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Abstract
Notch signaling pathway plays important roles in promoting the generation of marginal zone (MZ)
B cells at the expense of follicular (FO) B cells during periphery B cell maturation, but the
underlying molecular mechanisms are not well understood. We hypothesize that Notch favors the
generation of MZ B cells by down-regulating E protein activity. Here, we demonstrated that
expression of Id2 and ankyrin-repeat SOCS box-containing protein 2 (Asb2) was elevated in MZ
B cells and by Notch signaling. Id2 inhibits the DNA binding activity of E proteins whereas Asb2
facilitates E protein ubiquitination. Next, we examined the phenotypes of splenic B cells in mice
expressing constitutively active Notch1 and/or two gain-of-function mutants of E proteins that
counteract Id2-mediated inhibition or Notch-induced degradation. We found that up-regulation of
E proteins promoted the formation of FO B cells while it suppressed the maturation of MZ B cells.
In contrast, excessive amounts of Notch1 stimulated the differentiation of MZ B cells and
inhibited the production of FO B cells. More interestingly, the effects of Notch1 were reversed by
gain of E protein function. Furthermore, high levels of Bcl-6 expression in FO B cells was shown
to be diminished by Notch signaling and restored by E proteins. In addition, E proteins facilitated
and Notch hindered the differentiation of transitional B cells. Taken together, it appears that Notch
regulates peripheral B cell differentiation, at least in part, through opposing E protein function.

Introduction
Maturation of B cells predominantly occurs in the spleen (1). Immature B cells arrive in the
spleen from the bone marrow as Transitional 1 (T1) cells, which then acquire the ability to
recirculate and transform into Transitional 2 (T2) cells. Transitional 3 (T3) cells are believed
to represent anergic B cells (2). T2 cells can differentiate into precursors of marginal zone
(MZP) B cells, which then turn into mature marginal zone (mMZ) B cells. T2 B cells can
also give rise to follicular (FO) B cells, which are subdivided into FO-I and FO-II cells, both
of which are capable of recirculating between spleen and periphery (1, 3). MZ B cells,
located at the marginal zone area between the red pulp and the white pulp in the spleen, are
mainly responsible for clearance of blood borne pathogens (4). Follicular B cells, residing in
splenic follicles and capable of recirculation, are primarily in charge of T cell-dependent
immune responses. Nonetheless, important cell fate decisions are being made by transitional
B cells with regard to the marginal zone versus follicular B lineage choices (1). It is well
known that the signal strength from B cell receptors influence the choice, namely stronger
signaling for FO and weaker ones for MZ B cells (1, 5). Furthermore, BAFF receptor-
mediated signaling and NF-κB activation are also recognized to be important in
distinguishing FO and MZ B cell fates (6–9).
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A number of studies have indicated a key role of the Notch signaling pathway in the
generation of marginal zone B cells. Ablation of the Notch2 gene resulted in a dramatic
reduction in MZ B cell production, whereas Notch2 haploinsufficiency leads to impaired
formation of MZP (10, 11). B cell specific deletion of the RBP-Jκ gene, which encodes the
key mediator of Notch signaling resulted in the loss of MZ B cells with a concomitant
increase in FO B cells (12). Likewise, expression of a dominant-negative mastermind-like-1
mutant inhibits Notch-mediated transcription and MZ B cell differentiation (13).
Furthermore, elimination of the delta-like-1 ligand of Notch receptors abolished MZ B cell
formation (14). Conversely, overexpression of a constitutively active form of Notch2, the
intracellular domain (IC), resulted in a tremendous accumulation of MZ B cells at the
expense of FO B cells (15). It has been established that these bona fide MZ B cells express
surface markers and reside in anatomical locations that are consistent with the identities of
MZ B cells. Taken together, these studies clearly pointed to the importance of Notch
signaling in MZ B cell development. However, the downstream molecular mechanisms
whereby Notch promotes the generation of MZ B cells remains largely unknown.

The basic helix-loop-helix (bHLH) family of transcription factors has also been implicated
in the regulation of peripheral B cell maturation. This family includes products of E2A,
HEB and E2-2 genes, which are collectively called E proteins and have similar biochemical
properties (16–18). The function of E proteins can be diminished by a group of inhibitory
molecules named Id1–4. E proteins are well known to play crucial roles in immunoglobulin
gene expression and receptor editing (19, 20). A role for bHLH proteins in MZ B cell
development has also been implicated by analyzing E2A+/− and Id3−/− mice (19). E2A+/−

mice showed an increase in the proportion of marginal zone B cells with a concomitant
decrease in the proportion of follicular B cells. In contrast, Id3-deficient splenocytes had a
decline in the proportion of marginal zone B cells, which indicated that E protein activity
contributes to cell fate determination of MZ and FO B cells (19). However, the effects of
loss of E2A protein or Id3 genes appeared rather subtle, probably due to a functional
redundancy among multiple E and Id proteins. Indeed, Id2 has also been shown to influence
splenic B cell differentiation and Id2 deficiency results in a reduction in the number of MZ
B cells (21).

