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Rel/NF-kB can trigger the Notch signaling pathway
by inducing the expression of Jagged1, a ligand for
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Judy Bash'?, Wei-Xing Zong"?3,
Satnam Banga*, Amariliz Rivera®,
Dean W.Ballard®, Yacov Ron’ and
Celine Gelinas'8?

ICenter for Advanced Biotechnology and Medicine, 679 Hoes Lane,
Piscataway, NJ 08854-5638Graduate Program in Microbiology and
Molecular Genetics, Rutgers University af@raduate Program in
Biochemistry and Molecular BiologyGraduate Program in Molecular
Genetics and MicrobiologyDepartment of Molecular Genetics and
Microbiology and®Department of Biochemistry, UMDNJ-Robert
Wood Johnson Medical School, Piscataway, NJ 088Bépartment of
Microbiology and Molecular Genetics, UMDNJ-New Jersey Medical
School, Newark, NJ 07103 arftioward Hughes Medical Institute and
Department of Microbiology and Immunology, Vanderbilt University
School of Medicine, Nashville, TN 37232, USA

Corresponding author
e-mail: gelinas@mbcl.rutgers.edu

Jaggedl belongs to the DSL family of ligands for
Notch receptors that control the proliferation and
differentiation of various cell lineages. However, little
is known about the transcription factors that regulate
its expression. Here, we show that Jaggedl is a Rel/
NF-xB-responsive gene. Both c-Rel and RelA induced
jaggedlgene expression, whereas a mutant defective
for transactivation did not. Importantly, jaggedltran-
scripts were also upregulated by endogenous NkB
activation and this effect was inhibited by a dominant
mutant of IkBa, a physiological inhibitor of NF-xB.
Cell surface expression of Jaggedl in c-Rel-expressing
cell monolayers led to a functional interaction with
lymphocytes expressing the Notchl/TAN-1 receptor.
This correlated with the initiation of signaling down-
stream of Notch, as evidenced by increased levels of
HES-1 transcripts in co-cultivated T cells and of CD23
transcripts in co-cultivated B cells. Consistent with its
Rel/NF-«xB-dependent induction, Jaggedl was found to
be highly expressed in splenic B cells where c-Rel is
expressed constitutively. These results demonstrate that
c-Rel can trigger the Notch signaling pathway in
neighboring cells by inducingjaggedlgene expression,
and suggest a role for Jaggedl in B-cell activation,
differentiation or function. These findings also highlight
the potential for an interplay between the Notch and
NF-xB signaling pathways in the immune system.
Keywords Jagged1/NRB/Notch/Rel/TAN-1

Introduction
The Rel/NFkB transcription factors play fundamental

1997). The degradation ofkB results in the nuclear
translocation of active Rel dimers, their binding r&
DNA sites and the activation of cellular gene expression
(reviewed in Baldwin, 1996). NKB regulates the
expression of various cytokines, chemokines, immuno-
receptors, growth factors, acute phase proteins and
adhesion molecules (reviewed in Kopp and Ghosh, 1995;
May and Ghosh, 1997). It is therefore not surprising to
find its implication in the immune, inflammatory and acute
phase responses (reviewed in Wulcegal., 1996; Barnes
and Karin, 1997).

The Notchgene family encodes transmembrane recep-
tors that control cell proliferation and differentiation in
response to extracellular ligands expressed on neighboring
cells (reviewed in Robey, 1997; Weinmaster, 1997).
Among the four mammalian Notch receptors identified to
date, three of them are expressed in hematopoietic cells.
Human Notch1/TAN-land its murine counterpart are
found in spleen, CD3% hematopoietic stems cells and
early progenitor cells, thymic T cells, peripheral blood
lymphocytes and a B-lymphoma cell line (Ellisen al.,
1991; Milneret al., 1994; Hasserjiaet al., 1996). Sim-
ilarly, Notch2is highly expressed in spleen, and both
Notch2andNotch3are found in hematopoietic and myeloid
progenitor cell lines (Weinmastest al, 1992; Milner
et al, 1996; Bigaset al, 1998). Notchl was isolated
originally as a translocation in a human acute T-cell
lymphoblastic leukemia/lymphoma, and its constitutively
active form produces T-cell neoplasms in mice (Ellisen
et al, 1991; Peart al, 1996). Two otheMNotch genes
also map to chromosomal locations associated with human
immune system malignancies (Larssat al, 1994;
reviewed in Gridley, 1997).

