
BCL6-mediated Attenuation of DNA Damage Sensing Triggers
Growth Arrest and Senescence through a p53-dependent
Pathway in a Cell Context-dependent Manner*□S

Received for publication, May 7, 2008 Published, JBC Papers in Press, June 4, 2008, DOI 10.1074/jbc.M803490200

Stella Maris Ranuncolo‡1, Ling Wang‡, Jose M. Polo‡2, Tania Dell’Oso‡, Jamil Dierov§, Terry J. Gaymes¶,
Feyruz Rassool�, Martin Carroll§3, and Ari Melnick‡4

From the ‡Department of Developmental and Molecular Biology, Albert Einstein College of Medicine, Bronx, New York 10461,
the §Hematology-Oncology Division, University of Pennsylvania, Philadelphia, Pennsylvania 19104, the �Department of Radiation
Oncology, University of Maryland School of Medicine, Baltimore, Maryland 21201, and the ¶Department of Haematological
Medicine, Leukaemic Sciences Laboratories, Kings College London, The Rayne Institute, 123 Coldharbour Lane,
London SE5 9NU, United Kingdom

The BCL6 oncogenic transcriptional repressor is required for
development of germinal center centroblasts, which undergo
simultaneous genetic recombination and massive clonal expan-
sion. Although BCL6 is required for survival of centroblasts, its
expression inearlierB-cells is toxic.Understanding theseopposing
effects couldprovide critical insight intonormalB-cell biology and
lymphomagenesis.Weexaminedthetranscriptionalandbiological
effects of BCL6 in various primary cells. BCL6 repression of ATR
was previously shown to play a critical role in the centroblast phe-
notype. Likewise, we found that BCL6 could impose an ATR-de-
pendent phenotype of attenuatedDNAdamage sensing and repair
in primary fibroblasts and B-cells. BCL6 induced true genomic
instability because DNA repair was delayed and was qualitatively
impaired, which could be critical for BCL6-induced lym-
phomagenesis. Although BCL6 can directly repress TP53 in cen-
troblasts, BCL6 induced TP53 expression in primary fibroblasts
and B-cells, and these cells underwent p53-dependent growth
arrest and senescence in the presence of physiological levels of
BCL6. This differential ability to trigger a functional p53 response
explains at least in part the different biological response to BCL6
expression in centroblasts versus other cells. The data suggest that
targeted re-activationofTP53 couldbeof therapeutic value in cen-
troblast-derived lymphomas.

BCL65 (B-cell lymphoma6) is a transcriptional repressor that
belongs to the BTB/POZ (bric-á-brac, tramtrack, broad com-

plex/Pox virus zinc finger) zinc finger family proteins. BCL6 is
the most commonly involved proto-oncogene in diffuse large
B-cell lymphomas (DLBCL) where it is often constitutively
expressed through translocations, point mutations, and other
mechanisms (1). In normal B-cell development, BCL6 expres-
sion is limited to germinal center B-cells (2). After T-cell-de-
pendent antigenic stimulation, B-cells migrate to lymphoid fol-
licles where they become centroblasts and form germinal
centers. At this stage B-cells up-regulate BCL6 and undergo
simultaneous clonal expansion and somatic hypermutation (2).
Somatic hypermutation affects mainly the immunoglobulin
loci but alsomutates many other genomic loci including that of
BCL6 (3).
Centroblasts have the unique ability to tolerate this state of

proliferation and genomic instability due in part to BCL6-me-
diated repression of the ATR (ataxia telangiectasia and Rad3
related) (4), TP53 and p21 genes (5, 6). ATR is a master regula-
tor of genomic damage sensing during replication, and its inac-
tivation permits cells to transit through S-phasewithout under-
going arrest or triggering apoptosis (7, 8). Centroblasts and
DLBCL cells exhibit a relative impairment in their ability to
recognize and repair DNA damage, phosphorylate H2AX, and
activate checkpoint pathways in response to DNA damage (4).
Depletion of BCL6 in centroblasts and DLBCL cells re-acti-
vatedATR and reversed this phenotype (4). Conversely, ectopic
expression of BCL6 in naı̈ve B-cells repressed ATR and attenu-
atedDNAdamage sensing (4). The p53 transcription factor can
induce cell cycle arrest, senescence, and cell death. Because
DNA damage and genomic instability can induce TP53 expres-
sion and its downstream effects, BCL6 repression of TP53
almost certainly plays a critical role in facilitating the survival
and proliferation of germinal center cells (5). Accordingly,
BCL6 could protect lymphoma cells from p53 effects in
response to DNA damage (5), and p53 blockade could partially
alleviate the cell death that occurs with inhibition of BCL6.6
Collectively, these data suggest a model whereby BCL6 facil-

