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Summary

TGFB1 treatment of B cell lymphomas decreases
c-myc gene expression and induces apoptosis. Since
we have demonstrated NF-«B/Rel factors play a key
role in transcriptional control of c-myc, we explored
the effects of TGFB1 on WEHI 231 immature B cells.
A reduction in NF-kB/Rel activity followed TGFp1
treatment. In WEHI 231 and CHS33 cells, we observed
anincrease in IkBa, a specific NF-kB/Rel inhibitor, due
to transcriptional induction. Engagement of surface
CDA40 or ectopic c-Rel led to maintenance of NF-kB/
Rel and c-Myc expression and protection of WEHI 231
cells from TGFB1-mediated apoptosis. Ectopic c-Myc
expression overrode apoptosis induced by TGFp1.
Thus, downmodulation of NF-kB/Rel reduces c-Myc
expression, which leads to apoptosis in these imma-
ture B cell models of clonal deletion. The inhibition of
NF-kB/Rel activity represents a novel TGF@ signaling
mechanism.

Introduction

The transforming growth factor-g1 (TGFB1) exerts its
growth inhibitory properties on several cell types, in-
cluding B lymphoid cells (Massague, 1990; Roberts and
Sporn, 1990; Stavnezer, 1996). Treatment of murine im-
mature B cell lymphomas, such as WEHI 231 and CH31,
with TGFB1 leads to a block at the G1/S transition, fol-
lowed by apoptosis (Warner et al., 1992; Fischer et al.,
1994). More recently, it has been demonstrated that
TGFB1 treatment causes apoptosis in normal human B
cells and in Epstein-Barr virus (EBV)-negative lym-
phoma B cell lines (Chaouchi et al., 1995; Lomo et al.,
1995). It has been proposed that TGFB1 exerts its growth
inhibitory effects through the down-regulation of the
activity of genes involved in cellular proliferation such
as cyclin-dependent kinases (Howe et al., 1991; Ewen et
al., 1993; Hannon and Beach, 1994), the retinoblastoma
susceptibility product (pRb) (Laiho et al., 1990; Pietenpol
et al., 1990) and the c-myc proto-oncogene (Coffey et
al., 1988; Pietenpol et al., 1990). For example, TGFB1-
induced apoptosis of WEHI 231 or CH31 cells is pre-
ceded by a decline in c-myc expression (Warner et al.,
1992; Fischer et al., 1994).

The c-myc gene has been strongly implicated in the
regulation of cellular death. Overexpression or inap-
propiate expression of the c-myc gene promoted apop-
tosis in myeloid and fibroblast cells upon removal of
factors required for cell proliferation (Askew et al., 1991;
Evan et al., 1992). Furthermore, addition of antisense

oligonucleotides against c-myc to immature T cells and
some T cell hybridomas prevented T cell receptor—
mediated apoptosis (Shi et al., 1992). In contrast, the
evidence inimmature B cell models of tolerance, such as
WEHI 231 and CH31 and CH33 cells (Boyd and Schrader,
1981; Kim et al., 1979; Monroe and Seyfert, 1988; Ralph,
1979), has correlated the drop in c-Myc expression with
induction of apoptosis. An early transient increase fol-
lowed by a dramatic decline in levels of c-myc RNA and
protein precedes anti-immunoglobulin receptor-
mediated induction of apoptosis of WEHI 231 and CH
31 B cells (Ales-Martinez et al., 1988; Benhamou et al.,
1990; Hasbold and Klaus, 1990; Levine et al., 1986;
Maheswaran et al., 1991; McCormack et al., 1984). In
WEHI 231 and CH 33 cells stably transfected to express
an immunoglobulin D (IgD) surface molecule, both anti-
IgM and anti-IgD treatments led to transient increases
of c-myc expression, but only anti-IgM caused a decline
in c-myc RNA levels below baseline followed by apop-
tosis, whereas anti-IgD treatment maintained c-myc ex-
pression at or above control levels and no induction of
apoptosis was noted (Tisch et al., 1988; Ales-Martinez
et al., 1988). Similarly, mutants of WEHI 231 that failed
to induce apoptosis in response to anti-immunoglobulin
displayed sustained c-myc expression (Hibner et al.,
1994). Furthermore, addition of c-myc antisense oligo-
nucleotides prevented anti-immunoglobulin receptor
and TGFB1-mediated apoptosis in the murine WEHI 231
and CH31 cell lymphomas (Fischer et al., 1994); how-
ever, the treatment with c-myc antisense oligonucleo-
tide, but not the mismatched control, led to the stabiliza-
tion of c-Myc protein and to protection against
apoptosis.

Previously, we identified two kB elements within the
murine c-myc gene, termed the upstream and internal
regulatory elements, URE and IRE, respectively (Duyao
et al., 1990; Kessler et al., 1992b), which regulate c-myc
expression (Duyao et al., 1992; Kessler et al., 1992a; La
Rosa et al., 1994). Classical NF-«B is a heterodimeric
transcription factorformed of two subunits, NFKB1 (p50)
and RelA (p65) (Ghosh et al., 1990; Kieran et al., 1990;
Ruben et al., 1991; Nolan et al., 1991). Other members
of the NF-kB/Rel family expressed in mammals include
the proto-oncogene c-Rel, NFKB2 (p52), and RelB (Gil-
more, 1991; Neri et al., 1991; Schmid et al., 1991; Ryseck
et al., 1992; Bours et al., 1992). The Rel family of factors
is involved in the regulation of a diverse group of genes
that play important roles in immune, acute phase, and
inflammatory responses, cell proliferation, and differen-
tiation (Grilli et al., 1993; Baeuerle and Henkel, 1994).
Furthermore, evidence indicates these factors mediate
signals in immunoglobulin gene rearrangement (Kent-
ner et al., 1993). Rel factors are ubiquitously expressed
in most non-B cells as inducible dimeric complexes
(Baeuerle, 1991), sequestered in the cytoplasm by a
family of inhibitor proteins, termed I«Bs, that includes
IkBa and I1kBp (Baeuerle and Baltimore, 1988; Davis et
al., 1991; Haskill et al., 1991; Thompson et al., 1995). A
wide range of stimuli promotes nuclear translocation of
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Rel factors by a mechanism that involves phosphoryla-
tion and ubiquitination of these IkB proteins (reviewed
by Grilli et al., 1993; Verma et al., 1995).

Exponentially growing WEHI 231 cells express pre-
dominantly p50/c-Rel complexes and minor amounts
of classical NF-«kB (p50/RelA) (Rice and Ernst, 1993;
Miyamoto et al., 1994; Liou et al., 1994; Lee et al., 1995).
Recently, we demonstrated that both basal and anti-
immunoglobulin-modulated c-myc gene expression in
WEHI 231 cells are controlled in large part by NF-xB/
Rel binding (Lee et al., 1995). Anti-immunoglobulin treat-
ment led to a significant early transient induction of
binding and activity of NF-xB/Rel species followed by
a loss of binding below basal levels at later timepoints;
these changes paralleled the increases and decreases
in c-myc gene transcription (Lee et al., 1995). Here, we
investigated the possible role of NF-kB/Rel factors in
mediating the effects of TGFB1 in WEHI 231 and CH33
cells. We found that TGFB1 treatment of WEHI 231 cells
decreased NF-«B/Rel binding activity. This decrease
could be related, in part, to elevated levels of IkBoa mMRNA
and protein resulting from increased transcription of the
IkBa gene in both lines. Ablated apoptosis of WEHI 231
cells was observed with TGFB1 upon costimulation with
a soluble form of the CD40 ligand (CD40L), which led
to maintained NF-kB/Rel and c-Myc expression, or upon
ectopic expression of c-Rel or c-Myc. These results
indicate inhibition of NF-xB/Rel downmodulates c-Myc
expression inducing death of these B cells, and dem-
onstrate a novel signaling pathway for TGFB1 through
NF-«kB/Rel that has potential implications for multiple
processes within the immune system in addition to
apoptosis, including activation of cell proliferation, dif-
ferentiation, and gene rearrangement.