Jaggedl, Jagged?2, Deltal and Delta2 belong to the DSL
(Delta/Serrate/LAG-2) family of ligands for mammalian
Notch receptors (reviewed in Weinmaster, 1997). All are
transmembrane proteins with an extracellular domain
important for receptor binding. Ligand-mediated activation
of Notch induces the proteolytic release of the intracellular
domain of Notch, activation of cellular gene expression
and suppression of differentiation (Schroeteial., 1998;
reviewed in Robey, 1997; Weinmaster, 1997; Bray, 1998;
Chan and Jan, 1998). Studies point to the CSL [CBF1/
Su(H)/Lag-1/RBP«/KBF2] family of DNA-binding
proteins as downstream effectors in this pathway (Brou
et al, 1994; Douet al, 1994; Fortini and Artavanis-
Tsakonas, 1994; Jarriawdt al., 1995; Tamurat al., 1995;
Hsiehet al, 1996). In the nucleus, CSL factors serve as
docking proteins that direct the intracellular domain of
activated Notch to the promoter of target genes (Jarriault

roles in the immune system. These structurally related et al, 1995; Hsiehet al, 1996; Kopanet al, 1996;
proteins share common pathways of activation that Schroeteret al, 1998; reviewed in Bray, 1998; Chan

involve their release from inhibitorykB factors in

and Jan, 1998). The mammalian basic helix—loop-helix

response to stimuli (reviewed in Whiteside and Israel, (bHLH) transcription factor Hairy Enhancer of Split
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(HES-1) and the B-cell activation marker CD23 are two

p50/NFkB1, a subunit of NFB that fails to activate

cellular target genes directly regulated by this pathway gene expression from most promoters containingBa

(Wanget al., 1987, 1991; Cordiest al, 1990; Sasaét al,
1992; Ling et al, 1994; Bailey and Posakony, 1995;
Jarriaultet al., 1995, 1998; Lecourtois and Schweisguth,
1995; de la Pompat al, 1997). Little is known of the

DNA site (data not shown). In contragggedltranscripts
were induced in HtTA-RelA cells that conditionally
expressed the RelA transactivating subunit of RBs-
although some leaky expressionjafjgedlwas observed

factors that trigger ligand-mediated signaling upstream in these cells in the presence of tetracycline (Figure 1C,

of Notch.
In this report, we identifiedaggedlas a novel Rel/
NF-kB-responsive gene. We show th@ggedl gene

expression can be induced specifically by transcription-

lanes 1 and 2). Together, these results indicated that the
transcriptional activity of c-Rel and RelA was necessary
to activatejaggedlgene expression.

ally competent NF«B subunits and that it is suppressed jagged1 gene expression is dependent upon

by a super#Ba inhibitor (IKkBaAN). Our finding that
NF-kB-mediated induction of Jaggedl can initiate

endogenous NF-xB activation
To investigate further the functional linkage between

signaling downstream of Notch correlates with the expres- jaggedland Rel/NFkB factors, we monitored the effect of
sion of Jaggedl in peripheral lymphoid tissues. These endogenous NKB activation orjaggedlgene expression.

results suggest a direct interplay of the Notch andw¥--
signaling pathways in the immune system, both of which
have been implicated in lymphoid cell proliferation and
function.

Results

Ectopic Rel protein expression induces jagged1
transcripts

Human Jurkat T cells were stimulated with phorbol 12-
myristate 13-acetate (PMA) plus ionomycin to activate
endogenous NkB factors. This treatment led to a 4-fold
increase injaggedl mRNA levels in comparison with
unstimulated cells (Figure 1D, compare lanes 1 and 2).
Similar results were obtained in human CEM T cells (data
not shown). Importantly, the constitutive repression of
endogenous NkB by a dominant mutant ofkBa in
Jurkat T cells interfered strongly with the induction of

The CCRA43 cell line conditionally expresses c-Rel under jaggedlin response to PMA plus ionomycin (Figure 1D,

the control of a tetracycline-regulated transactivator (tTA),

lanes 3 and 4; Boothbgt al, 1997; Chuet al., 1997).

resulting in inducible transactivation of Rel target genes Rehybridizationto aninterleukin-2 receptor alpha (ILeBR

such adkBa (Bashet al, 1997). An mRNA differential
display analysis identified a 106 bp cDNA fragment that

was induced specifically in CCR43 cells expressing c-Rel.

probe confirmed the activation of NEB in Jurkat T cells
treated with PMA plus ionomycin, and the reduction in
NF-kB activation in Jurkat#BaAN cells (Figure 1D, lanes

When used as a probe in Northern blots, this fragment 2 and 4). These results agreed with our findings in the
hybridized to a 5.8 kb transcript induced in response to CCR43 and HtTA-RelA cell lines and indicated that the

c-Rel expression in CCR43 cells (data not shown). A
complete cDNA was isolated from a human Hela cell
library (clone 14-6; 5457 bp). This clone showed 90%
homology to ratjaggedland was virtually identical to
two human jaggedl cDNA clones that were isolated
recently (Lindsellet al,, 1995; Odeet al., 1997; Liet al.,

expression ofjaggedl was dependent on Rel/NEB
activity.

