
Jannic Boehm, Yunsheng He1,
Axel Greiner2, Louis Staudt1 and
Thomas Wirth3

Institut fuÈr Medizinische Strahlenkunde und Zellforschung (MSZ),
UniversitaÈt WuÈrzburg, Versbacher Strasse 5, 97078 WuÈrzburg and
Department of Physiological Chemistry, University of Ulm,
Albert-Einstein-Allee 11, 89081 Ulm, 2Pathologisches Institut,
Josef-Schneider-Strasse 2, 97080 WuÈrzburg, Germany and
1Metabolism Branch, National Cancer Institute, National Institutes of
Health (NIH), Bethesda, MD 20892, USA

3Corresponding author
e-mail: thomas.wirth@medizin.uni-ulm.de

The BOB.1/OBF.1 coactivator is critically involved in
mediating octamer-dependent transcriptional activity
in B lymphocytes. Mice lacking this coactivator show
various defects in B-cell development, most notably
they completely lack germinal centers. Consistent with
this phenotype, BOB.1/OBF.1 levels are massively
upregulated in germinal center B cells as compared
with resting B cells. We have addressed the mechan-
ism of upregulation and found that only a minor part
of this regulation can be attributed to increased levels
of BOB.1/OBF.1-speci®c mRNA. Apparently, BOB.1/
OBF.1 is also regulated at the protein level. In support
of this suggestion we have been able to identify two
related BOB.1/OBF.1 interacting proteins, SIAH1 and
SIAH2, in a yeast two-hybrid screen. SIAH1 and
SIAH2 are known regulators of protein stability.
Cotransfection experiments revealed that coexpres-
sion of SIAH results in a destabilization of BOB.1/
OBF.1 protein without affecting mRNA levels. Further-
more, proteasome inhibitors block the degradation of
BOB.1/OBF.1 protein. Finally, B-cell receptor cross-
linking also resulted in the degradation of BOB.1/
OBF.1 and consequently reduced transcriptional
activation of BOB.1/OBF.1-dependent reporters.
Keywords: B cell/BOB.1/OBF.1/coactivator/SIAH/
ubiquitin ligase

Introduction

The octamer motif plays a crucial role in B-cell-speci®c
transcription. It is conserved in virtually all immuno-
globulin heavy chain and light chain gene promoters as
well as in several immunoglobulin enhancer elements. It is
essential for the B-cell-speci®c promoter function and
contributes to the immunoglobulin enhancer activity in
B cells (Matthias, 1998). Transcriptional activity at
octamer-containing promoters in lymphoid cells requires
a combination of speci®c transcription factors and
coactivators. B cells express two octamer-binding tran-
scription factors, Oct1 and Oct2. Furthermore, they
express the B-cell-restricted coactivator BOB.1/OBF.1

(other names are OCA-B, Bob1, OBF-1). This coactivator
interacts with the Oct proteins and is critical for B-cell-
speci®c transcription of promoters containing the octamer
motif (Gstaiger et al., 1995; Luo and Roeder, 1995;
P®sterer et al., 1995; Strubin et al., 1995).

BOB.1/OBF.1 is a transcription factor-speci®c co-
activator and so far has only been found to interact
functionally with a subgroup of Oct proteins (Sauter and
Matthias, 1998). The BOB.1/OBF.1 protein is recruited to
the transcription complex via its interaction with the POU-
domains of the Oct proteins. In this complex, the
N-terminal domain of BOB.1/OBF.1 contacts the DNA
directly in the major groove (Cepek et al., 1996; Gstaiger
et al., 1996; Chasman et al., 1999). By interaction with
both subdomains of the POU-domain of the Oct proteins
(the POU-homeo and the POU-speci®c domain) BOB.1/
OBF.1 acts as a molecular clamp, ®xing the Oct protein to
the DNA (Sauter and Matthias, 1998). BOB.1/OBF.1 can
be subdivided into two functional domains, the N-terminal
domain is critical for the interaction with Oct1, Oct2 and
the DNA. The C-terminal domain is mainly responsible for
the transactivation function (P®sterer et al., 1995; Gstaiger
et al., 1996). Analysis of the crystal structure of a BOB.1/
OBF.1 peptide bound to an Oct1 POU-domain/octamer
DNA complex have shown that amino acids (aa) 16±38
form an ordered structure in the crystal. These amino
acids are responsible for the interaction with the Oct
POU-domains and in addition for the contact to an
adenine at position ®ve in the DNA octamer motif
(Chasman et al., 1999). The C-terminal domain was
shown to contact the basal transcription machinery as well
as additional transcription cofactors like PC4 (Luo and
Roeder, 1995).

BOB.1/OBF.1 is constitutively expressed in B cells
whereas T cells show an inducible expression after
costimulation (Zwilling et al., 1997). Similar expression
levels were found in transformed cell lines representing
the different stages of B-cell development (Schubart et al.,
1996b). Disruption of the BOB.1/OBF.1 gene resulted in a
reduction of transitional B cells in the bone marrow (Hess
et al., 2001) and in a complete loss of germinal center
formation in the spleen and in lymph nodes (Kim et al.,
1996; Nielsen et al., 1996; Schubart et al., 1996b).
Consistent with this phenotype it was shown that BOB.1/
OBF.1 protein expression in primary B cells is highest in
germinal center B cells (Qin et al., 1998; Greiner et al.,
2000). In vitro, RNA expression of BOB.1/OBF.1 can be
induced in resting splenic B cells by stimulation with
lipopolysaccharide (LPS) or anti-CD40/interleukin-4 (IL-
4), suggesting that the upregulation is a consequence of
increased levels of transcript (Qin et al., 1998; Greiner
et al., 2000). In line with these observations, the promoter
of BOB.1/OBF.1 contains a cAMP regulatory element
binding protein/activating transcription factor (CREB/
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ATF) binding site, crucial for induction by anti-CD40 and
IL-4 (Stevens et al., 2000).

