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Abstract

BCL6 is a member of the POZ/zinc finger (POK) family involved in survival and/or
differentiation of a number of cell types and in B cell lymphoma upon chromosomal
alteration. Transcriptional repression by BCL6 is thought to be achieved in part by recruiting a
repressor complex containing two class I histone deacetylases (HDACs). In this study we
investigated whether BCL6 could also target members of class Il HDACs. Our results indicate
that three related class II deacetylases, HDAC4, HDACS, and HDAC7 can associate with
BCL6 in vivo and in vitro. Using electron microscopy, we found that endogenous BCL6 and
class I HDAC:s partially co-localize in the nucleus. Overexpression experiments showed that
BCL6 and HDACA4, -5, or -7 are intermingled onto common nuclear substructures and form
stable complexes. A highly conserved domain in the N-terminal region of HDACS and
HDAC?7 as well as the zinc finger region of BCL6 were found necessary for the complex
formation in vivo and in vitro. Moreover, our data point to the zinc finger region of BCL6 as a
multifunctional domain which, beside its known capacity to bind DNA, is involved in the
nuclear targeting of the protein and in the recruitment of the class II HDACSs, and hence
constitutes an autonomous repressor domain. Since PLZF, a BCL6 relative, could also interact
with HDACA4, -5, and 7, we suggest that class IIHDACs are largely involved in the control of
the POK transcription factors activity.

Introduction

The presence of an N-terminal BTB/POZ (bric a brac, tramtrack, broad complex/pox virus,
and zinc finger) domain and C-terminal C2-H2 zinc finger(s) defines the family of POK
((BTB/)POZ and kriippel-like zinc finger) proteins found in both vertebrates and Drosophila.
POK proteins are sequence-specific DNA-binding transcription factors, some of them being
involved in human oncogenesis. For instance, non-Hodgkin lymphomas are often associated
with the structural alteration, and presumably mis-regulation, of the BCL6 (also named 1.AZ3)
gene encoding a six-zinc finger POK protein (1, 2). Moreover, a few cases of acute
promyelocytic leukemia are associated with the t(11;17) reciprocal translocation that fuses the
retinoic acid receptor o to PLZF, a nine-zinc finger POK protein. Finally, other POK proteins,



such as HIC-1 (3, 4) and APM-1 (5) have been proposed to act as tumor suppressors in
different human malignancies.

BCL6 regulates at least lymphocyte (6, 7), myocyte (8, 9), male germ cells (10), and possibly
keratinocyte survival and/or differentiation (11). Recently, a set of BCL6 potential target
genes has been identified by DNA microarray screening in lymphocytes. BCL6 was found to
repress a number of genes involved in B cell activation and terminal differentiation,
inflammation, and cell cycle regulation (12). Earlier studies have shaded light on the
molecular mechanisms by which BCL6 negatively regulates gene transcription. BCL6
recruits, through multiple contacts, a repressor complex containing both silencing mediator of
retinoid and thyroid receptors or its close relative nuclear receptor co-repressor, two vertebrate
homologues of the yeast repressor SIN3 (mSINA/B), and two related class I histone
deacetylases, HDAC1' and HDAC2 (13-20). However, these co-repressors do not explain all
the regulatory properties of the POK proteins. In fact, it appears that POK transcriptional
repressors are capable of recruiting other co-repressors. Indeed, C-terminal binding protein
might interact with Drosophila TTK (21), whereas another unrelated co-repressor, termed B-
CoR, specifically binds to BCL6 in a silencing mediator of retinoid and thyroid
receptors/nuclear receptor co-repressor mutually exclusive manner (22).

Whereas class I deacetylases (HDAC1,-2, -3, and -8) are closely related to the yeast rpd3
gene product, other HDACs (HDACA4, -5, -6, -7, -9, and -10) have been characterized in
vertebrates, and collectively referred to as class I HDACs. HDAC4, -5, -7, and -9 share two
regions, each encompassing half of the protein: a C-terminal catalytic domain resembling that
of the yeast HDA1 deacetylase and a N-terminal "regulatory" domain (23-26). The
organization of HDAC6 and HDACIO is atypical. Indeed, both HDAC6 and HDAC10 harbor
two regions of homology with the class II catalytic domain (23, 24, 27-29). However, whereas
HDACS6 contains two active catalytic domains (24), the second catalytic domain-like region of
HDACI10 does not appear to be active (29). Another feature of all of the class II members is
their ability to shuttle in a regulated fashion between the nucleus and the cytoplasm (see Ref.
30 for review).

The role of class I HDACs in the control of transcription is believed to be important but is
only beginning to be analyzed. In particular, although class I and class II HDACs represent
two structurally distinguishable families, their functional relationship, beyond their common
ability to deacetylate histone in vifro, remains largely unknown. In this study, we investigated
whether POK proteins, such as BCL6, could also associate with class II histone deacetylases.
Our data showed that indeed HDAC4, -5, and -7 are recruited by BCL6 in vivo and in vitro.
Together with previously published data, these findings indicate that BCL6, as well as other
POK proteins, directly and indirectly recruit both class I and class I HDACs.