itates the germinal center B-cell phenotype by promoting cell
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survival and proliferation. However, contrasting data suggest
an opposite role for BCL6 in inducing apoptosis and promoting
cell cycle arrest. For example, expression of BCL6 in certain
transformed or cancer cell lines such as HeLa, CV1, U20S, and
others can induce cell death and growth arrest (10–12). Fur-
thermore, BCL6 could immortalizeTp53-deficient but not wild
type primary populations mixed murine splenic B-cells (13),
raising questions regarding the physiological contribution of
TP53 repression to lymphomagenesis and whether BCL6 regu-
lation of target genes such as ATR and TP53 might be context
specific in the germinal center but not other primary cells.
To determine whether BCL6-mediated repression of ATR

and TP53 are intrinsic to BCL6 or to the centroblast milieu,
we examined the phenotypic effects of BCL6 in non-centro-
blast cells: normal human fibroblasts and primary human
tonsilar naı̈ve B-cells. In these cells BCL6 could repress ATR
and attenuate DNA damage sensing similar to its effect in
centroblasts and DLBCL. However, in contrast to centro-
blasts these cells were unable to evade the p53 response to
BCL6 including growth arrest and senescence. These effects
were p53 dependent because they did not occur in Tp53�/�

cells. Taken together these data indicate that when B-cells
transit through the germinal center they acquire the ability
to evade p53 checkpoint activity, which is not entirely
dependent on the repressor activity BCL6 and mediated by
some as of yet unknown factor. This allows the actions of
BCL6 on DNA damage sensing and replication to proceed
unopposed so that affinity maturation can proceed in these
cells and presumably contributes to lymphomagenesis when
BCL6 expression is constitutively sustained.

EXPERIMENTAL PROCEDURES

Cell Culture, Plasmids, Transfection, and Lentivirus Infection—
WI-38 cellswere grown inDulbecco’smodifiedEagle’smedium�
10% of fetal bovine serum � 1% sodium pyruvate. Primary
mouse embryonic fibroblasts (MEFs) weremaintained inDulbec-
co’s modified Eagle’s medium � 15% of fetal bovine serum.
BCL6-GFP and GFP were expressed by FUGW lentiviral trans-
duction as in Ref. 4. A multiplicity of infection of 1.5 could
infect human and murine fibroblasts with �95% efficiency.
Infection was validated by fluorescence microscopy and FACS.
For ATR rescue experimentsWI-38 cells were transfected with
pBJF-FLAG-ATR (ATRwt) or ATRkd (ATR kinase dead), a gift
of Drs. Stuart Schreiber and Karlene Cimprich (14), using
Amaxa electroporation. Primary MEFs were obtained after
removing the uteri and the amnion, yolk sac, placenta, head,
and liver from day 14.5 embryos, followed by mincing, incuba-
tion with trypsin-EDTA, and establishment of single cell
suspensions.
Isolation of Primary B-cells—Human tonsils were obtained

from routine tonsillectomies. Tissue was anonymous and
obtained if not required for pathologic evaluation, with
approval of the Institutional Review Board in accordance with
the Helsinki protocols. After mincing, tonsilar mononuclear
cells were isolated by HISTOPAQUE�-1077 (Sigma) density
centrifugation.Naı̈ve B-cells were isolated bymagnetic cell sep-
aration using the MIdiMACS system (Miltenyi Biotec) follow-
ing published protocols (15) and purity determined by FACS-

can (BD Biosciences) analysis. Naı̈ve B cells were checked for
IgD�, CD38low, andCD27�. Antibodies used for FACS analysis
were: anti-IgD-FITC, CD27-FITC, and CD38-PE (Pharmin-
gen). A multiplicity of infection of 3.4 for the GFP and GFP-
BCL6 lentivirus could infect human naı̈ve B-cells with 80–90%
efficiency as reported in Ref. 4.
Reporter Assay—293T were transfected with 100 ng of a

(GAL4)5-TK-LUC reporter construct, 50 ng of GFP expressing
or BCL6-GFP expressing lentiviral backbone plasmids, and a
Renilla reporter as internal control using Superfect (Qiagen).
After 48 h the cells were lysed and submitted to dual luciferase
assays (Promega) using a POLARstar Optima (BMG Labtech-
nologies) luminometer.
Chromatin Immunoprecipitation—Chromatin immunopre-