Results

TGFB1 Down-Regulates NF-kB/Rel Activity

To determine whether TGFB1 treatment can alter NF-
xB/Rel activity, WEHI 231 cells were cultured in the ab-
sence or presence of 2 ng/ml TGFB1 for 3 and 6 hr and
nuclear extracts prepared. Electrophoretic mobility shift
analysis (EMSA) was performed with fragments con-
taining the two kB sites within the c-myc gene, termed
the URE and IRE (Duyao et al., 1990; Kessler et al.,
1992b). As expected, nuclear extracts from untreated
WEHI 231 displayed several constitutive specific binding
complexes with the URE (Figure 1, left) and IRE (Figure
1, right) (Lee et al., 1995; Schauer et al., 1996). Previous
EMSA supershift studies have identified the five fastest
migrating complexes with the URE as follows: band 1,
p50 homodimer; band 2, p50/c-Rel; band 3, p50/Rel
A; band 4, heterodimer containing p50 and an as yet
unidentified partner; band 5, c-Rel homodimer; band 6,
unidentified (Lee et al., 1995; data not shown). For the
fragment containing the IRE, the three fastest migrating
complexes are identical to those with the URE and the
fourth as a homodimer of c-Rel (Schauer et al., 1996).
A slight decrease in binding was detectable by 3 hr of
TGFB1 treatment, and by 6 hr overall NF-xB/Rel binding
to both the URE and IRE was significantly reduced. This
is more dramatically seen by 9 hr of TGFB1 treatment,
in a separate experiment, illustrated below (see Figure
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Figure 1. TGFB1 Treatment Inhibits NF-xB/Rel Binding Activity in
WEHI 231 Cells

Equal amounts of nuclear extracts (5 g protein), prepared from
WEHI 231 cells in exponential growth (E) and following treatment
with 2 ng/ml TGFB1 cells for 3 or 6 hr, were used in EMSA with
radiolabeled DNA fragments containing (left) the kB element up-
stream of the murine c-myc promoter (URE), or (right) the internal
regulatory region (IRE) within exon 1 of the murine c-myc gene. The
six URE complexes are as follow: band 1, p50 homodimer; band 2,
p50/c-Rel; band 3, p50/RelA; band 4, p50 and an unidentified sub-
unit; band 5, c-Rel homodimer, band 6, unidentified (Lee et al., 1995).
The four IRE nucleoprotein complexes are as follows: band 1, p50
homodimer; band 2, p50/c-Rel; band 3, p50/RelA; band 4, c-Rel
homodimer (Schauer et al., 1996).

5); furthermore, only much more minor alterations ob-
served in the binding activity of AP-1 complexes con-
firmed the specificity of these changes (data not shown;
see Figure 5). Thus, TGFR1 selectively reduces NF-xB/
Rel binding.

TGFB1 Induces IkBa Synthesis
The observed inhibition of NF-kB activity prompted us
to explore the possibility of induction upon TGFB1 treat-
ment of IkBa, an inhibitor protein of NF-«xB/Rel capable
of sequestering these dimeric species in the cytosolic
compartment (Baeuerle, 1991; Verma et al., 1995). Cyto-
plasmic extracts were isolated from WEHI 231 cells
treated with TGFB1 for 0, 3, 6, and 9 hr, and subjected
to immunoblot analysis. TGFB1 treatment led to induc-
tion of IkBa protein levels after 3 hr, and levels continued
to increase throughout the time course (Figure 2A). The
effect of TGFB1 was selective for the IkBa product, in
that IkBB protein remained constant throughout the 9
hr period (data not shown).

IkBa protein in WEHI 231 cells is normally labile with
a half-life of approximately 30 min (Miyamoto et al.,
1994). To test for stabilization of IkBa protein, WEHI 231
cells were treated with the protein synthesis inhibitor
cycloheximide (CHX) in the presence or absence of
TGFB1. Cytoplasmic extracts were monitored by immu-
noblotting for IkBa expression (Figure 2B). IkBa dis-
played the normal rapid rate of decay following TGFR1
treatment. In addition, a similar decay of the IkBa protein
was observed when the cells were incubated for 6 hr
with TGFR1 prior to CHX treatment (data not shown).
Thus, TGFB1 does not stabilize IkBa protein.

TGFB1 Induces IkBa mRNA Synthesis

To determine whether the increased protein expression
was dueto increased steady-state RNA levels, the effect
of TGFR1 treatment on IkBa mRNA was measured. After
3 hr of TGFB1 treatment, an approximately 2.5-fold in-
duction in IkBa mRNA level was detected, and the level
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Figure 2. TGFB1 Treatment Increases IkBa Expressionin WEHI 231
and CH33 Cells

(A) TGFB1 increases IkBa protein levels in the cytoplasm of WEHI
231 cells. Cytoplasmic protein was isolated from cells in exponential
growth (E) or following TGFB1 treatment for the indicated timepoints
(hr) and subjected to immunoblotting using a polyclonal antibody
against IkBa. Based on molecular mass markers, the IkBa band has
a molecular mass of 38 kDa.

(B) TGFB1 treatment does not lead to IkBa protein stabilization in
WEHI 231 cells.

(C) Cells in exponential growth (E) were treated with 10 ng/ml CHX
in the absence or presence of TGFB1 (T). Cytoplasmic extracts,
isolated after 0.5, 1, or 1.5 hr of treatment, were analyzed by immu-
noblotting for IkBa.

(C) TGFB1 increases IkBa protein levels in the cytoplasm of CH33
cells. Exponentially growing CH33 cells (E) were incubated in the
presence of TGFR1 for 9 and 20 hr, and cytoplasmic extracts
analyzed by immunoblotting for IkBa and IkB3 proteins, as above.
The band corresponding to IkBf protein has a molecular mass of
49 kDa.

remained elevated for up to 12 hr (Figure 3A). Equal
loading of RNA samples was demonstrated by rehybrid-
ization of the same filter for the housekeeping gene
glyceraldehyde-3-P-dehydrogenase (GAPDH). We next
determined whether an increase in the half-life of the
IkBa mRNA could account for the increase in transcript
level upon TGFB1 exposure, using 5, 6-dichlorobenzimi-
dazole riboside (DRB), a selective inhibitor of RNA poly-
merase Il. Control and WEHI 231 cells that had been
treated with TGFR1 for 9 hr were incubated with 25 g/
ml DRB and total RNA was isolated at various timepoints
(Figure 3B). A ti,; of approximately 30 min was observed
in control cells (Figure 3B). The IkBa mRNA levels de-
cayed inresponse to DRB treatment with the same kinet-
ics in the TGFB1-treated cultures. An induction of the
steady-state levels of IkBa mRNA levels was seen in
response to TGFB1 treatment (Figure 3B), as expected.
Thus, TGFB1 does not stabilize the normally labile IkBa
mRNA from decay.

Totest whether TGFB1 increased the rate of IkBa gene
transcription, nuclear run-on analysis was performed.

E 2 3 6 12

IkB-o

g ! .
. " ’(‘

GAPDH & B & = =

+DRB +DRB
B 512 TS5 12

Figure 3. TGFB1 Induces the IkBa mRNA Levels but Does Not Alter
the Stability of the Transcript in WEHI 231 Cells

(A) TGFB1 increases steady-state levels of IkBa RNA. WEHI 231
cells in exponential growth (E) were exposed to TGFB1 for 2, 3, 6,
or 12 hr. Total RNA was isolated and subjected to Northern blot
analysis for expression of IkBa and GAPDH, as control for equal
loading.

(B) TGFB1 treatment does not alter the stability of IkBa mRNA.
Following treatment of WEHI 231 cell cultures for 9 hr with TGF31
(T) or carrier BSA (B), as control, 25 ,.g/ml DRB was added and total
RNA isolated after 0, 0.5, 1, and 2 hr. Northern blot analysis was
performed for mMRNA expression of IkBa. Ethidium bromide staining,
used to confirm RNA integrity and equal loading of the samples, is
shown in the bottom panel.