Materials and Methods

DNA Constructs-- pcDNA-HA-HDACS and HA-HDAC4 (31) and pcDNA-HA-HDAC7 (25)
have been described before. HDACS, HDAC4, and HDAC7 deletion fragments were
constructed by PCR using the high Fidelity 7ag/Pwo polymerases mixture (Roche Molecular
Biochemcials) and cloned in-frame into pGEXS5 plamids (Amersham Biosciences). Human
BCL6 (LAZ3) cDNA encoding the full-length protein (1-706) or deletion fragments (encoding
amino acids 132-706, 501-706, 132-519, 1-626, 1-573, and 1-519) were amplified by PCR
from the pTL-LAZ3 plasmid (13) without the Flag tag, and subsequently cloned into
pcDNA3.1 plasmid (Invitrogen). Gal4 DNA-binding fusion protein were obtained by



subcloning BCL6 fragments into pcDNA-Gal4 DB vector (32). L8GS5-Luc and L8-Luc
reporter plasmids containing 8 LexA operators with 5 Gal4-binding sites or without Gal4
sites, respectively, as well as the LexA-VP16 activator plasmid (31, 32), have been described
before. The SV40-based PLZF expression vector (pSGS5-PLZF) is a generous gift of Dr.
Koken (33). For producing the proteins in baculovirus, BCL6 ¢cDNA encoding the zinc finger
region (amino acids 501-706) was cloned into the pBacPAK9 vector (CLONTECH), in-frame
with a histidine tag at the C terminus.

Antibodies-- The antibodies used were: anti-BCL6 N3 or C19 rabbit antibodies (Santa Cruz
Biotechnology) or anti-Flag M2 mouse antibody (Sigma-Aldrich) to detect BCL6; anti-HA
Y11 rabbit antibody (Santa-Cruz Biotechnology) or 3F10 anti-HA rat antibody (Roche
Molecular Biochemicals) to detect the HA-tagged transfected HDACs; anti-HDAC4 N18 and
anti-HDACS P16 goat polyclonal antibodies (Santa Cruz Biotechnology) to detect
endogenous class II HDACs; anti-PLZF mouse antibody (33) and anti-Gal4DB (RKS5C1,
Santa Cruz). For ultrastructural studies in UTA-L cells, secondary antibodies were gold-
labeled goat anti-rabbit immunoglobulin (IgG) and goat anti-mouse IgG (British Biocell
International Ltd., Cardiff, United Kingdom).

Cell Culture, Transfections, and Reporter Gene Assays-- Human U20S osteosarcoma-derived
UTA-L (34) cells and human lung carcinoma A549 cells were grown in "growth medium,"
that is a 50/50 mixture of Dulbecco's modified Eagle's’'Ham's F-12 medium (Invitrogen)
containing 10% fetal calf serum (Sigma-Aldrich) and antibiotics. For UTA-L cells, growth
medium was supplemented with tetracycline (Sigma-Aldrich, 2 pg/ml), G418 (Invitrogen,
500 ug/ml), and puromycine (Sigma-Aldrich, 1 pg/ml). To induce BCL6 expression, UTA-L
cells were rinsed twice with growth medium, then trypsinized, centrifuged, and plated in
growth medium. Transfections of both UTA-L and C2 cells were performed using 1.5 pg of
the appropriate expression vector(s) and 3 pl of FuGENE 6 (Roche Molecular Biochemicals)
according to the supplier's instructions. Induction of BCL6 expression in UTA-L cells was
performed 24 h before transfection with any transiently transfected HDACs. Note that the
expression of BCL6 continues during the transfection and the subsequent culture, as these
steps are also performed in a tetracycline-free medium. HeLa cells were grown in a standard
growth medium (Dulbecco's modified Eagle's, 10% fetal calf serum, 2 mM L-glutamine, and
antibiotics) and transfected as described before (31). Typically, 20 ng of pcDNA-Gal4 DB
plasmids, 400 ng of L8GS-Luc or L8-luc reporter plasmid, 100 ng of LexA-VP16 activator
plasmid, and 100 ng of pCMV-$ (CLONTECH) were used in each transfection. Cells extracts
were prepared 24 h post-transfection and processed for luciferase (Luciferase Assay System,
Promega) and PB-galactosidase (Luminescent B-gal detection kit, CLONTECH) assays.
Luciferase units were normalized according to the F-galactosidase values.

Immunofluorescence and Confocal Microscopy Analyses-- Immunofluorescence analyses
were performed as previously described (34). Briefly, 24 h after transfection, cells on a 3.5-
cm dishes were rinsed with PBS, fixed in formaline (Sigma-Aldrich) for 10 min, washed in
PBS, permeabilized in a 0.25% Triton, 50 mM NH4Cl solution in PBS for 10 min, rinsed in
PBS, and exposed for 1 h at room temperature to the primary antibodies diluted at 1/100 in a
PBS, 0.2% gelatin solution (except for M2 anti-Flag which was diluted at 1/800). Cells were
then rinsed in PBS, 0.2% gelatin and exposed to the appropriate secondary antibodies, all were
purchased from Molecular Probes: goat anti-rabbit Alexa 488 plus goat anti-mouse Alexa
594 (Figs. 2B and 5C) and goat anti-rat Alexa 488 plus goat anti-rabbit Alexa 594 (Fig. 6F).
The dishes were then rinsed with PBS and mounted in Mowiol (Merck) to be analyzed by a



laser scanning microscope (Leica) using a x63 objective. The images were finally processed
with Adobe photoshop.

Electron Microscopy-- Non-induced and 24-h induced UTA-L cell cultures were transfected
with an expression vector encoding the desired HDAC and prepared for electron microscopy
as previously described (35). Briefly, cell cultures were fixed 24 h after transfection with
formaldehyde, dehydrated in methanol, and embedded in Lowicryl K4M. Ultrathin sections
were collected on Formvar carbon-coated gold grids. For the detection of the overexpressed
HDACSs (in UTA-L cells), grids were incubated in the presence of the Y11 anti-HA antibody
(at 1/10 dilution in PBS for 1 h) and anti-rabbit IgG conjugated to 10-nm gold particles (at
1/25 dilution in PBS for 30 min), successively, prior to being stained with either uranyl acetate
alone or by the EDTA regressive staining method, which preferentially bleaches the
condensed chromatin. BCL6 was detected either with the C19 anti-BCL6 or M2 anti-Flag
antibodies. For the simultaneous detection of overexpressed BCL6 and HDACs (in UTA-L
cells), grids were floated for 1 h on a mixture of the M2 anti-Flag and Y11 anti-HA
antibodies, each at 1/10 dilution in PBS, then for 30 min over a mixture of anti-mouse IgG
and anti-rabbit IgG conjugated to gold particles of different size (5 and 10 nm). Co-detection
of the endogenous BCL6 and either HDAC4 or HDACS was performed on human A549 cells
and mouse C2 cells as follows. Grids were incubated successively with BCL6 C19 antibody
(1/101n PBS for 1 h), HDAC4 (N18) antibody (1/10 in PBS), HDACS (P16) antibody (1/10 in
PBS), and finally, a mixture of gold-labeled antibodies consisting of 6-nm donkey anti-rabbit
antibody and 12-nm donkey anti-goat antibody (Jackson Immunoresearch Laboratories, Inc.,
West Grove, PA), each diluted 1/20 in PBS with 1% bovine serum albumin and 1% Triton X-
100.