cipitation assays were performed in Toledo cells transduced
with GFP or GFP-BCL6 lentivirus using BCL6 (N-3, Santa
Cruz) or actin (Santa Cruz) rabbit polyclonal antibodies and
our standard BCL6 chromatin immunoprecipitation protocol
(4). The percent enrichment with respect to the input of the
BCL6 binding site from the CCL3 promoter was detected by
performing quantitative PCRusing anOpticon 2 thermal cycler
(MJ Research) and the Qiagen SYBR Green Kit (Qiagen). The
CCL3 primers were previously reported (16).
DNADamage Induction—5Gy of �-radiation were adminis-

tered using a ShepherdMark I, irradiator. Culture mediumwas
changed after radiation and cells weremaintained at 37 °C until
they were harvested for the corresponding experiments.
H2A.X Phosphorylation Assay—2 h after DNA damage, cells

were resuspended in permeabilization solution (0.5% saponin,
10 mM HEPES, pH 7.4, 0.14 M NaCl, 2.5 mM CaCl2) stained for
P-Ser139-H2A.X (referred to as �H2A.X) at a density of 2 �
106/ml cells using a rabbit polyclonal �P-Ser139-H2A.X pri-
mary antibody (Upstate) and Cy3-conjugated donkey anti-rab-
bit antibody (Jackson ImmunoResearch) followed by FACscan
analysis (BD Bioscience).
Comet Assay—Cells were diluted to a density of 2.5 � 104

cells/ml. Microscope slides were pre-coated with 1% type IA
agarose and 0.5 ml of cells mixed with 1 ml of 1% type-VII
agarose and spread over a pre-coated slide in quadruplicate. A
coverslip was added and agarose was allowed to solidify. Cov-
erslips were removed and slides were placed in lysis solution
(100mMdisodiumEDTA, 2.5 MNaCl, 10mMTris-HCl, pH10.0
containing 1% Triton X-100 at 4 °C and incubated for 25 min;
washed three times in ice-cold water for 15 min, transferred to
an electrophoresis tank containing ice-cold alkaline solution
(50mMNaOH, 1mM disodium EDTA, pH 12.5), and incubated
for 45 min. Electrophoresis was carried out for 25 min at 18 V
(0.5 V/cm) and 250 mA. Slides were removed and 1 ml of neu-
tralizing solution (0.5 mTris-HCl, pH 7.5) was added and incu-
bated for 10 min. Slides were then rinsed twice in phosphate-
buffered saline, stained with ethidium bromide (2.5 �g/ml),
covered with a coverslip and placed at 4 °C overnight. Comets
were analyzed using a NIKONDIAPHOTTMD epifluorescent
microscope at �20 magnification, 50–100 cells were analyzed
per slide using KOMET-5 Assay software (Kinetic Imaging).
Olive tail moment was recorded and the standard deviation
calculated using Excel.
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Cell Cycle Profile Analysis—1 � 106 cells were fixed in cold
70% ethanol, treated with ribonuclease A (Sigma) for 30 min at
37 °C (100 units), and stainedwith propidium iodide (20�g/ml,
Invitrogen) and analyzed by FACScan (BD Biosciences) using
CellQuest and ModFit software.
Real-time PCR—RNAwas prepared using TRIzol (Invitrogen).

Superscript III First strand cDNA synthesis kit (Invitrogen) was
used toprepare cDNA.AmplificationwasperformedusingQuan-
tiTect SYBR� Green PCR kit (Qiagen). Gene expression was nor-
malized to hypoxanthine-guanine phosphoribosyltransferase and
data indicated as -fold change relative to corresponding controls
using the 2-��CT method (for primers, see supplemental
Table 1).
Western Blot—10 � 106 infected and control cells were lysed

in TNG buffer (50 mM Tris-HCl, pH 7.5, 200 mM NaCl, 50 mM
�-glycerophosphate, 1%Tween 20, 0.2%Nonidet P-40 contain-
ing protease inhibitors). Primary antibodies used were: �BCL6
rabbit polyclonal (N-3) (Santa Cruz) (1:100 dilution), �ATR
rabbit polyclonal (SEROTEC, Oxford, UK) (1:100 dilution),
�p21 rabbit polyclonal (Santa Cruz) (1:100 dilution), �Cyclin
D1 rabbit polyclonal (1:500 dilution) (Cell Signaling), and
�-horseradish peroxidase-actin conjugated as a loading control
(SantaCruz) (1:1000 dilution). Secondary antibodies usedwere:
peroxidase-conjugated goat anti-mouse (115-035-003) and
anti-rabbit (111-035-003) 1:7000 (Jackson ImmunoResearch).
Viability and Apoptosis Assays—1 � 106 infected cells and

controls were resuspended in 25 �l of culture medium and 2 �l
of dye mixture (100 �g ml�1 acridine orange plus 100 �g ml�1

ethidium bromide in phosphate-buffered saline) and visualized
by fluorescence microscopy. At least 200 cells counted were
examined for apoptotic and/or necrotic cells.
Growth Cell Curves—Human and murine fibroblasts were

