target genes by associating with a corepres-
sor complex containing SMRT (for silencing mediator
for retinoid and thyroid hormone receptor) and a histone
deacetylase (Kao et al., 1998). These corepressor pro-
teins are dissociated from RBP-J upon interaction with
RAMIC, which further recruits histone acetyltransfer-
ases PCAF and GCNS5 to activate transcription (Kurooka
and Honjo, 2000).

In Drosophila Notch signaling activity is negatively
regulated by an intranuclear protein Hairless that inter-
acts with Su(H) (Brou et al., 1994). Hairless is proposed
to determine a threshold of Notch signaling activity
(Bang et al., 1995). The generation of sensory organ
precursors (SOP) from noncommitted precursors ex-
pressing both Notch and Delta is explained by the sce-
nario that higher expression levels of Hairless in certain
noncommitted precursors inhibit the differentiation sup-
pression activity by Notch signaling and lead this popu-
lation of progenitors to differentiation into SOP (Bang
et al., 1995; Bang and Posakony, 1992). Thus, relative
abundance of Hairless among noncommitted precur-
sors that receive Notch signaling through mutual inter-
action can direct stable commitment to SOP. Neither
a Hairless homolog nor other cell-specific regulatory
molecules are known for vertebrate Notch. Since both
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Figure 1. Functional and Physical Interaction of MINT with RBP-J

(A) Schematic representation of the mouse MINT (rectangle) and its derivatives (horizontal lines). Diagonal-hatched, dotted, and horizontal-
hatched boxes indicate the RNA recognition motif (RRM), MSX2 binding domain (MSXB), and RBP-J binding domain (RAM7), respectively.
The arrowheads, M boxes, and F boxes indicate the predicted nuclear localization signals (NLS), Myc-tag, and FLAG-tag, respectively. The
NLS in MSXB was not functional because MINTAN was not found in nuclei. The black ellipse and dotted circle indicate the SV40 NLS and
VP16 activation domain, respectively. Intracellular localization of each construct in cultured cells is determined by immunofluorescence staining
with anti-Myc or anti-FLAG antibody and shown at right. Nuc, nuclear; Cyt, cytoplasmic.

(B) Immunoprecipitation assays to detect the association of MINT and RBP-J. Two percent of the whole-cell extracts were analyzed by
Western blotting with anti-Myc or anti-FLAG antibody (upper panel). Lysates from 293T cells transfected with plasmids indicated above were
precipitated with the antibody indicated (IP), and the immunocomplexes were analyzed by Western blotting (W-blot) with the antibody indicated

(lower two panels).
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RBP-J and its interacting proteins are ubiquitously ex-
pressed, itis unknown how Notch/RBP-J signaling regu-
lates differentiation from a common progenitor into two
different lineages in vertebrates.

During yeast two-hybrid screening to identify RBP-J-
interacting proteins (Tamura et al., 1995; Taniguchi et
al., 1998) we isolated a cDNA fragment encoding mouse
MINT (Msx2-interacting nuclear target protein) that has
been previously reported to negatively regulate tran-
scription by binding to a homeodomain transcriptional
repressor protein MSX2, the murine homolog of Dro-
sophila muscle-segment homeobox (Newberry et al.,
1999) or to RAR (retinoic acid receptor) (Shi et al., 2001).
We show here that the MINT protein, which is expressed
in restricted tissues and cells, bound to a specific domain
of RBP-J and repressed the RBP-J-mediated transcrip-
tional activity by mouse Notch RAMIC. Since MINT-defi-
cient mice were embryonic lethal, we studied differentia-
tion of B lymphocytes in RAG2-deficient (therefore
lymphocyte-deficient) mice, after transfer of MINT /'~
fetal liver cells. MINT-deficient B cells differentiated
preferentially into MZ B cells, thus providing the evi-
dence that MINT negatively regulates Notch activity in
a cell type-specific manner.

Results

Mouse MINT Binds to RBP-J

To search proteins that associate with the mouse RBP-J
protein and regulate Notch signaling in nuclei, we per-
formed yeast two-hybrid screening of cDNA libraries
from mouse embryos (embryonic day 9.5) and HeLa cells
using mouse RBP-J (RBP2) as a probe (Tamura et al.,
1995; Taniguchi et al., 1998). Of 60 positive clones iso-
lated, Notch1 (RAM23) (Tamura et al., 1995) and Kyo-T
(RAM14) (Taniguchi et al., 1998) were previously re-
ported. Among other positive clones we found a clone
named RAM7 homologous to a portion (amino acids
2638-2777) of mouse MINT cDNA (Newberry et al., 1999)
(Figure 1A).