Electrophoretic Mobility Shift Assays-- Electrophoretic mobility shift assays were performed
essentially as described before (32) except that the gels were prepared and run in 0.5 x TBE
(44.5 mM Tris-HCI, pH 8.0, 44.5 mM boric acid, 1 mM EDTA). Oligonucleotides were end-
labeled with [71-**P]JATP and T4 polynucleotide kinase. After removal of unincorporated
nucleotides, the sense and antisense strands were annealed and used as a probe. The 20-bp
BCL6-binding site used in this study (5'-GAAAATTCCTAGAAAGCATA-3') was described
before (36).

Co-immunoprecipitation and Western Blotting-- Cell extracts were prepared from frozen
pellets of UTA-L cells co-transfected with pcDNA-HA-HDACS (or HA-HDAC4 or HA-
HDACT7) and pcDNA-BCL6 or pcDNA3 empty vector. Proteins were extracted in 0.5%
Nonidet P-40, 20 mM Tris-HCI, pH 8, 150 mM NaCl, 1 mM phenylmethylsulfonyl fluoride,
10% glycerol, 1 mM EDTA for 20 min on ice. Cell debris was removed by centrifugation for
10 min at 12,000 x g and the soluble material was submitted to immunoprecipitation with the
C19 anti-BCL6 polyclonal antibody for 1 h at 4 °C. The immune complexes were precipitated
with Sepharose-protein G (Amersham Biosciences) for an additional hour at 4 °C. After four
washes in lysis buffer and two in PBS, the bound proteins were eluted in SDS-PAGE sample
buffer and analyzed by Western blotting. Blots were subsequently probed with primary
antibodies (C19 anti-BCL6 or 3F10 anti-HA antibodies) and secondary antibodies conjugated
to peroxidase, before being detected by chemiluminescence (ECL+, Amersham Biosciences).

In Vitro Protein-Protein Interaction Assays-- In vitro translated proteins were produced from
pcDNA3 plasmids using T7 RNA polymerase, [*>S]methionine (ICN), and the TNT rabbit
reticulocyte lysate system (Promega). GST fusion proteins were produced in Escherichia coli
BL21 upon isopropyl-1-thio-F-D-galactopyranoside induction and purified using glutathione-



agarose beads according to the supplier's instructions (Amersham Bioscience). GST pull-
down assays were performed essentially as described before (31). For direct protein
interaction, the BCL6 zinc finger region (amino acids 501-706) fused to a histidine tag was
produced in baculovirus using the BacPAK Baculovirus Expression System (CLONTECH).
The protein was then purified from insect cell extracts by nickel affinity column (Ni-NTA-
agarose, Qiagen), eluted with 250 mM imidazole and finally dialyzed against 20 mM Tris-HCl,
pH 7.5, 10% glycerol, and 1 mM dithiothreitol. The purified protein was used in GST pull-
down experiments as above and bound BCL6 was detected by Western blot with C19 anti-
BCL6 antibody.

Results

Partial Association of Endogenous BCL6 and Class II HDACs-- In a first attempt to examine
whether BCL6 and class Il HDACs could associate in vivo, we used immunogold labeling and
electron microscopy (EM) to co-detect these proteins in human A549 lung cells which express
endogenous BCL6, HDAC4, and HDACS mRNA (data not shown). EM analyses indicated
that endogenous HDAC4 or endogenous HDACS (12 nm gold particles) as well as
endogenous BCL6 (6 nm-gold particles) were detected as individual foci in the nucleus of
these cells (Fig. 1, 4, B, D, and FE). Interestingly, some clusters showed an association or
juxtaposition between the endogenous BCL6 and either endogenous HDAC4 (Fig. 1, 4 and B,
arrow) or endogenous HDACS (Fig. 1F, arrow). These data indicate that HDAC4 and
HDACS molecules are entrapped within or juxtaposed to some foci of BCL6 in A549 cells.
Note, however, that this co-localization is partial as our results also showed that class II
HDACs and BCL6 can also be independently engaged into distinct complexes in these cells
(Fig. 1D). In mouse C2 myocytes, which also express BCL6 and class I HDACs (Ref. 8 and
data not shown, see also, Refs. 37-39), a similar partial co-localization was observed between
endogenous BCL6 and endogenous HDAC4 (Fig. 1C and data not shown). We conclude that,
at physiological levels of expression, a fraction of the class I HDAC molecules are associated
with BCL6 in at least two cell lines.

Co-localization of BCL6 with HDACH4, -5, and -7 in a BCL6-inducible Cell Line-- To search
for a potential interaction between BCL6 and class II HDACs and because of their low
expression level in various cell lines, we next used a cell line stably transfected with an
inducible BCL6 expression vector (UTA-L cells). In these cells a flagged-version of BCL6 is
under the control of a tetracycline-sensitive promoter (34). Upon tetracycline removal, BCL6
protein expression is induced within 24 h as shown on Fig. 24, and is functional as revealed
by electrophoretic mobility shift assays using a BCL6-target sequence (Fig. 25B).