Cell surface expression of Jagged1 promotes
cell-cell interactions
The expression of c-Rel led to increased levels of Jagged1

1998). Clone 14-6 contained a 3657 bp open reading protein in CCR43 cells. Immunoblot analyses using a
frame encoding a 1218 amino acid human Jagged1 proteinmonoclonal antibody specific for the unique intracellular
along with 263 bp of 5untranslated sequence and domain of human Jaggedl (Ab #TS1) showed the accumu-
1537 bp of 3-untranslated sequence (DDBJ/EMBL/Gen- lation of Jaggedl in response to c-Rel induction (Figure
Bank accession No. AF028593). Two amino acid differ- 2A, lanes 1-5). Immunofluorescence analysis of live non-
ences were found between the Jaggedl protein sequencpermeabilized cells using an antibody directed against the
reported by Odat al. (1997) and the sequence described extracellular domain of Jagged1l verified the localization
by us and by Liet al. (1998). of the protein at the surface of CCR43 cells expressing
The differential expression gdggedlwas characterized  c-Rel (Figure 2B, panel c). In contrast, only background
further by Northern blot analysis of CCR43 cells during staining was detected in CCR43 cells cultured in the
a time course of c-Rel induction, using tjaggged1cDNA presence of tetracycline to prevent c-Rel expression
as a probe (Figure 1A)Jaggedltranscripts were induced (panel b). Taken together, these results indicated the
with kinetics that paralleled those forret and for the accumulation of the Jaggedl protein at the cell surface in
Rel/NF«B target gene encodingBa (lanes 10-18). No  response to c-Rel expression.
induction was seen in the parental HtTA-1 cells that  The Notch signaling pathway is triggered by the inter-
expressed the tTA activator alone (lanes 1-9), indicating action of cells expressing Notch receptors with cells that
that jaggedlis under c-Rel control. The transactivation express Notch ligands at their surface. We tested whether
of jaggedlwas specific, as endogenous transcripts for the the Rel-dependent induction of Jaggedl in CCR43 cells
ligand Deltal and for the Notch1l/TAN-1 receptor were could promote a functional interaction with cells
unaffected (Figure 1B, lanes 1 and 2). Importantly, a cell expressing endogenous Notchl/TAN-1 receptors in co-
line expressing a mutant c-Rel protein deleted of its cultivation assays. As shown in Figure 3A, non-adherent
transactivation domain (denoted CCR-H5) failed to human Jurkat T cells that expressed a wild-tyf#eN-1
upregulatgaggedltranscripts (Figure 1B, lanes 3 and 4). gene aggregated onto a monolayer of CCR43 cells induced
Similar results were observed with cells expressing to express c-Rel (panel b). This interaction was observed
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Fig. 1. Rel/NF«B-dependent induction gahggedlexpression.4) Northern blot analysis ofaggedlexpression in CCR43 cells, during a time
course of c-Rel induction. RNA from control HtTA-1 cells (lanes 1-9) and CCR43 cells (lanes 10-18) maintained in the presence (lanes 1 and 10)
or absence (lanes 2-9 and 11-18) of tetracycline, was analyzed using faggad1cDNA cloneA2-3 as a probe. The blot was rehybridized
successively to control l, |kBa and actin gene probesBY Comparative Northern blot analysis jafgged] deltaland Notchl/TAN-Itranscripts in
cells expressing wild-type c-Rel or a mutant c-Rel protein deleted of its transactivation domain. CCR43 (lanes 1 and 2) and CCR-H5 cells (lanes
3 and 4) were cultured in the presence (lanes 1 and 3) or absence (lanes 2 and 4) of tetracycline. Expression was analyzed with probes derived from
the humanjagged1cDNA cloneA2-3, a ratdeltal cDNA and a humamNotch1l/TAN-IcDNA fragment. Rehybridization to actin was used as a
control. C) Northern blot analysis gaggedlexpression in HtTA-RelA cells expressing the RelA protein. HtTA-RelA cells were cultured in the
presence (lane 1) or absence of tetracycline to induce RelA expression (lane 2). Expression was analyzed using jaggeatheDNA clone
A2-3 as a probe. Rehybridization to actin was used as a conrpIn@luction ofjaggedlgene expression in response to endogenousBIF-
activation in T cells. Jurkat T cells and a Jurkat T-cell clone that expressed a domiBaiN inhibitor of Rel/NF«kB factors were left untreated
(lanes 1 and 3), or were stimulated with PMA plus ionomycinZd to activate endogenous NEB factors (lanes 2 and 4). Total cellular RNA
(20 ng) was analyzed for the expressionjafigedltranscripts in Northern blots. The blot was rehybridized successively todl&flgapdhprobes
as controls.