plated in triplicates at a density of 200,000 cells. Counting was
performed at the indicated time points using trypan blue. The
cell growth curves presented are representative of three inde-
pendent experiments.
Senescence Assay—�-Galactosidase activity as a biomarker

for cellular senescence (17) was assayed using the senescence
�-galactosidase staining kit (Cell Signaling) following the man-
ufacturer’s instructions.
Plasmid Misrepair and Deletion Assays—Nuclear cell

extracts were prepared from 106 wild type naı̈ve B-cells,
FUGW-GFP, and BCL6 infected using the CelLytic NuCLEAR
Extraction kit (Sigma). The pUC18 plasmid (Invitrogen) was
linearized by introducing DNA double strand breaks (DSB)
within the LacZ gene using the EcoRI restriction enzyme (MBI
Fermentes) and dephosphorylated with calf intestine alkaline
phosphatase (Promega). For the assay, 2 �g of EcoRI linearized
pUC18 were incubated with 3 mg of nuclear extract. Reactions
(10 �l) were carried out in 50 mM triethanolamine-HCl (pH
7.5), 60mMKOAc, 50�Mdeoxynucleotide triphosphates, 2mM
ATP, 1 mM dithiothreitol, and 100 �g/ml bovine serum albu-
min. Themixturewas incubated for 24 h at 18 °C. PlasmidDNA
was purified from extract by passing it down a filter column
(Qiagen-Minelute) and then diluted 3-fold in 10 mM Tris (pH
8), �1 mM EDTA buffer and 10 ng were used to transform
Escherichia coli strain DH5. Transformed bacteria were plated
out on Luria-Bertani (LB) agar plates, including 100 g/ml ampi-

cillin, 20 mg/ml 5-bromo-4-chloro-3-indolyl-�-D-galactopyr-
anoside (X-gal), and 200 mg/ml isopropyl 1-thio-D-galactopy-
ranoside. To allow for spontaneous rejoining/incomplete
EcoRI cutting, assay controls were conducted without nuclear
extract. The number of colonies generatedwas subtracted from
extract-treated plasmid colonies. To correct for bacterial plat-
ing numbers and determine whether nuclease activity was
affecting plasmid efficacy, cells were plated on LB agar without
ampicillin. Primers around the EcoRI site were designed to give
a PCR product of 628 bp corresponding to nucleotides 150–
777. Colony PCR was performed on white colonies (misre-
paired) to determine the size of the deletion, comparedwith the
blue (correctly repaired) colony controls.

RESULTS

BCL6 Attenuates DNA Damage Sensing and Repair in Nor-
malDiploid Fibroblasts—Todetermine the phenotype induced
by BCL6 in non-centroblast cells we delivered a GFP-tagged
form of BCL6 to WI-38 human diploid fibroblasts by lentiviral
transduction (versus GFP control). GFP-BCL6 can repress a
BCL6 reporter construct and bind to a BCL6 target gene (sup-
plemental Fig. S1, A and B). The GFP-BCL6 fusion protein
expressed by this construct was also previously shown to be
fully biologically functional comparablewithwild type BCL6 (4,
18). Transduced WI-38 cells expressed BCL6-GFP at physio-
logical levels as evidenced by itsmicrospeckled nuclear staining
similar to that of endogenous BCL6 (Fig. 1, A and B). The level
of BCL6 protein expression is fairly similar (although slightly
lower) than endogenous BCL6 expression detected in primary
human centroblasts (supplemental Fig. S1C). BCL6-GFP
repressed ATR at both the mRNA and protein levels (Fig. 1, C

FIGURE 1. BCL6 represses ATR in normal human fibroblasts. WI-38 normal
diploid fibroblasts were transduced with BCL6-GFP or GFP expressing lentivi-
rus. BCL6 was detected by quantitative PCR (A), represented as -fold increase
in BCL6 compared with untransduced cells, and microscopy (B), showing
phase contrast for untransduced cells and fluorescence for GFP and BCL6
GFP-transduced cells. All BCL6-GFP transductions are referred to as “BCL6.”
C and D show quantitative PCR and Western blots performed to detect ATR
mRNA and protein abundance, respectively. D includes a BCL6 Western blot
to demonstrate the amount of BCL6 protein and actin as loading control. Ctrl
refers to un-transduced WI-38 cells.
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and D). As a consequence, BCL6-transduced WI-38 cells dis-
played an attenuated ability to sense DNA damage. Damage
sensing in response to 5 Gy �-radiation was detected by meas-
uring phosphorylation of H2A.X on serine 139, which is medi-
ated in part by ATR and plays an important role in recognizing
and repairing DNA DSBs (19). Control cells exhibited 90–95%
H2A.X phosphorylation after �-radiation, whereas BCL6-
transduced cells only displayed 20% phosphorylation (Fig. 2A).