We next examined the subcellular distribution of BCL6 and class I HDACs. To this end,
induced (BCL6 expressing) UTA-L cells were transiently transfected with a vector encoding
HA-tagged HDACA4, -5, or -7, and subcellular localization of these proteins was analyzed by
scanning confocal microscopy. In the three cases, we observed a nearly complete coincidence
between the two stainings. In almost all the HDAC4-transfected cells, both proteins were
found to co-localize onto typical BCL6 nuclear bodies (Fig. 2C, fop), whereas a few cells also
displayed co-staining onto cytoplasmic inclusions (data not shown). When HDACS and BCL6
were co-expressed, the two proteins were concentrated onto common nuclear subdomains
(Fig. 2C, middle). Finally co-expression of HDAC7 and BCL6 also showed a complete co-
localization between the two proteins (Fig. 2C, bottom).



We next confirmed and refined these findings upon EM. Indeed, HA-HDAC4 could be
detected in cytoplasmic inclusions (Fig. 34, double star) as well as in, and sometimes around,
typical BCL6 nuclear bodies (Fig. 3, A and B, star). In the presence of BCL6 (Fig. 3C),
HDACS (arrows) was also present, both in the BCL6 bodies (star) and in their interior. Upon
higher HDACS expression (Fig. 3D and data not shown), both HDACS and BCL6 stainings
were co-distributed within nuclear inclusions (double star) indistinguishable from those
formed when HDACS was expressed alone. In such nuclei, BCL6 bodies (star) were found
enclosed within HDACS nuclear inclusions and both structures were intensely co-labeled with
the anti-Flag and anti-HA antibodies (Fig. 3D). Finally, both HDAC7 and BCL6 proteins also
co-localized either onto "free" BCLO6 bodies (star, Fig. 3F) or onto BCL6 bodies (stars)
embedded within larger nuclear inclusions (double star) also containing both proteins (Fig. 3/
and data not shown).

In summary, when overexpressed with BCLO, the nuclear fraction of HDAC4, -5, and -7 was
primarily targeted to BCL6 bodies. Upon higher expression levels, HDACS5 and HDAC7
formed nuclear inclusions, each presumably arising from a BCL6 body and fusing with each
other to form larger inclusions containing both BCL6 bodies as well as dispersed BCL6
molecules.

BCL6 and Class 11 HDACs Form Stable Complexes in Vivo-- The association between BCL6
and class II HDACs staining observed by both confocal and electron microscope analyzes
suggested that they could form stable complexes in vivo. To directly test this hypothesis, we
transiently co-transfected HA-HDAC4 or -5 or -7 with BCL6 in non-induced UTA-L cells. An
anti-BCL6 antibody was then used to immunoprecipitate BCL6-containing complexes, and the
potential presence of associated HA-tagged HDACs was examined. Western blot analysis of
the immunoprecipitated materials, using an anti-HA antibody, showed that the three HA-
HDACSs were co-immunoprecipitated with BCL6, indicating that they are capable of forming
a stable complex with BCL6 in vivo (Fig. 4, HDACS panel, lane 4, HDAC4 panel, lane 8, and
HDAC?7 panel, lane 12). Under the same conditions, when expressed alone, neither of the
three HA-HDACs was immunoprecipitated with the anti-BCL6 antibody (Fig. 4, HDACS, -4,
and -7 panels, lanes 3, 7, and 11, respectively). Moreover, parallel co-immunoprecipitation
with an irrelevant antibody (anti-Gal4) failed to show the presence of any of the three HDACs
(data not shown). We conclude that class I HDACs not only co-localize with BCL6, but are
also capable of forming stable complexes with this transcription factor in vivo.

Delineation of the BCL6-binding Site on HDACS and HDAC7-- To precisely determine the
region involved in the interaction between the class II HDACs and BCL6, a GST pull-down
approach was undertaken.

Diftferent fragments of HDACS were fused to GST (Fig. 54), and the respective purified
proteins were used to monitor their ability to interact with in vitro translated >°S-labeled
BCL6. A fragment of HDACS containing most of the N-terminal non-deacetylase region of
the protein (amino acids 123-673) efticiently interacted with BCL6 (Fig. 5B, lane 4). The N-
terminal end of the protein encompassing the first 122 amino acids as well as the deacetylase
domain alone (674-1113) did not efficiently interact with BCL6 under the same conditions
(Fig. 5B, lanes 3 and 35, respectively). We then precisely mapped the N-terminal BCL6-
binding domain of HDACS using four smaller fragments covering this 123-673 region of
interaction with BCL6 (Fig. 54). This fine mapping allowed the identification of the region



123-292 of HDACS as the minimal interaction domain with BCL6 (Fig. 5B, lanes 6-9).

To evaluate the in vivo relevance of our in vifro interaction domain mapping, we examined
the ability of different HDACS mutants to co-localize with BCL6 in cells by
immunofluorescence analyses. Consistent with our mapping data, Fig. SC shows that the N-
terminal region of HDACS (/23-673, top panel) almost systematically co-localized with
BCLG6, as did the full-length HDACS. Under the same conditions, the isolated deacetylase
domain (674-1113) showed no association with BCL6 in most of the cells (middle panel).
Moreover, the in vitro defined "minimal" BCL6-binding site (HDACS5-(123-292), bottom
panel) clearly kept the ability to co-localize with BCL6, albeit perhaps less efficiently than the
HDACS5-(123-673) derivative.