The physical interaction of MINT with RBP-J was con-
firmed by the immunoprecipitation assay. Since the full-
length (FL) MINT protein was too large to be solubilized
from transfected cells, we used deletion constructs for
the coimmunoprecipitation assay. Myc-tagged MINT
fragments (AN-NLS, AN-NLS-ARAM7, RAM7, or RAM7-
VP16) (Figure 1A) were expressed in 293T cells together
with FLAG-tagged RBP-J, and their complex was immu-
noprecipitated using the anti-Myc or anti-FLAG mono-

clonal antibody and analyzed by Western blotting. The
anti-Myc antibody coimmunoprecipitated RBP-J with
MINT fragments containing the RAM7 domain (AN-NLS,
RAM7, or RAM7-VP16) but not with AN-NLS-ARAM7
(Figure 1B, lower panel). Conversely, the anti-FLAG anti-
body coimmunoprecipitated only the RAM7-containing
MINT fragments (AN-NLS, RAM7, or RAM7-VP16) with
RBP-J (Figure 1B, middle panel). AN is not located in
the nucleus and is unable to interact with RBP-J (data
not shown). These results indicate that the MINT RAM7
domain is critical for its interaction with RBP-J.

To further confirm the interaction between the RAM7
domain of MINT and RBP-J in the nuclei, mammalian
two-hybrid assays were performed using luciferase re-
porter constructs carrying the reiterated Gal4 binding
sites. A fusion construct of mouse RBP-J with the Gal4
DNA binding domain (1-147) and another fusion con-
struct of mouse RAM7 with the transactivation domain
of VP16 (RAM7-VP16) (Figure 1A) were transiently co-
transfected into NIH3T3 cells. The Gal4-dependent lucif-
erase activity by the tk-MH100X4-luc reporter construct
was augmented up to about 130 folds by increasing
amounts of RAM7-VP16 (Figure 1C), suggesting a physi-
cal interaction of mouse RAM7 with RBP-J in nuclei.

We then examined whether RAM?7 interferes in the bind-
ing of Notch RAMIC with RBP-J. Increasing amounts of
the RAM-ANK fragment of RAMIC, which has only the
RBP-J binding domain but not transactivation domain,
gradually decreased the luciferase activity induced by
interaction between Gal4-RBP-J and RAM7-VP16 (Fig-
ure 1D). Inversely, the luciferase activity induced by in-
teraction between RAMIC and Gal4-RBP-J was reduced
by increasing amounts of the RAM7 domain of MINT
(data not shown). Furthermore, we confirmed that RAM7-
VP16-Myc or RAM7-Myc competed with RAMIC-Myc
for binding to RBP-J-FLAG (Figure 1E). These results
taken together indicate that the RAM7 domain of MINT
and the RAM domain of Notch compete with each other
for physical interaction with RBP-J.

MINT Represses the RBP-J-Mediated Transcriptional
Activity of Notch RAMIC

Since MINT was shown to compete for RBP-J binding
with Notch, we examined the effect of MINT on Notch
transactivation activities of promoters containing the
RBP-J binding sites in NIH3T3 cells. Using the luciferase
reporter construct carrying either the HES1 or Tp1 pro-
moter that contains 2 and 12 tandem copies of RBP-J
binding sites, respectively, we found that FL MINT

(C) Mammalian two-hybrid assays to detect the interaction between MINT (RAM7) and RBP-J. Five hundred nanograms each of pEF-BOS
Neo/Gal4, pEF-BOS Neo/Gal4-RBP-J, pEF-BOS Neo SE/RAM7, and 250 or 500 ng RAM7-VP16 were cotransfected with tk-MH100X4-luc as
areporter plasmid into six wells each of NIH3T3 cells in an indicated mixture. Luciferase activity was measured as described in the Experimental

Procedures.

(D) Competition between MINT (RAM7) and Notch1 RAMIC for binding to RBP-J was examined by mammalian two-hybrid assays. Ten
nanograms of pCMX-Gal4, 10 ng of Gal4-RBP-J, 100 or 1000 ng of pEF-BOS Neo/RAM-ANK, and 50 ng of pEF-BOS Neo SE/RAM7-VP16
were cotransfected with tk-MH100X4-luc as a reporter plasmid into six wells of NIH3T3 cells in an indicated mixture.

(E) Competition between RAM7 and RAMIC for binding to RBP-J was examined by immunoprecipitation assays. One microgram of pEF-BOS
Neo SE/RBP-J-FLAG, 1 pg of pEF-BOS Neo/Notch1 RAMIC, and 0.5 or 3 pug of pEF-BOS Neo SE/RAM7-VP16 or RAM7 were cotransfected
into 6 cm dish of 293T cells. Two percent of the whole-cell extracts were analyzed by Western blotting with anti-Myc or anti-FLAG antibody
(upper panel). Extracts of transfectants were immunoprecipitated by anti-FLAG, and precipitates were visualized using anti-Myc (lower panel).
(C-E) Triangles indicate increasing amounts of DNA. Means and standard deviations (SD) are calculated from three sets of experiments and

are shown by bars and lines, respectively.
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Figure 2. MINT Represses RBP-J-Mediated Transcriptional Activity
(A and B) Requirement of MINT FL for inhibition of Notch1 RAMIC-
induced transcriptional activity.