Nuclei were isolated from exponentially growing WEHI
231 cells or following treatment with TGFB1 for 2.5 hr. A
significant increase in the rate of IkBa gene transcription
was detected at the 2.5 hr timepoint (Figure 4, left),
consistent with the observed induction of mMRNA levels
at 3 hr. Densitometric scanning of this and a duplicate
experiment gave an average fold increase of 3.1 = 0.36
when normalized to B-actin. In contrast, no effect on
pPMT2T, the parental vector for the IkBa clone or puC19
plasmid DNA was detectable, which suggests equal
RNA loading (Figure 4, left). Similarly, the rate of tran-
scription of B-actin and Max, the c-Myc binding partner,
was unaffected by TGFB1 treatment, consistent with the
lack of change in their mRNA levels over the time course
(data not shown). Thus, an increase of IkBa gene tran-
scription following TGFB1 treatment appears responsi-
ble for the increase of IkBa steady-state mRNA and
protein levels in the WEHI 231 cell line.
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Figure 4. TGFB1 Treatment of WEHI 231 and CH33 Cells Increases
the Rate of IkBa Gene Transcription

Nuclei were isolated from (left) WEHI 231 or (right) CH33 cells in
exponential growth or following treatment with TGFB1 for 2.5 hr and
subjected to run-on analysis. The radiolabeled RNA products were
analyzed with double-stranded DNA corresponding to the human
IkBa, rat B-actin, and murine Max genes. pMT2T and pUC19 DNA
was used as a measure of nonspecific hybridization.

TGFpB1 Induces IkBa Gene Expression

in the CH33 Cell Line

To test whether TGFB1-mediated induction of IkBa gene
was unique to the WEHI 231 cell line or more general
to other immature B cell ymphomas, the CH33 cell line
was similarly analyzed. Following 20 hr of TGFR1 treat-
ment, CH33 cells display extensive DNA laddering
(Fischer et al., 1994; data not shown). Cytoplasmic ex-
tracts were isolated from CH33 cells treated with 2 ng/
ml TGFB1 for 9 and 20 hr and analyzed by immunoblot-
ting for IkBa protein. Treatment for 9 hr with TGFp1
led to an increase in IkBa protein levels that persisted
throughout the time course (see Figure 2C). TGFB1 treat-
ment did not affect 1B expression (see Figure 2C). We
next sought to evaluate whether TGFB1 increased the
rate of IkBa gene transcription in CH33 cells (Figure
4, right). A 2.1-fold increase in the rate of IkBa gene
transcription, normalized to B-actin, was measured in
nuclear run-on analysis at the 2.5 hr timepoint, similar
tothe results with WEHI 231 cells. As seen above, TGF31
treatment had no detectable effect on p-actin or Max
gene expression or on hybridization to plasmid DNA,
used as controls for equal loading (Figure 4, right). Thus,
TGFpB1 selectively induces IkBa gene expression in mu-
rine B cell ymphomas.

CD40 Ligand Prevents TGFB1-Driven Apoptosis

and Induces NF-«kB/Rel Levels

The observation that engagement of surface CD40, a
member of the tumor necrosis factor receptor (TNFR)
superfamily (Banchereau et al., 1994), was sufficient to
neutralize the anti-immunoglobulin-mediated apoptosis
of WEHI 231 cells (Tsubata et al., 1993) prompted us to
ask whether CD40L treatment could similarly override
TGFB1-driven apoptosis. WEHI 231 cells were treated
for 20 hr with TGFB1 alone or together with CD40L, and
apoptosis measured by DNA fragmentation analysis. As
seen in Figure 5A, the extensive DNA laddering induced
by TGFB1 treatment was prevented upon costimulation
with CD40L.
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Figure 5. CD40L Prevents TGFB1-Driven Apoptosis and Inhibition
of NF-kB/Rel Binding in WEHI 231 Cells

(A) CD40L prevents TGFp1-driven apoptosis. WEHI 231 cells in ex-
ponential growth (lane 1) were treated with BSA (lane 2) or TGFB1
alone (lane 3) or in combination of CD40L and CD8« (CD40L) (lane
4), and analyzed for apoptosis after 20 hr using DNA fragmentation
assay. M, 123 marker DNA.

(B) CD40L prevents TGFB1-mediated down-regulation of NF-xB/Rel
binding activity. Nuclear extracts were isolated from untreated WEHI
231 cells (E) or following treatment with TGF31 alone (T) or in combi-
nation with CD40L (T + CD40L) for 3, 6, and 9 hr. Samples (5 png)
were subjected to EMSA using the IRE kB element, described in
the legend to Figure 1. The specificity of the changes in binding
activity was confirmed using EMSA with a radiolabeled AP-1 oligo-
nucleotide.

Recently, we have observed that CD40L treatment of
WEHI 231 cells caused an increase in NF-«B/Rel binding
and prevented the decline following anti-immunoglobu-
lin treatment (Schauer et al. 1996). Costimulation with
CDA40L similarly reversed the decrease in nuclear extract
binding to the IRE mediated by TGFB1 (Figure 5B). In
addition, CD40L appeared to abrogate the changes in
AP-1 binding induced by TGFBR1. As expected, the
TGFB1-mediated drop in kB binding could be related to
a decrease in nuclear levels of RelA and c-Rel protein
(Figure 6A). In contrast, costimulation with TGFB31 and
CDA40L up-regulated their expression. We next exam-
ined the effects of costimulation with CD40L on the
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Figure 6. Maintenance of Nuclear NF-«B/Rel Activity Resulting from
CDA40L Treatment or Ectopic Expression of c-Rel Ablates TGF31-
Driven Drop in c-Myc Expression

(A) CD40L treatment overrides TGF31 downmodulation of NF-kB/
Rel and c-Myc expression in WEHI 231 cells. Nuclear and cyto-
plasmic protein was isolated from WEHI 231 cells in exponential
growth (E) or following treatment with either TGFB1 alone (T) or in
combination with CD40L (T + CD40L) for 3, 6, or 9 hr. Samples (40
g) were subjected to immunoblot analysis, using antibody prepara-
tions against c-Myc, c-Rel, RelA, and IkBa. The doublet correspond-
ing to c-Myc has a molecular mass of 67/69 kDa.

(B) Ectopic expression of c-Rel ablates the decrease in nuclear
c-Myc protein levels. WEHI 231 stable transfectant lines, prepared
with either pSV2neo vector (NEO) alone or with the murine c-Rel
expression vector (Rel 12, Rel 63), were incubated for 12 hr in the
presence of BSA (B) or TGFB1 (T). Samples of nuclear proteins
(20 pg) were subjected to immunoblotting using an affinity-purified
c-Myc antibody.

induction of IkBa protein levels upon TGFB1 treatment
(Figure 6A). TGFR1 treatment alone resulted in an in-
crease above baseline of cytoplasmic levels of IkBa,
as seen above. This increase was reversed by CD40L
treatmentin combination with TGFB1. In fact, adramatic
decrease of IkBa protein levels well below baseline val-
ues was observed, suggesting signals regulating ex-
pression of the inhibitor protein induced by CD40L over-
rode those of TGFB1 (Figure 6A). Thus, an increase in
overall nuclear NF-«B/Rel binding was induced by
CDA40L, which could be correlated, at least in part, with
a decrease in IkBa expression.

CDA40L or Ectopic Expression of c-Rel

Maintains c-Myc Expression

To assess whether the changes in NF-kB/Rel activity
results in altered c-myc gene expression, RNA was iso-
lated and analyzed by reverse transcription polymerase
chain reaction. The reduction below baseline of c-myc
mRNA levels after 20 hr of TGFB1 treatment was re-
versed by costimulation with CD40L, resulting in an

overall induction of c-myc expression (data not shown).
To confirm the RNA was functional, the effects on c-Myc
protein expression were monitored. Nuclear protein ex-
tracts of WEHI 231 cells, treated with TGFB1 for the
indicated times in the absence or presence of CD40L,
were subjected to immunoblot analysis. As expected,
within 6 hr of TGFB1 treatment alone, a decline in c-Myc
nuclear protein levels was observed (Figure 6A), consis-
tent with kinetics of the drop in c-myc mRNA levels
(Warner et al., 1992; data not shown). The combined
treatment of TGFB1 and CD40L led to an increase in
c-Myc protein levels that were maintained above basal
levels for up to 9 hr (Figure 6A). Thus, CD40L costimula-
tion leads to the maintenance of elevated levels of c-myc
expression.