Because both HDAC4 and HDAC7 share extensive sequence homology with HDACS, and
also associate with BCL6 in vivo, we investigated the possibility of an interaction between
BCL6 and the N-terminal regions of HDAC4 and HDAC7. These two regions (HDAC4-(1-
650) and HDAC7-(1-506)) were fused to GST and the purified proteins were indeed shown to
associate with *>S-labeled BCL6, whereas no binding was obtained with an equivalent amount
of the GST protein alone (Fig. 5D). We concluded that BCL6 interacts with all the related
class I HDACs in vitro.

Finally, a BCL6 minimal binding site in HDAC7 was also determined by GST pull-down. It
showed that the most N-terminal domain of HDAC7-(1-254) efficiently interacted with the
full-length BCL6 (Fig. 5F), whereas neither the histone deacetylase region (500-938) nor the
central part of the protein (241-533) retained BCL6. A detailed analysis of the sequence of the
minimal BCL6-interacting domain defined above showed it to encompass the most conserved
region in the N-terminal non-deacetylase domain of HDACA4, -5, and -7 (not shown).

Delineation of the BCL6 Regions Involved in the Interaction with HDAC5-- Reciprocally, we
next mapped the HDAC5-binding site of BCL6. To this end the ability of *>S-BCL6 deletion
mutants (Fig. 64) to interact with GST-HDACS5-(123-673) was tested in GST pull-down
assays. As expected, full-length BCL6 efficiently interacted with the HDACS N terminus in
this assay (Fig. 6B, panel I). Interestingly, BCL6 constructs lacking either the BTB/POZ
domain (BCL6-(132-706), panel 2) or only containing the ZF region of the protein (BCL6-
(501-706), panel 3) were able to associate with GST-HDACS. Similar results were obtained
with GST-HDACT7 (Fig. 6C, panels 1-3). These data pointed to an unexpected role for the ZF
region in the recruitment of class I HDAC:.

The BCL6 ZF region is composed of six C2-H2 kriippel-like zinc fingers (Fig. 64, fingers 1-
6). To further refine our mapping, BCL6 deletion mutants were prepared lacking 2, 4, or all
the 6ZFs. Removal of the two most C-terminal zinc fingers (fingers 5 and 6) did not
significantly affect HDACS or HDAC7 binding (Fig. 6, B and C, panel 4). The additional
deletion of the next two fingers (3 and 4) led to a drastic reduction in the capacity of BCL6 to
interact with both HDACS and HDAC7 (BCL6 1-573, Fig. 6, B and C, panel 5). Fingers 3 and
4 therefore appear essential for the binding of these two histone deacetylases by BCLO6.
Moreover, the residual interaction observed in the total absence of zinc fingers is totally
eliminated when the BTB/POZ domain was deleted (Fig. 68, compare BCL6-(1-519) and -
(132-519)), suggesting that the BTB/POZ domain represents also a minor site of interaction
with HDACS.



Although the in vifro data described above suggested a direct interaction between BCL6 and
the class I HDACs, an indirect interaction because of the activity of proteins present in the
reticulocyte lysates was possible. To rule out this possibility, we set up a baculovirus-based
expression and purification of the ZF region of BCL6 (Fig. 6D, left panel). The purified
protein was then incubated with purified bacterially expressed GST-HDACS fusions,
containing or not the BCL6-binding sites, and immobilized on glutathione beads. The HDACS
(123-292) region, shown to interact with BCL6 in reticulocyte lysate, efficiently interacted
with the purified BCL6 ZF fragment as well (Fig. 6D, right, upper panel, lane 3). Under the
same conditions, the fragment 451-673 of HDACS did not bind the BCL6 ZF, although
equivalent amounts of GST fusion proteins were used in this assay (Fig. 6D, right, lower
panel). These data clearly showed that the N-terminal region of HDACS can directly bind to
the ZF region of BCL6.

To gain access to the in vivo relevance of these in vifro mapping, we tested the ability of
different BCL6 constructs to recruit HDACS in cells. UTA-L cells were transiently co-
transfected with HA-HDACS cDNA and plasmids encoding full-length BCL6 or mutants
lacking either the two (BCL6-(1-626)) or the four C-terminal zinc fingers (BCL6-(1-573)). As
expected, full-length BCL6 co-localized with HDACS in nuclear bodies and inclusions upon
co-transfection (Fig. 6F, fop). Interestingly, BCL6-(1-626) mostly localized in the cytoplasm,
where it formed bodies retaining a large portion of the HDACS pool (Fig. 6F, middle).
Surprisingly, the further removal of the two adjacent zinc fingers (BCL6-(1-573)) led to a
diffuse distribution of the protein in the cytoplasm. In contrastto BCL6-(1-626), the BCL6-(1-
573) derivative did not efficiently retain HDACS in the cytoplasm, as HDACS recovered its
"usual" distribution, being predominantly observed in the nuclei of these cells (Fig. 6F,
bottom).

Taken together, these data confirmed the results obtained in vifro as they showed the role of
the N-terminal regions of both HDACS and -7, and of the ZF region of BCL6, as essential
interaction interfaces in cells, and suggested that zinc fingers 3 and 4 of BCL6 are particularly
involved in this interaction. The fact that the deletion of the regions necessary for the in vitro
interaction, both in BCL6 or HDACS, impaired their co-localization, is consistent with the
idea that direct contacts are indeed important in vivo for the two proteins to associate. In
addition, these results revealed that the last two zinc fingers of BCL6 are required for the
nuclear targeting of this protein.

