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Abstract

The BCLS6 transcriptional repressor protein has been shown to promote B cell lymphoma in
transgenic mouse models. The mechanism by which BCL6 transforms primary B cells is unclear,
although repression of the p53 tumor suppressor is thought to play a role. Here we show that
BCLS6 has critical oncogene functions that are independent of p53 repression. We find BCL6
cooperates with constitutive CD40 signaling to rapidly transform p53-deficient primary mouse B
cells in vitro. Constitutive CD40 signaling alone does not transform p53-deficient B cells,
indicating that BCL6 acts specifically as an immortalizing oncogene in this system. The BCL6
transformed B cells are polyclonal and form polyclonal tumors. At the initiation of the cultures,
BCL6 does not significantly alter cell cycle progression, but does promote increased cell survival.
Early cultures of BCL6 expressing B cells show marked repression of ATR and p27kip1 but not
other BCL6 target genes, suggesting that the ATR and p27kipl genes have key early roles in
mediating BCL6 transformation function. BCL6 transformed cell lines show further decreases of
ATR and p27kipl expression plus strong decreases in Blimpl and PDCD2 expression. This study
provides important clues about the critical target genes used by BCL6 to transform primary B cells
and indicates that the CD40 signaling pathway can collaborate with BCL6 in the transformation of
primary B cells. Lastly, our study demonstrates a rapid in vitro system to analyze the
transformation function of BCLS6.
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The BCL6 gene encodes a transcriptional repressor protein that regulates B cell
differentiation and B cell lymphomagenesis. BCL6 protein is expressed at low levels in
resting B cells, induced to very high levels in germinal center B cells and is then turned off
as B cells differentiate into plasma cells 173. B cells deficient in BCL6 expression are unable
to form germinal centers 4: 5. Chromosomal translocations involving the BCL6 gene occur
in almost one-third of cases of non-Hodgkin’s lymphoma, and BCLS6 translocations are most
common in Diffuse Large Cell Lymphoma 6. Translocations of the BCL6 gene involve
promoter substitution and have the effect of conferring constitutive expression of BCL6 to
the B cell 678. Constitutive BCL6 expression blocks normal B cell differentiation into
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plasma cells, and maintains the B cells in a rapidly proliferating germinal center-like state
that is susceptible to oncogenic transformation. Transgenic mice that over-express BCL6
develop B cell lymphomas late in life 9- 10. In one study, the development of lymphomas
was greatly increased and accelerated by exposure of the mice to a DNA damaging agent 10.
In a second study, the lymphomas that develop are monoclonal in origin despite the
expression of the BCL6 transgene in all B cells 9. These data indicate that transformation of
primary B cells by BCLS6 is not a direct process and requires secondary oncogenic
mutations. Earlier, we found that BCL6 over-expression could immortalize p53-deficient B
cells but not wild-type B cells 11, consistent with the idea that BCL6 requires other
oncogenic mutations for transformation. Although BCL6 can repress p53 gene expression in
human B cells 12, the functional significance of p53 repression by BCL6 has not been tested
with regard to primary B cell transformation. We have found that BCL6 does not repress
p53 transcription in mouse B cells, casting doubt on the general importance of p53
repression by BCL6. However, altered expression of BCL6 in p53-deficient mouse B cells
may mimic the function of BCL6 in human B cells. Here we present data that constitutively
expressed BCL6 can transform primary B cells if p53 function is ablated and if the CD40
signaling pathway is activated.

Materials and Methods

Retrovirus constructs and retrovirus infections

The retroviral vectors pMIEG3 and pMIEG3-BCL6 have been described previously 5+ 11.
The CD40-ligand (CD40L) expressing retrovirus was made by PCR amplifying cDNA made
from anti-CD3 activated mouse T cells with the following primers for CD40-ligand: sense
5-CTTTCAGTCAGCATGATAGAAACA-3' and anti-sense 5'-
TCAGAGTTTGAGTAAGCCAAAAGA-3', which amplify the complete coding region of
mouse CD40-ligand. CD40-ligand gene was then re-amplified with primers containing Xhol
and Notl sites, and then cloned via Xhol and Notl sites into a retroviral vector expressing
human CD4 13. Anti-human CD4 Ab was obtained from BD Biosciences. B cells were
stimulated and infected with retroviruses as previously described 11.