Since sustained c-myc expression correlated directly
with Rel-related factor activity, we tested for the ability of
ectopic expression of c-Rel to modulate c-Myc protein
levels. Transfected WEHI 231 cells were selected with
G418 following electroporation with murine c-rel expres-
sion vector (La Rosa et al., 1994) and pSV2neo, as de-
scribed previously (Wu et al., 1996), or pSV2neo alone,
as control. Two stable WEHI 231 c-Rel transfectant
clones, Rel 12 and Rel 63, and one control pSV2neo
transfectant clone (NEO 5) were characterized by immu-
noblotting for their levels of nuclear c-Rel protein follow-
ing TGFR1 treatment. Rel 12 and Rel 63 retained c-Rel
expression for up to 12 hr, whereas the NEO 5 control
cells showed marked down-regulation of c-Rel levels
(data not shown). When these same nuclear lysates were
analyzed for c-Myc expression, Rel 12 and Rel 63 were
found to maintain c-Myc protein levels following TGF31
treatment, whereas the expected decline was noted in
NEO 5 cells (Figure 6B). These clones were next tested
for their sensitivity to TGF31-mediated apoptosis. Com-
pared with the NEO 5 cells, both the Rel 12 and Rel 63
clones displayed more extensive survival and prolifera-
tion even after 48 hr of TGFB1 treatment, as judged by
cell numbers (data not shown) and trypan blue exclu-
sion. The values for the percentage of trypan blue-
positive (dead) cells, determined in triplicate cultures,
were 12.8 * 1.6% for Rel 12, 10.5 = 2.0% for Rel 63,
and 35.9 * 1.4% for NEO 5. Lastly, to confirm that the
cells retained TGFB1 responsiveness, the induction in
IkBa protein expression was confirmed following 12 hr
of TGFB1 treatment (data not shown). Thus, c-Rel ex-
pression leads to elevated c-Myc expression and rescue
from apoptosis following TGFB1 treatment.

Ectopic Expression of c-Myc Overrides
TGFpB1-Driven Apoptosis of WEHI 231 Cells

To test directly the role of CD40L-mediated maintenance
of c-Myc on apoptosis of WEHI 231 cells induced by
TGFpB1, the effects of ectopic expression of c-myc were
monitored. Stable transfectants were prepared with the
human c-myc expression vector pM21 (Stone et al.,
1987), and assayed by immunoblotting for c-Myc ex-
pression. The pM21 clones displayed normal levels of
c-Myc protein when compared with the pSV2neo stable
clones (Figure 7A; data not shown). Following TGFB1
treatment of the pM21 clone P17, an elevated level of
c-Myc protein was retained for up to 20 hr. These find-
ings are in marked contrast with the down-regulation of
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Figure 7. Ectopic Expression of c-Myc Prevents Apoptosis of WEHI
231 Cells Induced by TGFB1

(A) Stable transfectants retain high levels of c-Myc expression fol-
lowing TGFB1 treatment. Stable transfectant lines of WEHI 231 cells,
prepared with either pSV2neo alone (NEO) or with the pM21 c-myc
expression vector (P17), were incubated in the absence (E) or pres-
ence of TGFB1 for 9 and 20 hr. Nuclear proteins (40 j.g) were sub-
jected to immunoblotting for c-Myc, as above.

(B) Ectopic expression of c-Myc prevents apoptosis upon TGF31
exposure. Two stable c-Myc WEHI 231 clones (P17 and P35) or
control Neo cells were treated with TGFB1 for 20 hr, and subjected
to the DNA fragmentation assay of apoptosis. Alternatively, a stable
WEHI 231 line expressing Bcl-x, (JMBCLX) was similarly analyzed.
M, 123 marker DNA. Inset, TGFB1 treatment leads to induction of
IkBa RNA levels in the c-Myc lines. RNA was isolated from the P17
and P35 c-Myc and Neo control clones, treated for 9 hr with TGFB1
(T) or BSA (B), as control, and samples (20 ng) were analyzed for
IkBa levels.

c-Myc observed in the control NEO 5 cells (Figure 7A)
and in the parental WEHI 231 cells (see Figure 6A). We
next tested two of the c-Myc clones, P17 and P35, for
their sensitivity to apoptosis following TGFB1 treatment.
A significant protection from apoptosis, as judged by
the absence of DNA fragmentation, was observed. The
NEO 5 cells remained sensitive to TGFB1-driven apop-
tosis (Figure 7B). In addition, the pM21 clones displayed
extensive survival and were proliferating even after 48
hr of TGFB1 treatment (data not shown). The P17 and
P35, as well as control NEO 5 cells, retained TGFp1
responsiveness, as judged by the increase in IkBa gene
expression following incubation for 9 hr with TGFB1

compared with carrier bovine serum albumin (BSA) (Fig-
ure 7B, inset). These results indicate that the mainte-
nance of c-Myc levels, mediated by ectopic expression
or CD40L, is sufficient to override the effects of TGFB1
treatment on viability of WEHI 231 cells.

Bcl-x, but not Bcl-2 has been found to inhibit anti-
immunoglobulin-mediated apoptosis of WEHI 231 cells
(Gottschalk et al., 1994). A constitutive Bcl-x, expressing
WEHI 231 cell line (JMBCLX) displayed significant resis-
tance to apoptosis induced by TGFB1 treatment (Figure
7B). Interestingly, expression of Bcl-x, did not counter-
act the growth arrest induced by TGF31 exposure (data
not shown). Thus, expression of Bcl-x, overrides the
signal promoting apoptosisinduced by TGFB1; its action
appears to be mediated further downstream within the
apoptosis cascade.

Discussion

In this study, we have shown a novel signaling pathway
for TGFB1 viaadecrease in NF-kB/Rel activity. Aninduc-
tion of IkBa protein levels and gene transcription was
mediated by TGFp1 treatment. The reduction in NF-
kB/Rel binding correlated with a drop in c-Myc levels.
Costimulation with CD40L neutralized the TGF1-medi-
ated effects and resulted in the induction and mainte-
nance of NF-kB/Rel activity and c-Myc expression. Simi-
larly, ectopic expression of c-Rel led to sustained levels
of c-Myc following TGFR1 treatment. Both treatment
with CD40L and ectopic c-Rel expression, as well as
ectopic expression of c-Myc, led to protection from
TGFB1-driven apoptosis. These results indicate a com-
mon pathway for induction of physiologic cell death of
immature B cells by TGFB1 and anti-immunoglobulin: a
drop in NF-kB/Rel activity that results in a drop in c-myc
expression. In agreement with these findings, we have
found that forced down-regulation of c-Myc/Max activ-
ity via overexpression of Mad led to the induction of
apoptosis of WEHI 231 cells (M. W. et al., submitted).
Thus, the drop of c-Myc expression, rather than its over-
expression, appears responsible for the signaling that
triggers the initiation of apoptosis of these immature
B cells. Two major regulatory mechanisms have been
identified for deletion of autoreactive B cells: physical
deletion and functional inactivation of self-reactive B
cells, termed clonal deletion and anergy, respectively
(reviewed by Nossal, 1994). It has been postulated that
clonal deletion plays a major role during normal B cell
development (Nossal, 1994). Our findings with the WEHI
231 and CH 33 lines, widely used as models for clonal
deletion, suggest that Rel-related factors and c-myc
play major roles in mediating the signals leading to B
cell death, as well as rescue via CD40L.

TGFB1 Signals Through NF-xB/Rel

TGFB1 acts as a pleiotropic immunosuppressant factor
through inhibition of B and T cell function, including
inhibition of secretion of lymphokines and activation
of cell proliferation (Massagué, 1990; Stavnezer, 1996).
Further, TGFB1-deficient mice presented severe dys-
function in immune and inflammatory systems such that
massive inflammatory cell infiltration in several organs
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and abnormal production of interferon y, TNF«a, and
MIP1a were noted (Shull et al., 1992). Among its immu-
nosuppressant activities, TGF31 has been implicated in
the induction of apoptosis in several B cells (Rotello et
al., 1991; Oberhammer et al., 1992). In particular TGF31
induced apoptosis of murine and human B cell lympho-
mas and of normal human B cells (Warner et al., 1992;
Chaouchi et al., 1995; Lomo et al., 1995). Our finding
that TGFB1 stimulation leads to a downmodulation of
NF-kB/Rel activity suggests that investigation of the
possible role of this family of factors in many of the
observed immunosuppressant effects of TGFB1 is now
needed. Furthermore, we have observed that phorbol
ester-mediated activation of NF-«xB/Rel in WEHI 231
cellsis blocked by TGFB (M. A. and G. E. S., unpublished
data), raising the possibility of a much wider role for
this novel signaling pathway in modulation of cytokine
stimulation of multiple cell types. Lastly, these results
supportan pRb-independent mechanism forthe TGFB31-
mediated drop in the rate of c-myc gene transcription,
since the decline in c-myc expression precedes by 7-9
hr the appearance of active hypophosphorylated pRb
(Fischer et al., 1994).