within 2 h of co-cultivation. Whereas gentle washings and Notch proteins expressed at the surface of CCR43
failed to disrupt the cell aggregates that formed on c-Rel- and Jurkat T cells, respectively, it remained possible that
expressing cell monolayers, few T cells remained attachedcytokines or cell adhesion molecules induced by c-Rel
to CCR43 cells that were not induced to express c-Rel could be responsible for the observed cell interactions.
(Figure 3A, compare panels a and b). No aggregation wasWe therefore investigated whether an intact Notch receptor
observed when Jurkat T cells were cultivated with cell was required for cell aggregation, by testing the ability of
monolayers expressing a mutant c-Rel protein deleted of CCR43 cells to promote the aggregation of human
its transactivation domain (CCR-H5 cells) or with the Sup-T1 T cells. Both Jurkat T cells and Sup-T1 T cells
parental HtTA-1 cells (panels ¢ and d; data not shown). are derived from a human T-lymphoblastic leukemia.
These results agreed with our finding that the transcrip- While Jurkat T cells lack any known abnormality of
tional activity of c-Rel was necessary to induce the chromosome 9 and express an intact Notchl/TAN-1
expression ofaggedl receptor, Sup-T1 T cells contain two copies of a t(7;9)
Although the data suggested the interaction of Jagged1(q34;934.3) translocation and have no norniNbtch/
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Fig. 2. Jagged1 protein expression in CCR43 cels) [mmunoblot analysis of the Jagged1 protein in CCR43 cells induced to express c-Rel.

CCRA43 cells were left uninduced (lane 1) or were induced to express c-Rel (lanes 2—4). Cell extracfsW20e resolved by SDS-5% PAGE and
analyzed by ECL immunoblotting using monoclonal anti-human Jaggedl antibody #TS1. Immunoblotting for c-Rel and actin were used as controls.
(B) Immunofluorescence analysis of Jagged1l protein expression at the surface of CCR43 cells induced to express c-Rel. Live non-permeabilized
CCRA43 cells were left uninduced (panel b) or were induced to express c-Rel (panels a and c), and stained with polyclonal anti-Jaggedl antibody
#PCRS8 (panels b and c¢). CCR43 cells induced to express c-Rel were stained with a pre-immune antibody as a control (panel a).
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Fig. 3. Functional interaction between c-Rel-expressing cells and cells expressing endogenous Notch1l/TAN-1 resgorsulfivation assay.
Non-adherent human Jurkat T cells (a—d), Sup-T1 T cells (e and f), Reh pre-B cells (g and h) or U266 B cells (i and j) were co-cultivated onto
adherent monolayers of uninduced (a, c, e, g and i) or induced (b, d, f, h and j) CCR43 cells (a, b and e—j), or CCR-H5 cells (c and d) for 48 h.
After co-cultivation, the non-adherent cells were gently washed away and the cells that remained attached onto the cell monolayers were
photographed. In agreement with our previous studies showing a c-Rel-mediated growth arrest in CCR43 cells, the density of the induced CCR43
cell monolayers in panels b, f, h and j is lower than that in panels a, c, d, e, g @)dNofthern blot analysis of endogenoH&S-1gene

expression in Jurkat T cells (lanes 1-4) or Sup-T1 T cells (lanes 5 and 6) co-cultivated onto cell monolayers of uninduced or induced CCR43 cells
(lanes 1 and 2), and uninduced or induced HtTA-jag10 cells (lanes 3-6). The blot was rehybridizgapttharobe as a control Q) Northern blot

analysis of endogenousD23 gene expression in human Reh pre-B cells cultivated onto a CCR43 cell monolayer uninduced (lane 1) or induced to
express c-Rel (lane 2). The blot was rehybridized tgapdhprobe as a control.

TAN-1gene (Smithet al., 1988; Asteret al., 1994). The (Ellisenet al, 1991; Asteret al, 1994). Consistent with
mutant TAN-1 protein in Sup-T1 T cells therefore lacks this observation, the induction of c-Rel in CCR43 cells
the extracellular domain necessary for ligand interaction failed to induce the aggregation of Sup-T1 T cells
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(Figure 3A, panel f). This is in sharp contrast to the cell Jaggedl protein was used to investigate its expression in
aggregation that was observed with Jurkat T cells (Figure adult mouse spleen. Strong Jagged1 staining was confined
3A, panel b). Similarly, human Reh pre-B cells that to the B-cell areas of the spleen (Figure 4B, panel a).
expressed high levels of endogenduistchl/TAN-ltran- Positive cells were located mainly in the marginal zone.
scripts aggregated onto the CCR43 cell monolayer inducedA weaker signal was detected in the perifollicular zone,
to express c-Rel. In contrast, human U266 mature B cells the periarterial sheath and the red pulp. Jaggedl1 was found
that did not express anjJAN-1failed to do so (compare to co-localize with the B-cell antigen CD20 (compare
panels h and j; Guaat al., 1996; data not shown). While panels a and c). In contrast, only background staining was
it is possible that other factors may also contribute to observed with normal rat serum (panel b) and pre-immune
these interactions, the results indicated that an intact Notchmouse IgG (panel d), which were used as negative controls.
extracellular domain was necessary for the observed cell-Importantly, the distribution of Jagged1 in mouse spleen
cell interactions and suggested that c-Rel enabled a func-coincided with that previously reported for c-Rel

tional interaction between Jaggedl and Notch. (Carrasccet al., 1994).

