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Pax5 (BSAP) functions as both a transcriptional
activator and repressor during midbrain patterning,
B-cell development and lymphomagenesis. Here we
demonstrate that Pax5 exerts its repression function
by recruiting members of the Groucho corepressor
family. In a yeast two-hybrid screen, the groucho-
related gene product Grgd4 was identified as a Pax5
partner protein. Both proteins interact cooperatively
via two separate domains: the N-terminal Q and
central SP regions of Grg4, and the octapeptide motif
and C-terminal transactivation domain of Pax5. The
phosphorylation state of Grg4 is altered in vivo upon
Pax5 binding. Moreover, Grg4 efficiently represses
the transcriptional activity of Pax5 in an octapeptide-
dependent manner. Similar protein interactions
resulting in transcriptional repression were also
observed between distantly related members of
both the Pax2/5/8 and Groucho protein families. In
agreement with this evolutionary conservation, the
octapeptide motif of Pax proteins functions as a
Groucho-dependent repression domain in Drosophila
embryos. These data indicate that Pax proteins can be
converted from transcriptional activators to repres-
sors through interaction with corepressors of the
Groucho protein family.

Keywords: Groucho (Grg)/interaction partners/Pax5
(BSAP)/transcriptional repression

Introduction

The Pax proteins constitute a family of paired domain-
containing transcription factors that play essential roles in
early development from Drosophila to man. Based on
sequence similarities, these Pax genes can be grouped into
four subfamilies (Noll, 1993). One of them consists of a
single Drosophila member, dPax258 (spa) (Czerny et al.,
1997; Fu and Noll, 1997), and three mammalian genes,
Pax2, Pax5 and Pax8, which arose by gene duplications at
the onset of vertebrate evolution (Pfeffer et al., 1998).
Pax5 codes for the transcription factor BSAP, which
is essential for brain patterning and B-lymphopoiesis
(reviewed by Busslinger and Nutt, 1998). Pax5 cooperates
with Pax2 in development of the midbrain and cerebellum,
in agreement with the overlapping expression patterns of
the two genes at the midbrain—hindbrain boundary of the
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mouse embryo (Urbanek et al., 1997). In contrast, Pax5 is
the only member of the Pax family that is expressed in
B-lymphocytes (Adams et al., 1992). As a consequence,
B-cell development is arrested at an early pro-B cell stage
in mice lacking Pax5 (Urbanek et al., 1994). Surprisingly,
the Pax5-deficient pro-B cells are not yet restricted in their
lineage fate. Instead, these cells are able to differentiate
into various myeloid and lymphoid cell types in vitro as
well as in vivo and thus retain a broad developmental
potential characteristic of an uncommitted hematopoietic
progenitor cell (Nutt et al., 1999; Rolink et al., 1999).
Pax5-deficient pro-B cells are, however, able to develop
along the B-lymphoid lineage once Pax5 expression has
been restored by retroviral transduction. These experi-
ments therefore identified Pax5 as the critical B-lineage
commitment factor that restricts the developmental poten-
tial of progenitor cells to the B-lymphoid pathway by
suppressing alternative cell fates (Nutt et al., 1999; Rolink
et al., 1999).

Insight into the transcriptional role of Pax5 has been
provided by the identification of target genes, which was
facilitated by the in vitro culture of Pax5-deficient
pro-B cells and the development of a Pax5-specific
induction system (Nutt er al., 1998). Pax5 was thus
shown to activate CD19, Igo. (mb-1), LEF-1 and N-myc
expression and simultaneously to repress PD-1 transcrip-
tion (Nutt et al., 1998). Pax5 therefore fulfills a dual role in
early B-cell development, as it functions as both an
activator and repressor of gene transcription. The repres-
sion function of Pax5 is particularly important for the
suppression of alternative lineage fates at B-lineage
commitment, which is best illustrated by the regulation
of the M-CSF-R gene. This myeloid gene is one of several
hematopoietic genes that are expressed promiscuously in
the uncommitted Pax5-deficient pro-B cell. Upon com-
mitment, Pax5 represses M-CSF-R transcription, thus
rendering B-cell precursors unresponsive to the myeloid
cytokine M-CSF (Nutt et al., 1999). Furthermore, Pax5 has
been implicated in the repression of the J-chain gene and
down-regulation of the activity of immunoglobulin
3’ enhancers during late B-cell differentiation (reviewed
by Busslinger and Nutt, 1998).

Structure—function analyses are also consistent with a
dual role for Pax5 in transcriptional regulation (see
Figure 1A). Pax5 is known to recognize target genes via
its N-terminal paired domain and to control transcription
through a C-terminal regulatory module consisting of
activating and inhibitory sequences (Dorfler and
Busslinger, 1996). Furthermore, Pax5 possesses a charac-
teristic octapeptide that was identified originally as a
conserved sequence motif found in most Pax proteins
(Burri er al., 1989; Noll, 1993). The presence of this
octapeptide motif was subsequently shown to down-
modulate the transcriptional activity of Pax proteins
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Fig. 1. Interaction of Pax5 with the N-terminal region of Grg4 in yeast.
(A) Schematic diagram of Pax5, Grg4 and the respective fusion
proteins. The different domains of each protein are indicated together
with the corresponding amino acid positions. The chimeric Gal4—Pax5
protein was used as a bait to isolate the VP16-Grg4 fusion protein in a
yeast two-hybrid screen of a cDNA expression library that was
generated by fusing the transactivation domain (TAD) of VP16 to
cDNA derived from 9.5/10.5-day-old mouse embryos (Hollenberg et al.,
1995). See text for description of the Grg4 structure. PD, paired
domain; OP, octapeptide; HD, partial homeodomain; TA, trans-
activation region; ID, inhibitory domain; DBD, DNA-binding domain.
(B) Specific interaction of Pax5 and Grg4 in yeast. Expression plasmids
of the combinations indicated (central panel) were transformed into
yeast and selected for by growth on plates lacking leucine and
tryptophan (left panel). Activation of a Gal4-dependent HIS3 gene was
examined by growth on selection plates additionally lacking histidine
(right panel).

(Lechner and Dressler, 1996). Pax5, like other members of
the Pax2/5/8 family, also contains a partial homeodomain
that constitutes an interaction surface for both the
retinoblastoma (Rb) gene product and the TATA-binding
protein (Eberhard and Busslinger, 1999).