The decline in Rel factor binding following TGF31
treatment correlated with an increase in IkBa expres-
sion. However, given the complexity of the regulation
of NF-«kB/Rel activity, the possible involvement of other
mechanisms leading to the decreased binding of these
factors cannot be ruled out. The induction of IkBa by
TGFB1 was completely abrogated by costimulation with
the protein synthesis inhibitor CHX (Figure 2B; data not
shown), suggesting that IkBa up-regulation by TGF31
requires de novo protein synthesis. These findings sug-
gest that activation of IkBa is not a result of a direct
effect of TGFB1. Of potential relevance is the recent
finding that TGFB receptor type | can interact, in vitro,
with the immunophilin protein FKBP12 (Wang et al.,
1994); FKBP12 is capable of modulating the calcineurin-
dependent pathway and therefore NF-«B/Rel expres-
sion (Schreiber, 1991). Two groups have recently dem-
onstrated that glucocorticoids (GC) can induce IkBa
synthesis and thus interfere with NF-xkB/Rel activity (Au-
phan et al., 1995; Scheinman et al., 1995a, 1995b), sug-
gesting that GC immunosuppressant activity is, in part,
attributable to Rel downmodulation. In this case, how-
ever, a direct effect of GC on IkBa gene transcription
was indicated. Dexamethasone treatment of HelLa cells
increased IkBa gene transcription within 15 min, and
cotreatment with CHX resulted in the superinduction
of IkBa expression. IkBB expression was found to be
unchanged in response to GC treatment of HelLa cells,
similar to the effects of TGFR1 in B cell ymphomas.

NF-kB/Rel and Apoptosis

Recently, we demonstrated that anti-immunoglobulin
receptor-mediated apoptosis of WEHI 231 cells is ac-
companied by down-regulation of NF-«B/Rel activity
(Lee et al., 1995). More recently, we have found that
treatment with various inhibitors of NF-xB/Rel species
such as N-tosyl-L-phenylalanine chloromethyl ketone
(TPCK) and pyrrolidinethiocarbamate (PDTC) promotes
apoptosis in normal murine splenic B lymphocytes and

WEHI 231 cells (Wu et al., 1996). Lastly, microinjection
of an IkBa—GST protein, and not control GST protein,
induced apoptosis of WEHI 231 cells. Taken together,
our data strongly suggest that apoptosis of B cells is
promoted by down-regulation of NF-xB/Rel; further-
more, they lead to the prediction that a similar mecha-
nism may apply with other agents, e.g., dexamethasone,
that similarly reduce Rel factor activity.

NF-kB/Rel species have beenimplicated in the regula-
tion of B lymphocyte apoptosis by other groups. Trans-
formation of bursal lymphocytes by v-Rel protected
these cells from apoptosis induced by follicular disper-
sion or by exposure to v radiation (Neiman et al., 1991).
Similarly, Gilmore and coworkers demonstrated that
chicken splenic lymphocytes, transformed by a temper-
ature-sensitive mutant of v-Rel, undergo apoptosis once
they are shifted to the nonpermissive temperature, sug-
gesting that v-Rel expression protected from apoptosis
(White et al., 1995). Recently, RelA-deficient mice dis-
played embryonic lethality within 14 days of gestation,
which was accompanied by massive liver degeneration
due to apoptosis of hepatocytes (Beg et al., 1995). In
this latter case, however, it was not established whether
the absence of RelA expression was directly involved
in the cellular death. Interestingly, TGFB1 is also capable
of inducing apoptosis in liver cells (Oberhammer et al.,
1992).

CD40-Mediated Down-Regulation of IkBa

Surface engagement of CD40, a member of the TNFR
superfamily (Smith et al., 1994), overrides the anti-immu-
noglobulin and TGFB1-mediated growth arrest of WEHI
231 cells (Santos-Argumedo et al., 1994). Moreover,
CDA40L costimulation protected mature B and WEHI 231
cells from anti-immunoglobulin-mediated apoptosis
(Tsubata et al., 1993). CD40L similarly rescues WEHI
231 from cellular death induced by TGFB1. This effect
correlates with downmodulation of cytosolic expression
of IkBa gene. The mechanism by which engagement of
CDA40 leads to IkBa down-regulation is currently under
investigation. Recently, a new class of proteins with a
common functional domain, termed TNF receptor-
associated factors (TRAF), capable of interacting with
members of the TNFR superfamily, has been identified
(Rothe et al., 1994). In particular, the cytoplasmic domain
of CD40 has been found to be associated with two mem-
bers of the TRAF family, TRAF2 (Rothe et al., 1995), and
CRAF or TRAF 3 (Cheng et al., 1995), responsible for
the downstream signaling that results in NF-«B/Rel acti-
vation. The results presented here suggest the hypothe-
sis that TRAF species are involved in the signaling by
CD40 that results in the down-regulation of IkBa gene
expression.

Experimental Procedures

Cell Culture, Treatment, and Transfection Conditions

WEHI 231 and CH33 cells were maintained in Dulbecco’s modified
Eagles medium (DMEM), supplemented as described previously
(Lee et al., 1995). For treatment, cells were incubated for the indi-
cated periods of time with 2 ng/ml TGFB1 (R and D Systems, Minne-
apolis, Minnesota or Austral Biological, San Ramon, California) dis-
solved in 0.1% carrier BSA or 2 ng/ml BSA as control. CD40L, which
was prepared as a soluble fusion protein as described previously
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(Francis et al., 1995), and anti-CD8 reagent were provided by T.
Rothstein (Boston University Medical School, Boston, Massachu-
setts). Supernatants containing CD40L and anti-CD8 were used at
optimal concentrations (1:8 and 1:40, respectively) determined on
the basis of proliferative assays (Francis et al., 1995). The WEHI 231
c-Myc and c-Rel stable transfectants were prepared using 40 n.g
pPM21 human c-myc (Stone et al., 1987) or 38 .g murine c-rel expres-
sion vector (La Rosa et al., 1994), respectively, and 2 g pSV2neo
DNA. Cells were transfected by electroporation as described (Lee
et al., 1995). After 24 hr, 1.2 mg/ml G418 (GIBCO Laboratories,
Gaithersburg, Maryland) was added to the medium and selective
growth conditions maintained for approximately 2 weeks. Clones
were isolated by limiting dilution. For analysis of DNA laddering,
approximately 10° cells were used according to the procedure of
Smith et al. (1989).

RNA Isolation and Analysis

Total cellular RNA was isolated by the guanidinium method and
samples (20 pg) subjected to Northern blot analysis, as described
elsewhere (Lee et al., 1995). Probes used include the mouse c-myc
cDNA clone pM-c-myc54 (Stanton et al., 1983), the murine Max
cDNA clone pTAwtMax (Arsura et al., 1995), the human IkBa clone
pMT2T-IkBa (Brown et al., 1995), and a GAPDH clone (Dugaiczyk
et al., 1983). Quantitation by scanning densitometry was performed
using a Molecular Dynamics 300A computing densitometer.

Run-On Analysis

Nuclei isolation and transcription analysis was performed as de-
scribed by Greenberg and Ziff (1984). Double-stranded DNA was
used for the following probes: human IkBa, pMT2T-IkBa (Brown et
al., 1995); murine Max pMT2T-Max (Arsura et al., 1995); human MAD,
pUHD10-3-Mad (provided by R. dePinho, Albert Einstein Medical
School, New York); rat -actin (Bond and Farmer, 1983).

