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Wnt Signaling Regulates B Lymphocyte Proliferation
through a LEF-1 Dependent Mechanism

regulates transcription in association with ALY and in
collaboration with other enhancer binding proteins
(Bruhn et al., 1997). In addition, LEF-1/TCF proteins have
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signaling molecules that are expressed in diverse tis-
sues and have been shown to influence multiple pro-
cesses in vertebrate and invertebrate development (re-Summary
viewed in Cadigan and Nusse, 1997). Wnt proteins have
been shown to regulate pattern formation in DrosophilaLymphocyte enhancer factor-1 (LEF-1) is a member

of the LEF-1/TCF family of transcription factors, which (Siegfried and Perrimon, 1994), axis specification in Xen-
opus (Moon et al., 1997), and organogenesis in thehave been implicated in Wnt signaling and tumorigen-

esis. LEF-1 was originally identified in pre-B and T mouse (Monkley et al., 1996; Yoshikawa et al., 1997).
In addition, dysregulation of components of the Wntcells, but its function in B lymphocyte development

remains unknown. Here we report that LEF-1-deficient signaling pathway can have potent oncogenic effects
in tissues such as colon and breast (Nusse and Varmus,mice exhibit defects in pro-B cell proliferation and sur-

vival in vitro and in vivo. We further show that Lef12/2 1982; Tsukamoto et al., 1988; Korinek et al., 1997; Morin
et al., 1997). Wnt signaling involves binding of a Wntpro-B cells display elevated levels of fas and c-myc

transcription, providing a potential mechanism for protein to a receptor of the frizzled family, inactivation
of GSK-3b kinase activity, and stabilization of b-catenintheir increased sensitivity to apoptosis. Finally, we es-

tablish a link between Wnt signaling and normal B cell in the cytosol (Willert et al., 1997). Accumulation and
nuclear translocation of b-catenin allows for associationdevelopment by demonstrating that Wnt proteins are

mitogenic for pro-B cells and that this effect is medi- with LEF-1/TCF proteins and activation of downstream
target genes (reviewed in Cadigan and Nusse, 1997;ated by LEF-1.
Eastman and Grosschedl, 1999).

Although Wnt functions have been studied in manyIntroduction
different tissues, little is known about Wnt signaling in
the immune system. The fact that LEF-1 is expressedLymphocyte differentiation is a complex process that

allows stem cells to develop into highly specialized in developing B and in T cells raises the possibility that
Wnt signaling might regulate proliferation and/or differ-cells. The external signals that regulate cell lineage and

stage-specific expression of genes include extracellular entiation of lymphoid cells. In support of a role of LEF-
1/TCF proteins in T cell differentiation and function, tar-growth factors and cell–cell contact. Within cells, these

cues are integrated by transcription factors that play a geted inactivation of both Lef1 and Tcf1 genes results
in an early block in T cell differentiation (Okamura et al.,particularly important role in executing a program of

differentiation by regulating the expression of genes (re- 1998). In addition, Tcf12/2 mice show a defect in the
function of dendritic cells (Verbeek et al., 1995; Schilhamviewed in Reya and Grosschedl, 1998). LEF-1 is a mem-

ber of the LEF-1/TCF family of HMG transcription fac- et al., 1998). To define the role of Wnt signaling in the
B cell lineage, we adopted two approaches: first, wetors, which also includes three other members, TCF-1,

TCF-3, and TCF-4 (van de Wetering et al., 1991; Korinek examined differentiation, proliferation, and survival of B
cells in LEF-1-deficient mice, and second, we analyzedet al., 1998). LEF-1 is expressed in developing B and

T cells and at multiple sites of organogenesis during the effects of soluble Wnts on pro-B cells in vitro. We
find that LEF-1 is expressed in developing pro-B cellsembryonic development (Oosterwegel et al., 1991;

Travis et al., 1991; van Genderen et al., 1994). LEF-1 has in a temporally regulated manner. Furthermore, we show
that the absence of LEF-1 leads to reduced proliferationno transcriptional activation potential by itself, but it

can act as an architectural protein in the assembly of and increased apoptosis of pro-B cells. Finally, we dem-
onstrate that soluble Wnt proteins act directly on pro-Bmultiprotein enhancer complexes (Giese et al., 1995).