As the function of DNA-binding transcription factors is
determined by the interaction with cofactors, we have
employed the yeast two-hybrid assay to search systematic-
ally for Pax5 partner proteins. Here, we describe the
identification and characterization of Grg4 as a Pax5
interaction partner. Grg4, which is also known as TLE4, is
one of four members of the mammalian Groucho family
(Stifani et al., 1992; Koop et al., 1996). The founding
member of this conserved protein family is the Drosophila
Groucho protein, which is broadly expressed throughout
development and plays important roles in diverse pro-
cesses such as sex determination, segmentation and
neurogenesis (Paroush et al., 1994). The Groucho proteins
consist of several conserved domains including the
N-terminal glutamine-rich Q region and C-terminal
WD40 repeats (see Figure 1A). Although the Groucho
proteins are localized in the nucleus, they lack any
recognizable DNA-binding motif. Instead, these proteins
interact with various DNA-binding transcription factors
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and are thus recruited to specific control regions where
they function as potent corepressors to inhibit gene
transcription (reviewed by Fisher and Caudy, 1998;
Parkhurst, 1998). The Groucho proteins form higher
order complexes by tetramerizing via the Q domain
(Chen et al., 1998), bind to the N-terminal tails of histone
H3 (Palaparti et al., 1997), interact with histone deacetyl-
ases (Chen et al., 1999; Choi et al., 1999) and thus seem to
exert their function as part of multiprotein—-DNA com-
plexes that locally establish a repressive chromatin
structure.

Here we demonstrate by protein binding and co-
immunoprecipitation assays that Pax5 is able to interact
with the Grg4 protein in vitro as well as in vivo. Both
proteins contact each other via two separate interaction
domains. The N-terminal Q domain and central SP region
of Grg4 interact cooperatively with the C-terminal
transactivation domain and octapeptide motif of Pax$5,
respectively. Moreover, the interaction with Pax5 induces
a specific change in the phosphorylation state of Grg4. As
shown by transient transfection assays, Grg4 can repress
the transcriptional activity of Pax5 efficiently in an
octapeptide-dependent manner. Similar protein inter-
actions resulting in repression were also observed between
distantly related members of the Pax2/5/8 and Groucho
protein families. As predicted by this evolutionary
conservation, the octapeptide motif was shown to function
as a Groucho-dependent repression domain in Drosophila
embryos. Together, these data indicate that Pax proteins
can function as active repressors by recruiting corepressors
of the Groucho family to selected target genes, thus
offering a molecular explanation of how Pax5 represses
the transcription of non-B-lymphoid genes at B-lineage
commitment.

Results

Identification of Grg4 as an interaction partner of
Pax5

We employed the yeast two-hybrid system to search for
potential cofactors of Pax5. To this end, a Gal4-Pax5
fusion protein (Figure 1A) was used as a bait to screen a
VP16-tagged cDNA expression library of mouse mid-
gestation embryos. One of the isolated cDNA clones
encoded a polypeptide that interacted specifically with
Pax5 but not with a Gal4—p53 protein or with the Gal4
DNA-binding domain alone (Figure 1B). cDNA sequence
analysis revealed that the VP16 transactivation domain of
the expression vector was fused in-frame to a 150 amino
acid polypeptide that is most highly related to the
N-terminal sequences of the Xenopus and rat Grg4d
(Esp2) proteins, two vertebrate homologs of Drosophila
Groucho (Schmidt and Sladek, 1993; Roose et al., 1998).
As only a partial sequence of the mouse Grg4 protein has
been characterized thus far (Koop et al., 1996), we cloned
the full-length murine Grg4 cDNA by RT-PCR. Like
other members of the Groucho family, the mouse Grg4
protein consists of five characteristic domains (Figure 1A):
a highly conserved glutamine-rich Q domain at the
N-terminus; the GP domain enriched in glycine and
proline residues; the conserved CcN domain containing a
nuclear localization signal and putative phosphorylation
sites for casein kinase II and cdc2 kinase; a serine/proline-
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rich region referred to as the SP domain; and a C-terminal
region containing seven highly conserved WDA40 repeats
(Stifani et al., 1992; see note added in proof). Inter-
estingly, the VP16-Grg4 protein isolated in the yeast two-
hybrid screen contains the entire Q region and part of the
GP domain (Figure 1A), indicating that these N-terminal
sequences of Grg4 can interact specifically with Pax5 in
the yeast cell.

The transactivation domain of Pax5 interacts with
the Q domain of Grg4

To verify the Pax5-Grg4 protein interaction in murine
cells, we next performed one-hybrid assays in transiently
transfected J558L plasmacytoma cells that do not express
endogenous Pax5. The expression of limiting amounts of
Pax5 protein resulted in a modest increase of the
transcriptional activity of the luciferase gene luc-CDI9
(Figure 3A), which is under the control of three high-
affinity Pax5-binding sites (Dorfler and Busslinger, 1996).
Co-expression of the VP16-Grg4 polypeptide, which was
isolated in the yeast two-hybrid screen, enhanced the
luciferase activity ~5-fold, whereas the VP16 transactiva-
tion domain alone had no effect. Hence, this potent
transactivation domain is recruited to the promoter only
when linked to the N-terminal Grg4 sequences. Moreover,
this recruitment depends on Pax5, as in its absence the
VP16-Grg4 protein failed to stimulate the basal promoter
activity (Figure 3A). We conclude, therefore, that the Pax5
protein and the N-terminal domain of Grg4 interact with
each other in mammalian cells, thus confirming the results
of the yeast two-hybrid assay. Importantly, a VP16-Gro
protein containing the equivalent N-terminal sequences of
Drosophila Groucho enhanced the activity of the reporter
gene to the same level as VP16-Grgd (Figure 3A),
indicating that the Pax5 interaction domain has been
conserved among Groucho proteins.

We next took advantage of the same one-hybrid assay to
delineate the domain of Pax5 that is required for
interaction with the N-terminal Q domain of Grg4. For
this purpose, we analyzed a series of mutant Pax5 proteins
that are shown schematically in Figure 2A. The C-terminal
sequences of Pax5 are known to harbor a potent
transactivation (TA) domain that is negatively regulated
by adjacent inhibitory sequences (Dorfler and Busslinger,
1996). Deletion of this inhibitory domain in the mutant
protein B4 did not interfere with the Pax5-dependent
stimulatory effect of VP16-Grg4 (Figure 3B). In contrast,
transcriptional stimulation was abolished by further dele-
tion of the C-terminal transactivation domain in the Pax5
mutants B8 and B9, whereas internal deletion of the
conserved octapeptide motif (AOP) or the partial homeo-
domain (AHD) of Pax5 did not have any effect (Figure 3B).
These results indicate that the C-terminal transactivation
domain of Pax5 interacts specifically with the N-terminal
Q domain of Grg4.