EMSA

The 221 bp fragment of the murine c-myc gene, spanning Bglll to
Accl sites, including base pairs —1139 to —921 relative to the P1
promoter, which contains kB URE, was labeled and used in EMSA,
as previously described (Duyao et al., 1990). The 93 bp fragment
containing the IRE from the murine c-myc gene, which spans the
region from +418 to +505 bp relative to the P1 promoter (Kessler
et al., 1992b) was amplified via polymerase chain reaction and EMSA
performed as described previously (Schauer et al., 1996). The bind-
ing reaction for AP-1 was performed with a double-stranded oligo-
nucleotide with the following sequence: 5'-GATCGCCATGTGACTC
ATTAC-3’ (Wu et al., 1996).

Western Blots

For isolation of cytoplasmic proteins, washed cells were resus-
pended in cold 10 mM Tris (pH 7.6), 10 mM KCI, 5 mM MgCl,, 0.2
mM PMSF, and 10 p.g/ml leupeptin. After incubation on ice for 10
min, cells were lysed by addition of Triton X-100 to 0.5%, and nuclei
removed by centrifugation. For detection of nuclear proteins,
washed cells were resuspended in cold 10 mM Tris (pH 7.6), 10 mM
NaCl, 3 mM MgCl,, and 0.5% NP-40 and incubated 5 min on ice.
The nuclei were resuspended in 50 mM Tris (pH 7.5), 150 mM NaCl,
1% NP-40, 0.1% SDS, 1% Na lauryl sarcosine, 1 mM EDTA, 10 mg/
ml leupeptin, 0.2 mM PMSF, and 0.2 M DTT and DNA was sheared
and removed, as described previously (Arsura et al., 1995). Samples
of nuclear and cytoplasmic protein extracts (40 n.g) were subjected
to electrophoresis on a10% polyacrylamide-SDS gel, transferred to
PVDF membrane (Millipore, Bedford, Massachusetts) and Western
blotting performed, as described (Arsura et al., 1995). To detect IkB
proteins, antibodies specific for IkBa (provided by U. Siebenlist,
National Institutes of Health, Bethesda, Maryland), or IkBg (SC 371,
Santa Cruz Biotechnology, Santa Cruz, California) were employed.
An affinity-purified murine c-Myc antibody (provided by S. Hann,
Vanderbilt University, Nashville, Tennessee), v-Rel (8541) antibody
(provided by Nancy Rice, National Cancer Institute, Frederick, Mary-
land) or Rel A (SC109) antibody (Santa Cruz Biotechnology) was
used.

Acknowledgments

We thank R. dePinho, S. Farmer, S. Hann, N. Rice, C. Thompson,
D. Scott, and U. Siebenlist for generously providing cloned DNAs,
oligonucleotides, cell lines, and antibody preparations. T. Rothstein
is gratefully acknowledged for the kind gift of CD40L and anti-CD8
preparations. We also thank Dr. J. Foster for use of the scanning
densitometer. This work was supported by grants from the National
Institutes of Health, CA 36355 (G. E. S.), and from the Associazione
Italiana per la Ricerca sul Cancro (M. A.).

Received February 7, 1996; revised May 23, 1996.

References

Ales-Martinez, J.E., Warner, G.L., and Scott, D.W. (1988). Immuno-
globulin D and M mediate signals that are qualitatively different in
B cells with an immature phenotype. Proc. Natl. Acad. Sci. USA 85,
6919-6923.

Arsura, M., Desphande, A., Hann, S.R., and Sonenshein, G.E. (1995).
Variant Max protein, derived by alternative splicing, associates with
c-Myc in vivo and inhibits transactivation. Mol. Cell. Biol. 15, 6702-
6709.

Askew, D.S., Ashmun, R., Simmons, B., and Cleveland, J. (1991).
Constitutive c-myc expression in a IL-3-dependent myeloid cell line
suppresses cycle arrest and accelerates apoptosis. Oncogene 6,
1915-1992.

Auphan, N., DiDonato, J.A., Rosette, C., Helmberg, A., and Karin,
M. (1995). Immunosuppression by glucocorticoids: inhibition of NF-
kB activity through induction of kB synthesis. Science 270, 286-290.
Baeuerle, P.A. (1991). The inducible transcription activator NF-xB:
regulation by distinct protein subunits. Biochem. Biophys. Acta
1072, 63-80.

Baeuerle, P.A., and Baltimore, D. (1988). IxB: a specific inhibitor of
the NF-«B transcription factor. Science 242, 540-546.

Baeuerle, P.A., and Henkel, T. (1994). Function and activation of NF-
kB in the immune system. Annu. Rev. Immunol. 72, 141-179.
Banchereau, J., Bazan, R., Blanchard, D., Briére, F., Galizzi, J.P.,
van Kooten, C., Liu, Y.J., Rousset, F., and Saeland, S. (1994). The
CDA40 antigen and its ligand. Annu. Rev. Immunol. 12, 881-922.

Beg, A., Sha, W., Bronson, R., Ghosh, S., and Baltimore, D. (1995).
Embryonic lethality and liver degeneration in mice lacking the RelA
component of NF-xB. Nature 376, 167-170.

Benhamou, L., Cazenave, P.-A. and Sarthou, P. (1990). Anti-immuno-

globulins induce death by apoptosis in WEHI-231 B lymphoma cells.
Eur. J. Immunol. 20, 1405-1407.

Bond, J., and Farmer, S.R. (1983). Regulation of tubulin and actin
mRNA production in rat brain: expression of a new B-tubulin mRNA
with development. Mol. Cell. Biol. 3, 1333-1342.

Bours, V., Burd, P.R., Brown, K., Villalobos, J., Park, S., Ryseck,
R.P., Bravo, R., Kelly, K., and Siebenlist, U. (1992). A novel mitogen-
induced gene product related to p50/p105-NF-«B participates in
transactivation through a «B site. Mol. Cell. Biol. 12, 685-695.

Boyd, A., and Schrader, J. (1981). The regulation of growth and
differentiation of a murine B-cell lymphoma. Il. The inhibition of
WEHI 231 by anti-immunoglobulin antibodies. J. Immunol. 126,
2466-2469.

Brown, K., Gerstberger, S., Carlson, L., Franzoso, G., and Siebenlist,
U. (1995). Control of IkBa proteolysis by site-specific, signal induced
phosphorylation. Science 267, 1485-1487.

Chaouchi, N., Arvanitakis, L., Auffredou, M.T., Blanchard, D.A., Vaz-
quez, A., and Sharma, S. (1995). Characterization of transforming
growth factor-B1 induced apoptosis in normal human B cells and
lymphoma B cell lines. Oncogene 11, 1615-1622.

Cheng, C., Cleary, A.M., Ye, Z.S., Hong, D.l.,, Lederman, S., and
Baltimore, D. (1995) Involvement of CRAF1, a relative of TRAF, in
CDA40 signaling. Science 267, 1494-1498.

Coffey, R.J., Bascom, C.C., Sipes, N.J., Graves-Deal, R., Weissman,
B.E., and Moses, H.L. (1988). Selective inhibition of growth-related



TGFB1 Reduction in NF-kB/Rel Activity Mediates Apoptosis
39

gene expression in murine keratinocytes by transforming growth
factor-$. Mol. Cell. Biol. 8, 3088-3093.

Davis, N., Ghosh, S., Simmons, D.L., Tempst, P., Liou, H.-C., Balti-
more, D., and Bose, H.R. (1991). Rel-associated pp40: an inhibitor
of the Rel-family of transcription factors. Science 253, 1268-1271.

Dugaiczyk, A., Haro, J.A., Stone, E.M., Dennison, O.E., Rothblum,
K.N., and Schwartz, R.J. (1983). Cloning and sequencing of deoxyri-
bonucleic acid copy of glyceraldhyde-3-phosphate dehydrogenase
messenger ribonucleic acid isolated from chicken muscle. Biochem-
istry 22, 1605-1613.

Duyao, M.P., Buckler, A.J., and Sonenshein, G.E. (1990). Interaction
of an NF-«B-like factor with a site upstream of the c-myc promoter.
Proc. Natl. Acad. Sci. USA 87, 4727-4731.

