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Msx2-interacting nuclear target protein (Mint)
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thymocyte differentiation by Notch/RBP-J signaling
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Notch/RBP-J signaling is required for generation of early T pro-
genitors (ETP) and promotion of double-negative (DN) 4 cells from
DN3 cells in thymocyte differentiation. However, whether Notch
affects other steps during thymocyte differentiation remains un-
known. Msx2-interacting nuclear target protein (Mint) is an en-
dogenous inhibitor of Notch regulation. Concordantly, by ex vivo
analyses of embryonic thymi and in vitro differentiation studies of
fetal liver progenitors, we find that Mint deficiency enhances
generation of ETP and DN4 cells. Unexpectedly, however, Mint
deficiency impairs differentiation of ETP into DN2 cells, suggesting
that Notch/RBP-J signaling negatively regulates DN1-DN2 transition.

development | T cell

N otch/RBP-J signaling controls cell differentiation processes in
a wide variety of tissues of multicellular organisms (1, 2),
including lineage choice between T and B lymphocytes from
hematopoietic progenitors (3, 4). Notch/RBP-J signaling is initiated
by proteolytic processing of the Notch receptor on the membrane
upon interaction with its ligands, such as Delta-like 1 (DIl1),
expressed on neighboring cells (5). This processing releases the
intracellular domain of Notch (NICD) from the membrane into the
nucleus where NICD forms a complex with the DNA-binding
protein RBP-J to transactivate target genes (6, 7). The mammalian
genome encodes four Notch receptors that are expressed differen-
tially and redundantly (8-10), whereas NICDs of all Notch recep-
tors are targeted to ubiquitously expressed RBP-J (11, 12).

We and others have shown that Msx2-interacting nuclear target
protein (Mint) acts as a suppressor of Notch/RBP-J signaling by
competing RBP-J binding with NICD (13, 14). Overexpression of
Mint suppresses transcriptional activation of Notch target genes in
cultured cell lines (13, 14). Although mint~'~ mice die in utero,
displaying abnormalities in cardiac and pancreatic development,
mint~'~ fetal liver cells transplanted into irradiated rag2~/~ mice
produce more marginal zone B cells and fewer follicular B cells in
spleen compared with wild-type cells (13). Inactivation of Notch/
RBP-J signaling through genetic disruption of RBP-J, Notch2, or
DII1 results in phenotypes opposite those of Mint deficiency in
spleen B cells (15-18). These results demonstrate that Mint nega-
tively regulates Notch/RBP-J signaling in spleen, whereas it remains
to be examined whether Mint has critical roles in other organs, such
as thymus, brain, and testis of postnatal mice, where Mint is highly
expressed (19).

Genetic disruption of Notchl (20, 21) or RBP-J (22) in bone
marrow progenitor cells leads to early developmental arrest of T
cells and ectopic generation of B cells in the thymus. Consistently,
activation of Notch/RBP-J signaling in hematopoietic stem cells by
retroviral expression of NICD promotes the appearance of an
immature T cell population in the bone marrow, and it suppresses
B cell development (23). The most primitive T progenitors in adult
thymus are found within a heterogeneous population, the double-
negative (DN) 1 thymocytes (CD4-CD8~CD25~CD44%), and they
are defined as the early T progenitors (ETPs) (c-Kit"DN1) (24—
26). ETPs are also heterogeneous, and some of them display the
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lineage potential for T, B, and natural killer (NK) cells but no
long-term self-renewing activity, unlike the blood-circulating
Lin~Sca-1"c-Kithi (LSK) cells (25, 27-29). Both LSK and DN1 cells
cultured on the bone marrow stromal cell line OP9 with ectopic
expression of DII1 (OP9/DIl) generate ETP and T lineage cells,
whereas they develop into B but not T cells on OP9 cells without
expression of DII1 (30). In addition, inhibition of Notch/RBP-J
signaling impairs generation of ETPs and increases B lineage cells
from LSK and DN1 cells (28, 31). Thus, the thymic environment,
including Notch signaling, instructs bone marrow-derived progen-
itors such as LSK to differentiate into T cells, and it suppresses B
cell differentiation (24, 32). Furthermore, Notch/RBP-J signaling
controls T cell differentiation after the lineage commitment, DN3-
DN4 transition in the thymus (33, 34), and the induction of Th2 with
suppression of Th1 in the periphery (34-36). However, it is not
known whether Notch signaling regulates the generation of DN2
and DN3 cells in the thymus. The major technical difficulty in
tackling this problem stems from the fact that blockade of Notch/
RBP-J signaling abolishes ETP generation completely, resulting in
the absence of all thymocytes.