We have previously shown that activation of Notch signaling promotes the degradation of
E2A proteins trigged by their ubiquitination catalyzed by Cullin1-Skp1-F-box protein Skp2
(SCFSkp2) E3 ligases (22, 23). E2A ubiquitination depends on its phosphorylation by MAP
kinases and mutation of the specific MAP kinase recognition sites renders the protein
resistant to Notch-induced degradation in both cell cultures and in a knockin mouse model
(22, 24). We have also found that Notch signaling stimulates the transcription of the gene
encoding ankyrin-repeat SOCS-box containing protein 2 (Asb2) (25). Asb2 is capable of
facilitating E2A ubiquitination by bridging the formation of non-canonical dimeric ubiquitin
ligase complexes, which consist of both Cullin5-ElonginB/C and Cullin1-Skp1-Skp2
subunits (25). Therefore, it is possible that Notch signaling promotes the generation of MZ
B cells by increasing the turnover of E proteins. To examine the interplay between Notch
signaling pathways and E protein regulation by both Id-mediated inhibition and ubiquitin-
mediated degradation, we first examined gene expression in both MZ and FO populations
from wild type mice and mice expressing a constitutively active form of Notch1. We show
that high levels of Id2 and Asb2 expression are associated with MZ B cells and Notch
activation. Since Id2 and Asb2 can both down-regulate E protein function via different
mechanisms, we utilized two mouse models to counteract Id-mediated inhibition of E
proteins and Notch-induced degradation, respectively (24, 26). We demonstrate that
restoration of E protein function in these two models diminishes the formation of MZ B cells
on the wild type background and reverses the augmented proportion of MZ B cells caused
by overexpression of constitutively active Notch1, N1-IC. Therefore, these data support our
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hypothesis that Notch signaling favors the MZ B-cell fate at least in part by opposing the
function of E proteins, which shed light on the molecular regulation of MZ B cell
differentiation.

Materials and Methods
Mice

The generation of ROSA26-N1-IC, ROSA26-ET2 and E2AM/M mice are as previously
described (24, 26, 27). Mice used for phenotypic analyses were conducted at 8–12 weeks of
age. All animals were on the C57BL/6J background and maintained in specific-pathogen-
free conditions and handled according to protocols pre-approved by the Institutional Animal
Care and Use Committee of Oklahoma Medical Research Foundation.

Flow cytometry and cell sorting
For flow cytometric analyses, red blood cell–depleted cell suspensions from BM or spleen
were prepared and stained at optimal dilutions of conjugated antibodies in Hanks balanced
salt solution supplemented with 2% fetal calf serum (H2F). Antibodies used included
PerCPCy5.5-phycoerythrin (PE)–, PE-Cy7–, allophycocyanin (APC)–, APC-Cy5.5–, APC-
Cy7–conjugated monoclonal antibodies to the following cell surface antigens: B220
(RA3-6B2), CD23 (B3B4), CD21/35 (7E9), IgM (R6-60.2), Mac1 (M1/70), IgD (11-26C.
2a), CD93 (AA4.1), and CD19 (1D3). Except antibodies against CD23 and CD19 which
were from BD Pharmingen (San Diego, CA), all antibodies were purchased from Biolegend
(San Diego, CA). Dead cells were excluded by propidium iodide staining (Molecular
Probes, Eugene, OR). Relative fluorescence parameters were collected with a LSR II flow
cytometer (BD Biosciences) and analyzed with Diva or FlowJo7.6.4 (TreeStar Inc) software.
Cell sorting was performed on MoFLo (Beckman Coulter, Indianapolis IN).

Co-culture with OP9 stromal cells
Splenocytes were labeled with antibodies against Mac-1, Gr1 CD4, CD8, NK1.1 and
Ter119. Labeled cells were then incubated with BioMag anti-Rat Ig conjugated magnetic
particles (Qiagen; Valencia, CA). Unbound cells were recovered in alpha medium
supplemented with 10% fetal calf serum for one before being plated onto OP9 stromal cells
transduced with vector (OP9-V) or delta-like-1-expressing retrovirus (OP9-DL1) by a 30-
min centrifugation and 2-hour incubation at 37°C (28). Non-adherent cells were then
harvested for RNA isolation.

BrdU labeling
Cohorts of 10–12 weeks old mice were provided with 0.25 mg/ml of BrdU in drinking water
for 7, 11 and 15 days. Splenocytes were analyzed by simultaneously staining for surface
antigens with fluorochrome-label antibodies against B220, CD21, CD23, IgM and IgD and
for BrdU incorporation using the APC-BrdU Flow kit (BD Biosciences) according to the
manufacturer's instruction. BrdU positive gate was set and based on the criterion that the
percentage of BrdU positive cells is less than 1% in each cognate cell population of wild
type un-labeled mice.