Immunofluorescence assays were performed on purified
c-Rel leads to activation of the Notch signaling mouse splenic B cells to examine further the correlation
pathway between the expression of Jaggedl and c-Rel. Flow

Ligand binding to the extracellular domain of Notch cytometry analysis demonstrated that spleen cells
initiates signaling downstream of the receptor. The genesexpressing the B-cell marker CD45R-B220 were also
encoding the mammalian transcription factor HES-1 and positive for c-Rel and for Jaggedl protein expression
the B-cell activation marker CD23 are two direct down- (Figure 4C). These results are consistent with our finding
stream targets of this signaling pathway (Waegal,  of a correlation between the expression of RelR&-
1987, 1991; Cordieret al, 1990; Ling et al, 1994;  factors and that of Jaggedl. These data suggest that

Bailey and Posakony, 1995; Jarriaelt al, 1995, 1998;  jagged1 may play arole in B-cell activation, differentiation
Lecourtois and Schweisguth, 1995). We examined whether or function.

the c-Rel-dependent induction of Jaggedl could trigger
Notch signaling in neighboring cells by monitoring its . .
effect on endogenoudES-1and CD23 gene expression Discussion

in co-cultivated T cells and B cells, respectivelyES-1 - 1o jmportant role of the Rel and NEB factors in the

:c]rar;(scr_llpts llreproﬂumbijy were mcreellsed 2]: é%g:gld IIIn immune system has elicited a fervent search for Rel-
urkat T cells cultivated onto a monolayer o cells regulated genes that may participate in the control of cell

expre_ss(ijng c(-che:zICiSA(f:é)mﬂ?rison ‘lNith thlozse cuIt:iS\I/Batled Withl proliferation, differentiation and malignant transformation
an uninduce cell monolayer (Figure 3B, lanes 1 (yo\iewed in Luque and Gieas, 1997). Here, we report

and 2). ImportantlyHES-1transcripts were also induced that the gene encoding the Notch ligafhgedlis a

in Jurkat T cells cultivated onto a HtTA-1-derived cell . . S
novel NFkB-responsive gene. The induction jaiyged1
monolayer that expressed Jaggedl alone (HtTA—JaglOby endogenouspNRB fagctors and its inhibitiongby a

cells; compare lanes 3 and 4). Rehybridization to a control o, inant' kBaaAN transgene demonstrate its dependence
gapdh prpbe confl_rmed the specificity of th|s_ induction. on nuclear NF«B transcriptional activity. This study is
As anticipated, high levels oHES-1 transcripts were also shows that c-Rel can trigger the Notch signaling

observed in the control Sup-T1 T cells that express a ; ; - ;
I . pathway in neighboring cells. The endogenous expression
truncated and constitutively active Notch-1/TAN-1 recep- of Jagged1 in splenic B cells is consistent with its Rel-

tor (lanes 5 and 6). In agreement with these findings, the dependent induction and points to a possible role for

co-cultivation of human Reh pre-B cells with a CCR43 Jagged1 in B-cell activation, differentiation or function.
cell monolayer expressing c-Rel resulted in the induction

of CD23 gene expression, in comparison with Reh cells
cultivated onto an uninduced CCR43 cell monolayer Interplay between the Rel/NF-xB and Notch
(Figure 3C). Together, these data support a model wherebysignaling pathways
c-Rel can trigger Notch signaling in neighboring cells by This study is the first to demonstrate that Rel/klEcan
inducing the expression of Jaggedl. function upstream of Notch. In our assays, c-Rel, RelA
and endogenous NKB factors elicited specific activation
jagged1 is highly expressed in peripheral lymphoid of the Notch ligand Jaggedl. In turn, the expression of
organs and in splenic B cells jaggedlcorrelated with the aggregation of non-adherent
The induction ofjaggedlgene expression in response to Jurkat T cells and Reh pre-B cells onto CCR43 cell
endogenous Rel/NKEB activation led us to examine its monolayers. This effect was dependent on the transcrip-
expression in immune tissues by Northern blot analysis. tional activity of c-Rel, as well as on the expression of
High levels ofjaggedi1transcripts were found in human an intact Notch receptor at the surface of co-cultivated
spleen and lymph nodes, in agreement with the high levelslymphoid cells. Sup-T1 T cells that lacked a normal
of c-rel transcripts in these tissues (Figure 4A, lanes 1 Notch1l/TAN-Iallele and U266 B cells that did not express
and 2). Lower levels ofagged1 mRNAs were seen in  Notchl failed to adhere to the cell monolayers and
human thymus, bone marrow and fetal liver (lanes 3, 5 remained in suspension. We do not rule out the possibility
and 6). No expression was detected in peripheral bloodthat cytokines or adhesion molecules induced by c-Rel
leukocytes (PBL; lane 4). may also contribute to these interactions. However, the
Immunohistochemistry analysis using a monoclonal observed requirement for Notch receptor expression in
antibody specific for the intracellular domain of the these assays supports a model whereby c-Rel can promote
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Fig. 4. Expression ofaggedlin immune cells and tissuesA) Northern blot analysis of endogenojagigedlgene expression in human immune