In the T cell receptor a enhancer, for example, LEF-1 cells to induce entry into the cell cycle and cell prolifera-
tion and that the absence of LEF-1 impairs the ability
of pro-B cells to respond to Wnt signaling.‡ To whom correspondence should be addressed (e-mail: rgross@
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Figure 1. Expression of LEF-1 in Early Stages of B Cell Differentiation

The expression of LEF-1 in B cells was determined in heterozygous LEF-1-lacZ knockin mice using fluorescein di-b-D-galactopyranoside
(FDG), a fluorogenic substrate for b-galactosidase (b-gal).
(A) Expression of LEF-1 in fetal liver and bone marrow. Cells were loaded with FDG, stained for the pan-B cell marker B220, and analyzed by
two-color flow cytometry. Histograms are of b-gal expression on B2201 gated cells.
(B) Analysis of LEF-1 expression at distinct stages of B cell differentiation. Cells from E18 fetal liver were loaded with FDG and stained for
B220, HSA, and BP-1 (upper and lower left panel), surface molecules that distinguish different stages of early B cell development (Hardy et
al., 1991). Splenocytes and bone marrow cells were loaded with FDG and stained for B220 and IgM to determine expression on immature
and mature B cells (lower right panel).
(C and D) Analysis of Lef1 expression by RT–PCR analysis of sorted B2201 cells from E18 fetal liver and adult bone marrow (C) and on sorted
B2201IgM2 and B2201IgM1 from the bone marrow and spleen (D). Reactions shown are the result of 30 cycles of amplification.

the transcriptional mediator of this signaling pathway. specific stages of early B cell development shows that
LEF-1 is markedly upregulated at the fraction B stagePreviously, Lef1 transcripts have been identified in

transformed pre-B cell lines but not in primary cells of and is also detected in fraction C cells (Figure 1B). In
contrast, IgM-positive B cells from the adult spleen andthe B lineage (Travis et al., 1991). To study the pattern

of expression of the Lef1 gene in vivo, we analyzed fetal the adult bone marrow do not express significant levels
of LEF-1 (Figure 1B, lower panel; data not shown). Thisand adult B cell compartments in mice in which the

bacterial lacZ gene had been inserted into one allele expression pattern of the Lef1 gene was confirmed by
RT–PCR analysis of RNA from FACS-sorted B cells (Fig-of the Lef1 locus by homologous recombination (Gal-

ceran et al., 2000). In these mice, the spatial and tempo- ures 1C and 1D).
To address the possibility that the stage-specific ex-ral expression pattern of LEF-1 protein is mirrored by the

expression of lacZ, which can be visualized using fluo- pression pattern of LEF-1 reflects a role of LEF-1 and
Wnt signaling in primary B cells, we examined the pres-rescein-di-b-D-galactopyranoside (FDG), a fluorogenic

substrate for b-galactosidase. Using this approach, we ence of various B cell populations in Lef12/2 mice. These
mice have been previously shown to display multiplefound that LEF-1 is expressed during early B cell devel-

opment in the fetal liver and adult bone marrow (Figure nonimmunological defects, including a complete block
in hair, tooth, and mammary gland development and an1A). While LEF-1 is expressed in the majority of fetal

liver B cells, it is expressed in fewer bone marrow B absence of specific neurons in the brain (van Genderen
et al., 1994; Galceran et al., 2000). However, the immunecells (Figures 1A and 1C). Early (pro) B cell differentiation

has been previously subdivided into three stages, system had not been analyzed in these mice. Since
Lef12/2 mice die by 2 weeks after birth, most of ourtermed A, B and C, which can be distinguished by ex-

pression of the surface markers B220, HSA, and BP-1 analysis was restricted to the fetal liver, which supports
B cell development from embryonic days 13 (E13) to 18.(Hardy et al., 1991). Analysis of LEF-1 expression at
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cell compartment. Although in certain cases, E18 fetal
liver has been found to contain as much as 10% IgM1

cells (Ceredig et al., 1998), our mice consistently display
less than 5% IgM1 cells.

To determine whether this reduction in the size of the
B cell compartment was due to a defect in differentia-
tion, we analyzed bone marrow from mice at postnatal
day 13 (P13). While the absolute numbers of IgM1B2201

cells were found to be reduced, the ratio of IgM2 to
IgM1 B lymphocytes remained unchanged in the Lef-1-
deficient marrow (Figure 2D). In addition, PCR analysis
of the rearrangement status of the immunoglobulin
heavy and light chain genes in the fetal liver of E18 wild-
type and Lef12/2 mice revealed normal rearrangement
in the mutant B cells (Reya et al., 1999; data not shown).
The normal differentiation of B cells was also confirmed
by adoptive transfer of fetal liver cells from wild-type
and mutant mice. In such transfer experiments, fetal
liver B cell precursors developed into IgM1 cells and
responded normally to mitogens (Reya et al., 1999; data
not shown). Thus, B cell differentiation is not obviously
affected by the absence of LEF-1.