Analyses of Gene expression
Total RNA was extracted from sorted cells using TRIzol reagent (Invitrogen). cDNA was
synthesized using Moloney murine leukemia virus reverse-transcriptase (Invitrogen). PCR
amplification was performed using SYBR GREEN PCR Master Mix (Qiagen, Valencia,
CA) and ABI Prism 7500 real-time PCR machine (Applied Biosystems, Foster City, CA).
Primers for Asb2 were purchased from Qiagen. Other Primers were synthesized by
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Integrated DNA Technologies (Coralville, IA) using the following sequences: Hes5,
AGTCCCAAGGAGAAAAACCGA and GCTGTGTTTCAGGTAGCTGCTGAC; Hes1
CCAGCCAGTGTCAACACGA and AATGCCGGGAGCTATCTTTCT; Id3,
CGACCGAGGAGCCTCTTAG and GCAGGATTTCCACCACCTGGCTA; Id2,
ATGAAAGCCTTCAGTCCGGTG and AGCAGACTCATCGGGTCGT; Deltex1
CGCTCCATGCAAATGGTACA and AGGATGTGGTTCGGAGGTACAT; Bcl-6,
CCGGCACGCTAGTGATGTT and TGTCTTATGGGCTCTAAACTGCT.

Statistical analyses
Unpaired t test was performed using either the Prism or excel software.

Results
MZ B cells expressed Id2 and Asb2 at much higher levels than FO B cells

To investigate the relationship between Notch activation and E protein activities, we
examined levels of gene expression in sorted splenic B cells based on B220+CD21HiCD23int

and B220+CD21intCD23Hi phenotypes, which are believed to enrich for MZ and FO B cells,
respectively (3). To test the effects of Notch signaling, we utilized a mouse model where
constitutively active Notch1 is expressed in B lineage cells. Specifically, the intracellular
domain of Notch1 (N1-IC) was inserted downstream of the promoter of the ROSA26 gene
along with a Floxed Stop sequence and EGFP which can be expressed from the internal
ribosome entry site (27, 29, 30). When this strain of mice was crossed with CD19-Cre
transgenic mice (31), expression of N1-IC as well as EGFP was efficiently induced (Figure
1A). We first examined the expression of well-known Notch target genes in wild type FO
and MZ B cells. As expected, expression levels of Deltex1 and Hes5 was at least 10-fold
higher in MZ than FO B cells. The level of Hes1 was also higher in MZ B cells albeit less
dramatically (Figure 1B). These results confirm that Notch signaling is indeed activated in
MZ B cells.

Since transcription of E protein genes is generally considered constitutive and ubiquitous,
we assessed the expression of genes encoding products that are capable of regulating E
protein function in post-transcriptional manners. These include Id proteins, which inhibits
the DNA binding activity of E proteins, and Asb2 which facilitates ubiquitin-mediated
degradation of E proteins (18, 25, 32). We found that MZ B cells exhibited a 12-fold higher
level of Id2 than FO B cells, which is consistent with that described by Kin et al. (Figure
1B) (33). However, the level of Id3 in MZ B cells was lower than in FO cells. Significantly,
the Asb2 gene was expressed at a 35-fold higher level in MZ B cells than in FO B cells
(Figure 1B). Collectively, it appears that two separate mechanisms exist in MZ B cells to
down-regulate E protein function, namely expression of Id2 and Asb2 proteins.

Comparing gene expression between wild type and N1-IC expressing FO B cells revealed
that enhanced Notch signaling not only stimulated the expression of Hes1, Deltex and Hes5
genes but also boosted the transcription of Id2 and Asb2 genes (Figure 1B). To further
verify if Notch signaling stimulates the expression of Id2 and Asb2, we co-cultured
splenocytes depleted with antibodies against Mac-1, gr1, CD4, CD8, Ter119 and NK1.1 on
OP9-vector and OP9-DL1 stromal cells for 2 hours. We first tested the induction of known
Notch target genes such as Deltex1 as well as Notch1 and Notch2, and found them to be up-
regulated by 2–5 fold when exposed to the Notch ligand, DL1 (Fig. 1C). This suggested that
Notch signaling pathways were activated under this condition. As a result, the stimulation of
Asb2 and Id2 expression was on the average of 11 and 2.6 fold, respectively (Fig. 1C).
Collectively, these results raised a possibility that Notch promotes MZ B cell differentiation,
at least in part by down-regulating E protein function through Id2 and Asb2.
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Animal models for gain of E protein function
To test the hypothesis that Notch-induced Id2 and Asb2 expression contributes to MZ B cell
differentiation, we utilized two gain-of-E-protein-function animal models that we have
previously generated. In one model, a chimeric protein called ET2 can be inducibly
expressed from the ROSA26 promoter by Cre-mediated recombination (26, 34). ET2 is a
fusion protein consisting of the N-terminus of E47 (one form of the E2A proteins) including
the two known transcriptional activation domains and the C-terminus of Tal1 protein
containing the bHLH domain for DNA binding and dimerization (Figure 2A) (35). Because
the bHLH domain of Tal1 mediates homo-dimerization poorly, ET2 cannot activate
transcription of E protein target genes unless it forms complexes with endogenous E
proteins, which limits the impact of ET2 overexpression. Since the Tal1 bHLH domain has
comparable affinities to E proteins as Id proteins (36), ET2 is able to compete with all Id
proteins to bind to E proteins and neutralize their effects, thus overcoming the issue of
functional redundancy among different Id proteins (26, 35). However, ET2 remains sensitive
to Notch or Asb2-induced degradation since it contains not only the sequence signaling E2A
degradation but also the one for Tal1 breakdown (22, 37). The second animal model
possesses three point mutations in the E2A gene (E2AM/M) such that the encoded proteins
lack three putative MAP kinase phosphorylation sites necessary for E2A protein
ubiquitination and degradation (Figure 2B). E2A proteins from these knockin mice have
previously been shown to be resistant to Notch or Asb2-induced degradation (24). However,
the DNA binding activity of E2AM/M proteins can still be inhibited by Id proteins.