The interaction of Pax5 with full-length Grg4
depends on the Pax5 octapeptide motif and the
Grg4 SP domain

We next used in vitro protein-binding assays to study the
interaction between Pax5 and Grg4. To this end, we
expressed a protein consisting of the Q domain of Grg4
fused to glutathione S-transferase (GST) (Figure 4A) for
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Fig. 2. Schematic diagram of mutant Pax5 proteins. (A) Domain
structure of Pax5 and extent of amino acid deletion in the different
mutant proteins. (B) The octapeptide sequence is shown together with
the Y179E mutation and the AOP and A9A deletions. (C) Conservation
of the octapeptide motif. The octapeptide sequences of mouse (m),
zebrafish (zf) and Drosophila (d) members of the Pax2/5/8 family are
aligned with the corresponding Engrailed homology region 1 (ehl) of
the homeodomain transcription factors En2 and Goosecoid (Gsc).
Identical amino acids are highlighted by black overlay. For sequences,
see Smith and Jaynes (1996), Czerny et al. (1997) and Pfeffer et al.
(1998).
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subsequent use in GST pull-down assays. Surprisingly,
this Grg4-Q polypeptide, like the control GST protein,
failed to bind radiolabeled Pax5 protein (Figure 4B, lanes 2
and 7). In contrast, a GST fusion protein containing the
entire Grg4 sequence interacted efficiently with Pax5
(Figure 4B, lane 3), indicating that full-length Grg4 and
Pax5 can form a relatively stable complex in vitro and that
Grg4 sequences other than the N-terminal Q domain are
also involved in complex formation. To identify this
additional domain(s), we analyzed a series of GST fusion
proteins with progressively larger deletions of C-terminal
Grg4 sequences (Figure 4A). Elimination of the WD40
repeats in the mutant Grg4-AWD40 protein did not
significantly affect the interaction with Pax5 (Figure 4B,
lane 4), indicating that these protein—protein interaction



motifs (Fisher and Caudy, 1998) are not essential for Pax5
binding. However, further deletion of the SP domain
(Grg4-ASP) resulted in a dramatic reduction of Pax5
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Fig. 3. The N-terminal region of Grg4 interacts with the transactivation
domain of Pax5. (A) Interaction of Pax5 and VP16-Grg4. The
expression plasmids indicated (100 ng) were co-transfected into JS58L
cells together with the Renilla luciferase gene pRL-SV40 (0.4 ug) and
firefly luciferase gene luc-CD19 (5 pg; Dorfler and Busslinger, 1996).
After 48 h, the cells were lysed, luciferase activities were measured,
and the activity of the firefly luciferase was standardized relative to the
control Renilla luciferase to normalize for differences in transfection
efficiencies. Luciferase values are shown relative to the activity
measured with the empty expression vector pKW2T (left bar).

(B) Interaction of the Q domain of Grg4 with the transactivation
domain of Pax5. Both luciferase genes and the Pax5 expression
plasmids indicated (100 ng each) were electroporated into JS58L cells
with (hatched bars) or without (black bars) the VP16-Grg4 expression
vector (100 ng). Average values of three experiments are shown.
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binding, thus identifying this central region of Grg4 as a
second Pax5 interaction domain. Interestingly, a GST
fusion protein containing only the SP domain was unable
to interact with Pax5 (data not shown), suggesting that
Pax5 binding depends on cooperative interaction with both
the SP and Q domains of Grg4.

The GST pull-down experiments also pointed to the
existence of an additional Grg4-binding region in Pax5. To
identify this domain, we analyzed mutant Pax5 proteins
(Figure 2A) for their ability to bind full-length Grg4 in the
GST pull-down assay (Figure 4C). The deletion mutant B8
bound Grg4 with an affinity similar to the full-length Pax5
protein, indicating that this assay failed to detect an
interaction between the C-terminal transactivation domain
of Pax5 and the N-terminal Q domain of Grg4, in
agreement with the data shown in Figure 4B (lane 7).
Grg4 binding was, however, dramatically reduced by
deletion of the octapeptide motif (AOP) in Pax5, whereas
elimination of nine amino acids (A9A) adjacent to the
octapeptide sequence did not influence protein binding
(Figure 4C). The octapeptide motif of Pax2/5/8 proteins is
closely related to a short sequence present in the repression
domain of the transcription factors Engrailed (En) and
Goosecoid (Gsc; Figure 2C). This short domain is known
as En homology region 1 (ehl) or Gsc-En homology
(GEH) element (Smith and Jaynes, 1996) and was
previously shown to mediate interaction with the
Drosophila Groucho protein (Jiménez et al., 1997,
1999). Groucho binding was, however, abolished by
mutating a conserved phenylalanine of the ehl/GEH
sequence to glutamic acid (Jiménez et al., 1999). The
octapeptide sequence of all known Pax2/5/8 proteins
contains a tyrosine residue at the corresponding position
(Figure 2C), which could, however, be substituted by
phenylalanine without affecting Grg4 binding (data not
shown). In contrast, the glutamic acid substitution Y179E
completely abrogated the interaction of Pax5 with Grg4
(Figure 4C), further emphasizing the importance of the
octapeptide motif as an interaction domain for Grg4.
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Fig. 4. In vitro binding of Pax5 to Grg4. (A) C-terminal deletions of GST-Grg4 gproteins. (B) The SP domain of Grg4 interacts with Pax5. GST
pull-down assays were used to study the interaction between in vitro translated, >>S-labeled Pax5 protein and GST (lane 2) or GST-Grg4 proteins
(lanes 3-7) bound to glutathione—Sepharose. Lane 1 contained 10% of the Pax5 protein input. (C) The octapeptide of Pax5 mediates binding of Grg4.
The *>S-labeled Pax proteins indicated were analyzed for binding to GST or GST—Grg4. The input lane contained ~10% of the total Pax protein used

in each assay.
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Fig. 5. In vivo interaction of Groucho and Pax5. Myc-tagged Grg4 or
Groucho proteins were expressed in transiently transfected COP-8
fibroblasts either alone (lanes 1, 3 and 5) or with a Flag-tagged Pax5
protein (lanes 2, 4 and 6). After 48 h, whole-cell lysates were prepared
and immunoprecipitated with the anti-Flag M2 antibody. Immuno-
complexes were analyzed by Western blotting first with a polyclonal
anti-Myc antibody and then with a polyclonal antiserum directed
against the Pax5 paired domain (Adams et al., 1992). Lanes 1-4
contained ~7.5% of the total input (I) protein or supernatant (S),
respectively. P, precipitated protein.

In vivo interaction of Grg4 and Pax5

To investigate complex formation in vivo, we expressed
Myc epitope-tagged Grg4 or Groucho either alone or
together with Flag-tagged Pax5 in transiently transfected
COP-8 fibroblasts. Pax5 was precipitated subsequently
from the cell lysate with a monoclonal anti-Flag antibody,
and the immunoprecipitate was analyzed for the presence
of Groucho and Pax5 proteins by Western blotting. A low
but significant amount of Myc-tagged Grg4 or Groucho
was only detected in the immunoprecipitate of COP-8 cells
co-expressing Pax5 (Figure 5, compare lanes 5 and 6).
These data therefore indicate that the mouse Grg4 and
Drosophila Groucho proteins can interact with Pax5
in vivo. However, we failed to co-immunoprecipitate
endogenous Pax5 and Grg proteins from nuclear extract of
B cells, which may reflect a low abundance or stability of
the Pax5-Grg complex (see Discussion).