(C) MINT FL repressed all four Notch RAMIC-induced transcriptional
activity. Various amounts (either 30, 100, and 300 ng or 30 and 100
ng) of pEF-BOS Neo SE/MINT and its derivatives and 10 ng of pEF-
BOS Neo/RAMIC were cotransfected into NIH3T3 cells (six wells)
with pHES7-luc (A) or Tp1-luc (B and C) as a reporter plasmid.
Excess amounts of MINT plasmids were added because of ineffi-
cient protein synthesis (see Supplemental Figure S2 at http://
www.immunity.com/cgi/content/full/18/2/301/DC1). Mean values
and SD are shown by bars and lines, respectively.

strongly inhibited RBP-J-mediated transcriptional activ-
ity of Notch in a dose-dependent manner (Figures 2A
and 2B). MINT ARAM7 and MINT AC lacking the RAM7
domain had little, if any, repressive effects on transacti-
vation by Notch, whereas the luciferase activity was
slightly reduced by MINT AN-NLS. The difference in the

suppressive activity between MINT AN-NLS and MINT
FL suggests that the N-terminal region of MINT is re-
quired for the full repressive activity of MINT.

MINT was predicted to be cleaved by an unknown
protease, resulting in accumulation of the N-terminal
and C-terminal MINT fragments in chromatin and nu-
clear matrix fractions (Newberry et al., 1999). However,
combination of the N-terminal and C-terminal fragments
of MINT cannot exert a stronger suppressive activity
than each of them, indicating that full repression of
RBP-J-mediated transcription requires the intact MINT
FL molecule (Figures 2A and 2B).

To examine whether MINT represses RBP-J-mediated
transcriptional activity by the other Notch members,
MINT FL and Notch2-4 RAMIC plasmids were cotrans-
fected with the Tp7-luc reporterinto NIH3T3 cells (Figure
2C). MINT strongly repressed the RBP-J-mediated tran-
scriptional activity by all four Notch family members
(Figure 2C), indicating that MINT is a common suppres-
sor of RBP-J-mediated transcriptional activity of all
Notches.

Targeted Disruption of the MINT Gene

Although RBP-J is ubiquitously expressed, MINT tran-
scripts were found in limited tissues including testis,
brain, spleen, lung, liver, and kidney (Newberry et al.,
1999). Little expression of MINT mRNA was detected in
cardiac and skeletal muscle, or ovary. These results
suggest that MINT might be involved in tissue-specific
regulation of Notch signaling. To test this possibility, we
generated MINT gene knockout mice by homologous
recombination in ES cells. To introduce a targeted muta-
tion in the mouse MINT gene, we constructed a targeting
vector, in which the expression cassette of the neomycin
resistance (neo) gene was inserted in the 5’ region of
an exon encoding the MSXB domain and flanked by the
5’ 6.6 kb and 3’ 3.4 kb MINT gene fragments (Spel-Xhol)
(Figure 3A). A diphtheria toxin A (DT-A) gene was placed
outside the homologous region for negative selection.

The targeting vector was electroporated into mouse
embryonic stem (ES) cells, and DNA isolated from G418-
resistant ES clones was analyzed by Southern blotting
analysis using probe A. The wild-type and disrupted
alleles generated the 10.0 and 6.6 kb Spel-Xhol frag-
ments, respectively (Figure 3B). Of 124 ES cell clones
screened, 72 contained the mutant allele and had under-
gone a homologous integration at the MINT locus. Two
chimeric mice were generated from two independent ES
cell clones, and germline transmission of the disrupted
MINT allele was achieved from both of them. One line
was backcrossed to C57BL/6J mice for seven to ten
generations. Heterozygous mice were bred to produce
homozygous mutant offsprings, and DNAs of these mice
were analyzed by Southern blotting (Figures 3B) and
PCR (data not shown).

No homozygous mutant pups with the MINT mutation
(MINT-'") were born, indicating that disruption of the
MINT gene is embryonic lethal. Northern blotting analy-
sis showed that E12.5 MINT '~ homozygotes expressed
truncated MINT mRNA as expected from insertion of
the neo cassette (data not shown). MINT '~ homozy-
gotes were found according to Mendelian segregation
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Figure 3. Generation of a Null Allele at the MINT Locus and Analysis of MINT Mutant Embryos

(A) Schematic representation of the wild-type MINT allele, the targeting vector, and the disrupted MINT allele generated by homologous
recombination. K, Kpnl; S, Spel; X, Xhol; DT-A, diphthria toxin A. PGK-neo PCR primer used in (C) is indicated.

(B) Southern blot analysis of embryo DNA using probe A shown in (A). The 10 and 6.6 kb Spel-Xhol fragments derived from the wild-type
(WT) and the mutant (Mut) allele, respectively, are indicated.

(C, D, F, and G) Morphology of E13.5 MINT*'* (C and F) and MINT '~ embryos (D and G) at E13.5. Hematoxylin-eosin stained axial sections
were shown.

(E) Reduction of fetal liver cell number in MINT~'~ embryos. Five embryos of each genotype were sacrificed, and total fetal liver cells were
counted after making single-cell suspension. Mean cell numbers and SD are shown by bars and lines, respectively.