Several transcription factors such as p53 and c-Jun are
regulated by protein stability. These proteins become
ubiquitylated and subsequently degraded by the protea-
some. Protein ubiquitylation depends on a ubiquitin
activating enzyme (E1) and ubiquitin conjugating
enzymes (Ubc or E2). In addition, E3 proteins (ubiquitin
ligases) interact with E2 and the substrate and are critical
for speci®city. Many E3 proteins are characterized by the
presence of a RING ®nger domain (Lorick et al., 1999;
Joazeiro and Weissman, 2000). The p53 regulating protein
Mdm2 is such an E3 RING ®nger protein (Honda et al.,
1997; Fang et al., 2000). Another example is the
Drosophila protein SINA (seven in absentia), which is
necessary for R7 eye development (Carthew and Rubin,
1990). The human homologs of SINA, SIAH1 and SIAH2
(seven in absentia homolog), have been shown to interact
with DCC (deleted in colon cancer) and NCoR (nuclear
corepressor), and thereby induce their degradation (Hu
et al., 1997b; Zhang et al., 1998).

Here we show that BOB.1/OBF.1 interacts with SIAH1
and SIAH2. The interaction with SIAH1 leads to a
degradation of BOB.1/OBF.1 via the proteasome pathway.
This degradation can be induced in Ramos B cells by
triggering the B-cell receptor (BCR). The ®nding of an
absence of a strong transcriptional regulation of BOB.1/
OBF.1 in germinal center versus non-germinal center
B cells suggests that the regulation of the BOB.1/OBF.1
protein stability plays a critical role and could be mediated
by the interaction with the SIAH proteins.

Results

Stability of the BOB.1/OBF.1 protein is regulated
Previous analyses had shown that BOB.1/OBF.1 protein
levels are much higher in CD38+ germinal center B cells
compared with CD38± non-germinal center cells. To
determine whether this upregulation is due to increased
mRNA levels, primary CD38+ and CD38± B cells were
isolated from human tonsils and mRNA expression was
quanti®ed by real time PCR analyses (LightCycler). As an
internal control we used the housekeeping gene
Porphobilinogen-Deaminase (PBGD), which shows low
ubiquitous expression and has no known pseudogenes
(Fink et al., 1998, 1999). As a positive control we
measured CD38 mRNA expression in the two puri®ed cell
populations and saw a 15-fold upregulation in CD38+

selected cells, which was consistent with the purity of the
cell populations determined by FACS analysis (Figure 1A
and data not shown). We next determined the mRNA
levels for BOB.1/OBF.1. To our surprise only a very weak
induction (<2-fold) in CD38+ cells was observed
(Figure 1A). When we analyzed the BOB.1/OBF.1 protein
levels in these cell populations we found a >6-fold
induction in CD38+ cells (Figure 1B). From these results
we conclude that BOB.1/OBF.1 is not only regulated at the
level of RNA transcription or RNA stability but also most
likely at the protein level.

BOB.1/OBF.1 interacts with SIAH proteins
In order to identify proteins that could in¯uence BOB.1/
OBF.1 protein stability, we searched for interacting

proteins in a yeast two-hybrid screen. The N-terminal
domain of BOB.1/OBF.1 (aa 1±72) was cloned into a bait
vector and a total of 9.3 3 106 independent transformants
of a Jurkat library cloned in pGAD10 were analyzed. Only
®ve positive clones were observed and their identity was
established by sequencing. Four of the clones contained
the same complete coding sequence of the human SIAH1
cDNA including 173 nt of 5¢ untranslated sequence. The
®fth clone contained most of the coding sequence of the
SIAH2 cDNA, lacking only the ®rst 45 aa (Figure 2A).
The human SIAH1 and SIAH2 proteins are highly
homologous (77% overall sequence identity) and differ
predominantly by the presence of an extension in the
N-terminus of the SIAH2 protein (Hu et al., 1997a).

There was no stop codon present in the leader sequence
of the SIAH1 cDNA and the fusion retained the correct
open reading frame of the SIAH1 protein. Nevertheless,
we wanted to ensure that the interaction with BOB.1/
OBF.1 was mediated by the SIAH1 open reading frame
and generated an exact fusion between the GAL4
activation domain and the full-length SIAH1 protein
eliminating the 5¢ non-coding region. In addition, we
generated fusion proteins with smaller fragments from the
SIAH1 protein in order to identify the interaction domain
with BOB.1/OBF.1. The results of these analyses are
summarized in Figure 2B. Both the full-length SIAH1
protein as well as the C-terminal domain of SIAH1
interacted with BOB.1/OBF.1. In contrast, the N-terminal
domain containing the ring ®nger domain (aa 39±76; Hu
et al., 1997a) and sub-fragments of the C-terminal domain

Fig. 1. BOB.1/OBF.1 protein levels are regulated in germinal center
B cells. RNA and protein extracts were prepared from puri®ed CD38±

and CD38+ human tonsillar B cells. (A) BOB.1/OBF.1 expression
levels were determined by quantitative real time PCR. CD38 was used
as a positive control for the transcriptional regulation, PBGD was
used for standardization. (B) Detection of BOB.1/OBF.1 protein
levels by immunoblotting. Ramos B cells were used as positive
control, RelA was used as a loading control.
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failed to show interaction. These results were consistent
with the observation that in the case of the SIAH2 clone
identi®ed in the two-hybrid screen, the N-terminal domain
was partially deleted. All of the subsequent experiments
were performed with SIAH1.