While the E2AM/M allele is expressed similarly as the wild type E2A gene, expression of
ET2, like that of N1-IC, was induced by crossing ROSA26-ET2 knockin mice with CD19-
Cre mice (31). For the benefit of simplicity, ROSA26-ET2/CD19-Cre, ROSA26-N1-IC/
CD19-Cre or ROSA26-ET2/ROSA26-N1-IC/CD19-Cre mice will be referred as ET2, N1-
IC and N1-IC/ET2 mice hereafter, respectively. As the transcript encoding ET2 also
includes EGFP downstream of a ribosomal entry site, induction of ET2 expression can be
indicated by the fluorescence of EGFP. Efficient induction was detected in splenic B cells of
ET2 or ET2/ N1-IC mice (Figure 2A). For analyses of ET2 and N1-IC expressing B cells,
GFP+ gate was included.

Gross examination of B cell development in the bone marrow of ET2, E2AM/M and N1-IC-
expressing mice revealed no major developmental defects except that the percentage and
number of B220+ and B220+IgM+ cells in ET2 mice were significantly reduced (Figure 2C).
In the spleen of ET2 and N1-IC mice, total counts of splenocytes and B cells were about
75% and 50% of those in wild type or E2AM/M mice (Table 1). This disparity in total cell
counts combined with the necessity to identify GFP+ cells in some of the strains made the
comparison of the numbers of a particular B cell population among the different strains of
mice complicated and less informative. Therefore, we primarily focused on examining the
percentages of B cell subsets and only compared the total cell numbers in appropriate groups
of mice.

Notch and E proteins have opposing effects on FO and MZ B cell differentiation
If Notch-dependent MZ B cell differentiation involves down-regulation of E protein
activities, we would expect that neutralizing Id2-mediated E protein inhibition by ET2 or
Asb2-induced E2A degradation by E2AM/M would each separately impact MZ versus FO
lineage decisions. We examined the developmental profiles of splenic B cells in ET2 or
E2AM/M mice using the parameters described by Allman and Pillai (3) and our general
gating strategies are shown in Supplementary Fig. 1.
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Levels of CD21 and CD23 surface markers can largely be used to separate B220+

splenocytes into two populations enriched of FO and MZ cells. In comparison to the control
group consisting of wild type mice or mice which carry either the CD19-Cre, N1-IC or ET2
allele, ET2-expressing mice had a small but statistically significant increase in the
proportion of FO B cells and a corresponding decrease in MZ B cells (Figure 3A). In
E2AM/M mice, a more profound difference was observed; the percentage of MZ B cells was
reduced by 2 fold (Figure 3B). This is consistent with the decreases in the number of MZ B
cells comparing the control to E2AM/M mice, which have similar counts of total splenic B
cells (Table 1).

Hampel et al. have recently shown that overexpression of Notch2-IC (N2-IC) from the
CAGGS (CMV early enhancer/chicken β-actin/rabbit globin) promoter forcefully drives MZ
B cell differentiation. They have also demonstrated that these phenotypic MZ B cells have
expected anatomical location and function. Therefore, we made use of our N1-IC mice to
enhance Notch signaling in B lineage cells and assess the effects of ET2 and E2AM/M on
Notch-driven MZ B cell development. Similar to the phenotypes of N2-IC expressing mice,
albeit less dramatic, expression of N1-IC also results in a significant increase (4 fold) in the
proportion of MZ B cells, which was accompanied by a decrease in the percentage of FO B
cells (Figure 3A and B). Although the total number of splenocytes was reduced by 36% in
N1-IC mice compared to control mice, the number of MZ cells was increased by 50% while
that of FO cells dropped about 4 fold (Table 1). These results suggest that increased Notch
function indeed enhanced MZ B cell production and suppressed FO B cell differentiation.
They also showed that Notch1 can to some extent, substitute Notch2 function when it is
ectopically expressed. Interestingly, introducing ET2 or E2AM/M into N1-IC expressing
mice each led to a partial rescue of the phenotype caused by N1-IC (Figure 3A and B).
Again, the effect of E2AM/M appeared stronger than that of ET2.

The follicular B cell population consists of FO-I and FO-II subsets, which are characterized
as B220+CD93−CD21+IgDHiIgMlo and B220+CD93−CD21+IgDHiIgMHi, respectively.
While FO-I includes the majority of FO cells, FO-II B cells are believed to serve as a
reservoir for MZ B cells when they are depleted upon blood-borne pathogen infection (38).
Despite the increases of MZ B cells by enhanced Notch activity in N1-IC mice, we did not
observe any increase in the number of FO-II B cells although the percentage of FO-II B cells
was slightly increased. In contrast, a marked reduction in the fraction of FO-I B cells was
detected (supplementary Figures 1 and 2). Elevation of E protein activities also did not
drastically affect the proportion of FO-II B cells. The fluctuation in the numbers of FO-I and
FO-II B cells are consistent with that of total number of FO B cells (Table 1).

