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The BCL6 proto-oncogene, frequently alterated in non-Hodgkin lymphoma, encodes a POZ/zinc finger pro-
tein that localizes into discrete nuclear subdomains. Upon prolonged BCL6 overexpression in cells bearing an
inducible BCL6 allele (UTA-L cells), these subdomains apparently coincide with sites of DNA synthesis. Here,
we explore the relationship between BCL6 and replication by both electron and confocal laser scanning mi-
croscopy. First, by electron microscope analyses, we found that endogenous BCL6 is associated with replication
foci. Moreover, we show that a relatively low expression level of BCL6 reached after a brief induction in UTA-L
cells is sufficient to observe its targeting to mid, late, and at least certain early replication foci visualized by a
pulse-labeling with bromodeoxyuridine (BrdU). In addition, when UTA-L cells are simultaneously induced for
BCL6 expression and exposed to BrdU for a few hours just after the release from a block in mitosis, a nuclear
diffuse BCL6 staining indicates cells in G,, while cells in S show a more punctate nuclear BCL6 distribution
associated with replication foci. Finally, ultrastructural analyses in UTA-L cells exposed to BrdU for various
times reveal that replication progresses just around, but not within, BCL6 subdomains. Thus, nascent DNA is
localized near, but not colocalized with, BCL6 subdomains, suggesting that they play an architectural role
influencing positioning and/or assembly of replication foci. Together with its previously function as transcrip-
tion repressor recruiting a histone deacetylase complex, BCL6 may therefore contribute to link nuclear
organization, replication, and chromatin-mediated regulation.

The BCL6 proto-oncogene (also known as LAZ3) has been
cloned because of its frequent structural alteration, and pre-
sumably misregulation, in non-Hodgkin lymphomas (33, 55).
BCL6 harbors both a conserved and self-interacting BTB/POZ
domain at its N terminus and six Kriippel-like zinc fingers
involved in specific DNA binding at its C terminus (1, 17, 33,
55). Like some other, but not all, BTB/POZ and zinc finger
proteins, BCL6 appears to act as a transcriptional repressor
recruiting a SMRT/SIN3A/histone deacetylase (HDAC) re-
pression complex, suggesting that it influences transcription in
part by locally modifying the histone acetylation status and
hence the chromatin structure of its target genes (14, 18, 23,
29). BCL6 is a regulator of lymphoid development and func-
tion (11, 15, 54), though it may also play an important role in
other cell types, possibly by controlling the balance between
apoptosis and terminal differentiation (2, 3, 39).

A distinctive feature of the nuclear BTB/POZ proteins is
that they often concentrate into nuclear subdomains (8, 11, 13,
17, 29). For instance, in Drosophila, endogenous Mod (Mdg4)/
E(var)3-93D localizes to dots near the nuclear periphery, while
in the early embryo, the GAGA factor, which, like BCL6, also
contains a zinc finger DNA-binding region, displays a punctate
distribution associated with centromeric heterochromatin (22,
45). Moreover, at least in some cases, the formation of these
nuclear subdomains undergoes cell cycle control, as, in larval
tissues, the GAGA factor moves every cell cycle between a
heterochromatic (punctate) localization in M phase to a eu-
chromatic (diffuse) localization in interphase (44). In most
cases, however, the identity and function of the nuclear sub-
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domains defined or revealed by the BTB/POZ proteins are
unknown. Elucidating the nature and function(s) of these sub-
domains is likely to shed light onto the role of nuclear BTB/
POZ proteins, as well as provide important information re-
garding the mechanisms underlying the compartmentalization
of nuclear functions.

One such regionalized nuclear function is DNA replication.
DNA replication occurs at discrete nuclear subdomains termed
replication foci, each comprising a few synchronously fired
replicons, the proteins necessary for replication, and the nas-
cent DNA, which can be revealed by an in vivo incorpora-
tion of halogenated deoxyuridines such as bromodeoxyuridine
(BrdU) (30, 40, 42). The genome is replicated in a sequential
fashion during S phase, and the number, position, and shape of
the replication foci are characteristic of an S-phase substep and
highly reproduced throughout successive S phases. Each of
these substeps corresponds to the replication of different chro-
matin domains, with the transcribed euchromatin being repli-
cated first and the usually silent heterochromatin replicated
at the end (40, 42; see below). Moreover, the clustering and
nuclear positioning of the DNA sequences replicated at indi-
vidual replication foci are precisely maintained through the cell
cycle and into subsequent generations, so that the BrdU foci
persist as discrete structures even when replication does not
occur (19, 30, 40, 48, 51). How this highly precise and reliable
nuclear regionalization is achieved is still poorly understood,
although the nuclear matrix is generally believed to be impli-
cated (12, 26, 40, 41, 50, 51).