The Zinc Finger Region of BCL6 Mediates Transcriptional Repression-- Data presented
above showed that the zinc finger region of BCL6 is involved in the recruitment of HDACS
and HDACT7. It is therefore expected that the BCL6 ZF region repress transcription, when
targeted to a promoter. To test this hypothesis, we targeted the BCL6 ZF region into a
promoter containing GAL4-binding sites. The reporter system contained eight copies of the
binding sites for LexA immediately adjacent to five copies of the binding site for GAL4, all
cloned upstream from a luciferase gene (Fig. 74). In the presence of LexA-VP16 fusion co-
activator and the GAL4 DNA-binding domain alone (GAL4-DB), this reporter was activated
to high levels of expression (Fig. 7B, +LexA-VP16). An expression vector was prepared
expressing a fusion protein containing the ZF region of BCL6 (six fingers, amino acids 501-
706) fused to the GAL4 DNA-binding domain. Co-expression of LexA-VP16 and GAL4-
BCL6-(501-706) showed that the ZF region could efficiently inhibit the transcriptional
activity of LexA-VP16 (Fig. 7B, DB-BCL6 501-706 construct). Interestingly, the removal of
the zinc fingers involved in the interaction with class II HDACs almost abolished the
repressive effect of the domain. In control experiments, the expression of these GAL fusion



proteins had no effect on a promoter lacking the GAL4-binding site (Fig. 7B, L8-Luc
reporter). Since the ZF region of BCL6 could efficiently recruit HDACS in vitro and in vivo
(Fig. 6), we wanted to investigate the role of this HDAC activity in the ZF-mediated
transcriptional repression described above. The same experiments as above were performed
but cells were treated with HDAC inhibitor TSA 12 h before measurement of the luciferase
activity. Surprisingly, the repressive activity of the ZF region of BCL6 was not abolished by
TSA treatment, suggesting that, besides HDACs, other types of co-repressors could also
participate in the repressive activity of this region of BCL6 (not shown).

Interaction of Class Il HDACs with PLZF, Another POK Family Member-- Finally, we
examined whether our observations could be extended to other (BTB/)POZ and kriippel-like
zinc finger (POK) proteins. PLZF is another POK transcriptional repressor showing both
functional similarities and association with BCL6 (Ref. 33 and references therein). Upon
transient co-expression of both PLZF and class Il HDAC:s in cells, an obvious co-localization
of PLZF with HDACA4, -5, or -7 (Fig. 84) was observed. Moreover, like BCL6, PLZF was
able to interact directly with the N-terminal region of HDACS, -4, and -7 in GST pull-down
assays (Fig. 8B), suggesting that the class Il HDACs interact with another POK factor at least
and may therefore play a general role in regulating the function of these proteins.

Discussion

The data presented in this report show that BCL6 and PLZF harbor the capacity to recruit
three related members of the class II HDACs, HDAC4, -5, and -7, and indicate that this
recruitment relies, at least in part, on a direct interaction. A detailed investigation of these
interactions revealed interesting properties of BCL6 and the studied HDACs.

BCL6-Zinc Finger Region Is a Multifunctional Domain-- Two domains of BCL6 are involved
in the interactions with the class II HDACs: the N-terminal BTB/POZ domain and the C-
terminal ZF region. A BCL6 derivative lacking the four C-terminal zinc fingers is severely
impaired in its ability to bind HDACS and -7 in vitro and to co-localize with HDACS in vivo.
Moreover, the deletion of both the entire ZF region and the BTB/POZ domain totally
abrogates the interaction in vitro. Finally, the isolated ZF region of BCL6 is sufficient to
directly interact with HDACS and -7 in vitro, and exhibits an autonomous repressive activity
when targeted to a promoter in vivo. In addition to its already characterized DNA binding
capacity, all these results suggest a role for the ZF region as an important heteromerization
interface with class I HDACs. The ZF region of POK proteins therefore appears as a
multifunctional domain, mediating specific interaction with DNA as well as with various
protein partners, including class Il HDACs. Indeed, the recruitment of a co-repressor by the
C2-H2 zinc finger DNA-binding region of the CTCF transcription factor has been recently
reported (40). Moreover, a deletion of the ZF region of the ZF5 POK protein has been shown
to eliminate its ability to self-interact (41), whereas the ZF region of both BCL6 and PLZF
were found to be involved in their heteromerization (33). Likewise, the ZF region of PLZF
mediates its association with PML, the major translocation partner of RARe in acute
promyelocytic leukemia (42, 43).

A Limited Region of HDACH, -5, and -7 Targets Transcription Factors-- Regarding the
BCL6-interacting region of class Il HDACs, we identified their conserved non-catalytic N-
terminal domain to be necessary and sufficient for the interaction with BCL6 in vifro and for
co-localization in cells. This region is present in HDAC4, -5, and -7, as well as in the recently



cloned HDACY (26) and in MITR (44, 45), suggesting that these last two proteins probably
also interact with BCL6. These data emphasize the importance of this domain in
protein/protein interactions. Indeed, this domain has already been shown to bind MEF2
transcription factors as well as, at least for MITR, HDACs from both class I and class II and
the CtBP co-repressor, indicating how the isolated HDACS N-terminal domain, or MITR,
which lacks a catalytic deacetylase region, are capable of transcriptional repression (31, 44,
46). Moreover, this domain contains three conserved serines, two of them being possibly
phosphorylated by the calcium/calmodulin-dependent protein kinases (CaMK). A regulated
phosphorylation of these serines seems to control the interaction of these HDACs with
partners as well as their intracellular localization (37, 47-52). Our data suggest that BCL6 may
interfere with the nuclear/cytoplasmic shuttling of class II HDACs. For instance, HDAC4
appeared cytoplasmic in most cells when overexpressed "alone," but it became almost
systematically detectable in the BCL6 nuclear bodies when overexpressed in induced UT A-L
cells. Moreover, mapping experiments with either HDACS and -7 derivatives further indicated
that the first half of their N-terminal domain is necessary and sufficient to bind BCL6. This
highly conserved subregion also encompasses the binding site for the MEF2 transcription
factors (31, 48, 49, 52-54). These findings suggest a cross-talk between BCL6 and the
CaMK/HDACs/MEF2 pathway. Interestingly, like MEF2 transcription factors and
presumably class 1T HDACs (39), BCL6 positively controls myogenesis as BCL6-deficient
myocytes are more prone to undergo apoptosis upon serum withdrawal, possibly because they
are impaired in their capacity to correctly arrest proliferation and/or to terminally differentiate

9).