(H-M) Immunohistochmistry performed on wild-type (H and K) and MINT'~ (I-J and L-M) embryonic pancreases with anti-glucagon (H-J)
and anti-CPA (K-M) antibodies. (J and M) High-power view of the glucagon and CPA-double-positive cells (arrowheads in [L]) in MINT/~
pancreas. Bars, 1 mm in (C)-(G) and 0.1 mm in (H)-(M).

in embryos at E10.5 to E11.5 but were sharply reduced gous (MINT*'~) and wild-type (MINT*'™) littermates. But
from E12.5, suggesting that embryonic lethality may by E13.5, MINT '~ embryos were severely affected as
start around E12 (Table 1). At E10.5, MINT /-~ embryos compared to wild-type embryos. The skin of MINT '~

appeared similar in size and morphology to the heterozy- embryos was loose and transparent with a large amount
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Table 1. Genotype Frequency of Progenies from Intercrosses of
MINT Heterozygous Mice

Stages +/+ (%) +/— (%) —/— (%)
E10.5 (n = 7) 2 (29.6) 2 (29.6) 3 (40.8)
E115(n =9) 2 (22.2) 4 (44.4) 3 (33.4)
E12.5 (n = 33) 15 (45.4) 16 (48.5) 2 (6.1)
E13.5 (n = 102) 37 (36.3) 62 (60.8) 3 (2.9
E14.5 (n = 62) 20 (32.3) 39 (62.9) 3 (4.8)
E16.5 (n = 15) 8 (53.3) 7 (46.7) 0(0)

The numbers indicate embryos of each genotype. Total numbers of
embryos for each gestation stage are shown by n. Percentages of
each genotype are shown in parentheses.

of subcutaneous exudates, and their fetal liver was ex-
tremely smaller than in wild-type embryos (Figures 3C
and 3D). Consequently, the total cell number in fetal
livers of MINT '~ embryos fell below one-fourth of that
in wild-type embryos (Figure 3E).

MINT '~ embryos displayed defect in formation of the
cardiac septum and muscle (Figures 3F and 3G) in gen-
eral agreement with the previous finding that Notch reg-
ulates heart development (McCright et al., 2001). Simi-
larly, MINT '~ embryos were defective in differentiation
of pancreatic cells, which was also reported in mice
deficient for Deltal or RBP-J (Apelqvist et al., 1999).
Although cells expressing glucagon (endocrine cell
marker) and carboxypeptidase A (exocrine cell maker,
CPA) were formed in MINT '~ embryos, CPA expression
was lower in MINT '~ pancreas, and some of the gluca-
gon-positive cells of MINT/~ embryos also expressed
CPA (Figures 3H-3M), suggesting that differentiation
into exocrine and endocrine cells may be disturbed by
MINT deficiency. These results support the idea that
MINT is involved in regulation of Notch signaling.

Differentiation of MINT /'~ Fetal Liver Cells

To investigate whether MINT regulates maturation of
fetal liver cells, we investigated the number of erythroid-
and myeloid-committed progenitors in the fetal liver
cells using an in vitro colony-forming assay. The fre-
quencies of BFU-E, CFU-E, and CFU-GM colonies from
the fetal liver cells of MINT '~ embryos (E12.5) were
indistinguishable from those of the control MINT*/* fetal
liver cells (data not shown). Fluorescence activated cell
sorter (FACS) analyses of these fetal liver cells did not
reveal difference in the relative frequency of c-kit",
CD45.27,and TER119" cells between MINT /=, MINT ™'~
and MINT*'* littermates (data not shown).

To examine whether the differentiation of fetal liver
cells into mature lymphocytes is affected by MINT defi-
ciency, fetal liver cells from E12.5 MINT '~ embryos were
transplanted into sublethally irradiated RAG2~/~ mice
that cannot generate any T and B lymphocytes (Shinkai
et al.,, 1992). Although the total numbers of T and B
cells in spleen were significantly reduced, their relative
numbers in spleen, lymph nodes, and bone marrow were
similar among RAG2~’'~ recipients of fetal liver cells from
MINT-'=, MINT*'~ and MINT*'* embryos after 10-12
weeks of injection (Figure 4 and data not shown). Also,
no differences in B-1 and B-2 B cell numbers in the
peritoneal cavity was observed between MINT /'~ cell
and MINT*'* cell recipients (Figure 4D).

Splenic B cells are categorized according to their sur-
face markers into transitional B cells, which are newly
arrived from bone marrow (T1 and T2 B cells) and differ-
entiated B cells (Fo and MZ B cells) (Loder et al., 1999;
Oliver et al., 1997). The population of CD21" CD23"
B220" splenic cells that have been shown to be MZ B
cells (Oliver et al., 1997) increased by more than 3-fold
in the recipients of MINT '~ cells as compared with those
of MINT*'* and MINT*'~ cells (Figures 4A and 4E). The
absolute numbers of MZ B cells also increased in
MINT~'~ recipients as compared with control recipients
(Figure 4F).