This work was designed to investigate where and how Notch
regulates early T cell differentiation by using specific up-regulation
of Notch signaling by Mint knockout. Transplantation and in vitro
culture of mint~'~ fetal liver cells revealed that Mint deficiency
results in impaired DN1-DN2 transition, indicating that Notch/
RBP-J signaling inhibits DN1-DN2 differentiation. In addition,
Mint deficiency leads to enhanced production of ETP and DN4
cells, indicating that Mint negatively regulates Notch/RBP-J signal-
ing at these steps.

Results

Mint Expression in Fetal and Adult Thymus. To investigate the role of
Mint in thymus, we first examined expression of Mint mRNA.
Thymic expression of Mint mnRNA was detectable at E14.5 by in situ
hybridization and quantitative RT-PCR (Fig. 1 4 and B). Interest-
ingly, both CD45~ nonlymphoid and CD45" lymphoid cells derived
from E14.5 fetal thymus as well as adult thymus (Fig. 1 B and C)
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Fig. 1. Expression of Mint mRNA in developing fetal and adult thymus. (A)
Insitu hybridization analysis of E14.5 thymus using either Mint sense (Control)
or anti-sense (Mint) probe. (B and C) Quantitative RT-PCR analysis for Mint
expression in thymus from E14.5 embryos (B) and adult (C). Total RNA was
prepared from unsorted cells (Total), nonlymphocyte (CD45-) fraction, or
lymphocyte (CD45+) fraction, and then it was subjected to quantification.
Each value represents the mean = SEM of three individual thymi. (D) Quan-
titative RT-PCR analysis on adult thymocytes. Total RNA was prepared from
indicated lymphocyte subsets, and then it was subjected to quantification.
Each value represents the mean + SEM of three individual thymi. Hprt,
hypoxanthine phosphoribosyltransferase.

expressed similar levels of Mint mRNA, which raises a striking
possibility that Mint might control still uncharacterized functions of
Notch/RBP-J signaling in thymic epithelial cells that also express
Notch receptors and target genes (37). Mint is expressed in all
subsets of thymocytes with varying levels (Fig. 1D). It is of note that
ETP (c-KitM"DN1) expressed Mint at a level similar to total DN1
cells.

Increased ETP but Reduced Maturation of Thymocytes in Mint Defi-
ciency. To address the Mint function in thymocyte development, we
first analyzed the number and subset distribution of thymocytes in
E14.5 mint~/~ fetal thymi. Mint~'~ mice used in the present study
survive until E14.5, and they die soon after E16 because of
cardiovascular defects with severe s.c. edema. Lymphoid progeni-
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tors begin to immigrate to the thymus around E11.5 (38, 39).
Although few double-positive (DP) and single-positive (SP) cells
were found at this stage of embryonic thymus, DN cells were clearly
identified. The absolute number of mint~'~ embryonic thymocytes
did not differ from that of littermate mint™/~ thymocytes (Fig. 24).
However, we noticed that the proportion of DN1 cells was increased
in mint~/~ thymocytes (Fig. 2B). The majority of DN1 cells were
¢-KithiCD24 *IL-7R */° and indistinguishable between mint~/~ and
mint*'~ thymocytes (Fig. 2C). Thus, c-Kit"DN1 cells (ETPs)
increased in mint /'~ fetal thymi. Because Mint negatively regulates
Notch/RBP-J signaling, the increased ETPs inmint~/~ thymi agrees
with recent reports that inhibition of Notch/RBP-J signaling impairs
generation of ETPs (28, 31). By contrast, DN2 and DN3 cells were
decreased in mint~'~ fetal thymi compared with littermate controls
(Fig. 2B), indicating a developmental defect at DN1-DN2 transi-
tion in mint~'~ embryos. The results suggest that enhanced Notch/
RBP-J signaling by Mint deficiency may inhibit generation of DN2
cells from DN1 ETP cells. Curiously, we have not observed any
reduction of DN4 cells despite clear reduction of their immediate
precursors (DN2 and DN3). This observation is consistent with the
previous report that Notch/RBP-J signaling positively regulates the
generation of DN4 cells from DN3 cells (33, 34), assuming that Mint
inhibits Notch signaling at this step.