Duyao, M.P., Kessler, D.J., Spicer, D.B., Bartholomew, C., Cleveland,
J.L., Siekevitz, M., and Sonenshein, G.E. (1992). Transactivation of
the c-myc promoter by human T cell leukemia virus tax is mediated
by NF-kB. J. Biol. Chem. 267, 16288-16291.

Evan, G.E., Wyllie, A.H., Gilbert, C.S., Littlewood, T.D., Land, H.,
Brooks, M., Waters, C.M., Penn, L.Z., and Hancock, D. (1992). Induc-
tion of apoptosis in fibroblasts by c-myc protein. Cell 69, 119-128.

Ewen, M.E., Sluss, H.K., Whitehouse, L.L., and Livingston, D.M.
(1993). TGFB inhibition of Cdk4 synthesis is linked to cell cycle
arrest. Cell 74, 1009-1020.

Fischer, G., Kent, S., Joseph, L., Green, D., and Scott, D. (1994).
Lymphoma models for B cell activation and tolerance. X. anti-p.-
mediated growth arrest and apoptosis of murine B cell ymphomas
is prevented by the stabilization of myc. J. Exp. Med. 179, 221-227.

Francis, D.A., Karra, J.G., Ke, X., Sen, R., and Rothstein, T.L. (1995).
Induction of the transcription factors NF-«B, AP-1 and NF-AT during
B cell stimulation through the CD40 receptor. Int. Immunol. 7,
151-159.

Ghosh, S., Gifford, A.M., Riviere, L.R., Tempst, P., Nolan, G.P., and
Baltimore, D. (1990). Cloning of the p50 DNA binding subunit of NF-
kB: homology to rel and dorsal. Cell 62, 1019-1029.

Gilmore, T. (1991). Malignant transformation by mutant Rel proteins.
Trends Genet. 7, 318-322.

Gottschalk, A.R., Boise, L.H., Thompson, C.B., and Quintans, J.
(1994). Identification of immunosuppressant-induced apoptosis in
a murine B-cell line and its prevention by bcl-x but not bcl-2. Proc.
Natl. Acad. Sci. USA 91, 7350-7354.

Greenberg, M.E., and Ziff, E.B. (1984). Stimulation of 3T3 cells in-
duces transcription of the c-fos proto-oncogene. Nature 377,
433-438.

Grilli, M., Chiu, J., and Lenardo, M.J. (1993). NF-xB and Rel: partici-
pants in a multiform transcriptional regulatory system. Int. Rev. Cy-
tology 743, 1-62.

Hannon, G.J., and Beach, D. (1994). p15 is a potential effector of
TGFp-induced cell cycle arrest. Nature 371, 257-262.

Hasbold, J., and Klaus, G. (1990). Anti-immunoglobulin antibodies
induce apoptosis in immature B cell lymphomas. Eur. J. Immunol.
20, 1685-1690.

Haskill, S., Beg, A., Tompkins, S.M., Morris, J.S., Yurochko, A.D.,
Sampson-Johannes, A., Mondal, K., Ralph, P., and Baldwin, A.S.
(1991). Characterization of an immediate—early gene induced in ad-
herentmonocytes that encodes IkB-like activity. Cell 65, 1281-1289.

Hibner, U., Benhamou, L., Haury, M., Cazenave, P.-A., and Sarthou,
P. (1994). Signaling of programmed cell death induction in WEHI-
231 B lymphoma cells. Eur. J. Immunol. 24, 1993-1999.

Howe, P.H., Draetta, G., and Leof, E.B. (1991). Transforming growth
factor-B1 inhibition of p34°¢2 phosphorylation and histone H1 kinase
activity is associated with G1/S-phase growth arrest. Mol. Cell Biol.
11, 1185-1194.

Kentner, A.L., Wuerffel, R., Sen, R., Jamieson, C.E. and Merkulov,
G.V. (1993). Switch recombination breakpoints occur at nonrandom
positions in the S gamma tandem repeat. J. Immunol. 157, 4718-
4731.

Kessler, D.J., Duyao, M.P., Spicer, D.B. and Sonenshein, G.E.

(1992a). NF-«B-like factors mediate interleukin 1 induction of c-myc
gene transcription in fibroblasts. J. Exp. Med. 176, 787-792.
Kessler, D.J., Spicer, D.B., La Rosa, F.A., and Sonenshein, G.E.
(1992b). A novel NF-kB element within exon 1 of the murine c-myc
gene. Oncogene 7, 2447-2453.

Kieran, M., Blank, V., Logeat, F., Vanderkerckhove, J., Lottspeich,
F., Le Ball, O., Urban, M.B., Kourilsky, P., Baeuerle, P.A., and Israel,
A. (1990). The DNA binding subunit of NF-«B is identical to factor
KBF1 and homologous to the rel oncogene product. Cell 62, 1007-
1018.

Kim, K., Kanellopoulos-Langevin, C., Merwin, R., Sachs, D., and
Asofsky, R. (1979). Establishment and characterization of Balb/c
lymphoma lines with B cell properties. J. Immunol. 122, 549-554.

Laiho, M., DeCaprio, J.A., Ludlow, J.W., Livingston, D.M., and Mas-
sague, J. (1990). Growth inhibition by TGF linked to suppression
of retinoblastoma protein phosphorylation. Cell 62, 175-185.

La Rosa, F., Pierce, J., and Sonenshein, G.E. (1994). Differential
regulation of the c-myc oncogene promoter by the NF-«xB Rel family
of transcription factors. Mol. Cell. Biol. 74, 1039-1044.

Lee, H., Arsura, M., Wu, M., Duyao, M., Buckler, A.J., and Sonen-
shein, G.E. (1995). Role of Rel-related factors in control of c-myc
gene transcription in receptor mediated apoptosis of the murine B
cell WEHI 231 line. J. Exp. Med. 182, 1169-1177.

Levine, R.A., McCormack, J.E., Buckler, A.J., and Sonenshein, G.E.
(1986). Transcriptional and posttranscriptional control of c-myc
gene expression in WEHI 231 cells. Mol. Cell. Biol. 6, 4112-4116.

Liou, H.C., Sha, W.C., Scott, M.L., and Baltimore, D. (1994). Sequen-

tial induction of NF-«B/Rel family proteins during B-cell terminal
differentiation. Mol. Cell. Biol. 714, 5349-5359.

Lomo, J., Blomhoff, H.K., Beiske, K., Stokke, T., and Smeland, E.B.
(1995). TGFB1 and cyclic AMP promote apoptosis in resting human
B lymphocytes. J. Immunol. 154, 1634-1643.

Maheswaran, S., McCormack, J.E., and Sonenshein, G.E. (1991).
Changes in phosphorylation of myc oncogene and RB antioncogene
protein products during growth arrest of the murine lymphoma WEHI
231 cell line. Oncogene 6, 1965-1971.

Massague, J. (1990). The transforming growth factor-g family. Annu.
Rev. Cell Biol. 6, 597-641.

McCormack, J.E., Pepe, V.H., Kent, R.B., Dean, M., Marshak—
Rothstein, A., and Sonenshein, G.E. (1984). Specific regulation of
c-myc oncogene expression in a murine B-cell lymphoma. Proc.
Natl. Acad. Sci. USA 81, 5546-5550.

Miyamoto, S., Chiao, P., and Verma, I. (1994). Enhanced IkBa degra-

dation is responsible for constitutive NF-«B activity in mature B-cell
lines. Mol. Cell. Biol. 14, 3276-3282.

Monroe, J.G., and Seyfert, V. (1988). Studies of surface immunoglob-
ulin-dependent B cell activation. Immunol. Res. 7, 136-148.
Neiman, P.E., Thomas, S.J., and Loring, G. (1991). Induction of
apoptosis during normal and neoplastic B-cell development in the
bursa of Fabricius. Proc. Natl. Acad. Sci. USA 88, 5857-5861.

Neri, A., Chang, C.-C.,Lombardi, L., Salina, M., Corradini, P., Maiolo,
A.T., Chaganti, R.S.K., and Dalla-Favera, R. (1991). B cell ymphoma-
associated chromosomal translocation involves candidate onco-
gene lyt-10, homologous to NF-kB p50. Cell 67, 1075-1087.

Nolan, G.P., Ghosh, S., Liou, H.-C., Tempst, P., and Baltimore, D.
(1991). DNA binding and IxB inhibition of the cloned p65 subunit of
NF-kB, a Rel-related polypeptide. Cell 64, 961-969.

