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Progression through B cell development is strictly dependent on 
continuous expression of a functional B cell antigen receptor (BCR) 



Mature B cell neoplasms conserve BCR expression
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Fig. 4. The pattern of R and S mutations in FRs ofhuman B cells. Shown
is ihc disiribiiiion of R/S values for the FRs ofhuman normal and
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BCR importance for mature B cell neoplasms: hints from genetics



BCR activation in malignant B cells

Casola et al, Immunol. Rev. 2019How does the BCR influence lymphoma growth?
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(WM) and marginal zone lymphoma (MZL). Cur-
rently four classes of BCR inhibitors, which inhibit
Bruton tyrosine kinase (BTK), phosphatidylinositol
3-kinase (PI3K), SYK, or protein kinase Cb (PKCb),
are in clinical trials (Fig. 1).

Bruton tyrosine kinase inhibitors

Bruton tyrosine kinase is a cytoplasmic protein
tyrosine kinase. Its corresponding gene was iso-
lated and identified in the early 1990s, as point
mutations in the BTK gene were shown to cause X-
linked (or Bruton’s) agammaglobulinemia [3].
Given the phenotype of affected patients, namely
the lack of B lymphocytes and plasma cells, and an
inability to mount humoral immune responses, it
was originally anticipated that BTK inhibitors
would be used to treat autoimmune diseases. Data
on the first BTK inhibitor, ibrutinib, were reported
in 2010 [4]; ibrutinib is now an approved drug in

both the USA and Europe. It is an irreversible,
covalent inhibitor of BTK. Both in vitro and in
patients, ibrutinib has been shown to potently
inhibit BCR signalling, to prevent lymphocyte
adhesion and homing, and to inhibit protective
effects of the microenvironment. However, it is also
associated with unwanted off-target effects on
other kinases, such as EGFR, interleukin-2 indu-
cible tyrosine kinase (ITK) and JAK3. This may
explain some of the adverse effects of this agent,
such as inhibition of platelet function and induc-
tion of atrial fibrillation.

During the first few weeks of therapy, all BCR
inhibitors, not only inhibitors of BTK, are able to
cause transient lymphocytosis due to redistribution
of lymphoma cells from the tissue to the peripheral
blood [5]. Normally, the lymphoma cells circulate in
the peripheral blood, where they are attracted to
tissue stromal cells by a chemokine gradient, and
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Inhibiting BCR signaling effectors is effective against several 
forms of mature B cell neoplasms 

fourfold greater (n 5 212) or lesser (n 5 139) association with wild-
type TCF3 than TCF3(N551K) (P , 10210) (Supplementary Table 6
and Supplementary Fig. 5b). In these binding regions, TCF3(V557E)
and TCF3(D561E) behaved like wild-type TCF3. The peaks bound
preferentially by wild-type TCF3 contained multiple copies of the
motif 59-NNCACCTG-39 whereas the peaks bound preferentially by
TCF3(N551K) were enriched for the sequence 59-GGCAGCTG-39
(Fig. 2h). Whereas both motifs match the E-box consensus, these
results indicate that TCF3(N551K) is an altered-specificity mutant that
has somewhat different genomic targets than wild-type TCF3.

To gain insight into the biological processes controlled by TCF3 in
BL, we profiled changes in gene expression following TCF3 knock-
down and following wild-type ID3 expression in ID3-mutant BL lines.
We identified 139 ‘TCF3-upregulated’ genes that were decreased in
expression by both manipulations and 166 ‘TCF3-downregulated’
genes that were increased in expression (false discovery rate
(FDR) 5 0.017; Fig. 2i and Supplementary Figs 2i and 6a). TCF3
ChIP-seq peaks were enriched among TCF3-upregulated genes
(58%; P 5 1.81 3 10229) and among TCF3-downregulated genes
(32%; P 5 1.03 3 1024) (Supplementary Fig. 6a). We will refer to such
genes as ‘TCF3 direct targets’.