To confirm the increase of the MZ B cells in MINT ~/~
fetal liver cell recipients, spleen cryosections were
stained with anti-IgM and anti-MAdCAM-1 antibodies
and examined by confocal microscopy (Figures 5A-5D).
IgM® Fo B cells are surrounded by the MAACAM-1 posi-
tive macrophages while IgM" MZ B cells are located
outside the MAACAM-1 positive layer. The width of MZ
B cells, located outside of the MAdACAM-1 layer, thick-
ened by about 2.5-fold in MINT '~ recipients (Figure 5E)
and the ratio of MZ to Fo area increased by 1.7-fold in
MINT '~ recipients (Figure 5F). These results suggest
that MINT may be involved in differentiation of transi-
tional B cells into MZ versus Fo B cells in spleen.

Since MZ B cells have been proposed to play a critical
role in humoral responses, we analyzed basal serum
amounts of IgM, 1gG1, IgG2a, IgG2b, 1IgG3, and IgA. But
we did not find significant differences except that the
IgG2b concentration was slightly reduced in recipients
of MINT'~ cells as opposed to those of MINT*'* or
MINT*'~ cells (p < 0.01) (data not shown). Little differ-
ence of the serum immunoglobulin isotype levels in mice
with increased MZ B cells is consistent with the pheno-
type in MZ B cell null mice that is caused by B cell-
specific RBP-J deficiency (Tanigaki et al., 2002).

MINT Expression and Subsets of Splenic B Cells

To identify the localization of MINT in spleen, we per-
formed in situ hybridization analysis for MINT mRNA
expression in serial sections of spleen (Figures 5G-5L)
and found MINT mRNA expression in lymphoid follicles
(Figures 5H and 5l). To examine the exact location and
cell type of MINT expression in spleen, the image of
MINT mRNA expression detected by in situ hybridization
was overlaid with the immunostaining on the serial
spleen sections using anti-MAdCAM1 and anti-IgM (Fig-
ure 5K) antibodies which dominantly stain metallophilic
macrophages and MZ B cells, respectively. The double
images clearly indicated that MINT mRNA expression
was strong in the Fo B cell zone but less in the MZ B
cell zone (Figure 5L). Since in situ hybridization is not
quantitative at all, Southern blotting analysis of RT-PCR
products was performed on the sorted B cell popula-
tions. In general accordance with in situ data, MINT
mRNA expression was two to three times higher in Fo
B cellsthanin T1, T2, and MZ B cells (Figure 6A). Expres-
sion of Notch2 was strongest in Fo B cells, followed by
T1 cells. Spleen cell types other than B cells had very
weak Notch2 expression (Figure 6B). Notch1, 3, and 4
mRNAs were not expressed or were weakly expressed
in splenic B cells (data not shown). Conversely, the ex-
pression of HES1 mRNA, one of the Notch/RBP-J signal-



MINT, a Negative Regulator of Notch
307

Figure 4. Increase in MZ B Cell Differentia-
tion from MINT-Deficient Fetal Liver Cells

39 _ (A) 8 x 10° fetal liver cells from MINT**,
MINT*'~, and MINT '~ at E12.5 embryos were
transferred i.v. into lethally irradiated
RAG2~'~ mice. After 10 weeks, FACS analy-
ses of erythrocyte-depleted splenocytes

(A-C) and peritoneal cavity cells (D) were per-

formed to determine the cell surface expres-
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ing targeted genes, was much decreased in Fo B cells
as compared with the other splenic B cells probably
because of inhibition of Notch signaling by higher con-
centrations of MINT (Figure 6A). Expression levels of
Cp., CD21, and CD23 were in good agreement with FACS
profiles of each subpopulation of splenic B cells.

Notch ligands were reported to be expressed in
splenic macrophages and dendritic cells (DCs) (Yama-
guchi et al., 2002). To confirm the expression of Notch
ligands in spleen, we performed RT-PCR analysis. Ex-
pression of Delta3, Jagged1, and Jagged2 mRNAs was
not detected in spleen (Figure 6B). Deltal and 4 expres-
sion was detected in whole spleen but not erythrocyte-
depleted splenocytes, B (B220*) cells, and T (CD4* or
CD8") cells. This suggested that other cells, probably
DCs, which are lost during erythrocyte depletion, might
express Notch ligands. Indeed, CD11c* DCs expressed
Deltal and Delta4 mRNAs. Because DCs are distributed
in splenic MZ as well as T cell zone (Steinman et al.,
1997), it is likely that Notch ligands expressed on DCs
might be affecting the commitment of Notch-MINT-
expressing T1 B cells into either MZ or Fo B cells.

To examine the localization of Notch2-expressing

H

N

ratio of B cell/ T cell
X

-
T

++ 4 -l

cells in spleen, histological analysis was performed by
using Notch2-lacZ mice (Hamada et al., 1999). The lacZ-
positive cells were found scattered in the follicle and
lined along MZ (Figure 6D) by p-Gal staining. To further
confirm the exact location of lacZ-positive cells in
spleen, the image of Notch2 expression was overlaid
with the immunostaining on the serial spleen section
using anti-MAdCAM1. The double images clearly indi-
cated that Notch2-expressing cells were lined immedi-
ately outside the MAdCAM1-expressing metallophilic
macrophage in the marginal sinus (Figures 6C-6E).
Since Notch2 is most strongly expressed on Fo and T1
B cells (Figures 6A and 6B), Notch2-expressing cells in
MZ are likely to be T1 B cells. These results suggest
that Notch2-expressing T1 B cells may interact with DCs
in MZ and differentiate into either MZ or Fo B cells
depending on the relative abundance of MINT.