In order to verify the interaction of BOB.1/OBF.1 with
SIAH1 in an independent assay system, glutathione
S-transferase (GST) pull-down experiments were per-
formed with recombinant proteins. GST fusion proteins
containing either full-length SIAH1, or the N-terminal
(aa 1±80) or C-terminal (aa 80±282) domains, were
generated and puri®ed. These fusion proteins and, as a
control, GST were incubated with in vitro translated
BOB.1/OBF.1 protein. Consistent with the results ob-
tained in the yeast two-hybrid analyses, both the full-
length SIAH1 and the C-terminal domain of SIAH1
interacted with BOB.1/OBF.1, whereas the N-terminal
domain and GST by itself failed to show an interaction
(Figure 3A, upper panel). This experimental approach was
then used to determine the domains in the BOB.1/OBF.1
protein interacting with SIAH1. The fact that the
N-terminal domain of BOB.1/OBF.1 was used as bait in
the two-hybrid screen already indicated that it contains an
interaction domain. Nevertheless, it did not rule out the
possibility that the C-terminus of BOB.1/OBF.1 could also
interact with SIAH1. However, when the BOB.1/OBF.1
subdomains were expressed independently, only the
N-terminus showed interaction with full-length SIAH1

or the SIAH1 C-terminal domain (Figure 3A).
Furthermore, when the GST±SIAH1 fusion proteins were
incubated with whole-cell extracts from S194 murine
B cells, native BOB.1/OBF.1 could be precipitated with
full-length SIAH1 and the C-terminus, but not with the
N-terminus of SIAH1 (Figure 3B).

We then addressed the question of whether BOB.1/
OBF.1 and SIAH1 could interact in a mammalian cell. We
therefore established a mammalian two-hybrid system,
where either full-length SIAH1 or the subdomains were

Fig. 2. BOB.1/OBF.1 interacts with SIAH proteins in a yeast two-
hybrid assay. (A) Clones of SIAH1 and SIAH2 obtained in the yeast
two-hybrid assay. The SIAH1 clones contained the untranslated
5¢-region, indicated by the thin black bar. The SIAH2 clone was
truncated, missing the ®rst 45 aa. GAL-AD, activation domain of
the GAL4 transcription factor. (B) Mapping of the region of SIAH1
needed for the interaction with BOB.1/OBF.1. HF7c yeast cells were
transformed with full-length SIAH1, the N-terminal part, the
C-terminal part or truncated forms of the C-terminal part of SIAH1
together with the BOB.1/OBF.1 bait plasmid. Positive two-hybrid
interaction was indicated by growth on -His +3AT plates and by b-gal
activity. The `+' for b-gal activity indicates that colonies turned blue
within 1 h. The `±' refers to no color change within 8 h.

Fig. 3. In vitro and in vivo interaction between BOB.1/OBF.1 and
SIAH1. (A) The SIAH1 C-terminus interacts with the N-terminus of
BOB.1/OBF.1. Full-length SIAH1, the N-terminus or the C-terminus
was fused to the GST protein. GST±SIAH1 fusion proteins were
incubated with in vitro translated 35S-labeled BOB.1/OBF.1. The
labeled N-terminal part, the C-terminal part and full-length BOB.1/
OBF.1 were used for the pull-down assays. (B) In vitro interaction
using GST±SIAH1 constructs. GST±SIAH1 fusion proteins were
incubated with lysates from S194 B cells. BOB.1/OBF.1 was detected
by immunoblotting. (C) Mammalian two-hybrid assay for BOB.1/
OBF.1 and SIAH1. NIH 3T3 cells were cotransfected with the
indicated Gal-SIAH1 constructs (N-, C-terminal part and full-length)
together with the N-terminal part of BOB.1/OBF.1 fused to the VP16
transactivation domain. Interaction was detected using a luciferase
reporter under the control of GAL binding sites. DBD, DNA binding
domain.
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fused to the heterologous GAL4 DNA binding domain.
These fusion proteins did not show any activity on their
own when tested together with a luciferase reporter
construct driven by four GAL4-binding sites in the
promoter (Figure 3C). However, when an expression
vector for a BOB.1/OBF.1±VP16 fusion protein was
cotransfected, the activity of the GAL fusions with full-
length SIAH1 or the C-terminal domain of SIAH1 was
signi®cantly induced. Taken together, these results
demonstrate that SIAH1 is a bona ®de BOB.1/OBF.1
interacting protein.

We reasoned that if there is an intricate relationship
between BOB.1/OBF.1 and SIAH1, the two proteins
should colocalize in cells. To test this hypothesis, we
performed immuno¯uorescence analyses of transiently
transfected cells expressing only BOB.1/OBF.1, only
SIAH1 or both proteins together. When a Flag-tagged
version of SIAH1 was transfected into NIH 3T3 cells, we
saw a speckled staining all over the cell with some
accumulation of SIAH1 in the nucleus (Figure 4).
Expression of wild-type BOB.1/OBF.1 also showed both
nuclear and cytoplasmic staining. This is consistent with
the ®nding that BOB.1/OBF.1 is localized in both the
nucleus and cytoplasm of B cells (Yu et al., 2001).
Cotransfection of BOB.1/OBF.1 together with Flag-
SIAH1 resulted in the appearence of an additional
speckled staining for BOB.1/OBF.1, identical to that
observed for SIAH1 (data not shown). However, even
more convincing colocalization was observed when we
used a version of the BOB.1/OBF.1 protein carrying an
additional nuclear localization sequence (NLS-BOB.1/
OBF.1). NLS-BOB.1/OBF.1 is almost exclusively local-
ized in the nucleus in transfected NIH 3T3 cells (Figure 4).

When both NLS-BOB.1/OBF.1 and Flag-SIAH1 were
cotransfected into NIH 3T3 cells, immuno¯uorescence
analysis revealed that the SIAH1 protein was redistributed
to the nucleus (Figure 4). These results show that the
proteins colocalize in transfected cells.

Interaction of BOB.1/OBF.1 with SIAH1 leads to a
degradation of the BOB.1/OBF.1 protein
SINA, the Drosophila homolog of SIAH1, is involved in
regulating protein stability by interacting with target
proteins and mediating their ubiquitylation and degrad-
ation via the proteasome pathway. Similarly, some of the
recently identi®ed SIAH-interacting proteins such as DCC
and NCoR were found to be degraded (Hu et al., 1997b;
Zhang et al., 1998). We therefore investigated whether
interaction with SIAH1 would result in BOB.1/OBF.1
degradation. After cotransfection of SIAH1 and BOB.1/
OBF.1 into NIH 3T3 cells, expression of BOB.1/OBF.1
was analyzed both by protein and RNA analysis. As a
control, an expression vector for myc-tagged MyoD was
included. Whereas there was no reduction in the amount of
BOB.1/OBF.1 RNA visible upon SIAH1 cotransfection
(Figure 5B), a clear reduction in the amount of BOB.1/
OBF.1 protein was observed (Figure 5A). The reduction in
protein levels was speci®c, as the control protein was not
affected.

