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through transcriptional repression of MYC
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Initial cell surface expression of the
pre-B cell receptor induces proliferation.
After 2 to 5 divisions, however, large
pre-Bll (Fraction C’) cells exit cell cycle to
become resting, small pre-Bll cells
(Fraction D). The mechanism by which
pre-Bll cells exit cell cycle, however, is
currently unclear. The checkpoint at the
Fraction C’-D transition is critical for im-

munoglobulin light chain gene recombina-
tion and to prevent malignant transforma-
tion into acute lymphoblastic leukemia.
Here we demonstrate that inducible acti-
vation of pre-B cell receptor signaling
induces cell-cycle exit through up-
regulation of the transcriptional repres-
sor BCL6. Inducible activation of BCL6
downstream of the pre-B cell receptor

results in transcriptional repression
of MYC and CCND2. Hence, pre-B cell
receptor-mediated activation of BCL6
limits pre-B cell proliferation and induces
cellular quiescence at the small pre-BIl
(Fraction D) stage. (Blood. 2011;118(15):
4174-4178)

Introduction

After successful completion of V(D)J recombination, pre-BI
(Fraction C) cells express for the first time an immunoglobulin
W heavy chain as part of a pre-B cell receptor (pre-BCR) on the cell
surface. Initiation of pre-BCR signaling induces proliferation and
clonal expansion of large pre-BII cells (Fraction C’). After 2-5 cell
divisions pre-BII cells become small (Fraction D) and exit cell
cycle,!? the mechanism of which is currently unknown and the
focus of this study. This checkpoint is critical for small resting
pre-BII (Fraction D) cells to undergo immunoglobulin light chain
gene rearrangement and, hence to differentiate into immature
(Fraction E) B cells. In addition, failure to control proliferation at
the large cycling pre-BII cell (Fraction C’) stage predisposes to
malignant transformation into acute lymphoblastic leukemia.’” We
recently demonstrated that pre-BCR signaling and the Ikaros
transcription factor cooperate to induce cell-cycle arrest in acute
lymphoblastic leukemia cells.® In addition, inducible differentia-
tion of large cycling pre-BII (Fraction C’) cells into small resting
pre-BII (Fraction D) cells results in very prominent up-regulation
of the BCL6 transcriptional repressor.” At the Fraction D check-
point, BCL6 serves as a survival factor for normal pre-B cells and
protects from p53-mediated cell death, when pre-B cells sustain
DNA double strand breaks during immunoglobulin light chain gene
rearrangement.” Likewise, BCL6 protects Ph™ ALL cells from
p53-dependent cell death when treated with tyrosine kinase inhibi-
tors (TKI), which represents a novel BCL6-dependent form of
TKI-resistance.'® BCL6 was first identified as a proto-oncogene in
germinal center-derived B-cell lymphoma!' and transcriptional
repressor of p53 in germinal center B cells.!? In this study, we test
the contribution of pre-BCR signaling and BCL6 to cell-cycle exit
at the Fraction C’ to Fraction D checkpoint.

Methods

Pre-B cell culture

Bone marrow from constitutive or inducible knockout and transgenic mice
was harvested and bone marrow cells were cultured either in the presence of
10 ng/mL IL-7 on OP9 stroma layer or retrovirally transformed by
BCR-ABLI1.? (For a list of genetic mouse models used in this study, see
supplemental Table 4, available on the Blood Web site; see the Supplemen-
tal Materials link at the top of the online article.) All pre-B cells derived
from bone marrow of mice were maintained in IMDM (Invitrogen) with
GlutaMAX containing 20% FBS, 100 IU/mL penicillin, 100 pg/mL
streptomycin, S0uM (-mercaptoethanol and 10 ng/mL recombinant
mouse IL-7 (Peprotech) at 37°C in a humidified incubator with 5% CO,. All
mouse experiments were subject to institutional approval by Childrens Hospital
Los Angeles IACUC.

Retroviral transduction

Transfections of MSCV-based retroviral constructs encoding BCL6, MYC,
BLNK, FoxO1€A, Cre, BCR-ABLI, p-heavy chain and the respective
empty vector controls were performed according to a detailed protocol
provided in supplemental Table 3 and transduction efficiencies were
verified as shown in supplemental Figure 1.