Down-regulation of E proteins is necessary for MZ B cell maturation
Another important checkpoint in MZ B cell development is the transition from MZP to
mMZ B cells, which are characterized as B220+CD93−CD21HiIgMHi plus CD23+IgDHi and
CD23−IgDLo respectively (3, 39). Expression of ET2 and E2AM/M both impaired the
maturation from MZP to mMZ stages, resulting in an increased proportion of MZP cells and
decreased percentages of mMZ B cells (Figure 4A and B). Unlike the situation with MZ
versus FO differentiation shown in Figure 3, ET2 exerted a greater block of MZP maturation
than E2AM/M. Conversely, production of N1-IC facilitated mMZ production and co-
expression of ET2 or E2AM/M reversed the trend (Figure 4A and B). These results suggest
that Notch and E proteins play opposing roles during the maturation of MZ B lineage cells.

Effects of Notch on FO and MZ B cell production
To closely monitor the production of FO and MZ B cells, we performed an in vivo BrdU
labeling assay. Cohorts of Control, N1-IC, ET2 and E2AM/M mice were maintained with
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BrdU-containing drinking water for 7, 11 or 15 days. BrdU incorporation in FO
(B220+CD21intCD23HiIgMint) and MZ (B220+CD21HiCD23intIgMHi) B cells were then
analyzed. In terms of the percentage of BrdU uptake in FO or MZ B cells at each time point,
there was no significant difference among the different strains except that FO cells in N1-IC
and ET2 mice showed significant increases on Day 11 or Day 15 (Fig. 5A). This is likely
due to a reduction in total counts of splenocytes in these mice, which might elevate
homeostatic proliferation of FO B cells. It is important to note that BrdU incorporation in
MZ B cells was not significantly increased in N1-IC mice, which suggested that the increase
in the number of MZ B cells in N1-IC mice was not due to an expansion of this population
of cells.

By plotting the number of BrdU labeled cells over time, we found that the rate of
accumulation of BrdU+ FO cells in N1-IC mice was significantly slower compared to the
control mice (Fig. 5B), even though enhanced homeostatic proliferation had lead to a higher
percentage of BrdU labeled FO B cells in N1-IC mice (Fig. 5A). In contrast, the rate of
BrdU+ MZ cells in N1-IC mice was obviously higher than the control. These results suggest
that N1-IC expression inhibits FO B cell production while augments the generation of MZ B
cells. However, it should be cautioned that the differences in the survival of BrdU labeled
cells at each time point may also contribute to the numbers of BrdU+ cells detected. We also
noticed that BrdU incorporation in FO B cells appeared to have reached the plateau by Day
15. The reduction in the numbers of BrdU+ FO B cells in N1-IC mice comparing Day 11
and Day 15 was statistically insignificant (Fig. 5B).

In ET2 and E2AM/M mice, the rate of BrdU incorporation was comparable to the control
mice (Fig. 5B). However, we did detect a small reduction in BrdU+ MZ B cells in both ET2
and E2AM/M mice on Day 11, even though the differences failed to reach statistical
significance based on the limited numbers of mice analyzed. This trend would be consistent
with the decrease in steady-state numbers of MZ B cells seen in these mice (Fig. 3).

High levels of Bcl-6 expression in FO B cells was diminished by Notch and restored by E
proteins

To evaluate E protein activities in FO and MZ B cells, we selected several potential target
genes including Bcl-6, FOXO1, KLF3 and Bcl-2, which were found to be bound by E
proteins during the transition from Pre-pro B to Pro B cells using genome-wide ChIP-seq
assays (40). We recognize that the regulation of these genes may be completely different in
the context of FO and MZ B cells. Nevertheless, we found that while expression of the
FOXO1, KLF3 and Bcl-2 genes was similar in FO and MZ B cells (data not shown), Bcl-6
levels were 2-fold higher in FO B cells than that in MZ B cells (Figure 6), which is
consistent with that previously described (33). Expression of ET2 or E2AM/M indeed
elevated Bcl6 expression in FO and MZ B cells (Figure 6). Interestingly, expression of N1-
IC led to reduction of Bcl-6 expression by 3 and 4.5 fold in FO and MZ B cells,
respectively. However, expression of E2AM/M and ET2 together with N1-IC significantly
restored Bcl-6 levels in FO B cells compared to N1-IC alone (Figure 6). These results
suggest that Bcl-6 expression is associated with E protein function and Notch activation
diminishes E protein activity in FO B cells.

Effects of Notch and E proteins on transitional B cell differentiation
Immature B cells migrate from the bone marrow to the spleen as T1 cells, which then
differentiate into T2 B cells. Whether E proteins play a role in this transition is not known.
We found that the percentage of T1 (B220+CD93+IgM+CD23−) B cells was reduced in ET2
or E2AM/M mice, which is accompanied by a significant increase in the proportion of T2
(B220+CD93+IgM+CD23+) B cells (Figure 7A and B). These results suggest that E protein
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activity promotes B cell maturation from the T1 to the T2 stages. However, E protein
activities did not alter the proportion of T3 B cells.