Quantitative PCR

Quantitative PCR (QPCR) was performed on an ABI Prism 7000 machine (Applied
Biosystems) using SYBR-green PCR mix (Roche), and data was analyzed with ABI
software. The delta-delta Ct method was used to analyze relative differences in gene
expression, using beta-tubulin levels as the standard. Q-PCR primer sequences were: ATR,
(Forward) CTGAGAACATTCCCTGATCCTACA and (Reverse)
TGCAGTAGAGCGGCAATATGC; beta-tubulin, CTGGGAGGTGATAAGCGATGA
(Forward) and CGCTGTCACCGTGGTAGGT (Reverse); Blimp-1,
CCCCGACATGCCCTTCTA (Forward) and GGACGCTTTCAAAAAGTCTTCTG
(Reverse); PDCD2, GGTCATGCCTCAGCTGTTGA (Forward) and
AGACACCCCAGTCGATGCTT (Reverse); BCL-XL,
CTGGGACACTTTTGTGGATCTCT (Forward) and AAGCGCTCCTGGCCTTTC
(Reverse); Cyclin D2, CAGACGTGCGGGATGTTG (Forward) and
TGACGAACACGCCTCTCTCTT (Reverse); p21cipl, CAAAGTGTGCCGTTGTCTCTTC
(Forward) and TGAGCGCATCGCAATCA (Reverse); p27kipl,
GGCCCGGTCAATCATGAA (Forward) and TTGCGCTGACTCGCTTCTT (Reverse);
p53, TCCTCCCCTCAATAAGCTATTCTG (Forward) and TGGCGCTGACCCACAAC
(Reverse).
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Because BCL6 is known to repress p53 in human B cells 12, and because our previous data
showed a role for BCL6 in p53-deficient B cells 11, we tested if BCL6 could repress p53 in
mouse B cells. To test this, we stimulated wild-type spleen B cells with LPS for 24 hours,
then infected the cells with either Green Fluorescent Protein (GFP)-expressing control or
with BCL6-GFP-expressing retroviruses, isolated the retrovirus-expressing cells by
fluorescence-activated cell sorting on the basis of GFP expression, and prepared RNA from
the cells. Following the preparation of cDNA, we measured p53 mRNA levels by
quantitative PCR. Averaging results from five different preparations of cells, we found that
setting relative p53 mRNA levels in the control cells to 1, p53 mRNA levels with BCL6
were 0.9 +/- 0.4 (S.E.). Thus, the expression of p53 was not significantly decreased by
BCL6 and repression of p53 by BCLS6 is not conserved in mouse B cells. This indicates that
regulation of p53 transcription by BCLS6 is not conserved in mouse B cells. Margalit et al
found that BCL6 transcription is regulated by p53 in human but not mouse cells 14, and our
data coupled with the Margalit et al data indicate the reciprocal regulation of p53 and BCL6
seen in humans is not evolutionarily conserved. Nonetheless, an advantage of analyzing
BCL6 function in p53-deficient mouse B cells is that it allows us to dissect p53-independent
functions of BCL6 involved in B cell transformation.

CD40 signaling is critical for the growth of BCL6-expressing germinal center B cells, and
earlier we showed that BCL6-immortalized B cells require stimulation through the CD40
pathway for growth 11. The importance of CD40 signaling is further demonstrated by
findings that some B cell lymphomas can express self-stimulatory CD40 ligand
(CD40L)15717. We therefore examined whether primary B cells could be transformed to
autonomous growth by co-expression of BCL6 and CD40L. To test this, we transduced
lipopolysaccharide (LPS)-activated p53-deficient B cells with GFP-expressing plus CD40L-
expressing retroviruses or with BCL6-GFP-expressing plus CD40L-expressing retroviruses.
We then purified cells expressing both CD40L and GFP by cell sorting, and assessed the
growth of the sorted B cells over time (Figure 1A). Following cell sorting and placement
back into culture, GFP plus CD40L (“ML") B cells die off over the course of two weeks.
While GFP-BCL6 plus CD40L (“BL™) B cells initially died at a similar rate as “ML” B cells
when first placed in culture, they soon stabilized and started steady growth from then
onwards. After an initial three-week culture period, the BL B cells could thereafter be
maintained as an exponentially growing cell line. In over ten different experiments, BL B
cell lines were established consistently, while cell lines never grew out of ML cultures. Tests
with wild-type B cells in this system showed dampened proliferation and survival, consistent
with our previous experiments 11. Importantly, transformed BL B cell lines were never
generated with wild-type B cells, showing the importance of p53 mutation in this system, as
in our “immortalization” system 11. BL B cell lines were also generated consistently from
unsorted “bulk” B cell cultures. Figure 1B shows the strong outgrowth of CD40L plus GFP-
BCL6 positive cells from a bulk BL B cell culture over a few weeks, where the CD40L plus
GFP-BCLS6 positive cells started as only 2% of the original culture. BL B cell lines are
polyclonal, as shown by genomic DNA analysis of retrovirus insertion (Figure 2A), and thus
do not represent an outgrowth of one rare mutant cell type.

