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Inducible Expression and Phosphorylation of
Coactivator BOB.1/0BF.1in T Cells

Stefan Zwilling,*t Andreas Dieckmann,t Petra Pfisterer,t
Peter Angel, Thomas Wirth}

BOB.1/0OBF.1 is a transcriptional coactivator that is constitutively expressed in B cells
and interacts with the Oct1 and Oct2 transcription factors. Upon activation of Jurkat
T cells and primary murine thymocytes with phorbol esters and ionomycin, BOB.1/
OBF.1 expression and transactivation function were induced. BOB.1/OBF.1 was phos-
phorylated at Ser'®* both in vivo and in vitro, and this modification was required for
inducible activation. Mutation of Ser'®+ also diminished transactivation function in B
cells, suggesting that the activating phosphorylation that is inducible in T cells is
constitutively present in B cells. Thus, BOB.1/OBF.1 is a transcriptional coactivator
that is critically regulated by posttranslational modifications to mediate cell type-

specific gene expression.

The octamer motif is a critical element for
constitutive B cell-specific gene regulation
(1). Its function is dependent on the com-
binatorial activity of ubiquitous or lym-
phoid-specific octamer (Oct) transcription
factors and B cell-restricted transcriptional
coactivators (2—7). One such coactivator
named BOB.1, OBF.1, or OCA-B (BOB.1/
OBF.1) interacts with the POU domains of
the Octl and Oct2 transcription factors,
even in the absence of DNA, and mediates
transcriptional activation from octamer-de-
pendent promoters (5, 6, 8). Complexes
containing BOB.1/OBF.1 and Oct proteins
are selective for a subset of octamer motifs
(9), and this is at least in part due to direct

contacts of the NH,-terminal domain of
BOB.1/OBF.1 with the major groove of the
DNA (10). Mutation of the gene for
BOB.1/OBF.1 results in a severe defect in
terminal B cell differentiation, strongly re-
duced responses to both T cell-indepen-
dent and T cell-dependent antigens, and a
lack of germinal-center formation (I11).
Several genes that show regulated ex-
pression in T cells contain functional oc-
tamer motifs within their proximal promot-
er regions (12—14). These elements are re-
quired for inducible transcription. In some
cases, like the proximal interleukin-2 (IL-2)

- promoter, octamer motifs are in close prox-

imity and functionally cooperate with bind-

221



ing sites for other inducible transcription
factors, such as AP1 (15).However, such an
association is not observed in all cases.
Therefore, we analyzed whether octamer
motifs by themselves are able to mediate
inducible transcription in T cells. A report-
er gene whose expression is driven by mul-
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Fig. 1. Octamer promoter activity in T cells is
mediated by inducible BOB.1/0BF.1 expres-
sion. (A) Reporter constructs (4) containing four
copies of the octamer motif (even-numbered

timerized octamer motifs was tested. The
reporter was inactive in unstimulated T
cells, and its expression was slightly in-
creased upon treatment of cells with either
the phorbol ester phorbol 12-myristate 13-
acetate (PMA) or ionomycin. Upon stimu-
lation with both agents, strong activation of
the reporter construct was observed, which
could be largely reverted by inclusion of the
immunosuppressive agent cyclosporin A
(CsA). Identical results were obtained with
different octamer-dependent minimal pro-
moters, and point mutations in the octamer
motif abolished this inducible activity (Fig.
1A) (16).