In contrast, expression of N1-IC caused a marked accumulation of T1 B cells and a slight
reduction in T2 B cells (Figure 7). However, the most dramatic effect of N1-IC expression
on transitional B cells was the diminution of T3 anergic B cells. Compared to controls, N1-
IC mice had a 6 fold reduction in the percentage of T3 B cells and a corresponding decrease
in the number of such cells (Figure 7 and Table 1). Together, these results suggest that E
proteins and Notch impact different steps of transitional B cell maturation.

Discussion
The differentiation of follicular and marginal zone B cells in the spleen is influenced by
multiple signaling pathways including those triggered by BCR and BAFF receptors. Notch
signaling has also been thought to regulate the FO versus MZ lineage decision, which may
be achieved by processes involving crosstalks between Notch and BCR or BAFF signaling
pathways. Likewise, the accumulation of FO and MZ B cells in the spleen is dictated by the
net results of cell differentiation, survival and homeostasis. In this study, we focused on the
role of Notch signaling and its downstream effectors in the development of FO and MZ B
cells.

The essential role of Notch signaling pathway in marginal zone B cell development is well
established. However, what Notch-mediated MZ B cell differentiation entails remains
largely unknown. One widely recognized idea is that Notch influences the FO vs. MZ B cell
fate, which is consistent with its known function in controlling lineage choices in numerous
situations during the development of organisms ranging from Drosophila to human (41, 42).
It is possible that Notch signaling suppresses the FO B cell differentiation, thus allowing the
same precursors such as T2 cells to commit to the MZ lineages. The other possibility is that
Notch drives the expansion of MZ B cells. Our data shows that a dramatic reduction in the
percentage of FO B cells was accompanied by a corresponding increase in the proportion of
MZ B cells. Comparison of the absolute numbers of FO and MZ B cells in N1-IC mice to
those of control mice revealed that N1-IC mice gained about 5×106 MZ B cells but lost
4×107 FO B cells (Table 1). This deficit could account for the reduction in total B cell
counts in the spleen of N1-IC mice, which suggests that N1-IC exerts a powerful
suppression of FO B cell differentiation or impairment of the survival of these cells. In
contrast, a relatively modest increase in the total number of MZ B cells was found in N1-IC
mice and this could not compensate for the loss of all FO B cells. To more closely monitor
FO and MZ B cell production, we performed an in vivo BrdU labeling assay and obtained a
time course of FO and MZ B cell production over a two-week period. We found a decreased
rate of FO B cell production and an increased rate of MZ B cell output in N1-IC expressing
mice. Since the percentage of BrdU uptake by MZ B cells were comparable between control
and N1-IC mice, it is unlikely that Notch simply drives the expansion of MZ B cells.
Because a higher percentage of BrdU-labeled FO B cells was found in N1-IC mice, the
possibility of defective FO B cell proliferation was also ruled out. Our data would thus be
consistent with the notion that Notch promotes MZ B cell differentiation at the expense of
FO B cell fate. However, it remains possible that Notch also causes excessive death of FO B
cells or increases the exit of FO B cells from the spleen.

There is also a possibility that some of the effects of Notch on FO and MZ B cells are
separable. Several findings are in support of this idea. First, Both N1-IC and N2-IC mice
have increased numbers of T1 B cells, which has been suggested to directly give rise to MZ
B cells (15, 43). Second, both Notch receptors have the ability to drive MZ B cell maturation
from MZ progenitors. Finally, comparison of the phenotypes of N1-IC and N2-IC mice
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revealed that while the suppression of FO B cell production is similar in these two strains of
mice, the number of MZ B cells generated in N2-IC mice was much larger than that seen
N1-IC mice. It appears that the N2-IC mice exhibited more dramatic bias towards MZ B cell
differentiation compared to the N1-IC mice. This may be attributed to a possibly higher
level of N2-IC expression than N1-IC, because the former is driven by a CMV-based
promoter whereas the latter is transcribed off the promoter of ROSA26 gene even though
both were induced by CD19-Cre-mediated recombination. More likely, intrinsic difference
exists between N1-IC and N2-IC proteins in their ability to direct MZ B cell differentiation.
Regardless of the reasons for the differences between N1-IC and N2-IC mice, the fact that
both N1-IC and N2-IC have similar capacities in suppressing FO B cell differentiation but
have different effects on MZ B cell production would suggest that inhibition of FO
differentiation and promotion of MZ B cell formation are two separate events mediated by
Notch signaling. This is reminiscent of the situation in Notch-regulated B versus T lineage
decision, where Notch inhibits B cell development and promotes T cell differentiation (24,
44, 45). Whether Notch exerts its effects on the same or different precursors of B and T cells
is also an issue of intense debate.