The effect was at least partly ATR-dependent because H2AX
phosphorylation was rescued by expressing ATR together with
BCL6. Expression of ATR expression in the transfected cells
was confirmed by immunoblotting (Fig. 2B). To determine
whether defective damage sensing led to a delay in DNA repair
we performed Comet assays, a method that can quantify DNA
DSBs at the level of a single cell. The extent ofDNAdamagewas
examined over a 24-h time course after �-radiation. BCL6-
transduced cells displayed delayed repair at 1, 2, and 6 h and
returned to normal after 24 h (Fig. 2, C and D). Extensive DNA
damage triggers cell death through ATR and other pathways.
However, BCL6 transduction allowed damaged WI-38 cells to
survive, even while exhibiting considerable DNA breakage as
evidence by the Comet assay (Fig. 2E). Expression of ATR
restored the ability of BCL6-transduced cells to undergo cell
death. Taken together, expression of BCL6 in normal fibro-
blasts represses ATR and emulates the DNA damage attenua-
tion phenotype of centroblasts.
BCL6TriggersGrowth Suppression and Senescence inNormal

Diploid Fibroblasts—In centroblasts expression of BCL6
facilitates sustained proliferation despite mutagenesis
occurring as a byproduct of affinity maturation. To deter-
mine whether BCL6 mediate this effect outside of the cen-
troblast context we examined its impact on cell checkpoints
and proliferation. mRNA extracted from BCL6-transduced
or control cells was examined for transcript abundance of
ATM, TP53, and its downstream target P21. Although BCL6
can repress TP53 and P21 in germinal center and lymphoma
cells, expression of BCL6 in WI-38 cells induced ATM
50-fold and TP53 and p21 about 15-fold (Fig. 3A), suggesting
that these cells mount an oncogenic stress response (20) able
to overcome BCL6 repressor effects. p53 protein levels were
correspondingly increased in the presence of BCL6 (Fig. 3B).
ATM protein levels were also increased after BCL6 trans-
duction (supplemental Fig. S1D). Consistent with the ability
of p53 to induce a G1 arrest, BCL6-transduced WI-38 cells
exhibited an increase in the G1 phase fraction from 74 versus
42% in control cells (Fig. 3C); and a progressive reduction in
their proliferative rate (Fig. 3D) that could not be overcome
by increasing serum concentration or passage in culture
(data not shown). Also, certain morphological features, such
as cytoplasmic vacuoles and enlarged cell size and flattening
were observed. These changes were suggestive of cellular
senescence, which was further confirmed by detection of
pH-dependent �-galactosidase levels (Fig. 4A). Altogether,
within 8 days, 37.5% of BCL6-transduced WI-38 cells dis-
played evidence of senescence as compared with 6% of GFP
transduced or untransduced cells (Fig. 4B). Therefore, the
effects of BCL6 can be physiologically countered by a
response that includes induction of TP53 and cellular senes-
cence in human diploid fibroblasts.
Induction of Senescence by BCL6 Is Dependent on p53—We

wondered whether BCL6-induced senescence was depend-
ent on p53. Therefore, we compared and contrasted the
effects of BCL6 in freshly prepared Tp53�/� MEFs versus
Tp53�/� MEFs. As in WI-38 cells, transduction of BCL6 in
normal MEFs resulted in proliferative arrest within 72–96 h
(Fig. 5A). In contrast, transduction of BCL6 in Tp53�/�

FIGURE 2. BCL6 attenuates DNA damage response in fibroblasts in an
ATR-dependent manner. A, WI-38 fibroblasts were transduced as indicated,
harvested before and after 5 Gy �-radiation, and submitted to FACS to detect
the percentage of cells staining for Ser139 phosphorylation of H2A.X. B, immu-
noblots were performed in BCL6-transduced WI-38 cells transfected with
either pCDNA or pCDNA-FLAG-ATR. The top immunoblot was performed with
FLAG antibody (because ATR is FLAG tagged) and the bottom, a Western blot
with ATR antibody. The data confirm that ATR was expressed in ATR-trans-
fected cells. C, repair of DSBs was detected in transduced WI-38 cells at the
indicated time points before and after 5 Gy �-radiation. Quantitative Comet
assays were performed in quadruplicate and the mean � S.D. calculated. The
y axis represents the abundance of DNA double strand breaks in arbitrary
(Olive tail moment) units. D, representative photomicrographs of single cells,
stained with ethidium bromide from the Comet assay experiment of panel B.
E, WI-38 cells were transduced as indicated and ATR transfected 24 h later. The
percentage of dead cells were evaluated by acridine orange/ethidium bro-
mide staining 24 h after 5 Gy �-radiation (�-RT; �) or after no radiation (�). Ctrl
refers to untransduced WI-38 cells.
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MEFs failed to provoke growth arrest (Fig. 5B). As before,
growth arrest was associated with cellular senescence,
because 52% of MEFs were �-galactosidase positive after 8
days as compared with 1% of controls (Fig. 5,C and E). Senes-
cence was largely p53-dependent because no more than 10%
of Tp53�/� MEFs became positive for �-galactosidase (Fig.
5, D and E). Like WI-38 cells, Tp53�/� MEFs displayed up-
regulation of Tp53 upon transduction of BCL6 (Fig. 5F). Not
only did BCL6-transduced Tp53�/� MEFs maintain their
proliferative potential, but also acquired the ability to form
colonies on tissue culture plates in contrast to control trans-
duced cells (Fig. 5G). These data indicate that primary non-