T cells contain a single octamer-binding
transcription factor, Octl, which cannot
drive activity of these reporters on its own.
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bars) or a point-mutated version (odd-numbered bars) were transfected into Jurkat cells, and luciferase
activity was measured in uninduced T cells, and T cells induced with PMA or ionomycin (lono), or both,
as indicated. The activity of the mutant reporter was normalized to 1, standard deviations from a
minimum of three independent experiments are included. (B) RNA blot analysis of Jurkat cells that were
treated as indicated. The probes were specific for BOB.1/0OBF.1 and glyceraldehyde phosphate dehy-
drogenase (GAPDH). (C) Protein immunoblot with an affinity-purified BOB.1/0OBF.1-specific antibody
and extracts from Jurkat cells and Hela cells that were stimulated as indicated. Extracts from a murine
pre-B cell line (HAFTL I) known to express BOB.1/OBF.1 protein was included as a control. (D) Time
course of BOB.1/0BF.1 RNA induction in Jurkat cells. Cells were costimulated with PMA and ionomycin
(PMAVIono) for the indicated times and RNA was analyzed by RNA blot. The same blot was rehybridized
with a GAPDH-specific probe. (E) Inducible BOB.1/0OBF.1 protein expression in primary murine thymo-
cytes. Protein immunoblots were made of extracts from untreated thymocytes (Un) and thymocytes
cultured for 12 hours in medium only (Med), in the presence of PMA and ionomycin, or with PMA,
ionomycin, and CsA. Extracts from splenocytes were used as a positive control,
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The cell type—specific activity of octamer
elements requires the presence of coactiva-
tors in addition to Octl or Oct2 in B cells
(2-7). We therefore assumed that these
coactivators might also be important for the
inducible activity in T cells. To determine
whether coactivator BOB.1/OBF.1 is in-
volved in the inducible activity of T cells,
we analyzed its expression as a consequence
of T cell activation. Untreated Jurkat T
cells did not express detectable amounts of
BOB.1/OBF.1 RNA or protein. However,
costimulation of T cells with both PMA
and ionomycin resulted in the increased
production of BOB.1/OBE.1 transcripts
(Fig. 1B) and protein (Fig. 1C). This effect
was apparently T cell-specific, as’it was not
observed in HeLa cells (Fig. 1C) or NIH/
3T3 fibroblasts (17). Increased production
of BOB.1/OBF.1 RNA was detected within
2 hours of stimulation (Fig. 1D) and ap-
peared to depend on protein synthesis be-
cause it was sensitive to the protein synthe-
sis inhibitor anisomycin (17). Induction of
BOB.1/OBF.1 expression not only occurred
in the Jurkat T cell line. It was also ob-
served in primary murine thymocytes upon
stimulation with PMA and ionomycin (Fig.
1E) and was inhibited by treatment with
the immunosuppressive agents CsA (Fig. 1)
or FK506 (17).

When we attempted to bypass the re-
quirement for costimulation of T cells by
cotransfecting the octamer-dependent re-
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Fig. 2. Lack of transcriptional activation function
of ectopically expressed BOB.1/0BF.1 protein in
T cells. The left three lanes show activity of an
octamer-dependent reporter in uninduced (lane 2)
and induced (lane 3) Jurkat cells as well as a stable
transfectant of Jurkat cells expressing BOB.1/
OBF.1 protein (lane 1). Below is a protein immu-
noblot of the indicated cells with the use of an
antibody specific for BOB.1/0BF.1. On the right,
activity of the octamer-dependent reporter in pa-
rental (lanes 4, 5, and 6) and stably transfected
(lanes 7, 8, and 9) Jurkat T cells stimulated with
ionomycin or PMA and ionomycin (as indicated)
are shown.
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porter with an expression vector for BOB.1/
OBF.1, no activity was detected. To deter-
mine whether this inactivity was due to low
expression of BOB.1/OBF.1 in these tran-
sient transfections, we established a Jurkat
cell line that was stably transfected with a
BOBI1./OBF.1 expression vector (18). The
amount of protein of exogenously expressed
BOB.1/OBF.1 was comparable to that ob-
served after costimulation with PMA and
ionomycin. Nevertheless, octamer-depen-
dent reporters were still inactive (Fig. 2,
lanes 1 and 3). Activity was induced in
these stable transfectants by ionomycin,
which does not lead to expression of endog-
enous BOB.1/OBF.1 alone, and which
yielded about half-maximal induction (Fig.
2, lanes 8 and 9). Taken together these data
implicate posttranscriptional activation of
BOB.1/OBF.1 in T cells. On longer expo-
sures, BOB.1/OBF.1 always appeared as a
doublet of 34 kD and 35 kD, respectively,
both in B cells and in T cells. This doublet
had previously been noted by Luo and Roe-
der, and they suggested that the 35-kD form
might represent a modified version of the

34-kD polypeptide (6). Treatment of ex-
tracts with phosphatases did not convert
the 35 kD band to the 34 kD band, however
(19).