Defective DP T Cell Development in the Absence of Mint. To analyze
further the effects of Mint deficiency on thymocyte development at
later differentiation stages in adult, we investigated thymocyte
differentiation of mint~/~ fetal liver cells transplanted into suble-
thally irradiated rag2~/~ mice, which are devoid of thymocytes
except for DN cells (40). To monitor the differentiation efficiency
of mint™'= or mint*/~ B14.5 fetal liver cells (CD45.2"), an equal
number of CD45.17 fetal liver cells from wild-type B6.SJL embryos
was added as an internal control of transplantation. The proportion
of CD45.2" thymocytes was 52% in mice receiving mint™~ fetal
liver cells (mint™~ recipients) 6 weeks after transplantation,
whereas only 13% of thymocytes were CD45.2% in mice receiving
mint~'~ fetal liver cells (mint~'~ recipients), indicating the defect of
thymocyte differentiation in Mint deficiency (Fig. 34). To de-
termine the stage at which the defect occurred in Mint defi-
ciency, thymocytes were further analyzed for their expression of
CD4 and CDS8 in the CD45.2* cells. The proportions of DP, CD4 ",
and CD8™ subsets in CD45.2" cells were similar between mint/~
and mint*'~ recipients (Fig. 34). Consequently, the proportion of
CD45.2% cells was almost equally reduced in DP, CD4, and CDS8
subsets in mint~/~ recipients, suggesting that thymocyte differen-
tiation is blocked before DP cells (Fig. 3B). This interpretation is in

Fig. 2. Enhanced ETP production and impaired DN1-
DN2 transition in mint~/~ fetal thymus. Thymocytes from
E14.5 mint~/~ embryos and mint*/~ littermates were an-
alyzed for their expression of lineage markers, CD44,
CD25, c-Kit, CD24, and IL-7Ra. (A) Absolute cell numbers
of total thymocytes. (B) Representative FACS profiles and
percentage of indicated DN subsets among total thymo-
cytes. Lineage-negative (DN) cells were subdivided

DN1DN2 DN3DN4

W mint +/- O mint -/-

.g into DN1-DN4 subsets as follows: DN1 (CD44+CD25"),
= 4 L DN2 (CD44CD25"), DN3 (CD44-CD25"), and DN4
=3 (CD44-CD25"). Eachvalue represents the mean = SEM of
2 five to seven embryos. **, P < 0.01; *, P < 0.05, by
5 2 Student’s unpaired t test. (C) The percentages of ETPs
5 1 withinthe DN 1 subset (Left) and the absolute numbers of
3o ETPs in embryonic thymi (Right). Each value represents
ETP the mean =+ SEM of three embryos.
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Fig. 3. Mint deficiency affects early T cell develop-
ment before the DP stage in fetal liver transplantation
assay. (A) Representative FACS profiles 6 weeks after
0 transplantation. Each value represents the mean =

SEM of three recipient mice per group. (B) Percentages
of CD45.2" cells among the indicated thymocyte sub-
sets at 6 weeks after transplantation. Each value rep-
resents the mean = SEM of three recipient mice per
group. *, P < 0.05 by Student’s unpaired t test. (C)
absolute number of CD45.2* cells among thymocytes,
CD3" spleen T cells, and B220" spleen B cells at various
time points after transplantation. Each value repre-
sents the mean = SEM of 6-10 recipient mice per
group. (D) Percentages of apoptotic annexin V' cells
among CD45.27CD3* thymocytes at 8 weeks after
transplantation. Each value represents the mean *+

A mint T/ mint - C
L Bre {30540 | o mint+- —o— mint--
X 779507| |, Thymocytes Spleen T Spleen B
) — 12+ 6
>SS
mint /- g o8- 4=
“123523]74.654 8 E
‘ Z 4
= 4 0.4F 2
Q
=3 10 "% 3 10 6 8 10
week week week
2100
B ?) D @« 8
- 80- >3
w S+
8 - sd
o =g
5 za¢
4, 40- 0
w O mint ++ Cd45.1% S+
é 20- wmint +- Cags2t | X 8 W mint +/-
g O mint -I- Cd45.2+ 0 0 mint -1-
N
3