germinal center cells can trigger a p53-dependent cellular
senescence response capable of overcoming the oncogenic
effects of BCL6.
BCL6 Induces a p53 Response in Primary Human Naı̈ve

B-cells—We next examined whether this biological phenome-
non was relevant to the context of primary B-cells. We isolated
human primary tonsilar naı̈ve B-cells, which include B-cells
that have not yet entered into the germinal center reaction and
have not yet up-regulated BCL6. Transduction of BCL6
silenced expression of ATR in these cells (Fig. 6A), and we pre-
viously showed that BCL6 could attenuate DNA damage sens-
ing as detected by H2AX phosphorylation and Comet assays
(4). However, just as in fibroblasts, BCL6 transduction power-

FIGURE 3. BCL6 triggers a p53 response and growth arrest in WI-38 cells.
A, quantitative PCR was performed in WI-38 fibroblasts 48 h after transduc-
tion as indicated to determine the -fold change in transcript abundance for
ATM, TP53, and P21, expressed relative to untransduced cells. B, Western blot
was performed to detect the amount of p53 protein, as compared with actin
loading control. C, the percent of cells in G1, S, and G2/M phase was deter-
mined by propidium iodide FACS. D, the proliferation of WI-38 cells was
assessed over a 5-day time course at the indicated time points. Ctrl refers to
untransduced WI-38 cells.

FIGURE 4. BCL6 induces senescence in WI-38 cells. A, light microscopy of
WI-38 cells stained for acid �-galactosidase activity 8 days after transduction
with BCL6-GFP or GFP. B, quantification of percent of cells positive for acid
�-galactosidase activity (i.e. senescent cells). Ctrl refers to untransduced
WI-38 cells.
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fully induced TP53mRNA and protein up-regulation as well as
P21 (Fig. 6, A and B). To determine whether TP53 induction
was associated with a similar growth suppression response, we
examined the growth curves of naı̈ve B-cells in culture after
BCL6 transduction. Once removed from tonsils and cultured
under standard conditions, naı̈ve B-cells initially proliferate but
within 48 h subsequently gradually decline in number (Fig. 6C).
Transduction of BCL6 suppressed proliferation of naı̈ve B-cells
and led to a sharp decline in cell numbers compared with con-
trol within 4 days. Part of the reason for this reduction in num-
bers was loss of viability induced by BCL6 transduction (Fig.
6D). These results suggest that normal mature B-cells as well as
fibroblasts react to BCL6-mediated attenuation of DNA dam-
age sensing by triggering a p53-associated growth suppressive
reaction.
Altered regulation of TP53 and ATR could potentially affect

the ability of cells to properly repair DNA damage. To deter-
mine in fact whether BCL6 causes misrepair, we directly meas-
ured the quality of DNA repair of DNA DSB in the nuclear

extracts of BCL6-transduced naı̈ve B-cells. We used an in vitro
assay for end-joining, one of themain pathways for the repair of
DSB in mammalian cells. We exposed a linearized LacZ con-
taining plasmid to cell extracts of naı̈ve B-cells with or without
transduced BCL6 or GFP and compared and contrasted the
ability of these extracts to repair the plasmid. BCL6 expressing
naı̈ve B-cell extracts exhibited a 2-fold increase in misrepair,
as evidenced by loss of LacZ activity upon plasmid re-liga-
tion and transformation to E. coli (Fig. 7A). There was also a
2-fold increase in large deletions versus control cells (Fig.
7B). These data indicate that BCL6 not only attenuates DNA
damage sensing and delays repair, but that the presence of
BCL6 also affects repair qualitatively. These effects of BCL6
are not tolerated by primary B-cells, except upon initiation