The reduced numbers of pro-B cells in the fetal liver
of Lef12/2 mice could be due to a decrease in cell prolif-
eration and/or a decrease in cell survival. To examine
cell survival, we analyzed fetal liver sections from wild-
type and Lef12/2 mice for the presence of cells undergo-
ing apoptosis. Using the TUNEL assay, which detects
cells containing fragmented DNA, we found a marked
(up to 20-fold) increase in the number of apoptotic cells
in the Lef12/2 fetal liver relative to that in the wild-type
tissue (Figure 3A). The discrete appearance of apoptotic
cells in the tissue sections, as well as the size of the
dying cells, suggested that the dying cells were of hema-
topoietic origin. To determine whether the apoptotic
cells were B cells, we carried out the TUNEL assay by
flow cytometry and specifically analyzed the number
of B220-positive cells that contained fragmented DNA
(Figure 3B). This analysis revealed a 3-fold increase inFigure 2. Loss of LEF-1 Leads to Reduced Numbers of Developing
the number of apoptotic cells in the B2201 compartmentB Cells but Allows Normal Differentiation of IgM-Positive Cells
of Lef12/2 mice but no increase in the B2202 compart-(A and B) Cells from the fetal liver (A) and perinatal bone marrow
ment of these mice, consistent with the lineage-specific(B) of wild-type (1/1) and LEF-1-deficient (2/2) mice were isolated
expression pattern of LEF-1 (Figures 3B and 3C). Thisand stained with anti-B220 and analyzed by flow cytometry.

(C) Comparison of live B cells in fetal liver of wild-type and LEF-1- increase in the number of apoptotic cells, observed by
deficient mice. Fetal liver cells were isolated and stained for B220 flow cytometry, was less pronounced than that detected
and for fragmented DNA using the TUNEL assay, and the relative by the TUNEL assay of fixed tissue. The difference may
numbers of B2201 TUNEL2 cells from wild-type (1/1) and LEF-1- be explained, in part, by a loss (up to 4-fold) of fragile
deficient (2/2) mice are shown.

apoptotic cells during the processing of cells for flow(D) Cells from perinatal bone marrow were stained with antibodies
cytometry, which does not occur in the analysis of fixedspecific for surface antigens B220 and IgM and analyzed by flow
tissue samples. To confirm that TUNEL-positive cellscytometry.
actually reflect ongoing apoptosis, we utilized Annexin
V, which binds to the exposed phosphotidyl serine in

In addition, we analyzed cells from the perinatal bone the membranes of apoptotic cells. Using this assay, we
marrow to determine the status of IgM-positive cells, detected a 3-fold increase in the number of Annexin
which cannot be detected in significant numbers in the V1 and Propidium Iodide (PI)2 cells in the B2201 cell
fetal liver. Flow cytometric analysis indicated that the population of LEF-1-deficient mice (Figure 3D). Annexin
total number of B2201 cells was consistently reduced V staining is detectable at early stages of apoptosis
by at least a factor of two in both the fetal liver (Figure 2A) when cells are PI negative, whereas late apoptotic cells,
and the perinatal bone marrow (Figure 2B). Significantly, which are PI positive, are not included in this analysis
the difference in the numbers of B2201 cells in wild- to avoid contamination with necrotic cells.
type and LEF-1-deficient mice was 6- to 8-fold if dead To determine the molecular basis for the reduced sur-
and dying cells were excluded from the analysis (Figure vival of developing B cells, we examined wild type and
2B). The majority of the B2201 cells we detected in the Lef12/2 mice for the expression of genes involved in

the regulation of apoptosis. Semiquantitative RT–PCRE18 fetal liver were CD431, placing them in the pro-B
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Figure 4. Increased Apoptosis in Lef12/2 Developing B Cells Is Ac-
companied by Upregulation of fas and c-myc

Equivalent pro-B cell fractions were sorted from E18 fetal liver of
wild-type and Lef12/2 mice and RNA was prepared and used for
RT–PCR analysis. Reactions shown are the result of 30 cycles of
amplification. In parallel experiments, the amount of input cDNA
was varied to ensure linearity of amplification.

mediated by fas upon growth factor withdrawal (Evan
et al., 1992; Shi et al., 1992). In contrast, the levels of
expression of other genes implicated in apoptosis, such
as Bcl-2, Bcl-x, and p53, were not altered in the mutant
mice (data not shown). Taken together, these data indi-
cate that two genes, implicated in apoptosis, are dysreg-
ulated in the absence of LEF-1.