Induced phosphorylation of Grg4 upon interaction
with Pax5
The Drosophila Groucho and mammalian Grg proteins are
expressed predominantly as a constitutively phosphoryl-
ated polypeptide that can be detected as a single band of
~90 kDa by Western blot analysis (Husain et al., 1996).
Additional phosphorylation of Grg proteins was observed
upon neural differentiation of P19 embryonal carcinoma
cells, which resulted in the appearance of a doublet of 90—
93 kDa (Husain et al., 1996). Similar Grg isoforms were
also generated in COP-8 cells co-expressing Grg4 and
Pax5 (Figure 5, lanes 2 and 4). However, a single Grg4
species was detected in the absence of Pax5 (Figure 5,
lanes 1 and 3), suggesting that the interaction with Pax5
leads to further modification of the Grg4 protein.
Moreover, both Grg4 isoforms could be co-immuno-
precipitated together with Pax5 from COP-8 cell extracts
(Figure 5, lane 6). Incubation of the immunoprecipitate
with A protein phosphatase resulted in a single Grg4
species that migrated slightly faster on SDS-PAGE than
both isoforms prior to phosphatase treatment (Figure 6A).
Hence, we conclude that the two Grg4 isoforms expressed
in COP-8 cells differ in their phosphorylation state.

The Pax5-dependent phosphorylation of Grg4 sug-
gested that binding of Grg4 to Pax5 is a prerequisite for
this modification to occur. To test this hypothesis, we co-
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Fig. 6. Induced phosphorylation of Grg4 upon interaction with Pax5.
(A) Pax5-dependent phosphorylation of Grg4. Pax5 (where indicated)
and Myc-tagged Grg4 were transiently expressed in COP-8 cells for
48 h. Grg4 was then precipitated from whole-cell lysates with a
monoclonal anti-Myc antibody, incubated with A protein phosphatase
(A-Pase) and then analyzed by Western blotting with a polyclonal
anti-Myc antibody. (B) Specificity of the Grg4 phosphorylation. Myc-
tagged Grg4 and Flag-tagged Pax5 or En2 proteins were co-expressed
in COP-8 cells followed by Western blot analysis with anti-Myc and
anti-Flag antibodies, respectively. The asterisk denotes a cross-reacting
protein. (C) The phosphorylation of Grg4 depends on direct interaction
with Pax2/5/8 proteins. The Pax proteins indicated were co-expressed
with Myc-tagged Grg4 in COP-8 cells followed by Western blotting
with polyclonal anti-Myc and anti-paired domain antibodies.

(D) Phosphorylation of Myc-tagged Grg4 in NIH 3T3 and COS-7 cells
co-expressing Pax5. (E) Endogenous (endo) Grg proteins are
phosphorylated in Pax5-expressing COP-8 cells, as shown by Western
blot analysis with a pan-TLE (Grg) antibody (Stifani et al., 1992).

expressed mutant Pax5 proteins with Myc-tagged Grg4 in
transiently transfected COP-8 cells, followed by Western
blot analysis. Indeed, deletion of the Pax5 transactivation
domain (B8) as well as mutation of the octapeptide motif
(AOP, Y179E) prevented further phosphorylation of the
Grg4 protein (Fgure 6C). In contrast, mutation of other
Pax5 domains (A9A or AHD) had no effect on Grg4
phosphorylation (Figure 6C), indicating that the integrity
of the two Grg4 interaction domains in Pax5 is essential
for this additional modification to occur. Moreover, the
Pax5-induced phosphorylation of Grg4 was also observed
in transfected NIH 3T3 fibroblasts as well as in COS-7
kidney cells, and thus represents a cell type-independent
phenomenon (Figure 6D). Importantly, even endogenous
Grg proteins underwent phosphorylation in COP-8 cells
overexpressing Pax5 (Figure 6E). En2, another Groucho-
interacting transcription factor (Jiménez et al., 1997), was,
however, unable to induce additional phosphorylation of
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Fig. 7. Grg4 represses the transcriptional activity of Pax5. The Pax expression vector (0.5 pg), luciferase genes luc-CD19 (5 ng) and pRL-SV40

(0.4 ng), and increasing amounts of the indicated Grg expression vector were used for transient transfection of SP2/0 cells (A-D and G-I). The
amount of expression plasmid was equalized by the addition of pKW2T, and all data were evaluated as described in the legend to Figure 3A.
Normalized luciferase values of one representative experiment (A and B) or three independent transfections (C-I) are shown relative to the luciferase
activity measured in the absence of the Pax protein. (A) Repression of the Pax5 transactivation function by Grg4. (B) Failure of Grg4 to repress the
function of a paired domain (PD)-VP16 protein. (C) Inability of the Grgd-AWDA40 protein to repress the transcriptional activity of Pax5. (D) Grg5
fails to antagonize Grg4-mediated repression of Pax5 activity. (E) Repression of a chromatinized reporter gene by Grg4. Expression vectors (1 ug)
encoding Gal4-Pax5 or the Gal4 DNA-binding domain (DBD) were transfected together with a Grg4 expression plasmid (0.5 pg) into U2-OS cells
containing an integrated luciferase gene, followed by luciferase analysis as described (Alkema et al., 1997). (F) Grg4-mediated repression of the rat
TPO promoter. HeLa cells were transfected with mPax8a (0.1 pg) and Grg4 (0.5 pg) expression plasmids and the luciferase gene TPO-luc (2.5 pg)

and pRL-SV40 (10 ng). ATPO-luc contains a mutated Pax8-binding site (Zannini et al., 1992). (G and H) Grg4-mediated repression of the tran-
scriptional activity of zebrafish zfPax2.1 and Drosophila dPax258. (I) Repression of the Pax5 transactivation function by Drosophila Groucho.

Grg4 (Figure 6B). Hence, this phosphorylation reaction
cannot be promoted by all Groucho-binding proteins.

Grg4 represses the transcriptional activity of Pax5

As Groucho proteins are known to function as transcrip-
tional corepressors (reviewed by Fisher and Caudy, 1998;
Parkhurst, 1998), we investigated whether full-length Grg4
is able to modulate the transcriptional activity of Pax5. We
thus studied the effect of Grg4 on the Pax5-dependent
transcription of the reporter gene CD19-luc in transiently
transfected plasmacytoma cells. As shown in Figure 7A,
the Grg4 protein repressed Pax5-mediated activation of
this reporter gene in a concentration-dependent manner.
This repression was specific, as the transcriptional activity
of a chimeric protein consisting of the VP16 transactiva-
tion domain fused to the Pax5 paired domain was not

affected by Grg4 (Figure 7B). Interestingly, a Grg4 protein
lacking all WD40 repeats failed to repress the activity of
Pax5 (Figure 7C) despite the fact that this mutant Grg4
protein binds Pax5 with an efficiency similar to full-length
Grg4 (Figure 4B). A fifth member of the Grg family, Grg5,
codes for a short 197-amino-acid protein consisting only of
the Q and SP domains (Mallo et al., 1993). This small
protein is able to antagonize Grg4-dependent repression by
the transcription factors TCF and Blimp-1 (Roose et al.,
1998; Ren et al., 1999). However, the Grg5 protein could
not reverse Grg4-mediated repression of the Pax5 trans-
activation function (Figure 7D). In conclusion, Grg4 can
repress the transcriptional activity of Pax5 efficiently by a
mechanism that depends on the integrity of the WD40
repeats and is insensitive to the dominant-negative action
of Grgs.
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Fig. 8. The octapeptide motif of Pax5 mediates repression by Grg4. Transient transfection experiments with the expression plasmids indicated were
performed in SP2/0 cells and subsequently evaluated as described in the legend to Figure 7.