FIGURE 5. Induction of senescence in fibroblasts is dependent on p53.
A and B, the proliferation of Tp53�/� and Tp53�/� MEFs, respectively, trans-
duced as indicated was measured over an 8-day period. C and D, quantifica-
tion of percent Tp53�/� and Tp53�/� MEFs cells, respectively, positive for acid
�-galactosidase activity (i.e. senescent cells) after 10 days. E, representative
photomicrographs of MEFs from panel B stained for acid �-galactosidase
activity. F, Western blots were performed to determine protein abundance of
BCL6 and p53 in wild type MEFs transduced as indicated. G, microscopic
images of Tp53�/� MEFs transduced as indicated after 10 days. Upper panels
are phase-contrast and lower panels are fluorescence microscopy to deter-
mine growth patterns of transduced cells as indicated after 10 days. Ctrl refers
to untransduced MEFs.

FIGURE 6. BCL6 induces p53 response and growth arrest in naı̈ve B-cells.
Purified human tonsilar naı̈ve B-cells were transduced with BCL6-GFP or GFP
lentivirus. A, Western blots were performed to detect abundance of BCL6,
ATR, and p53 in naı̈ve B-cells 48 h after transduction as indicated. B, quantita-
tive PCR was performed to detect ATM, TP53, and P21 mRNA transcript -fold
change after BCL6-GFP versus GFP lentiviral transduction. C, naı̈ve B-cell pro-
liferation was determined at various time points over a 96-h time course after
transduction with BCL6-GFP or GFP lentivirus versus control cells. D, the per-
cent of dead cells as determined by ethidium bromide acridine orange stain-
ing is shown 48 h after the indicated transductions. Ctrl refers to untrans-
duced naı̈ve B-cells.

FIGURE 7. BCL6 causes misrepair and deletion of double-strand breaks.
Cellular extracts were obtained from naı̈ve B-cells transduced with BCL6, GFP,
or mock transduced. A linearized LacZ containing plasmid was incubated in
these extracts, and then recovered and analyzed by blue/white colony form-
ing assays and PCR. The left panel shows the percent of colonies that have lost
the ability to express functional LacZ, which has doubled in the BCL6 express-
ing cells. The right panel indicates the percentage of recovered plasmids that
have undergone extensive deletions, which again has doubled in the pres-
ence of BCL6. Ctrl refers to untransduced naı̈ve B-cells.
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of the germinal center reaction, whereupon they must
acquire the ability to at least transiently facilitate BCL6-me-
diated repression of p53 responses.

DISCUSSION

This work explores the effect of cellular context on the activ-
ities of the BCL6 transcriptional repressor. BCL6 was reported
to play a critical role in survival and proliferation of centroblasts
at least in part by repressing TP53 and P21 to evade cellular
checkpoints triggered in germinal center B-cells by rapid pro-
liferation and affinity maturation (5, 6). BCL6 also contributes
to this effect by directly repressing ATR, resulting in attenua-
tion of DNA damage sensing and repair (4). BCL6 can bind to
several other DNA damage response genes including CHEK1,
although their contribution to BCL6 biological actions remains
unknown (16). Peptide inhibitors of BCL6 induce TP53 and
ATR in lymphoma cells, resulting in cell death and showing that
maintenance of BCL6 is required for survival of lymphoma cells
(21). In contrast, other groups have reported that BCL6 medi-
ates induction of apoptosis and growth arrest in other cell types
(as reviewed in Ref. 22). To understandwhy BCL6 yields oppos-
ing effects in these different cellular contexts we examined the
effect of BCL6 in primary non-GC cells using similar assays and
conditions as recently reported in centroblasts and lymphoma
cells (4).
Herein we show that BCL6 can repress ATR in both normal

diploid fibroblasts and naı̈ve B-cells. Similar to centroblasts,
this leads to attenuation of DNA damage sensing (H2AX phos-
phorylation), as well as quantitative (Comet assay) and qualita-
tive (plasmid ligation assay) defects in DNA repair after expo-
sure to genotoxic damage. One way that cells respond to
genotoxic stress or to oncogenes like constitutively active RAS
and MYC is by triggering checkpoint responses, in which p53
plays a critical role (23). Such responses can direct cells to exit
the cell cycle and undergo senescence or cell death. An ATM-
p53 pathway was recently shown to play a critical role in the
early response of cells to oncogenes that could induce genomic
instability (20). BCL6 can evade these checkpoints in centro-
blasts by repressing TP53. However, our results suggest a more
complex scenario, because expression of BCL6 in normal fibro-
blasts resulted in the opposite effect, with up-regulation of
ATM, TP53, and P21 and consequent cell cycle arrest and
senescence. This effect was dependent on Tp53 because BCL6
failed to trigger senescence in p53 null fibroblasts or primary
human naı̈ve B-cells. The fact that both TP53mRNA and pro-
tein abundance were increased in the presence of BCL6 is con-
sistent with previous reports showing that several types of cel-
lular stress can cause a similar effect (24–26). ATM and ATR
are not bio-equivalent proteins, and consistent with previous
reports (e.g. Ref. 4 and references therein), the presence of
ATM does not rescue cells from the effects of BCL6-induced
ATR depletion.
These results are consistent with those of Kusam et al. (27)