DP CD4 CD8 Y of

accord with normal development of DP and SP T cells in RBP-J
X CD4-Cre mice (34). In mint~/~ recipients, the proportions of
CD45.2% afT and 3T cells were both severely reduced. Because
rag2~/~ thymus contains the background CD45.2 DN cells, analyses
of the subsets of CD45.2 DN cells of mint~/~ recipient are not
useful. Nonetheless, it is worth noting that the proportion of DN
cells in CD45.2" mint~'~ recipients (9.8%) is higher than that
(2.8%) in CD45.2% mint™'~ recipients (Fig. 34). This observation
is in agreement with the above conclusion that mint~/~ thymocyte
differentiation is blocked somewhere in DN cells. The number of
CD45.2* thymocytes further decreased along with time in mint~'~
recipients, whereas that in mint*/~ recipients showed no significant
reduction (Fig. 3C). Consistent with this observation, the number
of CD45.2*CD3" splenocytes of mint~'~ recipient remained low,
whereas the mint™/~ counterpart increased dramatically. By con-
trast, almost no change for B220* splenocytes was seen between
mint~'~ and mint™'~ recipients.

Given the severe reduction in the number of CD45.2% thymo-
cytes in mint™'~ recipients, we analyzed potential cell death of
CD45.2" cells among CD3* thymocytes by annexin V staining, an
early marker for apoptosis, which showed no change between
mint~'~ and mint '~ recipients (Fig. 3D). All of these results suggest
that Mint deficiency causes a developmental defect in the DN stage
but shows indifference to B lineage commitment.

Impaired DN1-DN2 Transition by Mint Deficiency. To address which
step of DN stages is affected by Mint deficiency, we used the in vitro
T cell differentiation assay that was originally developed by Schmitt
and Zuniga-Pflucker (41). Lin~Scal"c-Kit" (LSK) cells were
sorted from E14.5 fetal livers, and their T cell differentiation was
recapitulated on Tst-4/DIl1, a thymic stromal cell line Tst-4 ex-
pressing DII1 (42, 43). Differentiation of cultured cells was analyzed
for their expression of Thy1.2 and CD19. Mint~/~ and mint ™/~ LSK
cells generated a similar number of Thy1.2* T cells at day 6 on
Tst-4/DII1 cells (Fig. 44 Upper Left). The number of T cells from
mint~/~ LSK cells became far less than that from mins*/~ LSK cells
as coculture continued. The reduced number of mint~'~ Thyl.2* T
cells at day 14 is mostly the result of reduction of DN cells (Fig. 44
Lower Left). Under this condition, no CD4" or CD8" SP T cells
were generated, whereas DP cells began to appear at day 10 (Fig.
4A Lower Right). Generation of DP cells was severely impaired in
mint~'~ LSK cell coculture compared with mint*/~ LSK cell

1612 | www.pnas.org/cgi/doi/10.1073/pnas.0610520104

SEM of three to five mice per group.

coculture at day 14. The reduction of T cells by Mint deficiency
affected both T and 8T cells (Fig. 4B). On Tst-4/Dll1, neither
mint~'~ nor mint™~ LSK cells were able to differentiate into
CD19* B cells, whereas both efficiently differentiated into CD19*
B cells but not Thyl.2* T cells on Tst-4. Importantly, the same
numbers of B cells were generated from mint~/~ and mint ™~ LSK
cells by coculture with Tst-4 (Fig. 44 Upper Right), suggesting that
multipotential capacity of LSK in not affected by Mint deficiency.