We next examined whether Grg4 can also repress Pax5-
mediated activation of a reporter gene that is stably
inserted in the genome. For this experiment, we used a
human osteosarcoma cell line that contains an integrated
luciferase gene under the control of a thymidine kinase
promoter and five upstream Gal4-binding sites (Alkema
et al., 1997). Luciferase expression was stimulated in these
cells ~20-fold by a Gal4—Pax5 fusion protein relative to
the Gal4 DNA-binding domain alone (Figure 7E). Co-
expression of Grg4 efficiently inhibited transactivation by
Gal4-Pax5 (Figure 7E), indicating that packaging of a
reporter gene into chromatin still results in Grg4-mediated
repression of Pax5 activity.

Although several B cell-specific target genes of Pax5
are known, they all contain TATA-less promoters that are
almost inactive in transient transfection assays (reviewed
by Busslinger and Nutt, 1998). To study Grg4-mediated
repression of a naturally occurring Pax target gene, we
analyzed the promoter of the rat thyroperoxidase (TPO)
gene, which contains a Pax8-binding site immediately
upstream of a TATA-box (Zannini et al., 1992). A
luciferase gene under the control of the TPO promoter
was strongly activated by Pax8 in transiently transfected
HeLa cells, whereas a promoter mutation inactivating the
Pax8-binding site (A) prevented transcriptional stimulation
(Figure 7F) (Zannini et al., 1992). Co-expression of Grg4
efficiently repressed the Pax8-dependent activation of the
TPO promoter, whereas Grg4 expression on its own did
not affect basal promoter activity (Figure 7F). In summary,
these data demonstrate that Pax5 and Pax8 can efficiently
recruit Grg4 to artificial or naturally occurring promoters,
which results in repression of gene transcription.

The octapeptide of Pax5 mediates repression by
Grg4

To identify the domains of Pax5 that confer Grg4-
mediated repression, we analyzed the transcriptional
activity of several mutant Pax5 proteins in transiently
transfected plasmacytoma cells. In the absence of
exogenous Grg4 protein, the mutant proteins already
differed in their transactivation potential (Figure 8). A
Pax5 protein lacking the partial homeodomain (AHD) was
2- to 3-fold less active than the wild-type protein, whereas
the transcriptional activity of the octapeptide deletion
mutant (AOP) was increased consistently by a factor of
2-3 (Figure 8). Western blot analysis indicated, however,
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that these differences in transcriptional activity were not
caused by different expression levels of the mutant Pax5
proteins (data not shown). The lower activity of the
Pax5-AHD protein could be explained by our recent
finding that the partial homeodomain is an interaction
motif for the TATA-binding protein and may thus
facilitate recruitment of the basal transcription factor
complex TFIID to the promoter (Eberhard and Busslinger,
1999). Moreover, RNase protection analyses revealed that
the known mouse Grg(1/3a/4) genes are constitutively
expressed at all stages of B-cell development as well as in
the plasmacytoma cells analyzed (data not shown). Hence,
endogenous Grg proteins may interact with Pax5 and
reduce its activity in transfected cells, whereas the
increased transactivation potential of the Pax5-AOP
protein could reflect the loss of Grg binding.

Consistent with this hypothesis, expression of exo-
genous Grg4 protein could repress the transcriptional
activity of the Pax5-AOP protein only 2-fold, in contrast to
the wild-type Pax5 protein, whose transactivation function
was completely inhibited (Figure 8). Even at the
highest Grg4 concentration, the Pax5-AOP protein was
transcriptionally as active as the wild-type Pax5 protein
in the absence of any exogenous Grg4 protein. Moreover,
the single amino acid substitution Y179E prevented
Grg4-mediated repression of Pax5 activity to the same
extent as deletion of the entire octapeptide sequence
(Figure 8), further demonstrating that the octapeptide
motif of Pax5 is essential for in vivo binding and thus
recruitment of the corepressor Grg4. The residual 2-fold
repression of the octapeptide mutants by Grg4 suggests
that the two proteins can still bind to each other weakly
in vivo through the second, still intact interaction involving
the transactivation domain of Pax5 and the Q domain of
Grg4 (Figure 3B).

The C-terminal sequences of Pax5 contain an inhibitory
domain that negatively regulates the adjacent transactiva-
tion region of Pax5 in most cell lines including the J558L
cells, but not in SP2/0 cells (Dorfler and Busslinger, 1996).
A mutant Pax5 protein (B4) lacking this inhibitory domain
was still repressed efficiently by Grg4 in both SP2/0 and
J558L cells (Figure 8; data not shown). Furthermore, Grg4
was also able to repress the low transcriptional activity of
the homeodomain deletion mutant Pax5-AHD (Figure 8A).
These data therefore indicate that neither the C-terminal
inhibitory sequence nor the partial homeodomain of Pax5
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Fig. 9. The octapeptide motif functions as a repression domain in
Drosophila embryos. (A) Schematic diagram of the Hairy derivatives
used in the Sx/ repression assay. The Hairy™*! protein was generated
by fusing the Hairy sequences at amino acid 268 to a 90-amino-acid
sequence (143-232) of the zebrafish Pax2.1 protein encompassing the
conserved octapeptide motif (Pfeffer et al., 1998). The Hairy“® protein
containing the eh1/GEH motif of Goosecoid (Gsc) was described
previously (Jiménez et al., 1999). (B-E) Sx/ repression by chimeric
Hairy proteins in female blastoderm embryos of Drosophila. The
Hairy®* (C) and Hairy™*' (D and E) proteins were expressed under
the control of the hunchback (hb) promoter in wild-type (wt, C and D)
or gro®*¥™*~ mutant embryos (E). Sxl expression was analyzed in
transgenic (C-E) and control (B) female embryos by whole-mount
staining with a monoclonal antibody detecting the female-specific form
of SxI (Bopp et al., 1991). (F) Effects of Hairy® and Hairy">*!
expression on female viability. Wild-type females were crossed with hb
transgenic males, and the number of viable progeny is indicated.

are essential for Grg4-mediated repression of the Pax5
transactivation function.

Evolutionary conservation of the interaction
between Groucho and Pax proteins

Three groucho-related genes coding for full-length Grg
proteins (Grgl, 3a and 4) have been identified to date in the
mouse genome (Koop et al., 1996; Leon and Lobe, 1997).
Using transient transfection assays, we have shown that all
three murine Grg proteins are phosphorylated in a Pax5-
dependent manner and can repress the transcriptional
activity of Pax5 efficiently (data not shown). Even the
distantly related Groucho protein of Drosophila was able
to interact with Pax5 (Figures 3A and 5) and to down-
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modulate the activity of this transcription factor in
heterologous mammalian cells (Figure 71).