To assess the effects of SIAH1 on the BOB.1/OBF.1
protein turnover more quantitatively, we measured half-
life times of the BOB.1/OBF.1 protein in the presence or
absence of SIAH1. NIH 3T3 cells were transfected with
expression vectors for BOB.1/OBF.1 and SIAH1. BOB.1/
OBF.1 protein levels were determined by metabolic
labeling and pulse±chase experiments. In cells transfected
with BOB.1/OBF.1 alone, the half-life time was ~3 h.
Cotransfection of SIAH1 leads to a reduction of the
BOB.1/OBF.1 half-life time to 1.5 h (Figure 5C).

SIAH1 and SIAH2 as well as the Drosophila homolog
SINA belong to a family of ring-zinc-®nger proteins.
These proteins act as E3 factors in the ubiquitylation
pathway and thereby target their interaction partners for
degradation (Lorick et al., 1999; Joazeiro and Weissman,
2000). Deletion in this ring-zinc-®nger domain led to a
block in ubiquitylation and to a stabilization of the SIAH1
protein (Hu and Fearon, 1999). The SIAH ring-zinc-®nger
is located in the N-terminal part whereas the BOB.1/
OBF.1 interaction domain is C-terminally located.
Cotransfection of increasing amounts of an N-terminally
deleted SIAH1 construct together with SIAH1 full-length
and BOB.1/OBF.1 led to a partial rescue of BOB.1/OBF.1
from degradation (Figure 5D).

SIAH1 and Oct1/2 contact different domains in
BOB.1/OBF.1
The N-terminal domain of BOB.1/OBF.1, which is
involved in the interaction with SIAH1, has previously
been shown also to be critical for mediating the contact
with the POU-domains of Oct1 and Oct2. We were
therefore interested to determine whether identical amino
acids in the BOB.1/OBF.1 N-terminal domain would be
critical for both contacts. Several point mutations of
BOB.1/OBF.1 have been described that either did or did
not affect the interaction with the POU-domain.
Speci®cally, mutations in a short stretch of amino acids

Fig. 4. Alteration of the subcellular localization of SIAH1 in
cotransfection with BOB.1/OBF.1. NIH 3T3 cells were transfected with
a BOB.1/OBF.1 construct containing an additional NLS sequence (A),
Flag-SIAH (B) or both together (C and D). 18 h after transfection, the
cells were ®xed and stained with polyclonal anti-BOB.1/OBF.1
antibody and FITC-conjugated goat anti-rabbit antibody (A),
monoclonal anti-FLAG antibody M2 and Cy3-conjugated goat anti-
mouse antibody (B), or with both ®rst and secondary antibodies
together (C and D).
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around position 30 were shown to interfere with POU-
domain interaction (Gstaiger et al., 1996). This is also
consistent with the X-ray crystal structure of the ternary
complex (Chasman et al., 1999). In contrast, mutation of
the amino acid at position 51 (V to E) did not affect
BOB.1/OBF.1 interaction with the Oct1 POU-domain. We
tested these mutants for their ability to interact with
BOB.1/OBF.1 using the yeast interaction system. For this
purpose, SIAH1 was fused to the GAL4 DNA binding
domain and cotransformed with the GAL4 activation
domain fused to BOB.1/OBF.1. This experiment revealed
that all three single or double point mutants that were
unable to interact with the POU-domain could still bind to
SIAH1. In contrast, mutation of amino acid 51, which
showed no effect on POU-domain interaction, failed to
bind to the SIAH1 protein (Figure 6A and B). From this
analysis we conclude that the interfaces of BOB.1/OBF.1

with either SIAH1 or the Oct1 POU-domain are in separate
subdomains of the N-terminal region of BOB.1/OBF.1.

We used the BOB.1/OBF.1 mutants to test whether the
interaction with SIAH1 was necessary for degradation of
BOB.1/OBF.1. Increasing amounts of cotransfected
SIAH1 resulted in a decrease of wild-type BOB.1/OBF.1
protein levels in NIH 3T3 cells (Figure 6C). The E30L
mutant, which could still interact with SIAH1, is also
degraded in a SIAH1 concentration-dependent manner. In
contrast, the V51E mutant, which does not interact with
SIAH1, was also not degraded. A control protein was
cotransfected in all experiments to con®rm the speci®city
of the observed degradation effects (Figure 6C, lower
panel). This result shows that interaction of BOB.1/OBF.1
with the SIAH1 protein is a prerequisite for degradation,
whereas interaction with the Oct proteins is not required.

Both SIAH1 and the POU-domains of Oct1 and Oct2
interact with the N-terminal part of BOB.1/OBF.1. We

Fig. 6. Oct1/2 and SIAH1 do not bind to the same region in
BOB.1/OBF.1. (A) Point mutations of BOB.1/OBF.1 (L32P, E30L,
E26G+P27L) that are no longer able to interact with the Oct proteins
are located in a short stretch of 7 aa, whereas the point mutation V51E,
lying outside that stretch, is still able to interact with Oct1/2. (B) Yeast
two-hybrid assay for the binding of SIAH1 to BOB.1/OBF.1 mutants.
SIAH1 was cotransformed with the different point mutations (described
in A) into HF7c yeast cells. The interaction of proteins was indicated
by growth on -His +3AT plates and by b-gal activity. (C) The point
mutants of BOB.1/OBF.1 (described in A) were cloned into pcDNA3
and cotransfected with different amounts of HA-tagged SIAH1 and an
internal control vector called mini-myc into NIH 3T3 cells. Western
blot analysis was performed using polyclonal anti-BOB.1/OBF.1
antibody, monoclonal anti-HA antibody 12CA5 or monoclonal
anti-myc antibody 9E10.