To determine the exact step of the DN stages affected by Mint
deficiency, we examined DN cells generated by culturing mint=/~
and mint*/~ LSK cells on Tst-4/DIl1 for their expression of CD44
and CD25 (Fig. 4C). At day 6, the number of mint~/~ DNI1 cells was
>2-fold higher than that of mint™~ DN cells. Because the fraction
and absolute number of ¢-Kith cells increased in mint~/~ DNI cells
compared with mint™~ DNI1 cells, the increase of DNI cells is
primarily caused by more efficient generation of c-Kit""DN1 (ETP)
cells from mint~'~ LSK cells (Fig. 4D). c-Kit"DN1 cells were
confirmed to have surface phenotypes similar to those identified in
fetal thymus (data not shown). Previous experiments using the
OP9/DII1 system with exogenous cytokines showed that the ma-
jority of LSK or common lymphoid progenitors differentiate into
DN3 or later stage cells by 7-8 days (25, 41). In the present system
without exogenous cytokines, enhanced generation of ETP from
mint~'~ LSK cells persisted until day 10 and slowed down at day 14.
At these time points, the differentiation profile is probably skewed
to the terminal stages partially because of limitation of stem cells.
Kinetics of differentiation regulation is likely to be best represented
at day 6. The in vitro observations at days 610 are probably similar
to thymocyte differentiation stages in E14.5 thymus 3 days after
immigration of lymphocyte progenitors (Fig. 2B). The increase of
ETPs in Mint deficiency also agrees with the previous reports that
Notch/RBP-J signaling facilitates ETP production (28, 31).

Despite more abundant ETP at day 6, we found no clear increase
but rather reduction of subsequent stage cells (DN2 and DN3) in
mint~'~ cells compared with mint*/~ cells (Fig. 4C). No obvious
increase in mint '~ DN2 cells persisted at days 10 and 14. These in
vitro findings agree with the observations in the mint=/'~ fetal
thymus, showing reduced DN2 cells despite increased ETP gener-
ation (Fig. 2B). Taken together, these results demonstrate that Mint
deficiency inhibits DN1-DN2 transition. It is therefore likely that
Notch/RBP-J signaling negatively regulates the DN1-DN2
transition.

Tsuji et al.
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Fig. 4. Mint deficiency enhances ETP production and impairs the DN1-DN2 transition in in vitro T cell differentiation. (A) The cells cultured on Tst-4/DII1 (+
DII1) or Tst-4 (No DII1) were analyzed for their expression of Thy1.2 and CD19 at various time points. The cells generated on Tst-4/DII1 were analyzed for their
expression of lineage markers or CD4 and CD8 at various time points, and the absolute cell numbers of Lineage-negative (DN) cells and DP cells are calculated.
(B) The cells generated in A were analyzed for their expression of TCRB and TCRyS at day 14, and the absolute cell numbers of «BT and 3T cells are calculated.
(C) The Lin~ cells among the cells generated in A were analyzed for their expression of CD44 and CD25 at indicated day in vitro, and they were subdivided into
DN1-DN4 subsets as in Fig. 2B. (Upper) Representative FACS profiles and (Lower) absolute cell numbers of indicated thymocyte subsets. (D) The Lin~ cells among
the cells generated in A were analyzed for their expression of CD44, CD25, and c-Kit at day 6, and the absolute cell numbers of ETPs are calculated. Each value

represents the mean = SEM of three independent samples per group. *, P < 0.05 by Student’s unpaired t test.

It is worth noting that mint~'~ DN4 cells increased significantly
compared with mint*/~ DN4 cells at day 6. A similar increase of
DN4 cells was observed in mint~/~ fetal thymus as shown above.
The results are in good agreement with the previous finding that the
DN3-DN4 transition is impaired by the defect of Notch/RBP-J
signaling (33, 34).

Increased Expression of Nrarp in Mint-Deficient DN1 Cells. Because
Mint acts as a negative regulator of Notch/RBP-J signaling in
lymphocyte differentiation steps, we assumed that Mint deficiency
impairs DN1-DN?2 transition through up-regulation of Notch tar-
get genes. Among the limited number of direct Notch target genes
known to date, Nrarp has been reported to block DN1-DN2
transition when it is overexpressed (44), serving as a good candidate
for our analysis. To test whether Mint deficiency leads to increased
expression of Nrarp, we prepared total RNA from DNI1 cells
generated from mint™~ and mint~/~ LSK cells cultured on Tst-4/
DIl for 10 days and subjected to quantitative RT-PCR (Fig. 54).
Nrarp expression is increased by >4-fold in mint~'— DNI cells
compared with control mint™~ DN cells. The increase of other
known Notch candidates (Deltex] and Hesl) was less significant
(Fig. 5A4). The relative level of Hprt, an invariant control, was not
affected between mint~/~ and mint ™/~ DNI1 cells. We also studied
expression of Nrarp mRNA in various thymocyte subsets generated
in vitro at day 10, and we found that expression of Nrarp is initially
high in ETP, DN1, and DN2 stages and attenuated in later stages,
whereas that of Mint does not vary much among each subset (Fig.
5B). These results are consistent with the assumption that Notch
negatively regulates the DN1-DN2 transition through activation
of Nrarp.