Figure 3. Loss of LEF-1 Results in Increased Apoptosis of Devel- We also examined whether the reduction in the size
oping B Cells of the B cell compartment may involve a decrease in
(A) TUNEL assay of apoptosis in fetal liver tissue. Fetal livers from the proliferation of developing B cells. In a thymidine
wild-type (1/1) and LEF-1-deficient (2/2) mice were isolated, fixed

incorporation assay of Lef12/2 fetal liver pro-B cells thatin formalin, paraffin embedded, and sectioned at 3–5 mm/section.
had been purified by flow cytometry, we observed aSections were stained using the TUNEL assay, which allows detec-
50% decrease in DNA synthesis relative to pro-B cellstion of cells containing fragmented DNA. Sections were counter-

stained with 0.5% methyl green. TUNEL-positive cells appear red- from wild-type mice (Figure 5A). In addition, we mea-
dish brown. sured the DNA content of the cells using propidium
(B and C) Flowcytometric analysis of apoptotic B and non-B cells. iodide staining and found that 50% fewer LEF-1-defi-
Fetal liver cells from E18 wild-type and Lef12/2 mice were stained

cient B cells were in cycle (S/G2/M) as compared towith antibodies directed against the B cell–specific surface antigen
wild-type cells (Figure 5B). These data suggest that BB220, fixed in paraformaldehyde and ethanol, and then stained for
cells depend on LEF-1 for proliferation during earlyfragmented DNA using the TUNEL assay.

(D) Analysis of apoptosis by Annexin V staining. Fetal liver cells from stages of development.
wild-type and Lef12/2 mice were stained with antibodies to B220, The pro-B cell stage of differentiation is critically de-
followed by Annexin V and propidium iodide. Cells in the B2201PI2 pendent upon the cytokine interleukin-7 (IL-7) for prolif-
gate (thereby excluding necrotic and late apoptotic cells) were ana-

eration and cell survival (Grabstein et al., 1993; Peschonlyzed for Annexin V staining, and the number of positive cells (early
et al., 1994; Fisher et al., 1995; von Freeden-Jeffry et al.,apoptotic) is represented.
1995). Thus, one mechanism by which LEF-1 deficiency
may result in reduced proliferation and survival is a re-
duced responsiveness of pro-B cells to IL-7. To test thisanalysis of sorted pro-B cells (fraction B) from Lef12/2

and wild-type fetal liver revealed a marked increase in possibility, we cultured fetal liver cells from wild-type
and mutant mice in the presence of IL-7 and monitoredthe expression of fas and c-myc in the mutant cells

(Figure 4). The fas gene is generally not expressed in the proportion of cells responding to IL-7 by determining
incorporation of bromodeoxyuridine (Figure 6). Cellsearly stage B cells, but it is expressed in activated ma-

ture B cells and can act there as a potent mediator of from wild-type and Lef12/2 mice responded similarly,
suggesting that LEF-1 is not required for IL-7-mediatedcell death. Similarly, overexpression of c-myc has been

implicated in cell death, particularly in cell death that is cell proliferation.
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Figure 5. Loss of LEF-1 Leads to Reduced
Proliferation of Developing B Cells

(A) To determine the rate of cell proliferation,
FACS-sorted fetal liver B cells from wild-type
(1/1) and LEF-1 deficient (2/2) mice were
aliquoted (triplicate samples of 2 3 105 cells/
well) into 96-well plates and cultured for 48
hr. Cells were pulsed with [3H]thymidine for
18 hr, harvested, and assayed for thymidine
incorporation by scintillation spectrophotom-
etry. Data shown is representative of three
independent experiments.
(B) Cells from the fetal liver of wild-type
(1/1) and LEF-1-deficient (2/2) mice were
isolated, stained for B220 and intracellularly
stained with propidium iodide, and analyzed
by flow cytometry to determine the cell cycle
status. The average number of B cells in cycle
over three independent experiments was
42% 6 3% (1/1) and 20% 6 1.5% (2/2).