With regard to the molecular mechanisms whereby Notch controls FO and MZ B cell
differentiation, we specifically investigated whether down-regulation of E protein function
by Notch plays a significant role in this process. Notch signaling stimulates the transcription
of the Id2 and Asb2 genes, which encode products capable of down-regulating E protein
function by either inhibiting its DNA binding activity or by promoting its degradation,
respectively. We utilized two animal models, which express ET2 or E2AM/M. While ET2
counteracts the effects of Id2, E2AM/M proteins are resistant to Asb2-induced degradation.
Indeed, we show that although elevated Notch activity promotes MZ B cell maturation while
diminishing FO B cell development, expression of ET2 or E2AM/M led to reduced
accumulation of MZ B cells to a varying degree, suggesting that ET2 and E2AM/M can
oppose the effects of Notch signaling and the mechanism whereby Notch supports MZ B
cell differentiation at least in part includes down-regulation of E protein function. However,
because ET2 is vulnerable to Asb2-mediated breakdown and E2AM/M can be inactivated by
Id2, a combination of the properties of ET2 and E2AM/M proteins might have been able to
exert more dramatic opposing effects. This would require the establishment of a new mouse
model to express a modified version of ET2 in which the degradation signals of both E2A
and Tal1 are deleted (22, 37). It should also be noted that down-regulation of E proteins is
unlikely the only mechanism by which Notch regulates MZ B cell differentiation.

The transcriptional programs involved in Notch-controlled FO and MZ B cell differentiation
are also not well understood. Kearney and colleagues performed a comprehensive analysis
of gene expression profiles in FO and MZ B cells but the functional significance of the
differentially expressed genes needs to be verified (33). Our study provided evidence to
suggest that attenuation of E protein function is downstream of Notch signaling. Indeed, we
showed that restoring E protein function has opposing effects to Notch signaling on FO B
cell differentiation and MZ B cell maturation, as well as the progression of newly arrived
immature B cells through the transition stages. E proteins are essential transcription factors
for B cell development in the bone marrow and regulate the transcription of many B cell
specific genes important for early stages of B cell differentiation. They were originally
identified based on their ability to bind to the intronic enhancer of the immunoglobulin
heavy chain locus and are thus responsible for immunoglobulin gene expression, which
dictates the density of B cell receptors (BCR) on the surface of the cells (46–48). Since
strong BCR signaling is thought to favor FO B cell differentiation, it is conceivable that E
proteins promote FO B cell formation by enhancing BCR signaling (1). Indeed, levels of
IgD transcripts have been shown to be significantly higher in FO than MZ B cells (33).
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However, other crucial target genes of E proteins in FO and MZ cell development are not
known.

We examined the expression patterns of several genes which have the potential to play roles
in splenic B cell development and are known to be controlled by E proteins in pro-B cells
(40). Interestingly, the Bcl-6 gene is highly expressed in FO B cells in comparison to MZ B
cells. N1-IC inhibits Bcl-6 expression in FO B cells whereas ET2 or E2AM/M restores Bcl-6
levels. Thus, these expression patterns would suggest a potential link between Bcl-6 and
Notch-mediated down-regulation of E protein activities. Bcl-6 is considered a master
regulator of germinal center reaction and key oncogene in B cell lymphomagenesis (49, 50).
However, its roles in FO and MZ B cell differentiation have not been established. Given the
mutually antagonistic relationship between Bcl-6 and NF-κB (51), a transcription factor
required for MZ B cell differentiation (7, 8), the role of Bcl-6 in FO versus MZ B cell fate
decisions warrants further investigation.

In this study, we have shown that Asb2 expression in MZ B cells is 35-fold higher than in
FO B cells and N1-IC can significantly elevate Asb2 levels in FO B cells. Asb2 is a newly
identified Notch target and facilitates the ubiquitination of a variety of substrates besides
E2A proteins (25). Therefore, Asb2 may emerge to be an important regulator by controlling
the turnover of crucial proteins for MZ B cell differentiation and function. Investigations
using gain and loss-of-function mutants of the Asb2 gene will further shed light on the
molecular mechanisms controlling MZ B cell formation. Knowledge of these control
mechanisms is necessary for our understanding of B cell-mediated immunity, autoimmunity
and leukemia.
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Figure 1. Gene expression in FO B cells and MZ B cells
(A) Schematic diagrams of the ROSA26-N1-IC construct and the induction of gene
expression with CD19-Cre, which can be indicated by EGFP expressed from the internal
ribosome entry site (IRES). EGFP and B220 expression in N1-IC splenocytes is analyzed by
FACS along with wild type control. (B) Total RNA was isolated from B220+CD21+CD23Hi

(FO) and B220+CD21HiCD23Lo (MZ) cells of indicated strains of mice. For cells from N1-
IC mice, GFP+FO or GFP+MZ B cells were used. Quantitative PCR was performed to
determine the levels of indicated transcripts. Levels of expression are presented in relation to
that detected in WT FO cells. Data shown are the averages of two independent experiments,
each of which is done in triplicates. (C) Splenocytes depleted of Mac-1+, Gr1, CD4+, CD8+,
Ter119+ or NK1.1+ cells were co-cultured with OP9-vector or OP9-DL1 stromal cells for 2
hours and harvested for total RNA isolation. Quantitative PCR was performed to determine
the levels of indicated transcripts. Levels of expression in cells exposed to OP9-DL1 are
presented in comparison to those in cells cultured with OP9-vector. Data shown are the
averages of two independent experiments, each of which is done in duplicates or triplicates.
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Figure 2. Animal models for gain of E protein or Notch function
(A) Schematic diagram of the ROSA26-ET2constructs. Portions of the E2A and Tal1
proteins are labeled underneath the patterned boxes. EGFP and B220 expression in ET2 and
ET2/N1-IC splenocytes are shown in FACS plots. (B) Schematic diagram of the E2AM/M