Fig. 5. SIAH1 mediates degradation of BOB.1/OBF.1. (A) Western
blot of NIH 3T3 cells transfected with BOB.1/OBF.1 alone or together
with SIAH1. Myc-tagged MyoD was used as a loading control.
(B) Northern blot of the same transfected cells. (C) The BOB.1/OBF.1
half-life time becomes decreased by SIAH1. NIH 3T3 cells were
transfected as described above. After pulse labeling the half-life time
of BOB.1/OBF.1 was measured. (D) Western blot of NIH 3T3 cells
transfected with vectors containing BOB.1/OBF.1, SIAH1 or increasing
amounts of the myc-tagged SIAH1 C-terminal part. Mini-myc was used
as a loading control.
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considered the possibility that interaction of BOB.1/
OBF.1 with the Oct POU-domain might protect the
coactivator from SIAH-mediated degradation. We there-
fore cotransfected Oct2 together with SIAH1 and BOB.1/
OBF.1 into NIH 3T3 cells. Even high amounts of Oct2
failed to interfere with the BOB.1/OBF.1 degradation
(data not shown).

BOB.1/OBF.1 degradation occurs via the
proteasome
Earlier studies had shown that SIAH1-mediated protein
degradation involves the proteasome pathway. To investi-
gate whether SIAH1-mediated degradation of BOB.1/
OBF.1 also proceeds via this pathway, the proteasome
inhibitor MG132 was included in the cotransfection
experiments. Whereas BOB.1/OBF.1 was readily de-
graded in mock-treated cells, incubation of the transfected
cells with MG132 for 6 h resulted in an ef®cient rescue of
BOB.1/OBF.1 protein (Figure 7A). This suggests that
BOB.1/OBF.1 is degraded by the proteasome in these
experiments.

Induction of BCR signaling in mature B cells in the
absence of costimulation results in the downregulation of
immunoglobulin gene transcription. We have used Ramos
B cells and treated them with anti-IgM antibodies to mimic
BCR activation. This treatment resulted in a speci®c
reduction of BOB.1/OBF.1 protein levels. Furthermore,

the degradation of BOB.1/OBF.1 could be blocked by
addition of the proteasome inhibitor MG132 (Figure 7B).
As mentioned before, Drosophila Sina is involved in
regulating the protein stability of its target proteins. This
regulation is dependent on the activation of the MAPK
pathway. To test whether the MAPK pathway, which
becomes activated by BCR cross-linking, is involved, we
pre-incubated the cells with the MAPK inhibitor PD98059
(Figure 7C). As shown, the degradation of BOB.1/OBF.1
is partially blocked by inhibiting MAPK, indicating that as
in Drosophila this pathway is critical in regulating protein
stability by SIAH1.

SIAH1 is regulated at the transcription level
Two likely scenarios could explain the regulation of
BOB.1/OBF.1 degradation by SIAH1. Either SIAH1
levels could be regulated, e.g. at the RNA expression
level, or interaction of BOB.1/OBF.1 and SIAH1 might be
controlled by protein modi®cation. To investigate SIAH1
expression, we prepared protein and RNA from IgM cross-
linked Ramos B cells. The BOB.1/OBF.1 protein degrad-
ation was analyzed as a control for the proper stimulation
of the cells (Figure 8A). SIAH1 and BOB.1/OBF.1 RNA
levels were analyzed by real time RT±PCR. In anti-IgM-
treated cells, SIAH1 RNA levels were upregulated
3.6-fold (Figure 8B). Interestingly, although BOB.1/
OBF.1 protein levels were reduced, BOB.1/OBF.1 RNA
levels were also slightly induced (1.9-fold).

We then analyzed SIAH1 expression in primary B cells.
RNAs from sorted CD38± versus CD38+ B cells were
analyzed by quantitative RT±PCR. Expression of SIAH1
was reduced 2.7-fold in CD38+ B cells as compared with
the CD38± population (Figure 8C). This result is consistent
with a model suggesting that regulation of SIAH1 levels is
responsible for controlling BOB.1/OBF.1 protein levels.
However, we also tested the hypothesis that a modi®cation
of BOB.1/OBF.1 could modulate the interaction with
SIAH1 and, as a consequence, BOB.1/OBF.1 stability. We
performed pull-down assays of extracts from CD38± and
CD38+ cells with GST±SIAH1 fusion proteins. As shown
in Figure 8D, the C-terminal domain of SIAH1 is able to
precipitate BOB.1/OBF.1 both from CD38± and CD38+

B cells, whereas no interaction is seen with the N-terminal
domain. This result indicates that the interaction of
BOB.1/OBF.1 with SIAH1 is not altered by modi®cation
of BOB.1/OBF.1. However, it does not rule out a possible
modi®cation of SIAH1.

IgM cross-link in B cells leads to SIAH1-dependent
reduction of BOB.1/OBF.1-driven transcription
We then asked whether the activity of a reporter plasmid,
which we had previously shown to be dependent on
BOB.1/OBF.1, would be compromised in anti-IgM-treated
Ramos B cells. This analysis revealed that indeed the
activity was reduced upon anti-IgM treatment of Ramos
B cells (Figure 9A). These experiments, however, do not
prove that the observed inducible reduction was mediated
by SIAH proteins nor do they de®nitely show that
degradation of BOB.1/OBF.1 was the only critical event
with respect to the activity of the reporter induced by anti-
IgM treatment. To prove that SIAH1 is involved in the
observed downregulation of the BOB.1/OBF.1-dependent
reporter activity we cotransfected the C-terminal domain

Fig. 7. BOB.1/OBF.1 becomes degraded in a proteasome-dependent
manner. (A) NIH 3T3 cells were transfected with BOB.1/OBF.1
expression plasmid alone or together with SIAH1 expression plasmid.
Eight hours later, the proteasome inhibitor MG132 was added.
(B) Ramos B cells were incubated with anti-IgM antibodies and
MG132 as indicated. After 12 h the cells were harvested and analyzed
by western blotting with appropriate antibodies. (C) Thirty minutes
before Ramos B cells were incubated with anti-IgM antibody, the
MAPK inhibitor PD98059 was added (25 mM). Twelve hours later
the cells were harvested and analyzed by western blotting.
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of SIAH1 (like in Figure 5D). Indeed, cotransfection fully
restored the activity of the reporter, indicating that the
BOB.1/OBF.1 degradation in cross-linked Ramos B cells

is achieved via SIAH1 (Figure 9B). To test this reporter
assay in an independent and more de®ned system, we
transfected NIH 3T3 cells with the reporter together with a
BOB.1/OBF.1 expression vector. This resulted in a strong
induction of the reporter as had been shown before
(P®sterer et al., 1995). Cotransfection of SIAH1 strongly
reduced the BOB.1/OBF.1-dependent reporter activity
(Figure 9C). A control reporter independent of BOB.1/
OBF.1 (the HSV thymidine kinase promoter) remained
unaffected (Figure 9D).