Tsuji et al.

Discussion

We have demonstrated that Mint regulates three steps in early
thymocyte development: generation of the ETP, differentiation of
DN1 to DN2 cells, and differentiation of DN3 to DN4 cells (Fig. 6).
First, Mint deficiency leads to the increase of ETP in fetal thymus
and in vitro T cell differentiation. The recent reports that genetic
disruption of Notch (31) or Notch inhibitors (i.e., Lunatic fringe and
a DN form of Mastermind-like 1) induces defective ETP produc-
tion and increased generation of intrathymic B cells (28, 31) provide
evidence that notch positively regulates ETP generation in thymus.
Thus, the increase of mint~/~ ETP shows that Mint acts as a
negative regulator of Notch/RBP-J signaling that positively regu-
lates ETP generation.

W

Relative to Hprt mRNA

/-
I
-
|

101

Hprt Nrarp Hesl Deltex]

Relative Amount of mRNA >

S = W kR U o

Fig. 5. Mint deficiency leads to induction of Notch target genes. (A) Cells
generated from mint~'~ or mint*/~ cells cultured on Tst-4/DII1 for 10 days were
subjected to FACS sorting of DN1 cells. Total RNA was isolated from the sorted
DN1 cells and analyzed by quantitative RT-PCR. Each value represents the mean =+
SEM of the amount of mRNA relative to that of the mint*~ group in three
independent experiments. (B) Expression of Mint and Nrarp in the indicated
lymphocyte subsets generated from wild-type cells cultured on Tst-4/DII1 for 10
days. Each value represents the mean + SEM of three independent samples.
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Fig. 6. Regulation of thymocyte development by Notch/RBP-J signaling. It has
been demonstrated that Notch/RBP-J signaling is required for intrathymic T cell
development at three steps: (i) ETP production, (i) y8T segregation, and (iii)
DN3-DN4 transition. This work reveals that Mint negatively regulates Notch/
RBP-J signaling at ETP production and DN3-DN4 transition. Furthermore, this
work identified DN1-DN2 transition as a regulatory step controlled by Notch/
RBP-J signaling, and it showed that Mint negatively regulates Notch/RBP-J sig-
naling at this step. DN1 cells include ETP and recent immigrants from bone
marrow which are represented by LSK". Circulating LSK are shown by LSKoUt,
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Second, Mint deficiency leads to impaired DN1-DN2 transition
in fetal thymus and in vitro T differentiation. In view of the negative
regulatory role of Mint in Notch/RBP-J signaling, this finding
indicates that the DN1-DN2 transition is negatively regulated by
Notch signaling. Earlier studies failed to identify the step and mode
of regulation by Notch in early T thymocyte development after ETP
generation (24). The negative regulation of the DN1-DN2 transi-
tion by Notch is supported by the present and previous findings that
the impaired DN1-DN2 transition is associated with the induction
of Nrarp, one of direct Notch target genes that blocks DN1-DN2
transition when it is overexpressed (44, 45). Taken together, Mint
deficiency up-regulates Notch signaling at DN1, resulting in en-
hanced expression of Nrarp, which blocks DN1 transition to DN2.
Although we also observed slight up-regulation of Deltex1, another
direct Notch target in mint~'~ DNI1 cells, Deltex1 does not seem to
be involved in control of DN1-DN?2 transition (44). It is possible
that still-undiscovered Notch target(s) is up-regulated and involved
in negative regulation of DN1-DN?2 transition in cooperation with
Nrarp. It has been demonstrated that E2A is critical for DN1-DN2
transition (46, 47) and that NICD overexpression induces degra-
dation of E2A by RBP-J-dependent transcription in splenic T and
B cells (48). However, we did not detect any decrease of E2A
protein in mint~'~ DNI1 cells nor any increase in expression of Id
protein that inactivates E2A (data not shown), suggesting that the
E2A pathway may not be involved in the negative regulation of
DN1-DN?2 transition by Notch/RBP-J signaling.