The BOB.1/OBF.1 protein can be gross-
ly divided into two functional domains. The
NH,-terminus is required for interaction
with the POU domain of the Octl and
Oct2 proteins and also shows weak affinity
for the octamer motif, whereas the COOH-
terminal domain is largely responsible for
the transactivation potential (8). To deter-
mine whether the postulated posttranscrip-
tional activation targets the transactivation
domain of BOB.1/OBF.1, we analyzed the
activity of chimeric proteins containing the
transactivation domain of BOB.1/OBF.1
fused to the DNA-binding domain of the
yeast GAL4 transcription factor (GAL)
(20). In unstimulated T cells, this fusion
protein moderately (6.5-fold) activated
transcription from a reporter containing
multimerized binding sites for GAL4 (Fig.
3A). PMA and ionomycin stimulated this
activity about twofold and eightfold, respec-
tively. Both stimuli together enhanced the

Fig. 3. Mediation of inducible transcriptional activity by the A
BOB.1/0BF.1 transactivation domain in T cells. (A) Activity of the
chimeric protein containing the COOH-terminal transactivation
domain of BOB.1/0BF.1 fused to the DNA-binding domain of
the GAL4 protein (even-numbered bars) was measured after
stimulating Jurkat T cells as indicated. Activity of the GAL4 DNA-
binding domain alone (odd-numbered bars) was normalized to
1. The reporter construct contained four copies of the GAL4-
binding site in front of the minimal herpes simplex virus-thymi-
dine kinase TATA box and the luciferase gene (26). (B) Analysis
of constitutive (-) and PMA- and ionomycin-inducible (+) activity
of a series of GAL fusion proteins that contained the indicated
deletions of the BOB.1/0BF.1 COOH-terminal transactivation
domain. The domains required for constitutive (amino acid 228
to 256; black boxes) and inducible (amino acid 166 to 189;
striped boxes) activity are indicated at left. All transfections were
normalized to the activity of the GAL4 DNA-binding domain 12345678910

alone. Comparable expression of all fusion proteins was verified - -4+ --++++ PMA
by electrophoretic mobility-shift assay with a GAL4-binding site. - - --4+++4+ 4+ lono

150

g

Relative iuciferase activity
o
=
1

B 50 100 15;0

[ [N ] 105-256

ENEEDEN [ TWW ] 127-256 ;
ENCNCN (TT W 166-256 ;
BNCIEREN [ 189-256 ;

+0 4+

GAL(1-92)

228-256 ;
GAL(1-92) [N \\\\\ I 105-228 ;
[ GALCLo2) R I\ 127-228 ;
cacioo) W\ 166-228 |
L GALU-92) (R W 189-228 ;
105-168
[ cAL92 U 127-168 ;
[ caiioo U\ 166-192
PMA
lono

www.sciencemag.org * SCIENCE « VOL. 277 = 11 JULY 1997

. REPORTS

stimulation 15- to 20-fold, and this was
inhibited by CsA (Fig. 3A). We used a
series of deletions of the transactivation
domain to map the region of BOB.1/
OBF.1 required for inducible activity. A
short domain encompassing amino acids
166 to 189 was required for most of the
inducible activity. By itself, this domain
did not have constitutive or inducible ac-
tivity, however. A second domain, located
at the extreme COOH-terminus of
BOB.1/OBF.1 between amino acids 228
and 256, mediated the small amount of
constitutive activity in T cells and also a
twofold inducible activity (Fig. 3B). Im-
portantly, even when this extreme
COOH-terminal domain was deleted,
most of the inducibility was still observed.

In vivo phosphate labeling experiments
showed that BOB.1/OBF.1 is a phosphopro-
tein both in B cells and in activated T cells.
Furthermore, V8-phosphopeptide mapping
(21) revealed that the patterns of constitu-
tive and inducible phosphorylation of
BOB.1/OBF.1 in B cells and T cells, respec-
tively, are virtually identical (Fig. 4, A and
C). All of these phosphorylations occurred
on serine and threonine residues, and no
evidence for tyrosine phosphorylation was
obtained (22). To determine whether the
increased activity correlated with phospho-
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Fig. 4. BOB.1/OBF.1isa
phosphoprotein in B cells
and activated T cells. Two-
dimensional phosphopep-
tide maps of in vivo-
labeled BOB.1/0OBF.1 (A
and C) and in vitro—phos-
phorylated GST-BOB.C
(amino acids 127 to 256;
D and E). The scheme
shown in (B) summarizes the labeled phosphopep-
tides seen in B cells and T cells. Peptide (d) does
not focus very well in the first dimension (electro-
phoresis) and therefore appears rather faint. The
two spots marked by asterisks in (E) could be de-
rived from the GST part of the fusion protein.