In vitro pre-B cell differentiation assays

Differentiation of Rag2~'~ tTA/p-chain—transgenic pro-B cells was induced by
removal of tetracycline from culture to induce p-chain expression'? (verified in
supplemental Figure 2). While this system induces pro-B to pre-B cell transition,
the differentiation into k-light chain expressing immature B cells was induced by
removal of IL-7 from the cell culture medium.’
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Quantitative RT-PCR

Total RNA from cells was extracted using RNeasy isolation kit from
QIAGEN. cDNA was generated using a poly(dT) oligonucleotide and the
SuperScript III Reverse Transcriptase (Invitrogen). Quantitative real-time
PCR was performed with the SYBRGreenER mix (Invitrogen) and the
ABI7900HT real-time PCR system (Applied Biosystems) according to
standard PCR conditions. Primers for quantitative RT-PCR are listed in
supplemental Table 1.

Western blotting and flow cytometry

Cells were lysed in CelLytic buffer (Sigma-Aldrich) supplemented with
1% protease inhibitor cocktail (Pierce), 1% Phosphatase inhibitor
cocktail (Calbiochem) and ImM PMSF. Protein samples were loaded on
NuPAGE (Invitrogen) 4%-12% Bis-Tris gradient gels and transferred on
PVDF membranes (Invitrogen). For the detection of mouse and human
proteins by Western blot, primary antibodies were used together with the
WesternBreeze immunodetection system (Invitrogen). The antibodies
used for Western blotting and flow cytometry are listed in supplemental
Table 2.

ChlIP-on-chip assay

Human Ph* ALL as well as B-cell lymphoma OCI-Ly1 and OCI-Ly7 cell
lines were subjected to ChIP-on-chip analysis and qChIP single-locus
validation according to the detailed protocol presented in supplemental
Figure 3.

In vivo leukemia cell transplantation

BCR-ABLI transformed murine pre-B acute lymphoblastic leukemia (B ALL)
cells were transduced with BCL6-GFP or a GFP empty vector control.
GFP™ cells were sorted 2 days after transduction and each 2 X 10 GFP*
cells were injected into sublethally irradiated (300 cGy) NOD/SCID mice.
Three mice per group were injected via tail vein injection. Once the first
mouse became sick, all mice were killed in both groups and analyzed.

Results and discussion

We have recently shown that signaling from the pre-BCR (eg, p-heavy
chain and BLNK adaptor molecule) cooperates with the Ikaros transcrip-
tion factor to induce cell-cycle exit in acute lymphoblastic leukemia.®
Because inducible differentiation of large cycling pre-BII cells induces
dramatic up-regulation of BCL6,” we tested the contribution of pre-BCR
signaling and BCL6 to cell-cycle exit at the Fraction C’ to Fraction D
checkpoint. This checkpoint involves 2 aspects, namely! cell-cycle exit
and? down-regulation of the pre-B cell receptor.'*

Interestingly, forced expression of pre-BCR components
(p-chain and BLNK) results in up-regulation of BCL6 both at the
mRNA and protein level (Figure 1A-B). Likewise tetracycline
dependent induction of pre-BCR signaling resulted in pre-BII cell
differentiation (supplemental Figure 2) and strong up-regulation of
BCL6 starting at the Fr C-C’ checkpoint followed by down-
regulation of Myc at the Fraction C’-D checkpoint (Figure 1C).

Pre-B cell receptor-mediated activation of Pten/FoxO1 induces
BCL6 expression

Because recent work demonstrated that pre-BCR signaling via
BLNK results in Pten-dependent activation of FoxO1,!% we tested
the involvement of Pten/FoxOl in pre-B cell receptor-induced
up-regulation of BCL6 (see schematic in supplemental Figure 6).
In a gain-of-function experiment, we could demonstrate that
expression of a constitutively active FoxO1 mutant (FoxO1¢4) was
sufficient to induce BCL6 expression in normal pre-B cells even in
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the presence of IL-7 (Figure 1D). Conversely, a loss-of-function
experiment showed that inducible deletion of Pten abrogates the
ability of normal pre-B cells to up-regulate BCL6 in response to
IL7 withdrawal (Figure 1E). Together we conclude that Pten-
mediated activation of FoxO factors is required and active FoxO1
is sufficient for BCL6 expression downstream of the pre-BCR
(supplemental Figure 6).