Both endogenous and overexpressed BCL6 localizes into
discrete nuclear subdomains (3, 11, 17, 29), hereafter referred
to as nuclear aggregates. Using UTA-L cells, which express an
epitope-tagged version of BCL6 upon removal of tetracycline
from the culture medium, we previously reported that the large
BCL6 aggregates formed upon BCL6 overexpression coincide
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in some cell nuclei with the DNA replication foci identified by
a 90-min pulse-labeling with BrdU (3). We made this obser-
vation in unsynchronized UTA-L cells upon prolonged BCL6
induction (48 h), under which conditions BCL6 impairs pro-
gression throughout S phase and triggers apoptosis (3). Using
electron and laser scanning confocal microscopy, we explore
here the relationship between replication foci and both over-
expressed and endogenous BCL6. Electron microscope analy-
ses in a lymphoid cell line reveal that endogenous BCL6 can
also associate with replication foci. In UTA-L cells, we show
that BCL6 is differentially distributed in G, and S nuclei and
appears associated with replication foci during early, mid, and
late S. Moreover, BCL6 aggregates of UTA-L cell nuclei are
progressively wrapped by newly replicated DNA, leading to a
close apposition but not true colocalization of the two stain-
ings. Altogether, these findings support the idea that BCL6
aggregates may play an architectural role in replication, by
influencing replication foci assembly and/or positioning.

MATERIALS AND METHODS

Antibodies. Monoclonal primary antibodies used were anti-BrdU (Boehringer
GmbH, Mannheim, Germany) and anti-Flag M2 (Sigma-Aldrich, Lisle D’Abeau
Chesnes, France). Polyclonal primary antibodies used were rabbit anti-BCL6
C19 and N3 (Santa Cruz Biotechnology, Santa Cruz, Calif.). Secondary antibod-
ies were either fluorescein isothiocyanate-coupled donkey anti-mouse antibody
(Jackson ImmunoResearch, West Grove, Pa.) and Cy3-coupled donkey anti-
rabbit antibody (Jackson) (Fig. 2 and 4) or Alexa 488-coupled goat anti-rabbit
antibody and Alexa 594-coupled goat anti-mouse antibody (Molecular Probes,
Eugene, Oreg.) (Fig. 5). For ultrastructural studies, secondary antibodies were
gold-labeled goat anti-mouse immunoglobulin G (IgG) antibody and goat anti-
rabbit IgG (British Biocell International Ltd., Cardiff, United Kingdom). All
primary and secondary antibodies used in immunofluorescence experiments
were diluted 1/100 or 1/200 in phosphate-buffered saline (PBS)-0.2% gelatin (2).
For ultrastructural studies, primary and secondary antibodies were diluted 1/10
and 1/25, respectively, in PBS.

Cell culture and synchronization. UTA-L cells (3) were cultured at 37°C and
5% CO, in a 50/50 mixture of MCDB 202 (Bicef, L’Aigle, France) and Dulbecco
modified Eagle medium supplemented with 10% fetal calf serum (Biomedia,
Boussens, France) (growth medium [GM]) plus tetracycline (2 pg/ml; Sigma-
Aldrich), hygromycin (200 wg/ml; Boehringer), and G418 (500 wg/ml; Gibco
BRL, Cergy-Pontoise, France) (GM/tet will hereafter denote GM plus tetracy-
cline [2 wg/ml]). Karpas 422 cells were grown in RPMI medium supplemented
with 10% fetal calf serum (Gibco-BRL).

For long BCL6 induction, UTA-L cells were rinsed twice with GM, then
trypsinized and collected by centrifugation, and rinsed twice more before plating
to efficiently remove tetracycline. Under these conditions, at least half of the cells
were induced after 20 to 40 h.

UTA-L cells in M phase of the cell cycle were obtained by a double thymidine-
nocodazole block essentially as described elsewhere (38). Briefly, UTA-L cells
were plated at 30 to 40% confluency in GM/tet supplemented with 2 mM
thymidine (Sigma-Aldrich). After 30 h, cells were rinsed two times with GM,
cultured in GM/tet alone for about 15 h, and then treated again with 2 mM
thymidine. After 24 h, thymidine was removed again; 6 h later, cells were treated
with nocodazole (200 ng/ml; Sigma-Aldrich) for a further 16 h. Cells in M phase
of the cell cycle were collected by rinsing the dishes, then centrifuged and washed
twice to remove both tetracyline and nocodazole, and then plated in GM plus
BrdU (using a Boehringer BrdU labeling and detection kit). After 6 h, 10 to 20%
of the cells displayed detectable expression of BCL6 expression as measured by
immunofluorescence experiments (intermediate induction), while 50 to 70%
were stained with the anti-BrdU monoclonal antibody upon immunofluores-
cence, in agreement with data obtained by fluorescence-activated cell sorting
(FACS) analyses upon propidium iodide staining. To prevent entry into S phase,
L-mimosine (0.5 mM; Sigma-Aldrich) (37) was added together with BrdU just
after release from the nocodazole block.

Finally, brief BCL6 induction was obtained by rinsing exponentially growing,
asynchronous UTA-L cells four times and then exposing them to GM for 4 h.
Under these conditions, only a few UTA-L cells (2 to 5%) were positive for
BCL6 expression as measured by immunofluorescence experiments.