Furthermore, GST pull-down assays demonstrated that
the mouse Pax8 and Drosophila Pax258 proteins can bind
full-length Grg4 with an affinity similar to that of human
Pax5 (Figure 4C). Moreover, the transcriptional activity of
the mouse Pax8, zebrafish Pax2.1 and Drosophila Pax258
proteins could be repressed efficiently by Grg4 in
transfected plasmacytoma cells (Figure 7F, G and H).
These different Pax proteins were also able to promote
additional phosphorylation of Grg4 in transfected COP-8
fibroblasts (Figure 6C). Collectively, these data demon-
strate, therefore, that the interaction between distantly
related members of the Pax2/5/8 and Groucho protein
families has been conserved in evolution.

The octapeptide motif functions as a Groucho-
dependent repression domain in Drosophila
embryos

Inspired by the high evolutionary conservation of the
Groucho—Pax2/5/8 protein interaction, we next investi-
gated whether the octapeptide motif can function in vivo as
a repression domain during Drosophila development. For
this, we took advantage of a repression assay that is based
on the transcriptional regulation of the Sex lethal (SxI)
gene in Drosophila embryos (Parkhurst ez al., 1990). Sxl is
a key regulator of sex determination and dosage compen-
sation, whose transcription is initiated only in female
blastoderm embryos. In male embryos, Sx/ expression is
prevented by the transcriptional repressor Deadpan (Dpn),
which is a member of the Hairy-related basic helix—loop—
helix (bHLH) protein family. The negative effect of Dpn
can be mimicked in female embryos by ectopic expression
of the related Hairy protein at the time of sex determin-
ation (Parkhurst et al., 1990). Premature Hairy expression
under the control of the hunchback (hb) promoter
represses Sx/ transcription in the anterior part of female
embryos, which leads to female-specific lethality
(Parkhurst et al., 1990). Repression of SxI by Hairy
depends on the interaction of its C-terminal WRPW motif
with Groucho (Paroush et al., 1994) and, consequently,
does not occur in embryos deprived of maternal Groucho
function (Jiménez et al., 1997). Moreover, substitution of
the C-terminal Hairy sequences by a heterologous repres-
sion domain still leads to down-regulation of Sx/ expres-
sion, thus providing a convenient assay for studying
Groucho-dependent repression domains in vivo (Jiménez
et al., 1999).

We used this assay to examine the in vivo function of the
octapeptide motif by replacing the C-terminal region of
Hairy with a sequence encompassing the 90 amino acids
located between the paired domain and partial homeo-
domain of zfPax2.1 (Figure 9A). The octapeptide motif is
the only conserved element that is shared between this
zebrafish Pax2.1 sequence and the corresponding region of
the Drosophila Pax258 protein (Czerny et al., 1997).
Expression of the chimeric Hairy"®?*! protein under the
control of the hb promoter resulted in significant reduction
of Sxl expression in the anterior half of transgenic female
embryos (Figure 9D) compared with the uniform SxI
staining of wild-type embryos (Figure 9B). Moreover,
the repression of Sx/ by Hairy"™*! was dependent on
Groucho, as it was not observed in embryos lacking
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Fig. 10. Model of Grg4 recruitment by Pax5 (BSAP). (A) Summary of
the identified interactions between Pax5 and Grg4. (B) Model of
Grg-mediated gene repression by Pax5. As different members of the
Grg family are co-expressed with Pax5 throughout midbrain and B-cell
development (Koop et al., 1996; D.Eberhard, unpublished data), we
hypothesize that Pax5 can stably recruit Grg proteins to a specific
promoter only in collaboration with a second Grg-binding transcription
factor (X). CoA, coactivator protein(s); BTM, basal transcription
machinery.

maternal gro function (Figure 9E; Materials and methods).
However, the Hairy"™?*! protein was clearly less active in
repressing the Sx/ gene than a Hairy“° protein (Figure 9C)
containing the GEH motif of Goosecoid (Gsc) as a potent
repression domain (Jiménez et al., 1999). This difference
in repression activity is also reflected by the fact that
ectopic expression of Hairy®® caused female lethality,
whereas Hairy"™?! did not significantly affect female
viability (Figure 9F). These data indicate that the
octapeptide motif of the zebrafish Pax2.1 protein can
function as a weak Groucho-dependent repression domain
in Drosophila embryos.

Discussion

Commitment to the B-lymphoid lineage critically depends
on the repression of lineage-inappropriate genes by the
transcription factor Pax5 (BSAP) (Nutt et al., 1999). By
identifying Grg4 as a corepressor of Pax5, we have now
elucidated a molecular mechanism by which Pax5 can act
as an active repressor of gene transcription. Grg4 was
shown to interact with Pax5 in vitro in GST pull-down
assays as well as in vivo in yeast and various mammalian
cell types. Grg4 and Pax5 both contain two separate
interaction domains that cooperate together in protein
binding (Figure 10A). As a consequence, Grg4 could
repress the transcriptional activity of Pax5 efficiently in
transiently transfected cells. Similar protein interactions
resulting in repression were also observed between
distantly related members of both the Pax2/5/8 and
Groucho protein families. Moreover, Grg4 also interacts
with Pax1, Pax3 and Pax6 (D.Eberhard, unpublished data),
which are representative members of the other three Pax
subfamilies. Hence, Groucho proteins appear to act as
corepressors of all Pax transcription factors. It has recently
been suggested that Pax3 mediates gene repression by
recruiting the corepressors HIRA or Daxx, respectively
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(Magnaghi et al., 1998; Hollenbach et al., 1999). In
addition, we have shown that the Rb protein can interact
with the partial homeodomain of Pax5 (Eberhard and
Busslinger, 1999). However, none of these proteins
(HIRA, Daxx or Rb) was able to repress the transcriptional
activity of Pax5 (data not shown), suggesting that the Pax
transcription factors exert their repression function pri-
marily by recruiting corepressors of the Groucho family.

Two distinct interactions contribute to the
formation of the Grg4-Pax5 complex

Several transcription factors are known to interact with
Groucho proteins and, wherever studied, a single domain
in each protein was responsible for this interaction
(reviewed by Fisher and Caudy, 1998; Parkhurst, 1998).
Pax5 is thus the first example of a transcription factor that
relies on two separate interactions for Groucho binding
(Figure 10A). One of these interactions is mediated by the
N-terminal Q domain of Grg4 and the C-terminal
transactivation domain of Pax5. Detailed in vitro muta-
genesis indicated that the integrity of the entire Q domain
is essential for Pax5 binding (data not shown). The highly
conserved Q domain contains two leucine zipper-like
motifs that are both required for tetramerization of
Groucho proteins (Chen et al., 1998). In addition, the
Q domain is sufficient to mediate binding of the Blimp-1
(PRDI-BF1) (Ren et al., 1999) and TCF proteins (Roose
et al., 1998). Consequently, the short Grg5 protein
consisting only of the Q and SP domains (Mallo et al.,
1993) can act as a dominant-negative protein to reverse
Grg4-mediated repression by these two transcription
factors (Roose et al., 1998; Ren et al., 1999). In contrast,
the interaction between the Q domain of Grg4 and the
transactivation domain of Pax5 is too weak to be detected
in in vitro binding assays. In addition, the Grg5 protein is
unable to antagonize Grg4-mediated repression of the
Pax5 transcriptional activity. Both findings are consistent
with the notion that two separate but cooperative inter-
actions are required for efficient formation of the Grgd—
Pax5 complex.