To mechanistically address the function of BCL6 up-regulation at
this checkpoint, we overexpressed BCL6 in BCR-ABLI—transformed
pre-B ALL cells with Fraction C’ phenotype. BCL6 overexpression
resulted in an increase in GO/G1 phase cells (Figure 1F-H). Interestingly,
BCL6 overexpression also limited proliferation in vivo, when pre-B
ALL cells were transplanted into sublethally irradiated NOD/SCID
mice via tail vein injection (Figure 1I). We next tested whether BCL6
functions as an effector downstream of the pre-BCR to induce cell-cycle
exit in proliferating pre-B cells. To this end, p-chain expression was
induced in BCR-ABLI-transformed Bcl6** and Bcl6™~ pre-B ALL
cells. While p-chain induction causes rapid cell-cycle exit in Bcl6™*
pre-B ALL cells, this effect was significantly attenuated in Bcl6™~
pre-B ALL cells (Figure 2A). We conclude that BCL6 mediates
cell-cycle exit downstream of the pre-B cell receptor.

BCL6 induces cell-cycle exit via transcriptional repression of Myc

Given that BCL6 functions as transcriptional repressor, we
performed a genome-wide ChIP-on-chip analysis to identify
BCL6 target genes in human Ph* pre-B ALL cell lines
(supplemental Figure 3). We focused our analysis on known
promoters of cell-cycle progression and found that MYC,
CCND2, MAX, CDK6, BRAF and BMII are all transcriptional
targets of BCL6 (supplemental Figure 3; Figure 2B). These
findings are consistent with down-regulation of MYC on pre-B
cell receptor-mediated activation of BCL6 (Figure 1C). To test
whether BCL6 not only directly binds the MYC promoter but
also functions as transcriptional repressor of MYC in pre-B cells,
we used a 4-hydroxy-tamoxifen (4-OHT)-dependent system for
inducible expression of BCL6'®: 4-OHT—inducible activation of
BCL6 resulted in down-regulation of MYC expression levels
both at the mRNA and protein levels (Figure 2C-D)? suggesting
that BCL6 can directly repress MYC. However, we cannot rule
out additional levels of regulation of MYC expression, consider-
ing that BCL6 is up-regulated at the Fr C-C’ transition and MYC
protein is down-regulated at the Fr C’-D checkpoint during
pre-B cell differentiation (Figure 1C).

BCL6-mediated repression of Myc is functionally relevant as
Cre-mediated reduction of Myc protein levels in BCR-ABLI—
transformed Myc"f pre-B ALL cells resulted in rapid cell-cycle exit
(supplemental Figure 4). Conversely, overexpression of MYC was
sufficient to partially rescue BLNK/BCL6-mediated inhibition of
proliferation (Figure 2E). While reconstitution of pre-BCR signal-
ing in BCR-ABLI-transformed Blnk~'~ pre-B ALL cells rapidly
induced cell-cycle exit (Figure 2E, supplemental Figure 5), concomi-
tant overexpression of Myc significantly diminished the prolifera-
tion-inhibitory effect of BLNK (Figure 2E). Together, these
findings establish that pre-BCR signaling induces cell-cycle exit
via BCL6-mediated transcriptional repression of MYC.