Discussion

A signi®cant part of the upregulation of BOB.1/OBF.1 in
germinal center B cells is not due to increased mRNA
expression levels. Rather we demonstrate that BOB.1/
OBF.1 expression is regulated at the level of protein
stability/protein degradation. As a potential regulator
protein we identi®ed the SIAH proteins that interact
with BOB.1/OBF.1. As a consequence, BOB.1/OBF.1
is degraded in a proteasome-dependent manner. This

Fig. 8. SIAH1 is regulated at the transcriptional level. (A) BOB.1/
OBF.1 protein levels from BCR cross-linked Ramos B cells were
analyzed by western blotting. RelA was used as a loading control.
(B) RNA from the same cells used in (A) was transcribed into cDNA
and SIAH1 expression was analyzed by LightCycler PCR. (C) The
cDNAs from CD38± and CD38+ tonsillar B cells, already used in
Figure 1A, were analyzed for SIAH1 expression by LightCycler PCR.
(D) Potential altered interaction of BOB.1/OBF.1 and SIAH1 in CD38±

and CD38+ tonsillar B cells was analyzed by pull-down assays.
Therefore, the GST±SIAH1 C-terminal and the GST±SIAH1
N-terminal part were mixed with lysates from CD38± and CD38+

tonsillar B cells.

Fig. 9. BOB.1/OBF.1 degradation results in downregulation of
octamer-dependent transcription. (A) Ramos B cells were transfected
with octamer-dependent luciferase reporter plasmids (ED contains the
wild type, Ed contains a mutated octamer motif) and were incubated
with anti-IgM antibodies for 20 h. (B) Downregulation of BOB.1/
OBF.1 after IgM cross-linking is mediated by SIAH1. The same
reporter plasmid described in (A) was cotransfected with the SIAH1
C-terminus followed by IgM cross-linking. (C) Octamer-dependent
transcription is downregulated as a consequence of the BOB.1/OBF.1
degradation by SIAH1 in NIH 3T3 cells. NIH 3T3 cells were
transfected with expression plasmids for BOB.1/OBF.1 and SIAH1.
In addition, an octamer-dependent luciferase reporter plasmid
(43 wt.TATA) was cotransfected. Eighteen hours after transfection
the cells were harvested and luciferase activity measured. (D) No
effect of SIAH1 was seen on the expression of thymidine kinase
promoter-driven construct. Analysis as in (C).
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degradation can be induced in Ramos B cells by IgM
cross-linking.

So far only a few reports have addressed the regulatory
mechanisms leading to the expression of BOB.1/OBF.1.
Transcriptional induction was reported in Jurkat T cells
after treatment with phorbol 12-myristate 13-acetate
(PMA) and ionomycin (Sauter and Matthias, 1997;
Zwilling et al., 1997). In addition, primary resting B cells
were shown to upregulate BOB.1/OBF.1 transcripts after
treatment with CD40-ligand and IL-4 as well as after
treatment with LPS (Qin et al., 1998; Greiner et al., 2000).
Analysis of the BOB.1/OBF.1 promoter identi®ed a
critical CREB/ATF site (Stevens et al., 2000). Interest-
ingly, when the time courses for the induction of BOB.1/
OBF.1 transcript and protein were compared in B cells
after LPS treatment, it was noted that protein induction
was more enhanced than induction of the mRNA. In
uninduced cells the protein was absent although the
transcript was detectable. This had led to the hypothesis
that BOB.1/OBF.1 regulation occurs at an additional
translational or post-translational level (Qin et al., 1998).
Consistent with these data and with the ®nding of a strong
upregulation of BOB.1/OBF.1 in germinal center cells, we
found that BOB.1/OBF.1 protein stability is regulated
during development of germinal center B cells.

Potential regulator proteins for BOB.1/OBF.1 stability
are SIAH1 and SIAH2. It has been demonstrated earlier
that the interaction of proteins with SINA or SIAH1/2
results in a degradation of the targeted protein. In
Drosophila, SINA acts together with Phyllopod (PHYL),
a protein induced by Ras signaling, to target the transcrip-
tional repressor Tramtrack. Tramtrack becomes ubiquityl-
ated and degraded in a proteasome-dependent manner,
allowing differentiation of the R7 cell (Li et al., 1997;
Tang et al., 1997). In mammals, the proteins DCC and
NCoR are both degraded in a SIAH-dependent manner
(Hu et al., 1997b; Zhang et al., 1998). Interaction of
SIAH2 with Vav1 (p95vav) does not lead to a degradation
of Vav protein, but to a block in signal transduction via
JNK activation (Germani et al., 1999). For NCoR, DCC
and Vav1, it was shown that the interaction occurs with the
C-terminus of SIAH. Consistent with these reports we
found BOB.1/OBF.1 to interact with the C-terminus of
SIAH1 and SIAH2. In contrast, BAG-1 was reported to
require the full-length SIAH1 protein for its interaction
(Matsuzawa et al., 1998). The C-terminal domain of SIAH
is also responsible for the oligomerization of SIAH
proteins. In line with these results we found that
overexpression of this domain of SIAH1 can interfere
with SIAH1 function and thereby block BOB.1/OBF.1
degradation. Interaction with SIAH led to a 4-fold
reduction of the half-life of the DCC and NCoR proteins,
and as shown here it reduced the half-life of BOB.1/OBF.1
~2-fold.