Most TCF3-upregulated genes were more highly expressed in BL
than in DLBCL, whereas TCF3-downregulated genes were generally
expressed at lower levels in BL (P # 0.001; Fig. 2i and Supplementary
Fig. 6a, b). BL tumours with ID3 and/or TCF3 mutations had higher
expression of the TCF3-upregulated signature than tumours with
wild-type ID3 and TCF3, and the opposite was true for the TCF3-
downregulated signature (P 5 0.0001; Supplementary Fig. 6c). Hence,
the transcriptional influence of TCF3 on the BL phenotype seems to
be accentuated by ID3/TCF3 mutations. TCF3-upregulated genes
were more highly expressed in germinal centre B cells than in resting
or activated blood B cells, and the reverse was true for TCF3-
downregulated genes (Fig. 2i and Supplementary Fig. 6a), indicating
that BL ‘inherits’ the TCF3 gene expression program from its normal
cellular counterpart.

Biological insights from this analysis include the fact that the
negative regulators of TCF3—ID1, ID2 and ID3—were direct targets
of TCF3 transactivation, thereby creating a negative feedback loop
(Fig. 2i and Supplementary Fig. 5a). By RNA-seq, ID3 was 38-fold
and 12-fold more highly expressed in BL than ID1 and ID2, respect-
ively, accounting for the preferential mutation of ID3 in BL. TCF3 also
positively regulated genes that have crucial roles in germinal centre
B-cell biology (POU2AF1, CXCR4, LTB, CCND3). TCF3 upregulated
CCND3 and E2F2 while downregulating RB1, thereby promoting cell
cycle progression.

Two components of the B-cell receptor (BCR), the immunoglobulin
heavy and light chains, were both upregulated by TCF3 in BL, as in
normal B cells8,12 (Fig. 2i and Supplementary Figs 2i, j and 5a). In this
regard, it was notable that knockdown of the BCR subunit CD79A was
toxic for several BL lines in our RNA interference screen
(Supplementary Fig. 7a). Two-thirds of BL lines were clearly BCR-
dependent, on the basis of a time-dependent decrease in their viability
following knockdown of either CD79A or the BCR-associated kinase
SYK (Fig. 3a). Unlike ABC DLBCL lines, which have a ‘chronic active’
form of BCR signalling4, BL lines do not require the NF-kB pathway
for survival because they were not killed by an IkB kinase b inhibitor
and had little or no dependence on CARD11 (ref. 13), an adaptor that
engages NF-kB (Supplementary Fig. 7a–c). Rather, CD79A or SYK
depletion in BL lines decreased AKT phosphorylation, a marker of
phosphatidylinositol-3-OH (PI(3)) kinase signalling (Fig. 3b and
Supplementary Fig. 7d), indicating that the BCR-dependency in BL
is akin to ‘tonic’ BCR signalling14, a phenomenon that engages pro-
survival PI(3) kinase signalling more than NF-kB15.

TCF3 knockdown decreased phospho-AKT levels in all BCR-
dependent lines tested, as did ID3 overexpression (Fig. 3b and
Supplementary Fig. 7d, e), perhaps due to decreased cell-surface
BCR expression following TCF3 depletion (Fig. 3c). In addition,
a direct TCF3 target, PTPN6, encodes the phosphatase SHP-1, an
inhibitor of BCR signalling (Supplementary Figs 2j and 5a). TCF3
depletion increased SHP-1 mRNA and protein levels, indicating
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Figure 3 | Tonic BCR signalling and PI(3) kinase activity in Burkitt’s
lymphoma. a, CD79A and SYK shRNAs are toxic for a subset of BL lines.
Shown is the fraction of GFP1, shRNA-expressing cells relative to the GFP–,
shRNA-negative fraction at the indicated times, normalized to the day 0 values.
BCR-dependent BL lines are depicted using red colours. The BCR-dependent
ABC DLBCL line TMD8 (ref. 4) is also shown. Data are representative of three
experiments. b, Knockdown of CD79A, SYK or TCF3 reduces PI(3) kinase
activity. Following induction of the indicated shRNAs for 2 days, shRNA-
expressing (GFP1) cells were analysed by fluorescence-activated cell sorting
(FACS) for phospho-S473-AKT as a measure of PI(3) kinase activity. c, TCF3
regulates surface BCR expression in BL. Following induction of the indicated
shRNAs for 1 day, surface BCR expression (CD79B) was quantified by FACS in
shRNA-expressing (GFP1) cells. d, TCF3 suppresses PTPN6 (SHP-1)
expression. A TCF3 shRNA was induced in BL lines for 2 days, followed by
immunoblotting for the indicated proteins. e, SHP-1 suppresses phospho-
S473-AKT in BL lines. BL lines were transduced with a SHP-1 expression vector