FACS analyses. For FACS analyses, the collected cells were fixed in ice-cold
70% ethanol and incubated in a propidium iodide (10 wM)-RNase (50 pg/ml)
solution for 1 h at room temperature for DNA staining and analyzed by FACS
(Becton Dickinson) as previously described (3).

Immunofluorescence. In all immunofluorescence experiments shown, the anti-
BCLG6 polyclonal antibody C19 was used. Double BCL6-BrdU staining was per-
formed as previously described (3). In brief, cells were fixed in formalin (Sigma-
Aldrich) for 10 min at room temperature, treated for 10 min in a PBS-0.25%
Triton solution at room temperature, and incubated sequentially with the rabbit
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FIG. 1. Endogenous BCL6 is associated with replication foci in lymphoid
Karpas 422 cells. Images show simultaneous visualization at the ultrastructural
level of BCL6 and BrdU-containing DNA following a 15-min pulse. The arrow
points to a cluster of BCL6 (polyclonal antibody N3 and 5-nm gold particles)
located among the BrdU-containing DNA molecules (monoclonal anti-BrdU
antibodies and 10-nm gold particles). ¢, cytoplasm; ch, perinuclear condensed
chromatin. Bar, 0.5 pm.

anti-BCL6 antibody C19 and the anti-rabbit secondary antibody. The cells were
then fixed again in formalin (10 min at room temperature), treated with 1 N HCI
for 20 min at room temperature, and stained for BrdU using a BrdU labeling and
detection kit as instructed by the manufacturer. All observations were made
using a Leica laser scanning confocal microscope and Kodak Ektachrome 400
film.

Electron microscopy. Cells were fixed with 4% formaldehyde (Merck, Darm-
stadt, Germany) in 0.1 M Sorensen phosphate buffer (pH 7.3 to 7.4) for 1 h at 4°C
prior to methanol dehydration and Lowicryl K4M (Polysciences Europe Gmbh,
Eppelheim, Germany) embedding. Polymerization was carried out under long-
wavelength UV light (Philips TL 6W fluorescent tubes) at —30°C. Ultrathin (80
nm thick) sections were collected on Formvar-carbon-coated gold grids (200
mesh). Grids bearing Lowicryl sections were floated for 1 h on 5-ul drops of
primary antibody prior to incubation for 30 min over 5-ul drops of secondary
antibodies conjugated to gold particles, 10 nm in diameter, and finally stained
with 5% aqueous uranyl acetate for 10 min.

Localization of newly replicated DNA was examined following incorporation
of BrdU by the living cells for different periods of time. At the end of the pulse
treatments, cells were fixed with formaldehyde and embedded in Lowicryl K4M.
To render the BrdU incorporated into the DNA strands accessible to the anti-
bodies, grids bearing Lowicryl sections were floated on a 10-pl drop of 5 N HCI
for 25 min as previously described (9). Subsequently, BrdU was immunodetected
as follows. Grids were transferred successively for a few minutes over 10-pl drops
of PBS and 5% bovine serum albumin (BSA) in PBS and for 1 h over 5-ul drops
of anti-BrdU antibody diluted in PBS with 1% BSA and 2 pl of Triton X-100 per
ml. After rapid washes over drops of PBS, grids were incubated for 30 min on
5-pl drops of goat anti-mouse IgG conjugated to gold particles, either 5 or 10 nm
in diameter diluted in PBS with BSA and Triton X-100. After washing and air
drying, grids were observed following 10 min of staining with uranyl acetate. For
the simultaneous detection of BCL6 and BrdU, grids with HCI pretreatment
were incubated over a mixture of primary antibodies for 1 h and then over a
mixture of secondary antibodies conjugated to different sizes of gold particles
(5 and 10 nm in diameter) for 30 min.
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FIG. 2. BCLG6 is associated with replication foci throughout most of S phase. Vertebrate cells undergoing replication show a typical sequence of replication foci
patterns. Unsynchronized UTA-L cells were induced for BCL6 expression during 4 h, then pulse-labeled (15 min) with BrdU, and submitted to laser scanning confocal
microscopy to detect both BCL6 (red) and BrdU (green) by immunofluorescence. The pattern of replication was assigned to early (A), mid (B and C), and late (D)
S phase according to reference 42 (see text). BCL6 appears to be associated with replication foci throughout most of S phase, as its staining concentrates in certain
early replication foci (A, arrow), and decorates some mid (B and C, arrow) and late (D) replication foci. Bar, 5 um.