Third, studies on embryonic thymus and LSK cell coculture with
stromal cells indicate that mint~/~ DN4 cells were not reduced
despite the clear decrease in the number of mint~'~ DN2 and DN3
cells compared with mint™~ cells. Because conditional deletion of
Notchl or RBP-J at the DN2-DN3 stage using Ick-Cre drastically
reduces DN4 but not DN3 cells in adult thymus, Notch/RBP-J
signaling positively regulates the generation of DN4 cells from DN3
cells (33, 34). It is therefore reasonable to assume that Mint also
negatively regulates Notch/RBP-J signaling at the DN3-DN4
transition.

It is important to know which of the Notch receptors and ligands
are involved in the regulation of the DN1-DN2 transition. Al-
though the thymic subcapsular region containing most of DN cells
expresses Notchl, 2, and 3 (37), conditional disruption of Notch2
or germ-line disruption of Notch3 has not been shown to affect
thymocyte development (16, 49). It has been demonstrated that
genetic disruption of Notch1 causes impaired ETP production and
DN3-DN4 transition (31, 33). Although Notchl is a most likely
candidate to regulate the DN1-DN2 transition, this regulation has
not been adequately addressed because the absence of Notchl
abrogates ETP and subsequent T lineage cells from thymus. The
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direct confirmation of this conclusion depends on availability of Cre
Tg mice that appropriately delete a floxed Notchl1 allele in ETPs.

It is puzzling why Notch negatively regulates the DN1-DN2
transition. Interestingly, the regulation of this step by Notch is not
strict or absolute because the DN2, DN3, and DN4 cells were
produced in the absence of the endogenous Notch inhibitor Mint.
It is therefore likely that the DN1-DN2 transition is modulated so
that the numbers of DN2 and DN3 cells are relatively limited. One
possible explanation is that abundant DN2/DN3 cells may disturb
the balance between y8 and «f3 lineage (34). This model can be
tested in the future with conditional knockout strategy for Mint
(e.g., Ick-Cre transgene-mediated deletion) that can bypass the
impaired DN1-DN2 transition observed in this work. Although we
did not address potential roles of Mint in thymic epithelial cells in
this work, the conditional knockout strategy for RBP-J and Mint
will also shed light on the functions of Notch/RBP-J signaling in
thymic epithelial development and function in the future.

It is worth noting that fetal liver progenitors have the potential
to generate B cells in the absence of Notch signaling almost 10 times
stronger than that of T cells in the presence of Notch signaling as
assessed by coculture with thymic stromal cells (Fig. 4). Nonethe-
less, Mint deficiency has almost no effect on the number of CD19*
B cells in in vitro coculture with Tst-4. These results indicate that
Mint deficiency does not disturb the generation of B cell progen-
itors from LSK. By analyzing differentiation of mint /'~ and mint /'~
fetal liver cells injected into rag2~'~ mice, we found few B220* cells
in thymus (data not shown), and we did not observe a significant
difference in the number of B220* spleen cells (Fig. 3C). Similar
observations are reported by analyses of peripheral B220* cells
from the MX-Cre transgene-mediated Notchl conditional knock-
out mice (20, 50). The results indicate that T and B lineage
segregation in thymus has little contribution in the number of B
cells in the periphery. Although the final conclusion should wait for
characterization of B progenitors in thymus, it is likely that Notch
is involved in blockade of B differentiation from either precom-
mitted or multipotential progenitors only in thymus.

In summary, we demonstrate the roles of Mint, the Notch
inhibitor, at three steps of early T cell development: ETP genera-
tion, the DN1-DN2 transition, and the DN3-DN4 transition. The
finding revealed the negative regulation of the DN1-DN2 transition
by Notch/RBP-J signaling. It is particularly striking that Notch
regulates the three steps of early thymocyte differentiation in
different directions. The biological significance of this complex
regulation remains to be seen.

Materials and Methods

Mice. Mint-deficient mice have been described in ref. 13. These mice
were backcrossed to C57BL/6J >10 times, and they were main-
tained as heterozygotes for the mutant mint allele. Mint~/~ and
mint™'~ embryos used in the current study were generated by
crossing heterozygous males and females. Rag2~/~ mice were
described in ref. 40, and B6.SJL mice were obtained from the
Jackson Laboratory (Bar Harbor, ME). All mouse protocols were
approved by the Institute of Laboratory Animals, Kyoto University
Graduate School of Medicine.