BCL6 Recruits Multiple HDACs Directly or Indirectly-- HDAC4, -5, and -7 C-terminal
regions bind silencing mediator of retinoid and thyroid receptors/nuclear receptor co-repressor
(25, 55) and, at least for HDAC7, mSIN3A (25). All these co-repressors were previously
found to also bind BCL6 (13, 16, 20). Moreover, B-CoR, a novel co-repressor interacting with
the BCL6 BTB/POZ domain has been shown to associate with class I HDACs in vivo (22).
Thus, BCL6 appears capable of interacting with class I HDACs both directly through its C-
terminal ZF region (and to a lesser extent, its BTB/POZ domain) and indirectly by recruiting
several co-repressors through its N-terminal half (16, 22). The possibility of multiple, direct,
and indirect, contacts between BCL6 and class I HDACs parallels the situation of BCL6-
class I HDACs interaction (16, 20). It could both confer more stability to the DNA-bound
repressor complex(es) and increase the regulatory potential of the complex by broadening its
linkage to distinct signaling pathways.

What Could Be the Role of the BCL6-HDACs Interaction?-- An obvious possibility for the
role of BCL6-HDACs interaction is that BCL6 uses HDACs to exert transcriptional
repression by local chromatin remodeling when targeted to specific promoters. It is also
interesting to consider another hypothesis based on the ability of BCL6 and associated
molecules to form specific "molecular reservoirs" allowing the assembly and reversible
storage of class I and class II HDAC-containing regulatory complexes. In this respect, it is
noteworthy that DNA replication has been found to progress on the periphery BCL6 nuclear
core (35). BCLo6-associated proteins could therefore be, at least in part, either deposited at
specific promoters during DNA replication to maintain or alter the local chromatin structure,
or involved in a broader function in chromatin maturation, especially the histone deacetylation
that follows their association to the newly replicated DNA (56, 57). Finally, beyond the
repression, another possibility would be that BCL6 could itself be a substrate of (at least
some) its associated HDACs, which could thereby modulate its function. The report that the