RESULTS

Endogenous BCL6 is associated with replication foci. To
validate our attempt to explore the relationship between BCL6
and replication foci, we first examined whether they are also
associated in cells that do not artificially overexpress BCLG6.
Endogenous BCLG6 is generally expressed at very low levels and

is virtually undetectable by immunofluorescence in UTA-L
cells. Thus, we used electron microscope analyses which were
sensitive enough to localize endogenous BCL6. The lymphoid
Karpas cell line, which expresses endogenous BCL6 at levels
detectable by immunoprecipitation (17), was chosen for this
study. Cells were pulse-labeled with BrdU and then costained



VoL. 20, 2000 BCL6 AND REPLICATION FOCI 8563

g1 3.2
93 t=0h g ] t=6h
N - -

283 3

5 3

383 8
3 8
e : Pap—_——"e TPy e

0 200 400 600 800 1000 0 200 400 600 B0OO 1000

relative DNA content

FIG. 3. Synchronization of UTA-L cells. UTA-L cells were synchronized in mitosis by a double thymidine block followed by overnight exposure to nocodazole (see
Materials and Methods). Poorly attached cells were then collected and stained for relative DNA content with propidium iodide. FACS analyses demonstrated that the
vast majority (>95%) of them were in mitosis (A). They were next simultaneously released from the nocodazole block and plated in BrdU-supplemented,
tetracycline-free medium to induce BCL6. After 6 h, 50 to 70% of the cells had entered S phase, while almost all of the remaining cells were in Gy, as indicated by

FACS analyses upon propidium iodide staining (B).

with both anti-BrdU and anti-BCL6 antibodies. Immunogold
labeling shows that some BCL6 signal can be found close to the
BrdU staining (Fig. 1). The 10-nm gold particles which local-
ized BrdU accumulate over large areas (up to 300 nm in di-
ameter). Quantitative evaluations of the electron microscope
micrographs reveal that 30% of the BrdU clumps contain
smaller areas (up to 30 nm in diameter) labeled with the 5-nm
gold particles. This frequency of association of the two kinds of
label is underevaluated because of the small size of the BCL6
areas which, therefore, are probably frequently located outside
the plane of the section. We conclude that at least a fraction of
endogenous BCLO6 is present in the vicinity of replication foci.

BCL6 targeting toward replication foci upon mild overex-
pression in UTA-L cells. Having shown the association of en-
dogenous BCL6 with replication foci, we pursued our analyses
in UTA-L cells, which offer the most suitable system to localize
BCL6 upon confocal and electron microscopy. However, to
parallel what we observed in Karpas cells, we next studied the
distribution of BCL6 with respect to replication foci, revealed
by a 15-min BrdU pulse, in UTA-L cells upon a brief (4-h)
induction, which gives rise to much lower BCL6 levels than the
48 h of induction that we previously used (3). Again, under
these conditions, we observed a striking coincidence or over-
lapping between the BCL6 staining and the replication foci in
some cells (Fig. 2). Confirming the mild BCL6 overexpression
even at the individual cell level, the replication foci appear
unaffected with respect to size, number, and shape in briefly
induced compared to noninduced UTA-L (Fig. 2 and data not
shown), while a long induction alters the distribution of repli-
cation foci in a manner suggesting that BCL6 can bundle or
reorganize them (see below). Thus, the localization of both
endogenous BCL6 (in Karpas cells) and briefly induced exog-
enous BCL6 (in UTA-L cells) indicates that the targeting of
BCL6 toward replication foci in UTA-L cells does not rely on
its vast overexpression.

BCL6 appears associated with replication foci throughout
most of S phase. Replication foci undergo typical morpholog-
ical changes corresponding to the replication of different chro-
matin domains during their progression throughout S phase. In
early-S-phase cells, the replication foci appear as numerous
small foci scattered throughout the nuclear interior and mainly
involved in replication of the transcribed, hyperacetylated hi-
stone H4-rich chromatin (48). Later, more discrete perinucleo-
lar and perinuclear foci (mid-S) followed by few and larger
intranuclear foci (late S) replicate the heterochromatin (42).
As a brief BCL6 induction has no apparent effect on replica-

tion focus morphology, we took advantage of these changes to
examine whether the association between BCL6 and replica-
tion foci is specific to some substeps of the S phase. As shown
in Fig. 2B and C, BCL6 is concentrated in clusters of pe-
rinucleolar as well as perinuclear mid-S replication foci. More-
over, at least a subset of the late-S large intranuclear replica-
tion foci are associated with large BCL6 nuclear dots (Fig. 2D).
Thus, BCL6 is associated with replication foci from mid to late
S, while the increasing size of BCL6 nuclear aggregates mark-
edly parallels that of replication foci. Note that the colocaliza-
tion is often partial and displays a great heterogeneity in rel-
ative intensity even within a single nucleus. The association of
BCL6 with early replication foci is more difficult to address,
given that they are small and numerous, resulting in a nearly
diffuse micropunctate BrdU staining. We note, however, that
the nuclei displaying a typical early-S BrdU staining also show
a micropunctate BCL6 staining. Moreover, some areas of
stronger BrdU staining coincide with areas of stronger BCL6
staining (Fig. 2A), indicating that at least a subset of early
replication foci are decorated by the anti-BCL6 antibody. We
conclude that BCL6 appears to be associated with replication
foci throughout most of S phase.