The second interaction that contributes to complex
stability involves the SP domain of Grg4 and the
octapeptide motif of Pax5 (Figure 10). The SP domain,
which was previously implicated in the interaction
between Groucho and Hairy-related bHLH proteins
(Paroush et al., 1994; Jiménez et al., 1997), was again
insufficient to mediate Pax5 binding, and even three copies
of the octapeptide motif linked to a Gal4 protein failed to
interact with Grg4 in in vitro binding assays (data not
shown). The octapeptide sequence was identified 10 years
ago as a conserved motif of most Pax proteins (Burri et al.,
1989). Here, we show that this short amino acid sequence
constitutes a protein interaction domain, is required in
mammalian cells for Grg4-mediated repression of the
Pax5 transactivation function and acts as a weak Groucho-
dependent repression domain in Drosophila embryos. The
octapeptide motif is related in sequence to the ehl/GEH
region that is found in several homeodomain transcription
factors (Noll, 1993; Smith and Jaynes, 1996). Consistent
with this sequence similarity, the Y179E substitution in
the octapeptide motif abrogated Groucho protein binding
(Figure 4) in analogy to the equivalent F-to-E substitution
in the eh1/GEH region (Jiménez et al., 1999). Apart from



these similarities, the octapeptide differs in several aspects
from the eh1/GEH region. First, the eh1/GEH sequence is
both necessary and sufficient for Groucho binding and
transcriptional repression (Jiménez et al., 1999), in
contrast to the octapeptide motif (this study). Secondly,
the eh1/GEH region functions as a more potent Groucho-
dependent repression domain in Drosophila embryos than
the octapeptide sequence (Jiménez et al., 1997, 1999).
Thirdly, the WD40 repeats of Groucho are essential for
binding of the ehl/GEH region (Jiménez et al., 1997),
whereas the SP domain of Grgd seems to mediate
interaction with the Pax5 octapeptide motif. However,
the WD40 repeats of Grg4 are still required for repression
of the Pax5 activity, suggesting that these conserved
protein interaction motifs recruit additional factors into the
Grg4—Pax5 complex.

Pax5-dependent phosphorylation of Grg proteins
Groucho proteins are known to be constitutively phos-
phorylated on serine and threonine residues (Husain et al.,
1996). Hence, we were surprised to see that the Grg
proteins undergo further phosphorylation upon Pax5
binding. This phosphorylation reaction is strictly depend-
ent on the interaction with Pax5 and appears to be
catalytic, as the majority of the Grg proteins become
phosphorylated in cells overexpressing Pax5 (Figure 6)
despite the fact that only a small proportion of these
proteins could be co-precipitated with Pax5, possibly due
to the relatively low stability of the Grg4—Pax5 complex
(Figure 5). In contrast, the En2 protein, which interacts
efficiently with Grg4 in vivo (data not shown), was unable
to induce this additional phosphorylation, thus revealing a
remarkable selectivity with regard to the Groucho-binding
transcription factors involved in this phenomenon. Two
different hypotheses could account for these observations.
Pax5, in contrast to En2, binds Grg4 via two different
interactions that may induce a conformational change in
Grg4 and thus render cryptic phosphorylation sites
accessible to a constitutively active kinase. Alternatively,
Pax5 may specifically recruit a kinase into the Groucho
complex in analogy to the homeodomain protein NK-3,
which interacts simultaneously with Groucho and the
nuclear kinase HIPK2 (Choi et al., 1999). Interestingly,
signaling of the Torso receptor via the MAP kinase
pathway has been implicated in antagonizing Groucho-
mediated gene repression at the terminal pole regions of
the Drosophila embryo (Paroush et al., 1997). Torso
signaling does not, however, interfere with all Groucho
functions, as it specifically affects only certain Groucho-
containing complexes (Paroush ef al., 1997), in analogy to
the transcription factor selectivity observed for the
induced Grg phosphorylation described in this study.

Grg-dependent transcriptional repression by Pax5

The different Groucho-binding transcription factors can be
grouped into three classes according to their mode of Grg
protein recruitment. The first class consists of active
repressors comprising the Hairy-related bHLH proteins
(Paroush et al., 1994), the homeodomain proteins En, Gsc
and NK-3 (Jiménez et al., 1997, 1999; Choi et al., 1999)
and the zinc finger proteins Hkb and Blimp-1 (Goldstein
et al., 1999; Ren et al.,, 1999). All of these negative
regulators utilize short sequence motifs to recruit Groucho

Repression of Pax5 activity by Groucho proteins

proteins stably and thus act as constitutive repressors of
transcription. In contrast, the HMG-box proteins of the
TCF family bind Grg proteins in a manner that is regulated
by Wnt signaling. These TCF proteins interact with
Groucho proteins and thus function as transcriptional
repressors in the absence of a Wnt signal. Upon signal
transduction, the TCF proteins are converted into tran-
scriptional activators by displacement of the Grg protein
with the coactivator B-catenin (Roose et al., 1998). The
third class consists of intrinsic transcriptional activators, as
exemplified by the Dorsal and Runt proteins (Aronson
et al., 1997; Dubnicoff ef al., 1997). These transcription
factors on their own are unable to recruit Groucho proteins
to their target genes in vivo. Instead, they require the
assistance of other Groucho-interacting transcription
factors to recruit Grg proteins, and thus function as
repressors only in a regulatory context-dependent manner
(Valentine et al., 1998).

Pax5 is known simultaneously to activate B cell-specific
genes (such as CD19) and to repress lineage-inappropriate
genes (such as M-CSF-R) in the same early B-lymphoid
progenitor cell (Nutt er al., 1997, 1998, 1999). Hence,
Pax5 appears to belong to the class of transcription factors
that are converted from activators to repressors by co-
recruitment of Groucho proteins in a context-dependent
manner (Figure 10B). The transcriptional activity of Pax5
was, however, repressed by Grg proteins in transient
transfection assays, even though the artificial promoter of
the reporter gene contained only Pax-binding sites. This
apparent contradiction could be explained by the fact that
the high expression levels attained in transiently trans-
fected cells force the Grg4 protein to interact with Pax5. In
addition, the Pax5 proteins bound to the multimerized sites
in the reporter gene may cooperate in Grg4 binding, thus
mimicking a co-recruitment paradigm. Pax5 is known to
negatively regulate the activity of the 3’c. enhancer present
in the immunoglobulin heavy chain locus (reviewed by
Busslinger and Nutt, 1998). Interestingly, the Pax5-
dependent down-regulation of this enhancer not only
depends on the presence of a Pax5 recognition sequence,
but also requires the integrity of adjacent transcription
factor-binding sites (Singh and Birshtein, 1996). By
reconstituting the 3’al enhancer activity in heterologous
cells, we have recently been able to demonstrate that
Pax5 requires cooperation with other transcription factors
to repress this enhancer in a Grg4-dependent manner
(Y .Linderson, D.Eberhard, S.Pettersson and M.Busslinger,
unpublished data). Hence, context-dependent recruitment
of Groucho proteins may be a general mechanism that
converts Pax proteins from activators to repressors of gene
transcription.