acetyltransferase p300 may both acetylate BCL6 and regulate its repressive activity (58)
provides support to this hypothesis.
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Fig. 1. Partial co-localization of endogenous BCL6 and endogenous class I HDACs in
human AS549 lung cells and mouse C2 myocytes. Immunogold labeling and electron
microscopy were used to co-detect BCL6 and HDAC4 in A549 (4 and B) and C2 (C) cells.
The 6-nm gold particles, which localize BCL6, are scattered through the nucleus or constitute
aggregates up to 100 nm in diameter. HDAC4, which is revealed by the 12-nm gold particles,
mainly appeared as isolated or small groups of gold particles. The arrows point to BCL6
aggregates with enclosed HDAC4 molecules in A549 cells. These co-localization foci are
located either in the interior of the nucleus (in A) or at the nuclear border (in B). The
arrowhead in C points to a cluster of 12-nm particles (HDAC4) juxtaposed to a cluster of 6-
nm particles (BCL6) in C2 cells. D and £, co-detection of BCL6 and HDACS in A549 cells.
In D, the 12-nm gold particles which localize HDACS are scattered through the cell or
accumulated over a dot (arrow), about 150 nm in diameter, which is devoid of 6-nm gold
particles, the latter constituting an independent aggregate (arrowhead). In E, the arrow points
to juxtaposed clusters of 6-and 12-nm gold particles located at the nuclear border. c,
cytoplasm; ch, perinuclear layer of condensed chromatin. Bars, 0.5 um.
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Fig. 2. Co-localization of HDAC4, HDACS, and HDAC7 with BCL6 in a BCL6-
inducible stably transfected cell line. 4, total cell extracts were prepared from BCL6 UTA-L
stably transfected cells grown in the presence (+, non-induced) or absence ( —, induced) of
tetracycline for 24 h. BCL6 expression was detected by Western blotting using anti-BCL6
C19 antibody. B, overexpressed BCL6 binds to a BCL6-DNA target sequence: electrophoretic
mobility shift assay analysis. Cell extracts were prepared from induced UTA-L cells and
incubated with a **P-labeled oligonucleotide containing a BCL6-binding site (lanes 2-3). A
supershift (denoted by an asferisk) is observed in the presence of anti-BCL6 N3 (lane 3) or
C19 (lane 4) antibodies but not in the presence of an irrelevant antibody (lane 5). Lane
1 contains only the labeled probe. C, co-localization of class Il HDACs with BCL6 in UTA-L
cells. HA-HDAC4 (top), -5 (middle), or -7 (bottom) were transfected in BCL6 expressing
UTA-L cells. Cells were then subjected to a double staining using the polyclonal Y11 anti-HA
(green) and mouse monoclonal M2 anti-Flag (red) antibodies to detect HDACs and BCLS6,
respectively, using confocal microscopy. Bars, 10 um.
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Fig. 3. Ultrastructural analysis of BCL6 and class I HDACs co-localization. Induced
(BCL6 expressing) cells were transfected with vector encoding HA-HDAC4 (4 and B), HA-
HDACS (C and D), and HA-HDAC?7 (¥ and F) as in Fig. 2C, and prepared for EM analysis
using the Y11 anti-HA or either the M2 anti-Flag or C19 anti-BCL6 antibody to detect class I1
HDACs and BCL6, respectively. A, the anti-HA antibody (10-nm gold particles) stained both
a cytoplasmic inclusion near to the nucleus (double star) and a typical, morphologically well
identifiable, nuclear BCL6 bodies (star). B, sometimes, HDAC4 antibody (10-nm gold
particles) is also detected in the interior and in the surrounding nucleoplasm of the BCL6
bodies (star). C, HA-HDACS antibody (5-nm gold particles, see arrow) is both present onto,
as well as within, a nuclear BCL6 body (s7ar) stained by 10-nm gold particles. D, upon higher
HDACS expression, large nuclear inclusions (double star) embedding the BCL6 bodies (star)
were found. Both the inclusions and the embedded BCL6 bodies were co-stained with the
anti-HA (10-nm gold particles) and the anti-Flag (5-nm gold particles) antibodies
demonstrating the complete co-distribution of the two proteins. £ and F, similarly, HDAC7
(10-nm gold particles) was either recruited onto free BCL6 nuclear bodies (£, stars) or
formed inclusions (F, double star) enclosing BCL6 bodies (star). ¢, cytoplasm; ch, condensed
chromatin. Bars, 0.5 um.
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Fig. 4. BCLG6 forms stable complexes with class II HDACs in vivo. UTA-L cells were
transfected with pcDNA-HA-HDACs vectors (HDACS, -4, or -7) and pcDNA-BCL6 or the
empty pcDNA3.1 plasmid. Thirty-six hours after transfection, cells were collected and
submitted to immunoprecipitation with an anti-BCL6 antibody. The immunoprecipitated
materials were analyzed by Western blotting using an anti-HA antibody to detect the HA-
HDAC: proteins as indicated (upper panels) or the anti-BCL6 antibody (lower panels). Input
lanes correspond to an aliquot of the soluble proteins before the immunoprecipitation step.
Asterisks represent the Ig band. The arrowheads indicate the full-length protein.
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Fig. 5. BCLG6 interacts with the N-terminal domain of the class II HDACs in vitro. A,
schematic representation of GST-HDACS fragments used in this study; B, GST alone or the
indicated GST-HDACS proteins immobilized on glutathione-agarose beads were incubated
with full-length **S-labeled BCL6. After the pull-down, the bound proteins were resolved by
SDS-PAGE and submitted to autoradiography. C, deletion of the N-terminal region of
HDACS impairs its co-localization with BCL6 in vivo. Induced UTA-L (BCL6 expressing)
cells were transiently transfected with the HA-HDACS5-(123-673) (top); HA-HDACS5-(674-
113) (middle) and HA-HDACS5-(123-292) (bottom). BCL6 and HA-HDACS derivatives were
detected with M2 anti-Flag and Y11 anti-HA antibodies, respectively. D, GST pull-down was
performed as in B with GST-HDACS5-(123-673), GST-HDAC4-(1-650), and GST-HDAC7-
(1-506), and **S-labeled BCL6. E, mapping of the HDAC?7 region involved in the binding to
BCL6. A pull-down was performed as in B with the indicated GST-HDAC?7 fragments and
full-length **S-labeled BCL6.
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Fig. 6. Mapping of the BCL6 regions involved in the interaction with HDACS and
HDAC?7. A, schematic representation of the BCL6 deletion fragments tested. *>S-Labeled
BCL6 proteins were incubated with GST-HDACS5-(123-673) (B) or GST-HDAC7-(1-254) (C)
immobilized on glutathione-agarose beads (+ /lanes) or GST protein alone (— /anes). The
bound proteins were resolved by SDS-PAGE and detected by autoradiography. /np, input of
3S-labeled protein. D, direct interaction between the ZF region of BCL6 and HDAC5-(123-
292). A baculovirus expression system was setup to express and purify the ZF region of
BCL6 (/eft, Coomassie Blue staining). The purified BCL6 ZF region was then used in pull-
down experiments with the indicated region of HDACS fused to GST and immobilized on
glutathione beads. The bound BCL6 ZF region was detected by Western blotting using an
anti-BCL6 antibody (fop right). The Coomassie panel shows the amount of GST fusion
protein used in this assay (bottom right). Input lane shows 10% of the BCL6 ZF fragment
used in the pull-down assays. F, UTA-L cells were co-transfected with a HA-HDACS
expression vector plus a vector encoding either wild-type BCL6 (fop) or a BCL6 derivatives
lacking either the two last zinc fingers (BCL6-(1-626), middle) or the four last zinc fingers
(BCL6-(1-573), bottom). Wild type and mutants BCL6 and HA-HDACS were detected with
polyclonal N3 anti-BCL6 and rat 3F10 anti-HA antibodies, respectively.
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Fig. 7. The isolated zinc finger region of BCL6 mediates transcriptional repression. 4,
schematic representation of L8GS5-luc reporter system. B, HeLa cells were transfected with
400 ng of L8GS-Luc reporter (black bars) and 20 ng of vectors expressing either the Gal4
DNA-binding domain alone (DB) or the indicated Gal4 DB-BCL6 fusion proteins, in the
presence of 100 ng of LexA-VP16 activator plasmid. In a control experiment, L8GS5-Luc was
substituted by L8-Luc reporter lacking Gal4 DNA-binding sites (white bars). Luciferase
activity obtained from L8GS-Luc plasmids in the presence of Gal4-DB is set at 100%.
Mean + S.D. of at least three independent transfections.
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Fig. 8. HDAC 4, -5, and -7 co-localize and interact with PLZF. 4, mouse C2 cells were
co-transfected with a PLZF expression vector together with expression vectors encoding HA-
HDAC4, -5,or -7. Cells were fixed 24h after transfection and analyzed by
immunofluorescence using the Y11 anti-HA antibody (green) and a monoclonal anti-PLZF
antibody (red) and confocal microscopy. Bars, 20 um. B, GST pull-down assays were
performed as described in the legend to Fig. 5D using full-length **S-labeled PLZF and GST-
HDACS5-(123-673), -HDAC4- (1-650), and -HDAC7-(1-506).