BCL6 subnuclear localization in G, and S cells. We next
examined whether BCL6 is differentially distributed within
UTA-L cells in the G, phase of the cell cycle versus cells in S
phase by restricting the start of BCL6 accumulation to late M
or, more likely, G, and early S. To this end, UTA-L cells were
synchronized in mitosis (Fig. 3A) and, when released from the
block, simultaneously induced for BCL6 expression and ex-
posed to BrdU. After 6 h, 50 to 70% of the UTA-L cells have
entered the S phase as revealed by their relative DNA content
upon cytofluorometric analyses (Fig. 3B), while 10 to 20%
express detectable, though variable, levels of BCL6 as indi-
cated by immunofluorescence experiments (see below). Upon
this intermediate BCL6 induction and continuous exposure to
BrdU, the BCL6 staining either is primarily nuclear diffuse or
appears as nuclear aggregates superimposed on a diffuse back-
ground of variable intensity.

We thus observe the following correlations. (i) The vast
majority of cells displaying a diffuse BCL6 staining are negative
for BrdU (Fig. 4, top row). As cytofluorometric analyses indi-
cated that very few cells are still in M at this time (Fig. 3), we
conclude that most of these BCL6 nuclear diffuse, BrdU-neg-
ative cells are in G,. (ii) The vast majority of the cells positive
for both BCL6 and BrdU display some coincidence of the two
stainings, suggesting that a fraction of BCL6 is concentrated to
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FIG. 4. BCL6 localization in G;- and S-phase cells. UTA-L cells were synchronized in mitosis, then simultaneously induced for BCL6, and exposed to BrdU as
described for Fig. 3. After 6 h, they were submitted to immunofluorescence to detect both BCL6 (red) and BrdU (green) by laser scanning confocal microscopy. We
observed that (i) cells displaying a diffuse BCL6 nuclear staining are almost systematically negative for BrdU (top row) and therefore very likely in G, (see Fig. 3) and
(ii) cells positive for both BCL6 and BrdU almost systematically display a punctate BCL6 nuclear distribution showing some coincidence with the BrdU staining (middle
row). The two patterns are shown in neighboring cells, indicating that the BCL6 punctate staining does not solely result from higher expression levels. Indeed, the diffuse
(presumably in an G,-phase cell [left]), BCL6 staining can be stronger than the punctated, replication-associated distribution observed in an S-phase cell (right) (bottom
row). Note that a given nucleus shows some nuclear dots containing both BrdU and BCL6 together, as well as BrdU foci with little or no BCL6 staining and vice versa.

Bars, 10 pm.

replication foci when its synthesis begins between M and early
S (Fig. 4, middle row).

Interestingly, BCL6 also associates with replication foci in
nuclei containing a very faint, if any, underlying diffuse nuclear
BCLS6 staining (Fig. 4, middle and bottom rows). Moreover,
the diffuse BCL6 staining in cells negative for BrdU can be
much stronger than the punctate staining associated with rep-
lication foci in BrdU-positive cells (Fig. 4, bottom row). This
shows that the expression level is not the sole determinant of
the subnuclear partitioning of BCL6 that we observe in S-
phase cells under these conditions. Altogether, these results
suggest that BCL6 is nuclear diffuse in G, and present at least
in certain replication foci during S.

To corroborate this conclusion, UTA-L cells were synchro-
nized, induced for BCL6 expression, exposed to BrdU as de-
scribed above, and compared with respect to BCL6 distribu-
tion between cells progressing into S phase and cells blocked in
late G,, using L-mimosine (37). We found that among BCL6-
positive nuclei, BCL6 staining is much more often diffuse in
L-mimosine-blocked cells than in untreated cells (88% diffuse

plus 12% punctate and 43.5% diffuse plus 56.6% punctate,
respectively, [means of two independent experiments] [Fig. 5]).
This is consistent with the idea that under these conditions,
BCLG6 is predominantly diffuse in G, and forms nuclear aggre-
gates associated with replication foci in S. Note, however, that
a few cells negative for BrdU in both untreated and L-mi-
mosine-treated cells exhibit regularly shaped spherical BCL6
nuclear aggregates often superimposed on a strong diffuse
nuclear background (not shown). Thus, the assembly of BCL6
nuclear aggregates is not entirely dependent on the entry into
S phase but is also determined by other, yet unknown cell
cycle-related events and/or by the expression level achieved in
our inducible system. We nevertheless conclude that cell cycle,
and especially progression into S, might influence BCL6 sub-
nuclear localization in UTA-L cells.