The observation that BOB.1/OBF.1 expression in
germinal center B cells is at least in part regulated at a
post-transcriptional level raises the question as to how
protein stabilization might be achieved. We found that
downregulation of BOB.1/OBF.1 via SIAH1 is down-
stream of BCR signaling in Ramos B cells. In germinal
center B cell maturation, the following scenario for
BOB.1/OBF.1 protein stabilization is likely. In the rapidly
dividing cells of the dark zone in germinal centers, the

centroblasts, expression of the BCR is downregulated
(MacLennan, 1994). In addition, receptor signaling is
modulated by CD22 or Fcg (Cambier, 1997; Tedder et al.,
1997). BCR downregulation and signal modi®cation could
lead to a block in SIAH1 expression and therefore to a
block in BOB.1/OBF.1 ubiquitylation. This hypothesis is
strengthened by the results shown in Figures 8 and 9. The
enhancement of BCR signaling via cross-linking in Ramos
B cells, which have a germinal center-like phenotype,
leads to BOB.1/OBF.1 degradation via SIAH1. Therefore,
the effect described in Figure 1 could be explained as
followed: non-germinal center B cells do express the
BOB.1/OBF.1 mRNA but the protein becomes rapidly
degraded e.g. as a consequence of continuous BCR
signaling. When the cells differentiate to rapidly dividing
germinal center centroblasts they downregulate the BCR
and as a consequence no longer degrade BOB.1/OBF.1
protein.

Alternative mechanisms might also be involved how-
ever. Due to a lack of a good SIAH-speci®c antibody, the
potential modi®cation of SIAH1 in germinal center B cells
could not be addressed. In addition, enhanced protein
stability could be achieved by blocking the degradation of
the ubiquitylated protein. Recent data have shown a
variation of proteasome subunit composition and of
enzymatic activity in germinal center-derived Burkitt
lymphoma and Hodgkin's lymphoma cell lines compared
with non-germinal center-derived lymphoblastoid cell
lines (Frisan et al., 2000). Therefore, a protection of
ubiquitylated BOB.1/OBF.1 protein from degradation is
conceivable.

Many B-cell lymphomas are derived from germinal
center B cells and we found high level expression of
BOB.1/OBF.1 in germinal center-derived lymphomas
(Greiner et al., 2000). Interestingly, the expression of
BOB.1/OBF.1 is highly correlated with the expression of
Bcl-6, a classical marker for germinal center-derived
lymphomas. The parallels between Bcl-6 and BOB.1/
OBF.1 are striking. Mutations in both genes result in a
speci®c block of germinal center formation. Both proteins
are preferentially expressed in germinal center cells.
Finally, as shown in this paper for BOB.1/OBF.1 as well
as previously for Bcl-6, both are regulated at the protein
level (Allman et al., 1996; Kim et al., 1996; Nielsen et al.,
1996; Schubart et al., 1996a; Dent et al., 1997; Ye et al.,
1997). The cross-linking of Ramos B cells with anti-IgM
leads in both cases to a proteasome-dependent degradation
(Figure 7B and Niu et al., 1998). Bcl-6 belongs to a family
of POZ/zinc ®nger transcription factors, like Tramtrack in
Drosophila. The Tramtrack protein TTK88 is degraded by
its interaction with Phyllopod and SINA, the Drosophila
homolog of human SIAH. In both cases the activation of
the MAPK pathway leads to downregulation of the POZ/
zinc ®nger transcription factor (Li et al., 1997; Tang et al.,
1997; Niu et al., 1998). After IgM cross-linking of Ramos
B cells BOB.1/OBF.1 similarly to Bcl-6 degradation is
blocked by treating the cells with a MAPK inhibitor
(Figure 7C and Niu et al., 1998). We have found Bcl-6 as
an interaction partner in a yeast two-hybrid screen using
the SIAH1 C-terminus (aa 80±282) as a bait (data not
shown). These obvious parallels in the regulation of
BOB.1/OBF.1 and Bcl-6, two factors absolutely essential
for germinal center formation, could hint towards a central
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role of SIAH in B-cell development, especially in
germinal center formation.

Materials and methods

Plasmids
BOB.1/OBF.1 mutants as well as the wild type were cloned into pcDNA3.
SIAH1 C-terminus containing aa 80±282 was cloned into pCS2+MT with
a myc tag in front of SIAH1. SIAH1-HA was cloned into pCGN-M2, the
Flag-tagged version into pCXN-Flag. For the mammalian two-hybrid
system we used a BOB.1/OBF.1±VP16 fusion construct cloned into RC/
CMV; SIAH1 was cloned as a GAL fusion construct into the GAL4
expression vector described before and read-out took place by using a
reporter plasmid (pG4.TATA) containing the luciferase gene under the
control of four GAL4-binding sites (P®sterer et al., 1995). The mini-myc
protein is a non-sense protein established by cloning of BOB.1/OBF.1
with a +1 frameshift into pCS2+MT, leading to a protein of 27 aa with a
myc tag. For luciferase assays in Ramos cells the octamer-dependent
luciferase reporter plasmids Ed-TATA and ED-TATA were used and in
NIH 3T3 cells the plasmid 43 wt.TATA was used, as described before.
For standardization of the transfections, CMV-LacZ or TK-Renilla-
luciferase was cotransfected as described (P®sterer et al., 1995; Laumen
et al., 2000). All transfection experiments were performed at least three
times.

LightCycler PCR
CD38 negative and positive cells from human tonsils were isolated as
described before (Greiner et al., 1997, 2000). Total RNA was reverse
transcribed using M-MLV reverse transcriptase (Gibco).