Discussion
We have identified a negative regulator of Notch signal-

ing by yeast two-hybrid screening using RBP-J as a bait.
This molecule, previously identified as MINT, competed
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Figure 5. Immunohistochemical Analysis of MINT '~ Fetal Liver Transferred RAG2~/~ Spleen

(A-D) Serial sections of spleen were prepared from recipients of MINT*'* (A and B) and MINT '~ (C and D) fetal liver. Inmunofluorescence
microscopic study was performed to detect MZ and Fo zone with anti-MAdCAM-1 (green) and anti-IgM (red) antibodies. The two images were
superimposed (A-D). (B and D) High-power view of (A) and (C), respectively, at the same magnification. The width of MZ (E) and the ratio of
MZ area to Fo area (F) were calculated from images of immunohistochemistry slides. Bars show mean =SD obtained from measurements of
total 11 points of five follicles (E) and five follicles (F) in each genotype. (G-L) Localization of MINT mRNA by in situ hybridization in spleen.
(G) MINT sense probe, (H and 1) MINT antisense probe, and (J) electronically converted image of (I) into blue. (K) anti-IgM (red) and anti-

MAdCAM1 (green). (L) Superimposed images indicated.

with Notch RAMIC for binding to RBP-J and repressed
the RBP-J-mediated transactivation activity by mNotch1-4
RAMIC as measured by the HES-1 and Tp1 promoter
assay. To confirm negative regulation of Notch signaling
by MINT in vivo, we have generated MINT-deficient
mice, which died around day 14.5 with morphological
abnormality in pancreas and heart. Embryogenesis of
these organs is known to be regulated by Notch (Apelq-
vist et al., 1999; McCright et al., 2001). Since deficiency
of RBP-J (Tanigaki et al., 2002) and Notch2 (H. Hirai,
personal communication) almost completely abolishes

MZ B cells and increases Fo B cells, activation of Notch
signaling is expected to enhance MZ B cell differentia-
tion and to block Fo B cell differentiation. Indeed, splenic
B cells derived from MINT-deficient fetal liver cells were
facilitated to differentiate into MZ B cells while differenti-
ation into Fo B cells was suppressed. It is therefore
likely that higher expression levels of MINT in progenitor
B cells block their differentiation into MZ B cells by
suppressing Notch signaling and allow them to become
Fo B cells. Recently, negative regulation of Notch signal-
ing by SHARP (the human homolog of MINT) was also
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demonstrated in neurogenesis of Xenopus embryos (Os-
wald et al., 2002).

Stronger expression of Notch2 on T1 B cells and
Notch ligands (Delta1 and Deltad) on DCs suggests that
Notch signaling may be activated upon interaction be-
tween Notch2-expressing T1 B cells and Deltal and/or
4-expressing DCs at the marginal sinus. Since Notch
signaling is not required for Fo B cell differentiation, not
all Fo B cells had interacted with DCs. Indeed, MINT
expression was only a few times higher in Fo B cells
than in MZ B cells, yet HES1 expression was severely
reduced in Fo B cells. We propose that T1 B cells which
have not met DCs and thus not received Notch signaling
will differentiate into Fo B cells. Among those that have
interacted with DCs, the MINT" cells differentiate into
Fo B cells by inhibiting Notch signaling activity, while
MINTP" cells differentiate into MZ B cells by strong Notch
signaling activity. Thus, MINT regulates negatively
Notch signaling and determines the subset commitment
of splenic B cells. No changes in the pro-B cells fraction
were found in bone marrow (see Supplemental Figure S1
at http://www.immunity.com/cgi/content/full/18/2/301/
DC1). Since the ratio of T and B cells was not affected

in recipients of MINT/~ fetal liver cells, not all Notch
pathways appear to be regulated by MINT.

The biased expression of the negative regulator of
Notch signaling, MINT in the binary cell fate decision
system is reminiscent of the hypothesis to explain Dro-
sophila SOP commitment by expression levels of Hair-
less in noncommitted precursors expressing both Notch
and Delta (Bang et al., 1995). In this hypothesis non-
committed precursors with higher levels of Hairless in-
hibit Notch signaling activated by interaction with neigh-
boring precursors, resulting in commitment to SOP,
while those with lower levels of Hairless remain non-
committed precursors by strong Notch signaling (Bang
and Posakony, 1992). Hairless competes with Notch for
binding to the Drosophila ortholog of RBP-J, i.e., Su(H),
and suppresses transcription by recruiting the Drosoph-
ila C-terminal binding protein (dCtBP) which acts as a
transcriptional corepressor (Morel et al., 2001).