BCL6 immunolocalization in UTA-L cells at an ultrastruc-
tural level. For ultrastructural analyses, UTA-L cells were in-
duced for 20 h (long induction, allowing most of the cells to
express detectable level of BCL6) and then subjected to elec-
tron microscope analyses using either polyclonal or monoclo-
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FIG. 5. Blocking cell cycle progression alters the subnuclear distribution of BCL6. UTA-L cells were synchronized in mitosis and then both induced for BCL6 and
exposed to BrdU for 6 h as described for Fig. 3 in the absence (A) or presence (B) of 0.5 mM L-mimosine, which blocks the cells in late G, (37). Untreated cells
expressing BCL6 typically show either nuclear diffuse or nuclear punctate BCL6 staining (green), corresponding to BrdU-negative (presumably in G,) or BrdU-positive
(in S; detected in red) cells, as shown in Fig. 4, top or middle row, respectively (A). In contrast, L-mimosine-treated cells are almost completely devoid of BrdU staining,

as expected, and most show nuclear diffuse BCL6 staining (B). Bar, 10 pm.

nal antibodies to detect BCL6. All of the antibodies gave
indistinguishable results, with BCL6 staining appearing in ei-
ther of two major shapes, which are generally mutually exclu-
sive in a given cell. Up to 50% contained a new structure
(which was absent in noninduced UTA-L cells) identifiable by
its electron opacity alone upon routine staining with uranyl
acetate and mainly, but not exclusively, present in the nucleus
(Fig. 6). It varies from 250 nm to 1.6 pm in diameter and
displays a very regular aspect of either full spheres uniformly
labeled with the antibody or empty spheres labeled only over
the electron-opaque ring, the electron-translucent core being
always devoid of gold particles (Fig. 6A). We hereafter refer to
these large BCL6 aggregates as BCL6 macroaggregates. In the
nucleus, these BCL6 macroaggregates are located in the inter-
chromatin space sometimes close to the nucleolus (Fig. 6B)
and do not show preferential association with other nuclear
substructures such as the clusters of interchromatin granules
and coiled bodies.

In about half of the remaining cells, the labeling consists of
smaller (<250 nm) and more irregularly shaped clusters of
gold particles which are present over the nucleus or the cyto-
plasm (Fig. 6C). The clusters of gold particles are superim-
posed on small moderately electron-opaque structures. We
refer to these smaller BCL6 aggregates as BCL6 microaggre-
gates. Like the macroaggregates, the BCL6 nuclear microag-
gregates are present mainly in the interchromatin space but
occasionally also in association with the border or the interior
of the nucleolus. It is likely that the BCL6 macroaggregates
arise as a result of strong BCL6 expression, as they are scarcer
upon shorter induction (data not shown), although we do not
know whether they are overaggregated derivatives of BCL6
microaggregates or distinct structures.

In addition, each cell shows a slight diffuse labeling consist-
ing of a few gold particles randomly scattered over the inter-
chromatin space (except the enclosed clusters of interchroma-
tin granules and coiled bodies) in the nucleus and over the
ribosome-rich areas in the cytoplasm, indicating the existence
of a pool of nonaggregated BCL6 molecules in both the nu-
cleus and the cytoplasm. Finally, in contrast to the BCL6 rel-
ative RP58, which associates predominantly with condensed
chromatin (6), neither the BCL6 aggregates nor the nonaggre-
gated BCL6 pool exhibits a marked preference for a hetero-
chromatic localization.

Nascent DNA progressively wraps around BCL6 nuclear
aggregates. To examine the distribution of BCL6 nuclear ag-
gregates with respect to newly replicated DNA, we used elec-
tron microscope analyses and BrdU pulses of various lengths.
When strongly induced UTA-L cells were briefly pulse-labeled
with BrdU (5 min), a faint staining of BrdU was found near
some BCL6 nuclear macroaggregates (Fig. 7A). Moreover,
when the induced UTA-L cells were exposed to longer pulses
of BrdU (either 15 or 90 min), BrdU staining was seen not to
become superimposed on the BCL6 macroaggregates but
rather to progress around them (Fig. 7B to D). Thus, electron
microscope analyses reveal that the apparent colocalization of
BrdU staining and BCL6 nuclear aggregates by immunofluo-
rescence is in fact a close and relatively sustained appositioning
of the two labelings.

To confirm this, we performed double labeling with anti-
BCL6 and anti-BrdU antibodies. This reveals that some weak
BCL6 staining was sometimes present just outside the BCL6
macroaggregates which was only occasionally embedded within
the BrdU staining (Fig. 8A). Most evidently, however, the
vast majority of the BrdU clumps adjacent to BCL6 macro-
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FIG. 6. Intranuclear BCL6-containing aggregates are not preferentially associated with condensed chromatin. Images show ultrastructural localization of BCL6 in
UTA-L cells induced for 20 h using monoclonal antibody M2. Gold particles which localize BCL6 accumulate over newly formed, electron-dense structures in the
nucleoplasm. (A) Three labeled structures (BCL6 macroaggregates; arrows). Two structures exhibit a ring-shaped configuration. (B) BCL6 macroaggregate juxtaposed
to the nucleolus. (C) Smaller aggregate (BCL6 microaggregate) located at the border of the nucleus but not in contact with the perinuclear layer of condensed
chromatin. Identical results were obtained with either the N3 or C19 polyclonal anti-BCL6 antibody (data not shown). ¢, cytoplasm; ch, perinuclear condensed

chromatin; ig, cluster of interchromatin granules; nu, nucleolus. Bars, 0.5 um.

aggregates showed no BCL6 staining, suggesting that the
two labelings were indeed in close apposition rather than truly
colocalized (Fig. 8B). Similar results were obtained for BCL6
microaggregates (Fig. 8C). We conclude that in UTA-L cells,
replication can occur in the vicinity of, and progresses around,
the BCL6 nuclear aggregates.