BL B cells grow as tumors in mice and thus represent true transformed B cells. Three
different BL B cell lines were injected intraperitoneally into Rag1-/- (lymphocyte cell
deficient) mice, 3 mice per cell line, 5 x 10° cells per mouse. Two to four weeks later,
tumors were visible on all injected mice (9/9), and large numbers of tumor cells were
recovered from either the ascites or the spleen. Figure 2B shows that tumors cells recovered
from mice show very similar polyclonality as the input cells, indicating that multiple clones
within each BL B cell line are transformed and can grow as tumor cells.
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In order to understand how BCL6 cooperated with CD40L to transform primary p53-
deficient B cells, we assessed survival and cell cycle progression in purified ML and BL
cells following 24 hours in cell culture (Figure 3). We observed that expression of BCL6 led
to a significant increase in the survival of the cultured cells, while in contrast BCL6 did not
dramatically alter cell cycle progression of the B cells. We did observe a slight increase in
cells in the G2/M phase with BCL6 plus CD40L.

To understand the function of BCL6 in these cells at the molecular level, and how BCL6
influenced cell survival, we used Q-PCR to assess the expression of several well-
characterized BCLS6 target genes in purified ML and BL cells after 24 hours of culture
(Figure 4A) 18726. We analyzed BCL6-mediated repression of seven target genes in the
presence of CD40L (Figure 4A). Q-PCR analysis revealed that many BCL6 targets were not
repressed in the presence of CD40L. Of the seven BCL6 target genes tested, only ATR and
p27kipl were repressed by BCL6 in presence of CD40L signaling. Previous data have
shown that CD40 signaling can interfere with BCL6-mediated repression 27, and our data
indicate that this interference varies for different target genes. More importantly, our data
suggest that only p27kipl and ATR are critical BCL6 target genes for the early transforming
effects of BCL6 in primary B cells. To further define the target genes involved in B cell
transformation by BCL6, we analyzed the expression of the same set of target genes in a
panel of BL cell lines (Figure 4B). We found that in the outgrown transformed cell lines,
there was decreased expression of other BCL6 target genes, such as Blimpl and PDCD2, as
well as larger decreases in the expression of p27kipl and ATR. These data indicate that cells
expressing decreased levels of ATR, Blimp1, p27kipl and PDCD2 have a competitive
growth advantage and/or a more stable growth phenotype.

Discussion

The mechanism by which BCL6 acts as an oncogene is critical for understanding the
pathogenesis of Diffuse Large Cell Lymphoma, a common and aggressive form of non-
Hodgkin’s lymphoma. Although target genes for BCL6 have been characterized in the past
few years, still very little is known about how BCL6 functions as an oncogene in primary B
cells. Previously we found that BCL6 promoted B cell immortalization 11, and this finding
is both reinforced and expanded upon in this study. We find that the immortalization
function of BCL6 synergizes with the strong growth signals provided by CD40L, apparently
by inhibiting the senescence induced by strong CD40L signaling alone. Previous studies
have found relationship between BCL6 and the CD40 pathway. Saito et al found that CD40
signaling in B cells normally down-regulates BCL6 expression, and that this pathway is
disrupted in lymphomas with certain mutations in the BCL6 promoter 28. Polo et al found a
post-translational effect of CD40 signaling on BCL6, where a signaling cascade induced by
CD40 blocked the transcriptional repression activity of BCL6 27. In our study, we are using
retrovirus-expressed BCLG6, which is resistant to the effects of CD40 signaling on normal
BCL6 transcription. However, the post-translational effect of CD40 signaling on BCL6
function may affect our B cell transformation system by decreasing the overall
transcriptional repression activity of BCL6. Alternatively, the B cells that become
transformed in our system may develop a way to circumvent the CD40-mediated disruption
of BCL6 activity and thus allow the critical transformation functions of BCL6 to operate.
Further studies will be required to address this issue.

In this study, we have presented the first evidence for the role of specific target genes in
primary B cell transformation by BCL6. We have found that of several target genes involved
in B cell differentiation, cell cycle progression, and cell survival, only ATR and p27kipl
were strongly regulated by BCLG6 early in the transformation process. ATR is a protein that
induces cell cycle check-points in response to DNA damage and also regulates apoptosis.
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Repression of ATR in our system indicates that repression of ATR-mediated function on cell
cycle and apoptosis is a key function for BCL6 in its role as oncogene 25+ 26. BCL6-
mediated repression of the p27kipl cell cycle inhibitor also shows the importance of
repressing cell cycle inhibitors for BCL6 oncogene function. Our data also indicate that
repression of Blimpl and PDCD?2 are important for the transformation process. Blimpl is a
transcription factor that promotes terminal differentiation of B cells into plasma cells as well
as inhibits cell cycle progression 20- 21. PDCD2 is a pro-apoptotic protein, and thus
repression of PDCD2 by BCL6 should enhance survival of the transformed cell lines 23.