Nossal, G.J.V. (1994). Negative selection of lymphocytes. Cell 76,
229-239.

Oberhammer, F.A., Pavekla, M., Sharma, S., Tiefenbacher, R., Pur-
chio, A.F., Bursch, W., and Schulte-Hermann, R. (1992). Induction
of apoptosis in cultured hepatocytes and in regressing liver by trans-
forming growth factor g1. Proc. Natl. Acad. Sci. USA 89, 5408-5412.
Pietenpol, J.A., Stein, R.W., Moran, E., Yaciuk, P., Schlegel, R., Ly-
ons, R.M,, Pittelkow, M.R., Munger, K., Howley, P.M., and Moses,
H.L. (1990). TGFB1 inhibition of c-myc transcription and growth in
keratinocytes is abrogated by viral transforming proteins with pRB
binding domains. Cell 61, 777-785.



Immunity
40

Ralph, P.(1979). Functional subsets of murine and human B lympho-
cyte cell lines. Immunol. Rev. 48, 107-118.

Rice, N., and Ernst, M. (1993). In vivo control of NF-xB activation
by IkBa. EMBO J. 12, 4685-4695.

Roberts, A.B., and Sporn, M.B. (1990). The transforming growth
factor-betas. In Peptide Growth Factor and their Receptors, M.B.
Sporn and A.B. Roberts, eds. (Heidelberg, Germany: Springer-Ver-
lag), pp. 419-472.

Rotello, R.J., Lieberman, R.C., Purchio, A.F., and Gerschenson, L.E.
(1991). Coordinated regulation of apoptosis and cell proliferation by
transforming growth factor g1 in cultured uterine epithelial cells.
Proc. Natl. Acad. Sci. USA 88, 3412-3415.

Rothe, M., Wong, S.C., Henzel, W.J., and Goeddel, D.V. (1994). A
novel family of putative signal transducers associated with the cyto-
plasmic domain of the 75kDa tumor necrosis factor receptor. Cell
78, 681-692.

Rothe, M., Sarma, V., Dixit, V.M., and Goeddel, D.V. (1995). TRAF2-
mediated activation of NF-xB by TNF receptor 2 and CD40. Science
269, 1424-1427.

Ruben, S.M., Dillon, P.J., Schreck, R., Henkel, T., Chen, C.-H., Maher,
M., Baeuerle, P.A., and Rosen, C.A. (1991). Isolation of a Rel-related
human cDNA that potentially encodes the 65-kD subunit of NF-«B.
Science 251, 1490-1493.

Ryseck, R.-P., Bull, P., Takamiya, M., Bours, V., Siebenlist, U.,
Dobrzanski, P., and Bravo, R. (1992). RelB, a new Rel family tran-
scription activator that can interact with p50-NF-«B. Mol. Cell. Biol.
12, 674-684.

Santos-Argumedo, L., Gordon, J., Heath, A.W., and Howard, M.
(1994). Antibodies to murine CD40 protect normal and malignant B
cells from induced growth arrest. Cell Inmunol. 156, 272-285.

Schauer, S.L., Wang, Z., Sonenshein, G.E., and Rothstein, T.L.
(1996). Maintenance of NF- kB/Rel and c-myc expression during
CDA40 ligand rescue of WEHI 231 early B cells from receptor-medi-
ated apoptosis through modulation of IkB proteins. J. Immunol., in
press.

Scheinman, R.l., Cogswell, P.C., Lofquist, A.K., and Baldwin, A.S.,
Jr. (1995a). Role of transcriptional activation of IkBa in mediation
of immunosuppression by glucocorticoids. Science 270, 283-286.
Scheinman, R.l., Gualberto, A., Jewell, C.M., Cidlowski, J.A., and
Baldwin, A.S., Jr. (1995b). Characterization of mechanisms involved
in transrepression of NF-kB by activated glucocorticoid receptors.
Mol. Cell. Biol. 15, 943-953.

Schmid, R.M., Perkins, N.D., Duckett, C.S., Andrews, P.C., and Na-
bel, G.J. (1991). Cloning of an NF-«kB subunit which stimulates HIV
transcription in synergy with p65. Nature 352, 733-736.

Schreiber, S.L. (1991). Chemistry and biology of the immunophilins
and their immunosuppressive ligands. Science 257, 283-287.

Shi, Y., Glynn, J.M., Guilbert, L.J., Cotter, T.G., Bisonnette, R.P., and
Green, D.R. (1992). Role for c-myc in activation-induced apoptotic
cell death in T cell hybridomas. Science 257, 212-215.

Shull, M.M., Ormsby, ., Kier, A.B., Pawlowsky, S., Diebold, R.J., Yin,
M., Allen, R., Sidman, C., Proetzel, G., Calvin, D., Annunziata, N.,
and Doetschman, T. (1992). Targeted disruption of the mouse trans-
forming growth factor-g1 gene results in multifocal inflammatory
diseases. Nature 359, 693-699.

Smith, C., Williams, G., Kingston, R., Jenkinson, E., and Owen, J.J.
(1989). Antibodies to CD3/T-cell receptor complex induce death
by apoptosis in immature T cells in thymic cultures. Nature 337,
181-184.

Smith, C.A., Farrah, T., and Goodwin, R.G. (1994). The TNF receptor
superfamily of cellular and viral proteins: activation, costimulation,
and death. Cell 76, 959-962.

Stanton, L.W., Watt, R., and Marcu, K.B. (1983). Translocation,
breakage, and truncated transcripts of c-myc oncogene in murine
plasmacytomas. Nature 303, 1697-17009.

Stavnezer, J. (1996). Transforming growth factor beta regulation of
B-cell proliferation, differentiation and class switching. In Cytokine
Regulation of Humoral Immunity: Basic and Clinical Aspects. C.M.
Snapper, ed. (New York: Wiley and Sons), pp 289-324.

Stone, J., delLange, T., Ramsay, G., Jakobovits, E., Bishop, J.M.,
Varmus, H., and Lee, W. (1987). Definition of regions in human c-myc
that are involved in transformation and nuclear localization. Mol.
Cell. Biol. 7, 1697-1709.

Thompson, J.E., Phillips, R.J., Erdjument-Bromage, H., Tempst, P.,
and Ghosh, S. (1995). IkBB regulates the persistent response in a
biphasic activation of NF-«xB. Cell 80, 573-582.

Tisch, R., Roifman, C.M., and Hozumi, N. (1988). Functional differ-
ences between immunoglobulins M and D expressed on the surface
of animmature B-cell line. Proc. Natl. Acad. Sci. USA 85, 6914-6918.

Tsubata, T., Wu, J., and Honjo, T. (1993). B-cell apoptosis induced
by antigen receptor crosslinkingis blocked by a T-cell signal through
CDA40. Nature 364, 645-648.

Verma, I.M., Stevenson, J.K., Schwarz, E.M., Van Antwerp, D., and
Miyamoto, S. (1995). Rel/NF-kB/IxB family: intimate tales of associa-
tion and dissociation. Genes Dev. 9, 2723-2735.

Wang, T., Donahoe, P.K., and Zervos, A.S. (1994). Specific interac-
tion of type | receptors of the TGFB family with the immunophilin
FKBP-12. Science 265, 674-676.

Warner, G.L., Ludlow, J.W., Nelson, D.A., Gaur, A., and Scott, D.W.
(1992). Anti-immunoglobulin treatment of murine B cell ymphomas
induces active transforming growth factor 8, but RB hypophosphor-
ylation is transforming growth factor independent. Cell Growth Dif-
fer. 3, 175-180.

White, D.W., Roy, A., and Gilmore, T.D. (1995). The v-Rel onco pro-
tein blocks apoptosis and proteolysis of IkBa in transformed chicken
spleen cells. Oncogene 10, 857-868.

Wu, M., Lee, H., Bellas, R.B., Schauer, S.L., Arsura, M., Katz, D.,
Fitzgerald, M.J., Rothstein, T.L., Sherr, D.H., and Sonenshein, G.E.
(1996). Inhibition of NF-kB/Rel induces apoptosis of murine B cells
EMBO J., in press.