allele. The black box indicates the exon containing MAP kinase site mutations, the sequence
of which is shown below and the amino acids mutated to alanine are underlined. The
triangle symbolizes a loxP site remained in the intron after the neo cassette was removed by
cre-mediated recombination. (C) Analyses of the bone marrow of indicated strains. The
average percentage and numbers of indicated cell populations are shown with SEM.
(*p<0.05; **p<0.01).
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Figure 3. Opposing effects of N1-IC and E proteins on FO and MZ B cell differentiation
CD21 and CD23 profiles of B220+ splenocytes from (A) ET2 and/or N1-IC-expressing mice
and (B) E2AM/M and/or N1-IC mice. Control mice (Con) include littermates which carry
wild type, ROSA26-ET2 only, N1-IC only or CD19-Cre only genotypes. Gates show the
populations enriched of MZ or FO cells and numbers indicate the percentage of cells within
the gate. Average percentages of FO or MZ B cells are shown below the FACS plots.
(*p<0.05; **p<0.01).
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Figure 4. Down-regulation of E proteins is necessary for MZ B cell maturation
IgD and CD23 profile of B220+CD93−CD21highIgMhigh splenocytes from (A) ET2 and/or
N1-IC-expressing mice and (B) E2AM/M and/or N1-IC mice. Gates for marginal zone
precursors (MZP) and mature MZ cells (mMZ) are as labeled and numbers indicate the
percentage of cells within the adjacent gate. Average percentages of MZP and mMZ B cells
are shown below the FACS plots. (*p<0.05; **p<0.01).
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Figure 5. In vivo BrdU-labeling assays
Cohorts of indicated strains of mice (n=3 to 6) at the age of 10–12 weeks were provided
with BrdU containing drinking water for indicated lengths of time. Splenocytes were
analyzed by intracellular staining for BrdU along with antibodies against surface markers.
FO and MZ B cells are defined as B220+CD21intCD23HiIgMint and
B220+CD21HiCD23lowIgMHi, respectively. (A) Average percentages with SEM of BrdU+

cells in the FO or MZ population of indicated strains of mice at indicated time points are
shown in each bar graph. (B) Time course of BrdU labeling of FO and MZ B cells of the
indicated strains of mice (*p<0.05; **p< 0.01, p<0.001).
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Figure 6. Bcl-6 expression in FO and MZ B cells of indicated stain of mice
Total RNA was isolated from FO and MZ cells of indicated strains of mice. For N1-IC and
ET2-expressing mice, GFP+ cells were sorted. Quantitative PCR was performed to
determine the levels of indicated transcripts. Levels of expression are presented in relation to
that detected in WT FO cells. # indicates the comparison between control and ET2, E2AM/M

or N1-IC. *designates the comparison between N1-IC and N1-IC/ET2 or N1-IC/E2AM/M. (#
or *p<0.05; ## or **p<0.01).
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Figure 7. Effects of Notch and E proteins on the transitional B cell differentiation
IgM and CD23 profile of B220+CD93+splenocytes from (A) ET2 and/or N1-IC-expressing
mice and (B) E2AM/M and/or N1-IC mice. The gates for T1, T2 and T3 B cells are labeled
within the gates for control mice. Numbers indicate the percentage of cells within their
adjacent gate. Average percentages of T1, T2 and T3 B cells are shown below the FACS
plots. (* p<0.05; ** p<0.01).
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Table I

Number of Splenocytes and B cell subsets in different strains of mice

cell number (×106)

Mean (SEM)

Genotype SP Total B220+ GFP+B220+ T1 T2 T3 Fo MZ B mMZ B MZP B

Control 132.1 (14.36) 87.79 (9.67) 3.12 (0.42) 5.71 (0.56) 4.38 (0.45) 57.45 (7.32) 11.38 (1.13) 7.92 (1.06) 2.67 (0.45)

E2AMM 156.9 (12.40) 94.11 (8.72) 4.17 (0.74) 8.93 (1.06) 5.59 (0.90) 72.67 (4.87) 7.52 (0.73) 5.49 (0.60) 3.97 (0.41)

ET2 83.56 (10.20) 42.45 (6.23) 30.37 (5.64) 2.16 (1.11) 3.78 (0.55) 2.9 (0.70) 27.59 (4.85) 4.96 (0.87) 2.64 (0.93) 2.02 (0.34)

N1-IC 89.15 (4.18) 45.62 (2.84) 41.87 (4.80) 4.64 (0.45) 3.22 (0.20) 0.95 (0.09) 15.07 (0.94) 16.93 (1.97) 12.86 (1.53) 1.54 (0.21)

N1-IC/E2AMM 126.4 (7.47) 66.88 (5.89) 68.36 (10.57) 4.53 (0.61) 5.32 (0.69) 1.36 (0.44) 29.88 (3.32) 22.31 (2.25) 16.06 (2.95) 3.98 (0.73)

N1-IC/ET2 111.2 (18.26) 57.6 (9.17) 42.15 (7.46) 5.23 (1.00) 5.08 (0.85) 2.22 (0.62) 20.88 (3.94) 21.56 (4.73) 13.53 (3.27) 2.49 (0.51)
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