For PCR the following primers were used. PBGD forward:
AGCTGCAGAGAAAGTTCCC; PBGD reverse: GTTACGAGCAGT-
GATGCC; CD38 forward: ATCAGCCACTAATGAAGTTGG; CD38
reverse: TCAGATGTGCAAGATGAATCC; BOB.1/OBF.1 forward:
CACAGCTCCGGAGCAAGCC; BOB.1/OBF.1 reverse: CCTTCCACA-
GAGAGAGTGTGG; SIAH1 forward: GCCGTCAGACTGCTACAGC;
SIAH1 reverse: AGCTGTACGATTGCGAAGAAC.

The PCR was performed in a Roche LightCycler using the
LightCycler-FastStart DNA Master SYBR Green I system (Roche). The
cDNAs were serially diluted (4:2:1) to check the ef®ciency of the PCR.
Each PCR was performed for each dilution at least three times.
Calculations were performed using the LightCycler software version
3.39. The quantitation was performed relative to the expression levels of
CD38± cells. The ef®ciencies for any pair of PCRs did not differ by >0.05
and the overall ef®ciencies were between 1.8 and 1.98.

Cell culture and transfection methods
NIH 3T3 and S194 B cells were cultured in Dulbecco's modi®ed Eagle's
medium Glutamax medium (Gibco) supplemented with 10% fetal calf
serum (FCS) and antibiotics. The NIH 3T3 cells were transfected by
electroporation (Bio-Rad) with 450 V and 250 mA in phosphate-buffered
saline (PBS). Ramos B cells were grown in RPMI medium (Gibco)
supplemented with glutamine, 10% FCS and antibiotics. The cells were
transfected by using DEAE as described previously (P®sterer et al.,
1995). The cross-linking was performed by adding goat F(ab¢)2 anti-
human IgM (Dianova and Biosource) to a ®nal concentration of 25 mg/ml
to the medium.

GST pull-down
The SIAH1 fragments containing aa 1±80, 80±282 and full-length SIAH1
were cloned into pGEX-4T-2 and transformed into Escherichia coli
DH5a. Bacterial cells were grown, lysed and the protein puri®ed via
glutathione±Sepharose 4B beads as described (Zwilling et al., 1997).
BOB.1/OBF.1 constructs were in vitro transcribed and translated
(P®sterer et al., 1995) using the TNT Coupled Reticulocyte Lysate
System (Promega) in the presence of [35S]methionine and [35S]cysteine
mix (Amersham). The in vitro translated proteins were mixed with the
GST±SIAH1 constructs and precipitated by the addition of
glutathione±Sepharose 4B beads. Separation took place on a 12.5%
SDS±polyacrylamide gel, followed by autoradiography. The pull-down
with S194 B-cell lysates and primary tonsillar B-cell lysates was
performed in lysis buffer containing 25 mM Tris±HCl pH 8.0, 150 mM
NaCl, 2 mM EDTA, 10% glycerol and 1% Triton X-100.

Pulse±chase
NIH 3T3 ®broblasts were transfected with a BOB.1/OBF.1 expression
plasmid and cultured for 12 h. After trypsination, the cells were seeded to
70% con¯uence and grown for 6 h in 6 cm dishes. The cells were starved
for 60 min in an amino acid-free medium and then labeled by adding a
1 mCi/ml [35S]methionine and [35S]cysteine mix in medium (Amersham).
After 30 min the cells were washed and incubated with medium
containing cold methionine and cysteine (150 mg/ml). Cells were
harvested at the indicated time points and the BOB.1/OBF.1 protein
precipitated with the monoclonal anti-BOB.1/OBF.1 antibody.
Separation took place on 12.5% SDS±polyacrylamide gels, followed by
autoradiography.

Yeast two-hybrid assays
The N-terminal region of BOB.1/OBF.1 containing aa 1±72 was cloned
into pPCH1 (Hagemann et al., 1997) and used as a `bait'. HF7c yeast cells
expressing the bait vector were transformed (Gietz et al., 1995) with a
Jurkat T cell library (Clontech). The triple dropout plates contained 5 mM
3-aminotriazole (3-AT), and putative clones were tested for b-gal
activity. The different tested subdomains of SIAH1 were cloned into the
library vector pGAD10 (Clontech) and cotransformed with the BOB.1/
OBF.1 `bait' vector in HF7c yeast cells.

For the interaction assay with the BOB.1/OBF.1 point mutants, HF7c
yeast cells were cotransformed with the indicated vectors and plated onto
double dropout plates (-Trp, -Leu). SIAH1 was cloned into pAS2.1
(Clontech) and the BOB.1/OBF.1 mutants were used as described before
(Gstaiger et al., 1996). After 5 days growing clones were streaked onto
triple dropout plates (-Trp, -Leu, -His) and 1±2 days later b-gal assays
were performed.

Northern and western blot analysis
Total RNA was isolated from cells by using the High Pure RNA Isolation
Kit (Roche) and separated on 1% formaldehyde agarose gels.

Whole-cell protein lysates were performed by use of RIPA buffer and
the proteins were separated on 12.5% SDS±polyacrylamide gels. The
following antibodies were used for western blot analysis: polyclonal anti-
BOB.1/OBF.1 (P®sterer et al., 1995), our new monoclonal anti-BOB.1/
OBF.1 (directed against the C-terminus), anti-HA 12CA5, anti-myc
9E10, polyclonal anti-RelA (Santa Cruz) and anti-actin antibody (Sigma).

Immuno¯uorescence
NIH 3T3 cells were transfected with the indicated vectors, seeded onto
cover slips and cultured for 18 h. The cells were washed with PBS and
®xed by using 4% paraformaldehyde. After washing with PBS, cells were
blocked with 5% FCS, 0.5% Triton X-100 in PBS. Incubation with
polyclonal rabbit anti- BOB.1/OBF.1 and/or monoclonal anti-Flag M2
(Kodak) was performed for 30 min at 37°C. Afterwards the cells were
washed with PBS and incubated with FITC-conjugated goat anti-rabbit
antibody (Dianova) and/or Cy3-conjugated anti-mouse antibody
(Dianova). The nucleus was stained using a 1 mg/ml DAPI solution
(Roche).
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Note added in proof

Independently, similar results are reported by Tiedt et al. on pages
4143±4152 of this issue.
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