DISCUSSION

In this study, we explored the relationship between BCL6
transcription factor and sites of ongoing DNA synthesis. We
show that a fraction of both endogenous (in Karpas cells) and
mildly overexpressed (in UTA-L cells) BCL6 is present in
replication foci. Furthermore, in UTA-L cells, a few-hour of
induction of BCL6 concomitant with continuous exposure to
BrdU just after synchronization in mitosis is sufficient to reveal
the targeting of BCL6 toward subnuclear regions coinciding
with replication foci. Under the same conditions, a nuclear
diffuse BCL6 distribution almost invariably indicates G, cells.
Thus, one aspect of the BCL6 subnuclear partitioning appears
as a cell cycle-regulated event.

The association between putative transcription factors

and replication foci is not without precedent. Of interest is
IKAROS, which shows parallels with BCL6. IKAROS is an-
other self-interacting zinc finger DNA-binding transcriptional
regulator that also recruits HDAC-containing complexes and
regulates lymphoid differentiation (24, 35, 36). Moreover,
IKAROS undergoes a cell cycle-dependent subnuclear redis-
tribution, giving first a diffuse staining mainly excluding the
heterochromatin in resting lymphocytes, which partially con-
centrates to numerous speckles, and then into few large
foci (toroids) as the cells progress throughout G,. Finally,
IKAROS associates with replication foci and negatively regu-
lates the entry into S (7, 24, 35, 36). However, the large G,
IKAROS foci are close to centromeric heterochromatin and,
consistently, IKAROS associates only with late replication foci
whereas BCL6 staining also appears to decorate some early
(presumably euchromatic) replication foci and, accordingly,
does not show a preferential localization in heterochromatin at
least upon overexpression.

What could be the role(s) of BCL6 in replication foci? BCL6
coprecipitates with an HDAC activity and binds HDACI in
vitro (15, 19). Replication is likely to represent a window of
time permitting certain covalent modifications of DNA or hi-
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FIG. 7. Newly synthesized DNA progressively wraps around the intranuclear BCL6-containing aggregates. Images show ultrastructural distribution of BrdU-
containing DNA in UTA-L cells induced for 20 h. Following short (5-min [A] and 15-min [B]) pulse-labelings, gold particles which localize BrdU are restricted to limited
portions of the fibrillar clear halo which surrounds the BCL6 macroaggregates. No labeling occurs over the macroaggregates themselves. Following a 90-min pulse, (C
and D), a crown of gold particles entirely surrounds certain BCL6 macroaggregates, while others are only partially surrounded (arrow in panel C). In all cases, however,
the BCL6 aggregates themselves are entirely devoid of BrdU labeling, as shown at low magnification in panel C. Bars, 0.5 pm.
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FIG. 8. Newly synthesized DNA and BCL6 are located in two juxtaposed, concentric domains. Images show simultaneous visualization at the ultrastructural level
of BCL6 (polyclonal antibodies: N3 [A and B] and C19 [C]) and BrdU-containing DNA (monoclonal anti-BrdU antibody) in UTA-L cells induced for 20 h. (A and
B) Gold particles, 5 nm in diameter, label the BCL6 protein, whereas the 10-nm gold particles label the BrdU. (A) Following a short (5-min) pulse, a small cluster of
10-nm gold particles only (arrow) and a cluster of mixed 5- and 10-nm gold particles (double arrow) are close to a BCL6 macroaggregate decorated only by 5-nm gold
particles. (B) Following a 90-min pulse, the BCL6 macroaggregate is stained only with anti-BCL6 antibodies (5-nm gold particles), whereas it is surrounded by a crown
of 10-nm gold particles only. ¢, cytoplasm; ch, perinuclear condensed chromatin. (C) In this nucleus, BCL6 constitutes microaggregates (arrows) labeled with the 10-nm
gold particles. Following a 15-min pulse, the clumps of BrdU (5-nm gold particles) are closely juxtaposed to the BCL6 microaggregates. Bars, 0.5 pum.

stones to ensure the assembly of chromatin and the establish-
ment or maintenance of chromatin domains underlying epige-
netic stable transcriptional regulation (5, 7, 35, 49). One of
these modifications is the deacetylation of histones just after