Since LEF-1 is a transcriptional mediator of the Wnt (Stambolic et al., 1996), had a functional effect on devel-
oping B cells. We found that in the range of 3 mM, LiClsignaling pathway (Behrens et al., 1996; Brunner et al.,

1997; Riese et al., 1997; Hsu et al., 1998), the B cell causes a 3-fold increase in proliferation of fetal liver
pro-B cells, a response comparable to that induced bydefects in LEF-1-deficient mice suggested that Wnt sig-

naling is involved in regulating the proliferation and sur- IL-7 stimulation (Figure 7A).
Since lithium could augment B cell proliferation, wevival of pro-B cells. To date, however, the only evidence

for an influence of Wnt proteins on B cell proliferation were interested in determining whether specific Wnt
proteins could exert a similar effect. To this end, we firstis provided by the recent finding that certain leukemic

B cell lines overexpress a novel Wnt protein, Wnt 16 analyzed the expression of Wnt genes in the microenvi-
ronment of developing B cells. Our analysis revealed(McWhirter et al., 1999). Therefore, we undertook experi-

ments to test directly whether normal developing B cells that multiple Wnt genes, including Wnt10B, Wnt3A, and
Wnt5A, were expressed in bone marrow (Figure 7B). Wecould respond to Wnt signaling. Initially we tested

whether lithium chloride, which inhibits GSK-3b and also determined whether these Wnt genes are ex-
pressed in stromal cells that support early B cell devel-mimics Wnt signaling by stabilizing free b-catenin
opment. Interestingly, while Wnt5A expression could be
found in cultured primary bone marrow stromal cells,
neither Wnt10B nor Wnt3A were expressed in those cells
(Figure 7B), suggesting that these Wnt proteins are most
likely made by hematopoietic cells of the bone marrow.

To perform functional tests with Wnt proteins, we
sought a source of soluble Wnt protein. To date, the
only successful soluble form of a Wnt protein has been
generated by stable transfection of a Wnt3A cDNA into
L cells (Shibamoto et al., 1998). We were thus able to test
the ability of developing B cells to respond to Wnt3A.
A simple biochemical read-out of Wnt signaling is the
stabilization of b-catenin. We therefore incubated sorted
fetal liver pro-B cells in conditioned medium from cells
secreting murine Wnt3A (Shibamoto et al., 1998) and
assayed pro-B cell lysates for b-catenin stabilization.
Free b-catenin could not be detected in cells stimulated
with control supernatant but was readily detectable in
cells that were exposed to Wnt-containing supernatant
(Figure 7C). This result suggested that pro-B cells were
able to transduce a Wnt signal at a biochemical level.

To determine whether this signal has a functional ef-
fect on developing B cells, we examined its effect onFigure 6. Reduced Cell Proliferation in Lef-12/2 Mice Is Not Due to

Impaired IL-7 Responsiveness cell proliferation. Using BrdU incorporation as an assay,
To determine the response of LEF-1-deficient pro-B cells to IL-7, we found that Wnt signaling increased the relative prolif-
sorted fetal liver B cells from wild-type (1/1) and Lef12/2 mice eration rate of pro-B cells approximately 4-fold, allowing
(triplicate samples of 1 3 106 cells/well) were aliquoted into 48-well a majority of developing B cells to enter the cell cycle
plates and stimulated with 30 U/ml IL-7 or cultured unstimulated

(Figure 7D). To examine whether this effect of Wnt 3Afor 48 hr. Cells were pulsed with BrdU for 18 hr and stained intracellu-
on pro-B cells is dependent on LEF-1, we compared thelarly with anti-BrDU antibodies and on the surface with anti-B220

antibodies. Stained cells were analyzed by two-color flow cytometry. ability of wild-type and LEF-1-deficient pro-B cells to
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Discussion

In this study, we show that LEF-1 is expressed at specific
stages of B cell differentiation and is required for cell
proliferation and survival but not for cell differentiation.
Furthermore, we find that the loss of LEF-1 leads to
upregulation of fas and c-myc expression, providing a
potential explanation for the increased cell death in LEF-
1-deficient mice. Finally, we provide evidence that Wnt
signaling is mitogenic for early stage B lymphocytes and
is dependent on the presence of LEF-1, implicating the
loss of normal Wnt signaling in the reduced growth and
survival of B cells in LEF-1-deficient mice.