Materials and methods

DNA constructs

All cDNAs were cloned into the eukaryotic expression vector pKW2T
(Dorfler and Busslinger, 1996). The mouse Grg4 cDNA was amplified by
RT-PCR from RNA of 9.5/10.5-day-old embryos with the primers
5’-CCCAAGCTTACCATGGTTCCGCAGACGCGC-3" and 5"-GCTCT-
AGATGCTATGAGGAGGAGTCCAG-3'. Likewise, the mouse Grg5
cDNA was amplified with the primers 5-CCCAAGCTTACCATG-
ATGTTTCCGCAAAGC-3" and 5-CAGCCAGAACCAGGACTG-3'.
The Drosophila groucho cDNA was isolated by RT-PCR from
embryonic RNA using the primers 5-ACATGACCATGGTTCCCT-
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CACCGGTGCGCC-3" and 5-ACCCAAGCTTGGATCCTTTTGTTT-
TACTGCCGATGCT-3'. The sequence context surrounding the start
codon of the Drosophila Pax258 cDNA (Czerny et al., 1997) was
optimized by inserting the oligonucleotide 5-GCGGAATTCCA-
CCATGGGCAGTATTTCGGGTGATGGTCATGGAGGCGTTAATC-
AAC-3" by PCR. Myc or Flag epitope tags were added by PCR at the
N-terminus of the expression constructs. The Pax5 mutants AOP, A9A
and Y179E were generated by PCR-based mutagenesis in addition to the
previously described mutants B4, B8, B9 and AHD (Doérfler and
Busslinger, 1996; Eberhard and Busslinger, 1999). A PCR fragment
encoding amino acids 146-391 of Pax5 was inserted into the expression
vector pPuroGal4 (Alkema et al., 1997) to obtain plasmid pPuroGal4-
Pax5, which was used for transfection of U2-OS cells. VP16 and VP16-
Grg4 expression plasmids were generated by inserting the HindIII-EcoRI
fragment of the yeast vector pVP16 or the respective two-hybrid clone
into pKW2T. The VP16-Gro construct contained a PCR fragment coding
for amino acids 1-158 of Drosophila Groucho in the Not site of pVP16.
All GST-Grg4 constructs were obtained by insertion of the respective
PCR fragments into pGEX vectors (Amersham Pharmacia Biotech).

Cell lines

The murine plasmacytoma cells SP2/0 and J558L, murine COP-8 and
NIH 3T3 fibroblasts, monkey COS-7 kidney cells, and human U2-OS
osteosarcoma and HeLa cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal calf serum.
These cell lines do not express endogenous Pax5 (Dorfler and Busslinger,
1996).

Yeast two-hybrid screen

The Matchmaker™ two-hybrid system (Clontech) was used to screen for
interaction partners of Pax5. Briefly, a PCR fragment of human Pax5
(amino acids 146-391) was inserted into the BamHI site of the Gal4
DNA-binding domain plasmid pGBT9. This construct was transformed
into the yeast strain HF7c (Clontech). Single colonies grown on synthetic
medium lacking tryptophan were transformed with a mouse cDNA-VP16
fusion library prepared from RNA of 9.5/10.5-day-old embryos
(Hollenberg et al., 1995). One colony out of 3.2 X 10° transformants
activated the HIS3 gene in a Pax5 bait-dependent manner, as it contained
a VP16-Grg4 cDNA fragment.

GST pull-down assay

Purified GST fusion proteins (2-5 pg) immobilized on glutathione—
Sepharose beads were incubated for 2 h at 4°C with in vitro synthesized
33S-labeled protein (5 pl) in buffer BC100 (200 ul) supplemented with
2 mg/ml bovine serum albumin (BSA), 0.2% NP-40 and 100 pg/ml
ethidium bromide, then washed extensively, eluted and analyzed by SDS—
PAGE as previously described (Eberhard and Busslinger, 1999).

Cell transfection assay

J558L and SP2/0 cells were transiently transfected by electroporation
with the firefly luciferase reporter gene luc-CD19, the Renilla luciferase
plasmid pRL-SV40 (Promega) and Pax5 and Grg4 expression plasmids,
as described (Dorfler and Busslinger, 1996). The COP-8 and U2-OS cells
were transfected with LipofectAMINE PLUS™ Reagent (Gibco-BRL)
and HeLa cells with the FuGENE™ 6 Transfection Reagent (Boehringer
Mannheim) according to the supplier’s instructions. Luciferase activities
were measured by the Dual-Luciferase™ reporter assay (Promega) in a
Lumat LB 9507 bioluminescence counter (EG&G Berthold, Bad
Wildbad, Germany).

Co-immunoprecipitation analysis

Transiently transfected COP-8 cells were lysed in buffer A [20 mM Tris—
HCI pH 7.9, 120 mM KCl, 5 mM MgCl,, 0.2 mM EDTA, 0.2% NP-40,
1 mM dithiothreitol (DTT), 10% glycerol supplemented with 2 mM
benzamidine hydrochloride, 0.1 mg/ml Pefabloc, 5 pg/ml each of
pepstatin, leupeptin and aprotinin, 2 pg/ml each of antipain and
chymostatin]. Lysates were incubated for 30 min on ice, cleared from
cellular debris by centrifugation and subsequently mixed with 10 pl of
anti-Flag M2 affinity beads (Sigma) for 2 h at 4°C under constant rotation.
After extensive washing of the beads, the precipitated proteins were
analyzed by SDS-PAGE and Western blotting using polyclonal anti-Myc
and anti-Pax5 antibodies.

Generation of transgenic flies and analysis of SxI expression
The hb-h "™/ transgene was constructed and injected into y w embryos
as described (Jiménez et al., 1997). The analysis of several transformant
lines yielded equivalent results. For the experiments shown in Figure 9,
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males carrying an insertion on the X chromosome were crossed with wild-
type or mosaic gro females (see below), so that all female embryos
inherited the hb-h P! transgene. Embryos deprived of maternal gro
function were obtained using the gro™® allele and the ovo®-FLP-FRT
system as described (Jiménez er al., 1999). This system generates
homozygous mutant clones in the germline of heterozygous females, thus
circumventing the lethality of homozygous gro females. Sxl staining was
performed with a monoclonal antibody specific for the active form of the
protein (Bopp et al., 1991).

Accession number
The mouse Grg4 cDNA has been submitted to DBBJ/EMBL/GenBank
(accession No. AF229633).
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