tissues. A human immune system Il Northern blot (Clontech) was hybridized to a hjagged1cDNA probe. The blot was rehybridized

successively to cel and actin probesB) Immunohistochemical localization of Jagged1l to the B-cell areas of the spleen. Cross-sections from adult
mouse spleen were analyzed by immunoperoxidase staining of a monoclonal anti-Jaggedl1 antibody (a) or a monoclonal anti-CD20 antibody (c).
Normal rat serum (b) and pre-immune mouse IgG (d) were used as negative controls. The marginal zone (MZ) showed strong staining for Jagged1.
Hematoxylin—eosin staining is shown (e). RP, red pulp; WP, white pdpFow cytometry analysis of c-Rel and Jaggedl protein expression in

mouse splenic B cells. Spleen cell populations were enriched for B cells by antibody plus complement-mediated killing of T cells. Cells were stained
for expression of the B-cell marker CD45R-B220 with a PE-conjugated monoclonal antibody (left panel). This resulted in a poputedi@ib of

B cells. Cells were analyzed for expression of endogenous c-Rel (middle panel) or Jagged1 proteins (right panel) with polyclonal antibodies specific
for c-Rel (sc-71) or Jaggedl (#PCR8), and a fluorescein isothiocyanate (FITC)-labeled secondary goat anti-rabbit antibody. Staining with the
FITC-labeled secondary antibody alone was used a negative control (middle and right panels).

the functional interaction of Jagged1, with Notch receptors alone. This agrees with a recent report showing that
expressed at the surface of neighboring cells. ectopic expression of the vertebrate Notch ligand Delta-1
The Rel-dependent induction {#ggedlin cell mono- can transactivate endogenoH&S-1gene expression in
layers also coincided with the initiation of signaling Notchl-expressing cells (Jarriaght al., 1998). Likewise,
downstream of Notch, as shown by the activation of the cultivation of Reh pre-B cells with a CCR43 cell
two different CBF1/Su(H)/RBP«x3regulated genes in co- monolayer led to the specific induction of mMRNAs for the
cultivated lymphoid cells. EndogenotES-1transcripts B-cell activation marker CD23. These results indicate that
were upregulated reproducibly in Jurkat T cells cultured c-Rel can promote activation of the Notch signaling
with  CCR43 cell monolayers expressing c-Rel and pathway and suggest that c-Rel-mediated activation of
Jaggedl, or with HtTA-Jagl0 cells expressing JaggedlJaggedl is responsible for this effect. Our findings do not
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exclude the possibility that other transcription factors
contribute to the regulation gaggedlgene expression
in different cell lineages and at different stages of
differentiation. It also remains to be determined whether
Rel/NFkB-mediated activation ofaggedlgene expres-
sion is direct or indirect. Further work is required to
isolate thejaggedl promoter and establish whether its
expression is controlled directly by Rel/NéB factors.

Relevance to the immune system

In addition to its role in neurogenesis, myogenesis, angio-
genesis and retinal cell development, the Notch
signaling pathway has also been implicated in hemato-
poiesis and in immune cell malignancies (reviewed in
Robey, 1997). Consistent with this notion, the expression

of Jaggedl was shown to promote the development of

primitive hematopoietic precursor cells, whereas activated
forms of Notch1 and Notch2 influenced the differentiation

of myeloid progenitors in response to different cytokines

(Bigas et al, 1998; Jonest al, 1998; Varnum-Finney

Rel/NF-xB factors induce Jagged1 expression

protein of Epstein—Barr virus to induce expression of the
B-cell activation marker CD23 through its association
with the Notch effector CBF1 in transformed B lympho-
cytes agrees with a role for Notch signaling in B cells
(Ling et al., 1994; Hsielet al., 1997). Our co-cultivation
assays demonstrating that Jaggedl-expressing cells
inducedCD23 gene expression in neighboring B cells is
consistent with this hypothesis. Future studies will help
to define the role of Jaggedl in the splenic micro-
environment, and to clarify whether it signals through
Notch in the context of a heterotypic cell-cell interaction
or in a cell-autonomous fashion. Recent work suggesting
that soluble forms of Notch ligands can trigger signaling
through Notchin vivo would be compatible with either
possibility (Qiet al., 1999).

c-rel knock-out mice are impaired for B-cell activation
and antibody production (Kontgest al., 1995; Carrasco
et al., 1998). The observation that all known B-cell growth
factors failed to rescue the proliferative defect of these
cells suggests that c-Rel may regulate the expression of

et al, 1998). In independent studies, overexpression of an genes, other than those for cytokines and growth factors,

activated form of Notchl influenced T-cell differentiation
during thymic development (Robey al., 1996; Washburn
et al, 1997). This process recently was proposed to
involve the silencing ofCD4 gene expression by HES-1
(Kim and Siu, 1998).