their deposition onto newly synthesized DNA. Class I HDACs
(HDACI1 to -3) have been suggested to contribute to this step
of chromatin maturation (21, 47), and indeed, HDACI is
somewhat concentrated in certain BCL6- or BrdU-costained
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foci (O. Albagli, C. Lemercier, S. Khochbin, and F. Puvion-
Dutilleul, unpublished data). Class I HDACs (HDAC4- to -7),
which interact with SMRT/NcoR (28, 31) and colocalize with
BCL6 upon overexpression (Albagli et al., unpublished data),
may also be recruited into replication foci. Moreover, chroma-
tin remodeling complexes are believed to modulate the acces-
sibility of DNA not only for transcription but also for replica-
tion (4). For instance, the carboxy terminus of BRCA1 both
associates with HDAC1/2 and stimulates the activity of a yeast
replication origin when artificially tethered near it (27, 53).
Thus, BCL6-recruited HDACs may in turn participate in rep-
lication initiation, chromatin maturation, and/or BCL6-medi-
ated transcriptional regulation. That BCL6 appears present in
replication foci throughout most of S phase is more consis-
tent with a role in origin recognition or remodeling or in
chromatin maturation rather than a restricted effect on the
chromatin environment of specific target genes. The role of
BCL6 may thus differ from that envisioned for IKAROS, where-
by IKAROS tethers the NURD-HDAC complex to hetero-
chromatic regions and contributes to heterochromatin-specific
modifications, although the nuclear diffuse IKAROS fraction
may recruit other chromatin-remodeling complexes to euchro-
matin (35, 36).

At an ultrastructural level, BCL6 aggregates are compact
structures (almost devoid of surrounding BCL6 staining), while
replication progresses around them, resulting in a close appo-
sition but not colocalization of the two labelings. After a 90-
min BrdU incorporation, a pulse length exceeding the lifetime
of a given replication focus (19, 40), this apposition persists to
give large BrdU rings whose shape and size appear to be
imposed by the BCL6 aggregates, as they are not observed in
uninduced UTA-L cells. Given that replication and transcrip-
tion sites appear in close proximity (but distinct) (52), it is
possible that this apposition reflects that the true localization
of BCLG6 is the transcription sites which overgrow upon BCL6
overexpression, thereby becoming wrapped by the neighboring
nascent DNA. However, this apposition can be observed irre-
spective of the size of the BCL6 nuclear aggregates and even
upon very short pulses of BrdU. Thus, perhaps underlying its
ability to disturb S-phase progression (3), this persistent appo-
sition could rather indicate that BCL6 overexpression remod-
els nuclear organization and replication foci positioning, pos-
sibly by mediating their coalescence and/or by altering the local
concentration of replication proteins. Several lines of evidence
indeed indicate that BTB/POZ proteins contribute to nuclear
organization. They often self-aggregate and heteroaggregate
through their BTB/POZ domain-containing N termini, leaving
available, in most cases, numerous bundled DNA-binding or
Kelch (putative actin-binding) domains at the C termini (1, 8,
46). Accordingly, much as the cytoskeletal BTB/POZ Kelch
protein cross-links actin fibers (46), they mediate long-range
interactions between distant DNA sequences (1, 56), a prop-
erty that may contribute to their role in the activity of certain
insulators (20, 22, 43). In the case of the GAGA factor, this
leads a promoter containing multiple GAGA-binding sites to
wrap around GAGA aggregates in vitro (32) in a manner
reminiscent of the organization of newly replicated DNA
around BCL6 nuclear aggregates in vivo. Moreover, another
BTB/POZ protein forms dots in the nuclear periphery and may
repress transcription by housing DNA sequences, possibly in
association with DNA-binding proteins, into this nuclear envi-
ronment (13). Finally, BCL6 aggregates are resistant to deter-
gent and nuclease extraction (Albagli et al., unpublished data),
suggesting that like several BTB/POZ proteins (22, 34), they
are bound to nuclear matrix, an underlying structure believed
to organize higher-order chromatin domains and anchor rep-
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lication apparatus (13, 44, 55, 56). Interestingly, the positioning
of chromatin domains within the nucleus might determine
when they are replicated during S (19, 40, 48). Moreover, there
is also a correlation between replication timing and chromatin
structure or transcriptional activity, which may explain why some
regulators of S-phase progression modify position effect varie-
gation in Drosophila (19, 27, 48). Although this nuclear com-
partmentalization usually appears highly stable and clonally
inherited, it may sometimes undergo developmentally regu-
lated modifications. For instance, IKAROS is believed to re-
cruit its target genes toward the centromeric heterochromatin,
to which IKAROS foci are also closely apposed, an effect that
correlates both with their heritable silencing and a change in
their replication timing (10). These findings reveal an interplay
between chromatin structure, replication timing, and nuclear
organization (16) and suggest that transcription factors form-
ing discrete aggregates associated with both chromatin-remod-
eling complexes and replication foci are likely actors in this
interplay. We thus propose that BCL6 is also involved in this
interplay in the following manner. In G,, BCL6 could contrib-
ute to the positioning of many chromatin domains, thereby
leading to its diffuse localization. As the cells enter S phase,
BCL6 might further aggregate in discrete foci, possibly as a
result of posttranslational modifications. This event may in
turn locally alter the concentration of replication proteins as
well as HDAC-containing complexes, hence influencing both
the organization and activity of the replication foci and the
chromatin structure of the newly synthesized DNA. Thus,
BCL6 might contribute to link DNA positioning, replication
timing, and chromatin-mediated transcriptional regulation.
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