We had recently shown that BCL6 represents a critical survival
factor for TKI-treated Ph™ ALL cells'® and at the small resting
pre-BII cell stage® of normal B-cell development (Fraction D),
when pre-B cells undergo Vk-Jk immunoglobulin light chain gene
recombination. Here we identify BCL6 as a critical mediator of
cell-cycle exit at the pre-BII checkpoint (transition from Fraction
C’ to D). This checkpoint is essential for Vk-Jk immunoglobulin
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Figure 1. Pre-BCR signaling and lkaros up-regulate BCL6 in normal and leukemic pre-B cells. [ghm~/~ pro-B cells and Bink~/~ pre-BlI cells were transformed with
BCR-ABL1 and pre-BCR signaling was reconstituted by retroviral expression of BLNK-GFP, CD8/u.-chain or GFP and CD8 empty vectors. BCL6 mRNA levels were
measured by quantitative RT-PCR in (A; n = 2) and protein levels were determined by Western blot in (B; n = 2) using B-actin as loading control. IL-7—-dependent
pre-B cells from Rag2~/~ tTA/u-chain-transgenic mice? were cultured in the presence of tetracycline, removal of which induced activation of transgenic p.-chain
expression under endogenous transcriptional control elements. Inducible differentiation was verified by flow cytometry (supplemental Figure 2) and BCL6 and MYC
protein levels were measured by Western blot (C; n = 2). Normal IL-7—dependent pre-B cells were transduced with a constitutively active (CA) mutant of FoxO1 or an
empty vector (transduction efficiency shown in supplemental Figure 1). After inducible activation with 4-hydroxy-tamoxifen (4-OHT), cells were subjected to Western
blot analysis for BCL6 and B-actin as loading control (D; n = 2). Likewise, normal IL-7—dependent pre-B cells from Pten™" mice (supplemental Table 4) were transduced
with 4-OHT—inducible Cre-ERT or an ER™ empty vector control and subjected to antibiotic selection. Cre-mediated deletion of Pten and BCL6-up-regulation on
IL-7 withdrawal was studied by Western blot using B-actin as loading control (E; n = 2). Pre-B ALL cells from Bcl6*/+ bone marrow were transduced with retroviral
expression vectors for BCL6-GFP or a GFP empty vector control. The relative change of the percentage of GFP* cells over time was measured by flow cytometry
(F; n = 2). The cell-cycle profile of transduced cells was measured by BrdU incorporation and flow cytometry (G; n = 2) with statistical analysis (H). Pre-B ALL cells
transduced with BCL6-GFP or GFP alone were sorted for GFP and transplanted into sublethally irradiated NOD/SCID mice via tail vein injection (3 mice per group).
Spleens of recipient mice and their weight (right) are shown (l).

light chain gene recombination. Induction of pre-B cell quiescence
at this checkpoint serves as a major safeguard against malignant
transformation toward acute lymphoblastic leukemia.”'” Pre-BCR
mediated activation of BCL6 establishes this checkpoint by
transcriptional repression of Myc, Ccnd2, Cdk6, Bmil and other
mediators of cell-cycle progression (supplemental Figure 3),
suggesting a role for BCL6 in mediating pre-B cell quiescence.
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Figure 2. Pre-B cell receptor-mediated up-regulation of BCL6 inhibits proliferation by transcriptional repression of Myc. Pre-B ALL cells from Bcl6*/* and Bcl6~/~
bone marrow were transduced with retroviral expression vectors for CD8/p.-chain or CD8 alone. The relative change of the percentage of CD8* cells over time was measured

by flow cytometry (A; n = 3). To identify BCL6-target genes, ChlP-on-chip analysis was

performed for 3 human BCR-ABL1 pre-B ALL cell lines (BV173, Tom1, Nalm1) and

2 human diffuse large B-cell lymphoma cell lines (OCI-Ly1 and OCI-Ly7) as positive controls. High expression levels of BCL6 were induced by treatment of BCR-ABL1 pre-B
ALL cell lines with 10uM STI571 for 24 hours (STI571). Recruitment to CCND2 and MYC (see supplemental Figure 3) promoters are shown and to the HPRT promoter as a
negative control. The ChlP-on-chip data for Myc in Nalm1 cells is also published in Duy et al.® (B) BCR-ABL1 pre-B ALL cells were transduced with 4-hydroxy-tamoxifen
(4-OHT)—inducible vectors for BCL6-ER™ and ERT™ empty vector control. Myc mRNA (C; n = 2) and protein (D; n = 2) levels on 4-OHT induction were measured by
quantitative RT-PCR and Western blot, respectively. Induction of BCL6 also resulted in up-regulation of Cdkn1b (p27) protein levels (D). Overexpression of Myc was sufficient

to partially rescue BLNK/BCL6-mediated inhibition of proliferation (E): Bink/~ BCR-ABL

1 pre-B ALL cells were transduced with Myc-Puro or a Puro-empty vector control and

subjected to antibiotic selection. Subsequently, pre-BCR signaling was reconstituted by retroviral expression of BLNK-GFP or a GFP empty vector control and proliferation of
the Myc-Puro versus Puro-transduced cells was measured as relative change of the percentage of BLNK-GFP* or GFP™ cells (E; n = 2).
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