The mapping of three humaxotch genes to chromo-

which are crucial for the activation and proliferation of
B lymphocytes (Kontgeret al, 1995). Our finding that
c-Rel can trigger the expression of Jaggedl raises the
possibility of a connection between the Rel/MB-and
Notch signaling pathways in secondary lymphoid organs.
Thus, in addition to controlling the expression of cytokines,

somal locations associated with leukemia, lymphoma and immunoregulatory and adhesion molecules, Reld¥-
myeloproliferative disorders has also suggested a role infactors may also trigger a Notch signaling cascade

immune cell proliferation and malignancy (Elliset al.,
1991; Larssoret al.,, 1994; Milneret al., 1994; Hasserjian
et al, 1996; Gridley, 1997). The demonstration that
constitutively active forms of Notchl induced T-cell
leukemia/lymphoma in mice confirmed this prediction
(Pearet al., 1996). In experiments not shown here, we
mapped thgaggedllocus to human chromosome 20p12
by fluorescencein situ hybridization (FISH) in order
to assess its possible implication in immune cell
malignancies. While this study was in progress, mutations
at this locus were shown to be associated with Alagille
syndrome (Liet al, 1997; Odaet al, 1997). Although
alterations in immune or hematopoietic function were not

important for lymphocyte activation and immune function.

Materials and methods

Plasmids and cell culture

pUHD10-3 contained seven tetracycline operator sites upstream of a
minimal cytomegalovirus (CMV) promoter (Gossen and Bujard, 1992).
An Xhd-EcoRl fragment containing the humajaggedl cDNA in
pBluescript was subcloned into pUHD10-3, after addition ofXda

linker to its Xhd end (pUHD10-3jagged). pHMR272 was used to
confer resistance to the drug hygromycin B (Bernerdal., 1985).

The parental HelLa-derived HtTA-1 cells stably expressed a fusion
protein comprised of thEscherichia colitetracycline repressor fused to
the activation domain of the herpes simplex virus VP16 protein (tTA;
Gossen and Bujard, 1992). HtTA-1-derived cell clones that condition-

reported, it remains to be determined whether the diseaseally expressed cel (CCRA43 cells)relA (HtTA-RelA cells) or a truncated

results from haploinsufficiency or from a dominant-
negative effect exerted by the mutant protein. The ability of
the Notch signaling pathway to influence the differentiation
and proliferation of different cell lineages may also depend
on different inducing signals and on the cellular micro-
environment.

Our immunohistochemistry analyses revealed that

c-Rel protein lacking the el transactivation domain were also described
(CCR-H5 cells; Bastet al., 1997; Zonget al., 1998). The tetracycline-
regulated HtTA-jag10 cell clone that conditionally expresgzgiyedl

was generated by co-transfection of HtTA-1 cells with pUHD10-3-
jaggedland pHMR272 using a modified calcium phosphate procedure,
followed by selection for resistance to hygromycin B (225 U/ml,
Calbiochem; Chen and Okayama, 1987). Drug-resistant colonies were
screened for the inducible expression of Jaggedl using monoclonal
antibody #TS1, specific for the intracellular domain of the human

Jagged1 is highly expressed in the B-cell areas of the Jaggedl protein (a gift of Dr Artavanis-Tsakonas). All HTA-1-derived

spleen, particularly in the splenic marginal zone that is
rich in plasma and memory B cells. Consistent with these

cell clones were maintained in the presence of tetracyclingeg(inl).
Human Jurkat and Sup-T1 T-lymphoblastic leukemia cells, Reh
pre-B cells and U266 B-myeloma cells were obtained from ATCC. The

results, flow cytometry analyses further demonstrated a jurkat T-cell clone constitutively expressing th&AN transdominant
correlation between the expression of Jaggedl and c-Relinhibitor of Rel/NF«B was cultured in the presence of hygromycin B,

in purified mouse splenic B cells. Although the function

of Jaggedl in secondary lymphoid organs remains to be

as described previously (3Q@/ml; Chuet al., 1997). Where indicated,
Jurkat T cells (%10°ml) were treated with PMA (50 ng/ml) plus
jonomycin (1uM) for 2 h to induce endogenous N&B/Rel activity.