Although LEF-1 is specifically expressed in pro-B and
pre-B cells, mice lacking LEF-1 do not show any obvious
defect in B cell differentiation. Lef12/2 mice show a nor-
mal frequency of both D to J and V to DJ recombination
and a normal appearance of IgM-positive B cells (Reya
et al. 1999). However, we detected a decrease in the
expression of BP-1 (T. R. and R. G., unpublished data)
and an increase in the expression of the terminal deoxy-
nucleotidyl transferase (TdT) gene (M. O. et al., unpub-
lished data). Although these results suggest that LEF-1
may regulate these genes, neither BP-1 nor TdT proteins
are required for the normal maturation of B cells (Komori
et al., 1993; Lin et al., 1998). It is also unlikely that
changes in the expression of these genes contribute to
the cellular defects, such as decreased survival and
proliferation, that are observed in the LEF-1-deficient
mice. Thus, LEF-1 has either no major role in regulating
the differentiation to B2201IgM1 cells or is functionally
redundant with other members of this family of transcrip-

Figure 7. Wnt Signaling Induces B Cell Proliferation in a LEF-1-
tion factors. Significant levels of Tcf4 mRNA accumula-Dependent Manner
tion can be detected in pro-B cells (M. O. et al., unpub-(A) To determine the response of developing B cells to lithium chlo-
lished data). Therefore, TCF-4 may act redundantly withride, which mimics a Wnt signal, FACS-sorted fetal liver B cells
LEF-1 in regulating B cell differentiation, although a defi-from wild-type mice (triplicate samples of 2 3 105 cells/well) were

aliquotted into 96-well plates and stimulated with 3 mM LiCl for 48 ciency of LEF-1 alone results in functional defects in
hr. For comparison, cells were cultured without a stimulus or with early B cells. Precedence for redundancy within this
30U/ml of IL-7. Cells were pulsed with 3H-thymidine for 18 hr, har- family of transcription factors comes from previously
vested, and assayed for thymidine incorporation by scintillation observed redundancy between TCF-1 and LEF-1 in the
spectrophotometry.

regulation of T cell differentiation (Okamura et al., 1998).(B) Total bone marrow (BM) cells harvested from wild-type mice or
A defect in the survival of lymphocytes in Lef12/2 micecultured bone marrow stroma were used to prepare RNA for RT–PCR

was observed in fetal liver pro-B cells. Interestingly,analysis to detect Wnt10B, Wnt3A, and Wnt5A transcripts. Reac-
tions shown are the result of 35 cycles of amplification. we have also observed increased TUNEL staining of
(C) To determine the response of developing B cells to Wnt signaling, thymocytes in Lef12/2 mice (data not shown), sug-
fetal liver B cells from wild-type mice were stimulated in with Wnt3A- gesting that LEF-1 may play a general role in survival
conditioned medium for 2 hr, lysed, and free b-catenin was detected of developing lymphocytes. In pro-B cells, the increased
by immunoblot analysis with antibodies against b-catenin (Young

apoptosis may be due to upregulation of fas and c-myc.et al., 1998).
Upregulation of fas in B cells that normally do not ex-(D and E) Fetal liver pro-B cells from wild-type (1/1) (D) and LEF-
press this gene results in cell death (Garrone et al., 1995;1-deficient (2/2) (E) mice were isolated and cultured for 2 days in

Wnt3A-conditioned medium or control medium. Cells were pulsed Onel et al., 1995; Wang et al., 1996). Likewise, c-myc
with BrdU for 18 hr, cytospun, fixed, and intracellularly stained with overexpression has been found to result in cell death
FITC-conjugated anti-BrdU antibody (green). The cells were coun- upon growth factor withdrawal (Evan et al., 1992). If
terstained with 7AAD (red) and analyzed by fluorescence micros- upregulation of these genes is involved in apoptosis in
copy. Cells that incorporated BrdU appear in yellow.

LEF-deficient B cells, the question arises as to whether
these genes are direct targets of LEF-1. Previous reports

respond to Wnt signaling. The majority of wild-type have suggested that the c-myc promoter contains LEF-1
pro-B cells proliferated in response to Wnt3A, whereas binding sites and that Wnt signaling induces c-myc in
only a small percentage of Lef12/2 pro-B cells entered colorectal cancer derived cell lines (He et al., 1998).
the cell cycle upon addition of Wnt3A-conditioned me- In contrast, recent reports indicate that c-myc is not
dium (Figure 7E). Taken together, these data implicate regulated by LEF-1/TCF proteins in certain epithelial cell
Wnt signaling as an upstream regulator of LEF-1 activity lines (Kolligs et al., 1999), suggesting that it may not
in developing B cells and suggest that a loss of respon- be a general target of the Wnt signaling pathway. Our
siveness to Wnt signaling may account for the defects observation that c-myc expression is increased in LEF-