E gstBOBC
(127-256) (PMA/Iono)
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rylation of the COOH-terminal domain, we
performed an in vitro phosphorylation assay
with the use of purified recombinant
BOB.1/OBF.1 COOH-terminal fragment
and extracts from unstimulated and stimu-
lated Jurkat T cells (23). In extracts from
unstimulated cells, low basal phosphoryl-
ation of the fragment encompassing the
COOH-terminal 130 amino acids of
BOB.1/OBF.1 was observed (Fig. 5A). Ex-
tracts from ionomycin-treated cells showed
enhanced phosphorylation of this fragment.
Phosphorylation was further increased in
extracts from PMA- and ionomycin-treat-
ed cells. When these in vitro phosphoryl-
ated proteins were analyzed by V8-phos-
pho-peptide mapping, a very similar pat-
tern to the one observed for the in vivo-
labeled proteins was observed (Fig. 4).
Exposure of cells to CsA or FK506 inhib-
ited the effect of PMA and ionomycin.
CsA and FK506 are inhibitors of the Ser/
Thr-phosphatase calcineurin; therefore,
calcineurin may be a component of the

signal transduction pathway leading to the

inducible phosphorylation of BOB.1/
OBF.1. However, other potential targets
of these drugs cannot be excluded.

To further elucidate the phosphoryl-
ation sites, fragments of the COOH-termi-
nus were purified as glutathione-S-trans-
ferase (GST) fusion proteins and analyzed
in vitro. The COOH-terminus was divided
into four fragments, amino acids 127 to 166,
166 to 192, 189 to 228, and 228 to 256.
Only two of them, 166 to 192 and 228 to
256, showed inducible phosphorylation
(Fig. 5B). These two regions were the ones
that were responsible for constitutive and
inducible activity of the GAL fusion pro-
tein (Fig. 3B). Phospho—amino acid analysis
of in vitro phosphorylated GST-BOB.C
protein revealed that phosphorylation only
occurred at serine residues, suggesting that
the phosphorylation that was observed at
threonines in full-length BOB.1/OBF.1 pro-
tein occurred within the NH,-terminal part
of the protein. The domain from amino
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Fig. 5. Inducible phosphorylation of the BOB.1/0BF.1 transactivation domain. (A) In vitro kinase assay of

uninduced and induced Jurkat cell extracts (as indicated) with the use of recombinant BOB.1/0BF.1

protein. A fusion protein of GST and the COOH-terminal domain (amino acids 127 to 256) of the
BOB.1/0BF.1 protein were used for the in vitro phosphorylation experiments. (B) In vitro kinase assay of
uninduced (-) and induced (+) Jurkat cell extracts and recombinant GST fusion-proteins containing the
indicated regions of the BOB.1/0OBF.1 transactivation domain. (C) Analysis of in vitro phosphorylation of
wild-type (WT) and mutant forms of the BOB.1/0OBF.1 protein bearing serine-to-alanine point mutations
ininduced (+) or uninduced (-) Jurkat cell extracts. The scheme (top) shows the COOH-terminal domain
of the BOB.1/0BF.1 protein and highlights the sequence from amino acid 166 to 192, as well as the
specific point mutations. (D) GAL4 fusion proteins containing the COOH-terminal 150 amino acids of the
BOB.1/0BF.1 protein in its wild-type or mutated forms were assayed for PMA- and ionomycin-inducible
activity in Jurkat T cells (lanes 1 to 5) or constitutive activity in S194 B cells (lanes 6 to 10). Lanes 1 and 6
show the activity of just the GAL4 DNA-binding domain, which was set to 1 for both cell lines. Lanes 2 and
7, wild-type BOB.1/0BF.1 COOH-terminal domain; lanes 3 and 8, mutant M1; lanes 4 and 9, mutant M2;

and lanes 5 and 10, mutants M3. The same GAL4 reporter plasmid was used in Fig. 3.
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acids 166 to 192 contains serine residues at
positions 184, 188, and 189. To identify the
serine or serines important for inducible
phosphorylation and transcriptional activi-
ty, serine-to-alanine substitutions were in-
troduced at these positions (Fig. 5C). These
mutants were first analyzed for inducible in
vitro phosphorylation. A double mutation
of serines 188 and 189 (M1) did not affect
phosphorylation, whereas a triple mutant
(M2) eliminated inducible phosphorylation
(Fig. 5C). Likewise, the double mutant was
still fully inducible upon transfection into
Jurkat cells, whereas the triple mutant failed
to show inducibility (Fig. 5D, lanes 3 and
4). When a single point mutation was gen-
erated at Ser!'®*, most of the inducible tran-
scriptional activity was eliminated (Fig. 5D,
lane 5).