determined, both Notchl and Notch2 are also expressedceiis were treated with dimethylsulfoxide (DMSO; 0.1%) as a control.

in the spleen (Hsieket al., 1997; data not shown). This
raises the possibility of a role for Jaggedl-mediated
signaling through Notch in the pathways that control the
later stages of B-lymphocyte activation, differentiation
and/or immune function. The ability of the EBNA-2

Cloning of a human jagged1 cDNA

Differential display PCR (DD-PCR) analysis was performed as described
previously (Liang and Pardee, 1992) using RNA from uninduced and
induced CCR43 cells. RNA samples (@) were treated with DNase
and reverse transcribed with Superscript reverse transcriptase (Gibco-
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BRL) and a 5-T1;,CA primer. Partial cDNA libraries were PCR amplified
with 5'-T4CA and 3-AGACGTCTGT-3 primers in the presence afi{
353]1dATP and resolved on 6% sequencing gels. cDNA fragments
differentially expressed in response to c-Rel were introduced into pCRII
(Invitrogen) by TA cloning and screened by dot-blot analysis (Callard
et al, 1994). One of these cDNA fragments (clone 1-2, 106 bp) was
used to screen a human spleen cDNA libraryAigtll (Clontech).
Human clone\2-3 contained a 1778 bp insert homologous to nucleotides
1059-2837 of the rgagged1cDNA (DDBJ/EMBL/GenBank accession
No. L38483). A full-length cDNA for humajaggedlwas isolated from

a HelLa Uni-ZAP™ XR cDNA library (Stratagene) with probes derived
from cloneA2-3 and from human expressed sequence tag (EST) clone
117734, homologous to theé &nd of ratjaggedl(Research Genetics).
Phages positive with both probes were excised in pBluescript phagemids.
Human cDNA clone 14-6 contained a 5457 bp insert comprised of the
complete coding region fgagged1(3657 bp) together with 263 bp of
5'-untranslated sequence and 1537 bp d&fulranslated sequence
(DDBJ/EMBL/GenBank accession No. AF028593). The sequence of
humanjagged1cDNA clone 14-6 was analyzed using the EditSeq and
MegAlign programs of DNASTAR.

Northern blot analysis

Total RNA (20 pg) extracted with RNAzol B (TEL-TEST) was
analyzed in 1% agarose—formaldehyde gels and transferred onto
Hybond-N or Hybond-NX membranes (Amersham). Membranes were
baked for 10 min at 80°C and UV cross-linked with a Stratalinker
(Stratagene). A multiple human immune system Il Northern blot was
purchased from Clontech. Probes were generated by random priming
with Klenow DNA polymerase in the presence®8P-labeled dCTP and
dGTP. Membranes were hybridized to probes specific fiel,gaggedl
deltal(a gift of G.Weinmaster, UCLA, CA)lkBa (a gift of A.Baldwin,
University of North Carolina, NC)Notchl/TAN-1 HES-1 (a gift of
R.Kageyama, Kyoto University, Japa®)D23(a gift of E.Kieff, Harvard
Medical School, MA) or the actin gene. Where indicated, blots were
hybridized to human II-2R- and gapdhspecific probes.

Immunoblotting

Cell extracts were prepared and quantitated as described @aah
1997). Proteins (2Qug) were resolved by SDS—-PAGE and transferred
to nitrocellulose membranes. Membranes were incubated with immune
serum, followed by donkey anti-rabbit (Amersham) or goat anti-rat

horseradish peroxidase (HRP)-conjugated antibodies (Jackson Immuno-
Research Labs, PA) and detected by enhanced chemiluminescenceBarnes,P.J.

(Amersham). Rat monoclonal antibody #TS1 (a gift of S.Artavanis-
Tsakonas, Yale University, CT) was specific for the intracellular domain
of human Jagged1l. Polyclonal anti-Rel antibody Ab #1801 specific for
the unique C-terminus of c-Rel (Kumar and l@as, 1993) and an
antibody specific for actin (Sigma) were also used.

Immunofluorescence and immunohistochemistry analyses

Co-cultivation assays

HtTA-1, CCR43 or CCR-H5 cells were plated in duplicate in the
presence of tetracycline. After 24 h, one dish from each series was
induced in medium lacking tetracycline. After 48 h, the cells were
washed three times with Dulbecco’s modified Eagle’s medium (DMEM)
with or without tetracycline, and overlaid with Jurkat, Sup-T1, Reh or
U266 non-adherent cells in suspension §18° cells/dish). The co-
cultures were incubated for 48 h. Photographs were taken after the cells
remaining in suspension were washed away. For Northern blot analyses,
firm tapping was used to dislodge the lymphoid cells that aggregated
onto the adherent cell monolayer, prior to RNA extraction from the co-
cultivated lymphoid cells.
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