1-deficient B cells suggests that in this cell type, c-mycobserved in the LEF-1-deficient mice.
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may even be negatively regulated by Wnt signaling. Al- dependence of pro-B and pre-B cells on contact with
ternatively, the increased expression of c-myc in LEF- stromal cells (Dorshkind et al., 1992; LeBien, 1998). In-
1-deficient B cells may be an indirect effect of the loss deed Wnt5A is expressed in primary stromal cells of
of LEF-1, perhaps related to the reduced proliferation the bone marrow, supporting this possibility. Besides
that is observed in these cells. establishing a link between Wnt signaling and normal

Rather than being a direct effect of the loss of LEF-1, lymphocyte function, our study also has implications
the increased cell death observed in LEF-deficient for the understanding of Wnt-mediated tumorigenesis.
pro-B cells may be a consequence of decreased cell Deregulation of various components of the Wnt signal-
proliferation (Sauter et al., 1999). In support of this possi- ing pathway have been implicated in tumor formation
bility, we found that LEF-1-deficient pro-B cells exhibit (Jue et al., 1992; Wong et al., 1994; Lee et al., 1995). In
altered cell cycle progression in vivo and reduced cell particular, overexpression of Wnt1 causes mammary
proliferation in vitro. Moreover, we observed that Wnt3A epithelial cell tumors, and APC and b-catenin mutations
induces proliferation of pro-B cells in a LEF-1-depen- have been identified in many colon carcinomas (Morin
dent manner but has no effect on cell survival. These et al., 1997). Recently, a novel Wnt family member
findings suggest that the primary function of LEF-1 in (Wnt16) has been found to be overexpressed in leukemic
pro-B cells may be to regulate proliferation. Consistent cell lines (McWhirter et al., 1999). This observation, to-
with this notion, a cell cycle defect has also been ob- gether with our finding that the Wnt pathway regulates
served in developing thymocytes in TCF-1-deficient the proliferation and survival of normal B lymphocytes,
mice (Verbeek et al., 1995; Schilham et al., 1998). One suggests that aberrant Wnt signaling may also contrib-
way in which LEF-1/TCF transcription factors could reg- ute to tumorigenesis in the immune system.
ulate cell cycle progression is through the induction of
cyclin D1, which has been recently identified as a direct

Experimental Procedurestarget of LEF-1/TCF proteins in association with b-cate-
nin (Shtutman et al., 1999; Tetsu and McCormick, 1999). Mice
However, examination of sorted pro-B cells from wild- Lef11/2 and LEF-1-b-gal mice were housed and bred in SPF facilities
type and LEF-1-deficient mice for the expression of at the animal care facility at the University of California, San Fran-

cisco. Lef11/2 mice were mated and offspring containing Lef12/2cyclin D1 by a semiquantitative RT–PCR analysis did
were harvested at E18 or postnatal d1. A PCR-based screeningnot reveal any differences in the expression levels (data
method was used to distinguish wild-type, heterozygous, and homo-not shown). This suggests that the absence of LEF-1
zygous mutant mice. LEF-1-b-gal mice were mated and offspringmay not be sufficient for downregulation of cyclin D1
used at E16–E18. Mice were screened using a 1 mm tail piece

and that other targets may account for the cell cycle stained with X-gal staining solution (100 mM sodium phosphate,
defect in Lef12/2 mice. 2 mM MgCl2, 0.01% sodium deoxycholate, 0.02% NP-40, 5 mM

The cell cycle defect in Lef12/2 B cells may reflect potassium ferrocyanide, 5 mM potassium ferrocyanide, 1 mg/ml
X-gal) for 30 min at 378C.an inability of these cells to respond to mitogenic Wnt

signals in their microenvironment. Wnt proteins have
been shown to act as potent growth factors in a variety

Cell Isolation and Tissue Preparation
of cell types and tissues. In particular, Wnt1 can induce Fetal liver and fetal thymi were isolated and dispersed in RPMI with
proliferation of mammary epithelial cells and fibroblasts 10% FCS. Fetal liver cells were centrifuged over a Lympholyte M

gradient (Cedar Lane) at a 1:1 ratio at 1500 rpm for 15 min to remove(Bradley and Brown, 1995; Bafico et al., 1998; Young et
red blood cells. Cells were subsequently washed and centrifugedal., 1998), and can synergize with Steel factor to enhance
at 2000 rpm for 5 min and counted using a hemacytometer beforethe proliferation of hematopoietic progenitors (Austin et
use in experiments. For sectioning, intact fetal liver and thymi wereal., 1997). Our observation of pro-B cell proliferation
isolated and fixed in formalin solution (Sigma) for 30 min and trans-

in response to Wnt3A represents the first example of ferred to fresh formalin for 12 hr. Subsequently, the tissues were
proliferation induced by Wnt proteins in the immune embedded in paraffin and sectioned.
system. Two observations support a role of Wnt signal-
ing in developing B cells. First, incubation of pro-B cells