In Situ Hybridization. Cryosections (8—12 um) of E14.5 fetal thymus
were fixed in 4% paraformaldehyde. In situ hybridization was
performed as described in ref. 51. Antisense and sense probes were
transcribed in vitro by using a fragment of Mint cDNA (GenBank
accession no. NM_019763; nucleotide positions 1-670 of the ORF)
in pGEM-T Easy vector as a template.

Flow Cytometry and Antibodies. The following mAbs were pur-
chased from BD Biosciences (San Diego, CA): FITC-conjugated
anti-CD24 (M1/69), anti-NK1.1 (PK136), anti-Gr1 (RB6-8C5), and
anti-CD19 (1D3); phycoerythrin (PE)-conjugated anti-TCRy8
(GL3), anti-CD19 (1D3), anti-Scal (E13-161.7), and anti-CD45.1
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(A20); and biotin-conjugated anti-Macl (M1/70), anti-CD25
(7D4), and anti-nerve growth factor receptor (C40-1457). The
following mAbs were purchased from eBiosciences (San Diego,
CA): FITC-conjugated anti-TER119 (TER-119), anti-Macl (M1/
70), anti-CD4 (RM4-5), anti-CD8 (53-6.7), anti-CD3e (145-2C11),
anti-CD25 (7D4), and anti-CD45.2 (104); PE-conjugated anti-CD4
(RM4-5) and anti-CD44 (IM7); allophycocyanin-conjugated anti-
CD3e (145-2C11), anti-CD25 (7D4), anti-CD8« (53-6.7), anti-
TCRB (H57-597), anti-Thyl.2 (5§3-2.1), and anti-c-Kit (2B8); and
biotin-conjugated anti-IL-7Ra (A7R34), anti-CD3e (145-2C11),
anti-NK1.1 (PK136), anti-TER119 (TER-119), anti-Grl (RB6-
8C5), anti-B220 (RA3-6B2), anti-CD19 (MB19-1), anti-CD4
(RM4-5), anti-CDS8 (53-6.7), and anti-CD44 (IM7). For annexin V
staining, the annexin V staining kit (BD Biosciences) was used. All
FACS analyses were performed on FACSCalibur (BD Bio-
sciences), and data were analyzed by using CellQuest software (BD
Biosciences).

Fetal Liver Transplantation into rag2~/~ Mice. E14.5 fetal liver cells
from mint*'~ and mint~'~ embryos carrying the CD45.2 allotype
(5 X 10° cells) were mixed with an equal amount of those from
B6.SJL embryos carrying the CD45.1 allotype (5 X 10 cells), and
then they were injected iv. into 4-Gy irradiated rag2~/~ mice as
described in ref. 13. At 6—10 weeks after transplantation, single-cell
suspensions were prepared from thymi and spleens of the recipient
rag2~'~ mice, and then they were subjected to FACS analysis.

Quantitative RT-PCR. The quantitative RT-PCR was performed as
described in ref. 52 with minor modifications. Total RNA was
prepared from FACS-sorted cells by using an RNeasy Mini Kit
(Qiagen, Valencia, CA), and total RNA was treated with DNase I
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(DNA-free; Ambion, Austin, TX). First-strand cDNA was synthe-
sized from DNase I-treated total RNA with random hexamers by
using ABI cDNA Synthesis Kit (Applied Biosystems, Foster City,
CA). Synthesized cDNA was subsequently mixed with 2X iQ SYBR
Green Supermix (Bio-Rad, Hercules, CA) and various sets of
gene-specific forward and reverse primers [supporting information
(SI) Table 1], and it was then subjected to real-time PCR quanti-
fication using an iCycler iQ detection system (Bio-Rad). All reac-
tions were performed in duplicate. The relative amounts of mRNAs
were calculated by using the standard curve method and normal-
ized by invariant controls Gapdh or Hprt.

In Vitro T Cell Differentiation Assay. LSK cells were sorted from
E14.5 fetal livers of mint™'~ or mint*/~ embryos, seeded on a
monolayer of Tst-4/DIl1, a thymus-derived stromal cell line express-
ing DII1, or a parental cell line Tst-4 (42, 43). Six to 14 days after
in vitro culture, cells generated from LSK cells were harvested and
subjected to FACS analysis. Contaminating Tst-4/DII1 cells and
Tst-4 cells were gated out by staining nerve growth factor receptor
artificially introduced into these stromal cell lines.
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