RBP-J has been reported to interact with a histone
deacetylase (HDAC) corepressor complex including
SMRT, Sin3A (mammalian ortholog of the yeast SIN3
corepressor), CIR (C promoter binding factor 1 inter-
acting corepressor), and HDACs, which causes repres-



Immunity
310

sion of Notch target genes in the absence of RAMIC
(Hsieh et al., 1999; Kao et al., 1998). These corepressor
proteins are dissociated from RBP-J upon interaction
with RAMIC that recruits histone acetyltransferase
PCAF and GCN5 (Kurooka and Honjo, 2000), resulting
in activation of Notch target gene transcription. One of
possible MINT functions could therefore be recruitment
of the HDAC corepressor complex. Interestingly, trans-
fected MINT proteins were detected as speckles in nu-
clei as reported for SMRT (Zhou and Hayward, 2001)
and HDAC (Hsieh et al., 1999), and the human MINT
ortholog, SHARP, was shown to bind to the SMRT and
HDACH1 (Shi et al., 2001). However, the transcriptional
repression by MINT in Notch signaling was not blocked
by trichostatin A, an inhibitor of the HDAC activity (data
not shown), suggesting that the HDAC complex may not
be involved in the suppressive activity of MINT. In fact,
the human MINT ortholog, SHARP, was shown to inhibit
the RAR-mediated transactivation by binding to RAR
and the steroid receptor RNA coactivator SRA (steroid
receptor RNA activator), thus preventing their direct in-
teraction (Shi et al., 2001).

MINT is found to inhibit expression of the osteocalcin
gene through the interaction with the MSX2 protein
(Newberry et al., 1999). In addition, split ends (spen)
(Kuang et al., 2000; Wiellette et al., 1999), the Drosophila
homolog of MINT, is shown to be a transcriptional re-
pressor involved in function of yan, one of the target
genes of the RTK/Ras/MAPK pathway (Rebay et al.,
2000). Therefore, MINT may be involved in transcrip-
tional repression in various systems other than Notch.

In summary, we have shown that MINT suppresses
generation of MZ B cells probably through negative reg-
ulation of Notch activity. Cell-specific expression of
MINT can explain the mechanism for binary cell fate
decision by Notch in mammalian systems, suggesting
that MINT may be a mammalian functional homolog of
Drosophila Hairless.

Experimental Procedures

Cloning of MINT cDNA and Construction of Its Derivatives

A Hela cell cDNA library was screened by the yeast two-hybrid
method with mouse RBP-J as a bait (Tamura et al., 1995; Taniguchi
et al., 1998). The resulting human RAM7 cDNA was used as a probe
to screen the cDNA library from mouse 9.5 dpc embryos (Clontech).
Myc-MINT (FL, amino acids 1-3576)-Flag, Myc-MINTARAM7 (2638-
2777)-FLAG, Myc-MINTAN (1442-3576), Myc-SV40 NLS-MINTAN
(1442-3576), Myc-SV40 NLS-MINTAN-ARAM?7 (A2638-02777), Myc-
MINTAC (1-1893), Myc RAM7 (2638-2777), and Myc-RAM7-VP16
were ligated into pEF-BOS Neo SE vector derived from pEF-BOS Neo
(Kuroda et al., 1999; Mizushima and Nagata, 1990). pEF-BOS
Neo/Notch1-4 RAMIC, pEF-BOS Neo/Notch1 RAM-ANK, pEF-BOS
Neo SE/ RBP-J-FLAG, tk-MH100X4-luc, pHES1(1.0 kb)-luc, pGa981-6
(Tp1-luc), and pCMX-lacZ or pRL-CMV (Promega) were previously
described (Kurooka et al., 1998; Minoguchi et al., 1997; Mizutani et
al., 2001; Takebayashi et al., 1994). All Notch and RBP-J used are
derived from mouse.

Luciferase Assay

NIH3TS3 cells seeded in 6-well plates (35 mm) were transfected with
the plasmids indicated and 200 ng pCMX-lacZ or 50 ng pRL-CMV
(Promega) using Lipofectamine (Invitrogene). Transfected cells were
harvested around 24 hr after transfection, and luciferase activities
in the cell extracts were measured according to the manufacturer’s
instructions (Promega) in a luminometer (Microplate luminometer
LB96V, Berthold). Luciferase activities as indicated by arbitrary unit

were normalized by 3-Gal or sea urchin luciferase activities in each
sample. All experiments were repeated at least three times, and the
averages of more than three independent experiments with standard
deviations are shown as bars.

Immunoprecipitation Analysis

Immunoprecipitation was done as described previously (Minoguchi
et al., 1997) with either the anti-Myc (9E10) (Santa-Cruz) or anti-
FLAG M2 (Sigma) monoclonal antibodies.