Flow Cytometryin Wnt3A-conditioned medium results in stabilization of
Cells from the fetal liver and thymus were prepared as above, andcytosolic b-catenin. Second, Wnt3A-conditioned me-
10 3 105 cells were resuspended in 50 ml FACS buffer (PBS/5%

dium and lithium chloride, which inhibits GSK-3b and FCS/0.1% sodium azide) in a 96-well U-bottomed ELIZA plate. Cells
mimics Wnt signaling (Stambolic et al., 1996), both aug- were incubated with 1 mg anti-B220 PE and/or anti IgM FITC (Phar-
ment pro-B cell proliferation. This effect is observed in Mingen) for 30 min prior to washing twice with FACS buffer and

centrifuged at 2000 rpm for 2 min after each wash. Cells were thenwild-type but not in LEF-1-deficient pro-B cells, al-
resuspended in 200 ml FACS buffer and analyzed on the FACSCali-though the mutant cells respond normally to interleukin
bur (Becton Dickinson). All data was analyzed using CellQuest soft-7. Thus, the proliferative defect in Lef12/2 pro-B cells
ware (Becton Dickinson).may reflect a specific defect in Wnt signaling.

We have found that several Wnt genes, such as
Wnt10B, Wnt3A, and Wnt5A, are expressed in the micro- b-gal Detection of LEF-1-b-gal Fetal Liver Lymphocytes
environment that supports B cell differentiation. Since Fetal liver cells were isolated from LEF-1-b-gal mice and prepared

as described above to remove red blood cells. After surface stainingmultiple Wnt proteins act through the same signaling
for appropriate markers, cells were resuspended in 10 3 106 cells/pathway involving b-catenin and the LEF-1/TCF family
100 ml in PBS and incubated at 378 for 10 min. Subsequently, theseof transcription factors, it is possible that additional Wnt
cells were incubated in an equal volume of 2 mM fluorescein di-b-

proteins can influence B cell proliferation during devel- D-galactopyranoside (Molecular Probes) at 378C for 2 min before
opment. Wnt proteins have been shown to act as short- addition of PBS incubation on ice for 1 hr. Cells were then centri-
range signaling molecules (Cadigan and Nusse, 1997), fuged and resuspended in 200 ml FACS buffer and run on the FACS-

Calibur (Becton Dickinson).and therefore, these proteins may play a role in the
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Measurement of Cell Cycle Progression Figure 4. To ensure that amplification occurred in the linear range,
aliquots were withdrawn at 27, 30, and 33 cycles for fas and c-mycFreshly isolated cells were washed and surface stained with anti-

B220, washed with 2 ml phosphate-buffered saline (PBS), and resus- and at 20 or 22 cycles for actin. Furthermore, in parallel experiments,
the amount of input cDNA was varied to ensure that the increasedpended in 500 ml ice-cold PBS containing 0.06% paraformaldehyde.

Cells were fixed on ice for 1 hr, centrifuged at 2000 rpm for 7 min, amounts of input cDNA correlated with increased amounts of PCR
product. Primers for RT–PCR reactions were designed using Gene-and resuspended in 500 ml PBS containing 0.2% Tween 20. Cells

were then incubated in a 378C water bath for 15 min, washed with works software: Actin (X03765) (1) 59-GACGACATGGAGAAGAT
CTGG, (2) 59-TGTGGTGGTGAAGCTGTAGC; Fas (GenBank acces-PBS containing 5% FCS and 0.1% sodium azide, and resuspended

in staining solution (PBS containing 50 mg ribonuclease A, 10 mg/ sion number M83649) (1) 59-CACACTCTGCGATGAATAGC, (2) 59-ATT
GGTACCAGCACAGGAGC; c-myc (GenBank accession numberml propidium iodide, and 0.1% sodium azide). After staining for at

least 2 hr on ice, samples were analyzed by flow cytometry on a X01023) (1) 59-TCCTGTACCTCGTCCGATTC, (2) 59-TTCCAAGAC
GTTGTGTGTCC. All PCR reactions were run on 2% agarose gelsFACSCalibur (Becton Dickinson), using CellQuest (Becton Dickin-

son) software. with ethidium bromide and visualized by UV transillumination. Im-
ages were captured with a gel documentation system (Alpha In-
notech).Proliferation Assays

Assay medium was RPMI supplemented with 10% fetal calf serum,
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