demonstrating that BCL6 could only immortalize primary sple-
nic B-cells in a p53 null background. In contrast, Shvarts et al.
(28) reported that BCL6 might be able to bypass p53-induced
senescence in primary MEFs and in a mixed population of
human B-cells, and that BCL6-mediated induction of cyclin D1

could explain this effect (presumably as a secondary effect
because BCL6 is not a transcriptional activator). In our experi-
ments BCL6 could not bypass p53 and did not induce cyclin D1
in primary human fibroblasts, primary MEFs, or purified naı̈ve
B-cells (supplemental Fig. S2).One possible explanation for this
difference could be BCL6 expression levels, which in this case
was similar to physiological levels. Our current results are also
consistent with a genetic model where BCL6 expression prior
to the germinal center resulted in toxicity and loss of B-cells,
similar to the effects we report herein.7 If BCL6 could truly
bypass p53 than such mice would instead be expected to
develop lymphomas, which is not the case.
Our data demonstrate that the effects of BCL6 on TP53

expression is dependent on the cellular context. In contrast to
primary fibroblasts and naı̈ve B-cells, centroblasts fail tomount
a functional p53 response. The reason for this is likelymultifac-
torial. First, BCL6 is uniquely able to inhibit or attenuate TP53
induction in the centroblast milieu, because blockade of BCL6
could induce p53 to various degrees (5, 9). This is likely due to
direct repression of the TP53 gene by BCL6. BCL6 might also
attenuate p53 biological effects by directly repressing p53 tar-
gets. For example, the P21 andGADD45A genes are both direct
transcriptional targets of BCL6 and p53 (6, 9). Also likely to
contribute are defects in p53 activation through post-transla-
tional modifications. For example, loss of ATR might impair
p53 phosphorylation through the CHEK1 pathway. It seems
very likely that additional as of yet unidentified factors or bio-
logical pathways active in centroblasts but not in naı̈ve B-cells
or fibroblasts contribute to attenuate p53 and facilitate physio-
logical genomic instability mediated by BCL6 (supplemental
Fig. S3). Identification of factors that enhance the activity of
BCL6 in centroblasts will be critical for understanding how
these cells survive affinity maturation. Such factors might
include BCL6 interacting corepressor proteins, such asHDAC9
and MTA3, which are expressed preferentially in the germinal
center compartment with BCL6 (21, 29, 30). Alternatively,
other signaling or transcription factors that do not interactwith
BCL6 could independently affect factors that might otherwise
induce the oncogene response. For example, the BAFF (B cell-
activating factor of the tumor necrosis factor family) protein
can inhibit p53 in B-cell lymphoma cells (31). Pro-survival
effects may not be limited to centroblasts, because BCL6 was
reported to maintain viability of differentiating myocytes,
although the mechanism in this case is not known (32).
In summary, our data suggest thatwhenBCL6 repressesATR

with the consequent defect in DNA damage sensing and repair,
normal cells respond by generating a p53 response. It seems
that the failure of centroblasts to respond in a similar way
explains at least in part the results obtained by different groups
in BCL6 ectopic expression systems. The ability of BCL6 to
repress both ATR and TP53 probably plays a central role in its
tendency to cause DLBCL (33, 34). The likely engine for DNA
breaks in centroblasts is their rapid replication in the absence of
ATRand themutagenic effects ofAID.The importance of these
factors in BCL6-mediated lymphomagenesis is highlighted by a

7 L. Bergsagel, personal communication.
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report that loss of AID can attenuate lymphomagenesis in
BCL6 constitutively expressing mice (35). These observations
could have therapeutic implications. We have developed a spe-
cific targeted therapy agent called BPI (BCL6 peptide inhibitor)
that blocks the transcriptional repressor activity of BCL6 (9).
Agents that rescue the p53 pathway might be expected to
enhance the anti-lymphoma activity of BPI. Along these lines
we have shown that a p53 activating peptide synergistically kills
DLBCL cells when administered in combination with BPI (9).
Dissection of B-cell checkpoint pathways could thus lead to
improved therapeutic regimens for B-cell lymphomas.
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