(1) or empty vector (–), whereupon the indicated proteins were analysed by
immunoblotting. f, BL lines have constitutively PI(3) kinase activity. The
indicated proteins were analysed by immunoblotting, before and after
treatment with the PI(3) kinase inhibitor LY294002. g, PI(3) kinase inhibition is
toxic to BL lines. Viable BL cells were quantified by MTS assay following
treatment for 4 days with the indicated concentrations of the pan-class I PI(3)
kinase inhibitor BKM120. h, A signature of rapamycin-responsive genes is
highly expressed in BL. Changes of gene expression were profiled over time in 2
BL lines following rapamycin (100 pM) treatment. Genes consistently
downregulated in both lines were chosen (see Methods), and their expression in
lymphoma biopsies2 is shown based on the colour scale. PMBL, primary
mediastinal B-cell lymphoma. i, The rapamycin-upregulated and
-downregulated signatures distinguish BL and GCB DLBCL. Genes are ranked
according to their expression in BL versus GCB DLBCL (T-statistic) and
rapamycin signature genes are indicated with a green hash mark. Kolmogorov–
Smirnov P values are shown.
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How do malignant B cells react to BCR inactivation?



BCR extinction does not prevent MYC lymphoma growth in vivo
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The BCR signalosome controlling Myc-driven lymphoma fitness
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Burkitt lymphoma

Human mature B cell neoplasms can spontaneously evolve into 
BCR-less variants

Varano et al, Nature 2017
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Possible B cell tumor evolution trajectories under anti-BCR therapies 



1. How Ig-less lymphomas overcome BCR requirement for survival, 
and how do they evolve compared to their BCR+ counterparts?

2. Are distinct B cell malignancies selecting similar mechanism(s) to 
bypass BCR inactivation?

3. Can such knowledge help design new treatments to eradicate 
tumor B cells resisting BCR extinction/inhibition?

Open questions



Role of the CD19/PI3Kd axis in the survival of Ig-less MYC lymphomas  
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MYC lymphomas overcome combined BCR/CD19 loss
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BCR/CD19 mutant lymphomas gain resistance to PI3Kd inhibition
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How can lymphomas bypass the BCR/CD19/PI3Kd
signaling axis?

Survival

Genetic mutations

Igb

PI3Ka/g

Microenvironmental
cues

Epigenetic rewiring



Tracking lymphoma evolution in response to BCR extinction
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BCR loss reduces protein synthesis rate in lymphoma cells

Schmidt et al, Nature Methods, 2009
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BCR–defective MYC lymphomas depend more on MTORC1 signaling
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BCR inactivation enhances radiosensitivity of Myc lymphomas
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4.6. Tracking BCR-controlled gene expression in single l-MYC lymphoma 
cells. Single cell RNA sequencing of approximately 1600 individual l-MYC 

lymphoma cells. Each dot in Figure 7 represents the t-SNE projection of a single cell's 
transcriptome profile. Tumor B cells cluster according to BCR status. 
4.7. l-MYC lymphomas reduce surface PD-L1 expression in 
response to BCR extinction. Figure 8 shows flow cytometric analysis 
of a representative l-MYC lymphoma respectively before and after 
BCR ablation.  

 
 

 
 
 
 
 
 
 

 
4.8 Tracking BCR extinction in primary cases of human B-NHL. Fig. 9 (left panels) 
highlights a representative immunohistochemical analysis of a CD20+ DLBCL case 
stained for IgM/D/G/A expression. Note the failure to detect any IgH isotype among 
the tumor bulk. Figure 9 (right panels) unveil DLBCL and BL cases displaying adjacent areas consisting 
respectively of IgM+ and IgM- tumor B cells. Both tumor areas lack expression of other IgH isotypes including 
IgG (Fig. 9 right panels and data not shown).  
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