BOB.1/OBF.1 is constitutively expressed
and functional in B lymphocytes. We tested
whether Ser'®* is also a critical residue for
constitutive activity in B cells. We assayed
the transcriptional activity of the GAL fu-
sion proteins containing wild-type or mu-
tant COOH-terminal BOB.1/OBF.1 in the
S194 B cell line. Mutation of Ser!®* abol-
ished activity of the BOB.1/OBF.1 transac-
tivation domain in these cells (Fig. 5D,
lanes 9 and 10). This result suggests that the
same or a similar pathway addressing Ser!84
is constitutively operating in B cells and
inducible in T cells. )

Our results suggest that BOB.1/OBF.1, in
addition to playing a role for B cell-specific
functions of the octamer motif, also regu-
lates inducible gene expression in T cells.
Both the expression of the BOB.1/OBF.1
coactivator as well as its transactivation
function are regulated in T cells. Our anal-
ysis not only unravels the requirements for
inducible activity in T cells, but also leads to
the identification of critical domains for

function of BOB.1/OBF.1 in B cells.
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Induction of Cell Migration by Matrix
Metalloprotease-2 Cleavage of Laminin-5

Gianluigi Giannelli, Jutta Falk-Marzillier, Oronzo Schiraldi,
William G. Stetler-Stevenson, Vito Quaranta*

Structural changes in the extracellular matrix are necessary for cell migration during
tissue remodeling and tumor invasion. Specific cleavage of laminin-5 (Ln-5) by matrix
metalloprotease—2 (MMP2) was shown to induce migration of breast epithelial cells.
MMP2 cleaved the Ln-5 y2 subunit at residue 587, exposing a putative cryptic promi-
gratory site on Ln-5 that triggers cell motility. This altered form of Ln-5 is found in tumors
and in tissues undergoing remodeling, but not in quiescent tissues. Cleavage of Ln-5 by
MMP2 and the resulting activation of the Ln-5 cryptic site may provide new targets for
modulation of tumor cell invasion and tissue remodeling.

Cell migration across extracellular matrix
(ECM) tissue boundaries is required in
many important biological processes, in-
cluding tissue remodeling and tumor inva-
sion (I, 2). To overcome ECM barriers,
advancing cells may focus proteases such as
metalloproteases (2) or protease activators
such as urokinase (I, 2) at their leading
edge, where complex proteolysis (I) can
direct migration, preserve ECM attach-
ment, or avoid unwanted tissue damage.
The precise mechanisms by which proteases
alter ECM components remain unresolved,
and it is unclear whether proteases simply
remove physical barriers to migration or
mold ECM components into substrates suit-
able for migration.

We report that the matrix metallopro-
tease MMP2 induces the migration of breast
epithelial cells by cleaving and regulating
the function of a specific ECM component,
Ln-5 (also known as kalinin, epiligrin, ni-
cein, and ladsin). Ln-5 is a component of
epithelial basement membranes, which also
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contain collagen type IV (Coll 1V), lami-
nin-1 (Ln-1), and, during tissue remodeling,
fibronectin (Fn) (3). Cells adhere to or
migrate on these ECM substrates by means
of integrin receptors. For example, Ln-5
interaction with integrins is essential for
the adhesion of epithelial cells to basement
membranes (4) and promotes migration (5).

To test whether the effect of these base-
ment membrane components on cell migra-
tion is protease-dependent, we studied their
interaction with MMP2 (gelatinase A, 72-
kD type IV collagenase), a protease that is
concentrated along basement membranes at
sites of tissue remodeling (I) and at the
leading edge of invading tumors (I, 2, 6).
In a transwell migration assay (7), normal
human breast epithelial cells (HUMEC) or
the nontumorigenic breast cell line MCF10
(8) adhered to the top side of the filter
without crossing to the other side (Fig. 1A),
which was coated with one or more purified
ECM components (Coll IV, Ln-1, Fn, or
Ln-5). Addition of MMP2 to the cells
caused a dose-dependent induction of mi-
gration on Ln-5 {Fig. 1A), but not on any of
the other three substrates. This result was
surprising because Coll IV, Ln-1, and Fn
have each been identified as an MMP2-
recognized substrate (1) and might be ex-
pected to induce protease-dependent migra-
tion. Ln-5, on the other hand, has not been
previously recognized as a target for MMP2.
However, when' filters were coated with
Ln-5 pretreated in a solution containing
different concentrations of MMP2 (Fig.
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