Immunohistochemical Examination

Tissue sections (12 wm) of spleen were prepared, fixed in 4% para-
formaldehyde/PBS (—) for 10 min, blocked with 25% goat serum/
PBS (—) for 10 min, and stained with anti-MAdCAM-1 (clone MECA-
367; PharMingen), anti-mouse IgD (clone SBA1; Southern Biotech-
nology), anti-IgM-rhodamine (Cappel), and anti-rat IgG-FITC (Jack-
son Laboratory). Slides were mounted in SlowFade Light antifade
Kit Component A (Molecular Probes) and analyzed with a Bio-Rad
confocal laser scanning microscope (model MRC-1024). The spleen
of Notch2-lacZ mice was fixed with 2% paraformaldehyde, 0.2%
glutaraldehyde, PBS (—) and stained with X-gal. For histological
study of embryonic pancreas, whole embryos were fixed with Bou-
in’s solution, embedded in paraffin, and cut at 3.5 pm thickness.
After deparaffinization, endogenous peroxidase was inhibited with
0.3% hydrogen peroxide in methanol for 20 min, and blocked with
normal goat serum (Dako). Rabbit antibody anti-glucagon (Linco) or
carboxypeptidase A (Chemicon), biotin-labeled goat anti-rabbit IgG
serum, and avidin-biotin complex were sequentially used. Substrate
for peroxidase (3,3'-diaminobeizidine) was obtained from Dako.

In Situ Hybridization

Cryosections (8-12 pm) from normal spleen were fixed in 4% para-
formaldehyde. In situ hybridization was performed as described
previously (Braissant et al., 1996). The antisense probe was tran-
scribed from the 1958 bp EcoRI-BamHI fragment (nucleotides 1150~
3107) of MINT.

Generation and Genotyping of MINT Mutant Mice

Homologous recombination was used to disrupt the MINT gene in
ES cells. MINT genomic fragments were cloned by screening of a
phage library containing 129/Sv mouse DNA fragment. To construct
the targeting vector, a neomycin phosphotransferase-expressing
cassette (PGK-neo) was inserted between the Smal (nucleotide 4510
of the coding region) and Hindlll (nucleotide 4891 of the coding
region) sites to replace the region between the two restriction sites.
A dyphtheria toxin A (DTA)-expressing cassette was flanked outside
the 3’ homologous region. The vector was linearized by restriction
digestion and used to transfect ES cell line E14 by electroporation.
Transfected cells were cultured in the presence of G418 (300 ng/
ml), and G418-resistant clones were expanded and screened by
Southern blotting analysis using a fragment outside the 5' homolo-
gous region as a probe (probe S-K). ES clones with homologous
recombination were microinjected to blastocysts from C57BL/6
mice to generate chimeras. Chimeras were bred with C57BL/6 to
get germline transmission of the mutant MINT allele.

Reconstitution of the Lymphoid Compartment in RAG2~/~ Mice
Fetal liver cells (1 X 10°) from E12.5 MINT"/*, MINT"'~, and MINT '~
embryos were injected intravenously into 4 Gy irradiated RAG2~/~
mice (Shinkai et al., 1992). After 10-12 weeks, single-cell suspen-
sions were prepared from spleens and peritoneal cavities of the
reconstituted RAG2~/~ mice and subjected to FACS and immunohis-
tochemical analyses. The following monoclonal antibodies were
used: fluorescein isothiocyanate (FITC)-conjugated anti-CD21
(7G6), phycoerythrin (PE)-conjugated anti-CD23 (B3B4) and anti-
CD4 (GK1.5), and allphycocyanin (APC)-conjugated anti-B220 (RA3-
6B2), anti-CD8 (53-6.7) and anti-Mac1/CD11b (M1/70) (PharMingen).
The following polyclonal antibodies were used: FITC-conjugated
anti-lgM and PE-conjugated anti-IgD (Southern Biotechnology). All
FACS analyses were performed on a FACSCalibur (Becton-Dick-
inson). Data were obtained by analysis of 1-2 X 10* viable cells, as
determined by forward light-scatter intensity and propidium iodide
gating.
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RT-PCR Analysis of Gene Expression

Total RNAs were prepared from 2 X 10° each of sorted B cell
populations (expressing appropriate phenotypes) by TRIizol
(GIBCO). cDNA synthesis and PCR were done as previously de-
scribed (Minoguchi et al., 1997). The PCR products were separated
on an agarose gel, blotted, and hybridized with an appropriate cDNA
fragment. As a control, PCR products with B-actin primers were
analyzed by BAS system (Fuji film).

DCs were prepared from spleen by collagenase digestion, as
previously described for gut lamina propria lymphocyte with minor
modifications (Kamata et al., 2000). After collagenase procedure,
collected cells were placed on a 50% discontinuous Percoll gradient
(Sigma) and centrifuged for 20 min at 700X g. A low-density fraction
was collected and washed twice. The washed cells were incubated
in culture dishes at 37°C for 1 hr to remove adherent cells, and the
nonadherent cells were collected. DCs (CD11c™") were isolated from
these nonadherent cells with the use of magnetic-antibody cell sort-
ing (MACS) (Miltenyi Biotec). B cells (B220*) and T cells (CD4* or
CD8") were isolated from the cell suspension of erythrocyte-
depleted splenocyte with the use of MACS.

Sequence of PCR Primers
The sequence of PCR primers is provided as supplemental data at
http://www.immunity.com/cgi/content/full/18/2/301/DC1.
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