Although we have found that BCL6 represses genes that inhibit cell cycle progression, we
did not observe a large increase in cells in the S or G2/M phases of the cell cycle with BL
cells. We did observe a small increase in the G2/M phase with BL cells compared to ML
cells, which may be explained by repression of p27kipl and ATR. However, we observed a
more dramatic increase in overall cell survival with BCL6. These data may indicate that
repression of p27kipl and ATR by BCLS6 allows B cells to survive that would otherwise die
due to cell cycle inhibition, up-regulation of p53 and induction of apoptosis, leading to cell
transformation. Curiously, however, we did not observe significant repression of the pro-
apototic gene PDCD2 in these early BCL6-expressing B cells.

Besides these insights into the mechanism of transformation by BCL6, we have developed a
novel in vitro system for study of the transforming function of BCL6 in primary B cells.
Unlike transgenic systems for studying the transforming potential of BCL6, our in vitro
system transforms B cells in a relatively short amount of time and relies on cells with known
genetic alterations. The in vitro nature of our system allows for easy manipulation, and the
rapid growth in our system has benefits over transgenic systems in which BCL6-driven B
cell lymphomas develop relatively late in life and have one or more uncharacterized genetic
mutations. Thus, our system will be useful to further characterize the oncogenic function of
BCL6 in transforming primary B cells.
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Figure 1. BCL6 and CD40-ligand cooperate with loss of p53 to produce autonomously growing B
cell lines

A. Spleen cells from p53-deficient mice were co-transduced with two combinations of
retroviruses: MIEG3 plus CD40-ligand (“ML") or MIEG3-BCL6 plus CD40-ligand (“BL").
Retroviruses expressing CD40-ligand (CD40L) also co-express human CD4, and MIEG3
and MIEG3-BCL6 retroviruses both express Green Fluorescent Protein (GFP). ML and BL
retrovirus infected cells positive for both GFP and human CD4 were isolated by
fluorescence activated cell sorting and then placed in culture at 2 x10° cells per ml (day 1).
At the indicated times, three wells of each type were harvested and viable cells were
counted. ML cells were completely dead by three weeks of culture, whereas BL cells
initiated log phase growth by this time. Asterisks indicate probability (P) values for
differences in cell yields, where * is P < 0.05 and ** is P < 0.01. This experiment is
representative of multiple similar experiments. B. Flow cytometry analysis of p53-deficient
B cells infected with MIEG3-BCL6 plus CD40-ligand retroviruses before culture and after
long term culture, showing that only BCL6 plus CD40L double positive cells exhibit long-
term proliferation. The dot plots on the left show GFP expression along with staining with a
PE-conjugated isotype control antibody, while the dot plots on the right show GFP
expression plus staining with anti-human CD4 antibody.
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Figure 2. Polyclonality of BCL6 transformed cell lines

Southern blots with EcoRI-digested genomic DNA from the indicated BL B cell lines were
probed with a 32P-labeled DNA fragment derived from the GFP gene of the pMIEG3-BCL6
vector. The different sized bands show different retroviral insertions representing unique B
cell clones. A. Five different BL B cell lines. B. Two different BL B cell lines showing
similar clones in the parental cell line (P) as in the cells isolated from a tumor (T) derived
from the parental cell line.
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Figure 3. BCL6 enhances B cell survival but not cell cycle progression early in BL cultures
Double positive cells from ML and BL retrovirus-infected cultures were isolated by
fluorescence activated cell sorting, as described in Figure 1. Following sorting, the cells
were placed in culture for 24 h and then analyzed for viability (A) and DNA content (B).
The data shown are the average of three independent experiments. Viable cells were
assessed via Trypan blue exclusion and counted under a light microscope. Cellular DNA
content was measured by flow cytometry following Propidium lodide staining of

permeabilized Rnase-treated cells.
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Figure 4. BCL6 target gene expression in early BL cultures and transformed BL B cell lines
Relative mRNA expression was measured by real-time quantitative PCR (QPCR). For each
cell type, mRNA expression was initially normalized to beta-tubulin expression levels.
Graph show relative mRNA levels in the BCL6-expressing cells with the mRNA levels in
ML cells set as “1” for each individual gene. A. ML cells prepared as above were cultured
for 24 hr following sorting for GFP and hCD4 expression, and then used in the QPCR
analysis as a control for 24 hr cultured BL cells. Data shown is representative of two
independent experiments. Error bars represent standard error from triplicate QPCR
reactions. B. The mRNA levels of transformed BL B cell lines are shown relative to mRNA
levels of ML B cells. Gene expression data was averaged from at least six different
transformed BL cell lines, and error bars represent the variability in expression between cell
lines expressed as standard error.
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