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Burkitt’s lymphoma (BL) is a highly proliferative B-cell neoplasm
and is treated with intensive chemotherapy that, because of its
toxicity, is often not suitable for the elderly or for patients with
endemic BL in developing countries. BL cell survival relies on signals
transduced by B-cell antigen receptors (BCRs). However, tonic as
well as activated BCR signaling networks and their relevance for
targeted therapies in BL remain elusive. We have systematically
characterized and compared tonic and activated BCR signaling in
BL by quantitative phosphoproteomics to identify novel BCR effec-
tors and potential drug targets. We identified and quantified
∼16,000 phospho-sites in BL cells. Among these sites, 909 were re-
lated to tonic BCR signaling, whereas 984 phospho-sites were reg-
ulated upon BCR engagement. The majority of the identified BCR
signaling effectors have not been described in the context of B cells
or lymphomas yet. Most of these newly identified BCR effectors are
predicted to be involved in the regulation of kinases, transcription,
and cytoskeleton dynamics. Although tonic and activated BCR sig-
naling shared a considerable number of effector proteins, we iden-
tified distinct phosphorylation events in tonic BCR signaling. We
investigated the functional relevance of some newly identified
BCR effectors and show that ACTN4 and ARFGEF2, which have been
described as regulators of membrane-trafficking and cytoskeleton-
related processes, respectively, are crucial for BL cell survival. Thus,
this study provides a comprehensive dataset for tonic and activated
BCR signaling and identifies effector proteins that may be relevant
for BL cell survival and thus may help to develop new BL treatments.
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The B-cell antigen receptors (BCRs) control important cell-fate
decisions in the B-lineage—including proliferation, differentia-

tion, and cell survival—by regulating complex intracellular signaling
networks (1). The molecular communication between signaling in-
termediates is achieved mainly through reversible protein phos-
phorylation of tyrosine, serine, or threonine residues, which ensures
regular B-cell function (2). The molecular architecture of this in-
tricate BCR signaling network has so far been studied mostly at the
level of individual molecules and signaling complexes.
Dysregulation of BCR signaling is involved in the pathogenesis of

immunodeficiency, autoimmune disorders, and B-cell malignancies.
For example, chronic lymphocytic leukemia (CLL) and activated B
cell-like diffuse large B-cell lymphoma (ABC-DLBCL) depend on
chronic active BCR signaling whereas “tonic” BCR signaling, which
is thought to provide an antigen-independent constitutive baseline
signal, induces cell survival in the majority of Burkitt lymphomas

(BLs) (3, 4). Despite the fact that the molecular details remain
largely elusive, the essential role of tonic BCR signaling is further
emphasized by its importance for pivotal aspects of B-cell biology,
such as regular B-cell development (5). In line with the distinct
BCR signaling modes found in B-cell malignancies, no relevant
antigens have been identified for BL so far whereas self-antigens
were reported to trigger oncogenic BCR signaling in CLL and
ABC-DLBCL cells (6, 7). Interestingly, different lymphoma entities
seem to rely on distinct BCR signaling branches. In ABC-DLBCL,
for example, mutated BCR signaling effectors mediate cell survival
by inducing chronic active NFκB signaling (8, 9). In contrast, tonic
BCR-dependent phosphatidylinositol 3 kinase (PI3K) signals have
been reported to promote the survival and proliferation of BL cells
(4) whereas NFκB activity seems to be dispensable (10). Despite
these initial findings, the functional relevance and molecular basis
of BCR signaling in BL remain elusive to date. Amore comprehensive
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knowledge about BCR signaling in BL, however, is necessary to
understand the pathogenesis of BL and may lead to the identi-
fication of functionally relevant and potentially druggable sig-
naling pathways, which most likely fall into the category of the so
far poorly characterized tonic BCR signaling networks.
In this work, we sought to elucidate both tonic and activated

BCR signaling in two BL-cell models that, although differing
in their genotype, depend on BCR expression. By quantitative
phosphoproteomics, we were able to identify, beyond phos-
phorylation of already known BCR effectors, more than 300
hitherto unknown BCR effectors with their BCR-dependent
phosphorylation sites (p-sites). Our study clearly identifies both
commonalities and marked differences between the activated
and tonic BCR signaling modes. The exemplary examination of
the functional relevance of selected identified phosphoproteins
for BL-cell survival confirmed that our approach revealed pre-
viously unidentified BCR effectors relevant for BL.

Results
Characterization of Activated BCR Signaling in the Human Burkitt’s
Lymphoma Models DG75 and Daudi. Despite the importance of
BCR signaling in the pathogenesis of BL, drug target identification
in BL-specific BCR signaling networks is hampered by incomplete
understanding of the full spectrum of BCR-mediated events (4,
11). We therefore aimed at comprehensively characterizing BCR
signaling in BL by pursuing a quantitative phosphoproteomic ap-
proach (Fig. S1 A and B). For this approach, we used the human
cell lines DG75 and Daudi because they are frequently used BL
models that (i) depend on BCR expression (4) (see also Fig. 2A)
and (ii) have functional BCR signaling (Fig. S1C).
We applied stable-isotope labeling by amino acids in cell culture

(SILAC) (12) to DG75 cells and quantified the changes in the
phosphorylation of effector proteins after various durations of BCR
stimulation (2, 5, 10, and 20 min) by mass spectrometry (MS) (Fig.
S1A). Phosphopeptides with pS, pT, and pY sites derived from the
corresponding time points of BCR stimulation were enriched by
strong-cation-exchange (SCX) chromatography in combination
with titanium dioxide (TiO2) solid-phase extraction; we refer to this
type of analysis as the “global phosphoproteome” (GPome). Using
pY-specific antibodies in an additional analysis, we enriched mainly
tyrosine-phosphorylated peptides, which we refer to as the
“pYome.” To exclude any possibility that BCR stimulation causes
major changes in protein levels that interfere with the quantification
of phosphorylation events, we performed large-scale SILAC-based

protein expression profiling in parallel. No significant BCR-induced
changes in the abundance of proteins relevant for BCR signaling
within the DG75 proteome were observed (Fig. S2A).
In the GPome of DG75 cells, we detected around 9,000 class I

p-sites (p-sites with a localization probability of >75%), of which
7,641 were quantifiable for all four durations of BCR stimulation
(2, 5, 10, and 20 min) (Fig. 1A, Fig. S2B, and Dataset S1). The
majority of the p-sites identified and quantified were identified
as serine (∼87%), followed by threonine (∼11%) and tyrosine
(∼2%) residues (Fig. 1A). The pYome analysis revealed 482
quantifiable class I p-sites (including pS and pT sites) for all stim-
ulation durations. Confirming the validity of our phospho-tyrosine
enrichment approach, 80% of these p-sites were found on tyrosine
residues (Fig. 1A, Fig. S2C, and Dataset S1). A total of 769 unique
class I p-sites in the GPome and 245 p-sites in the pYome in a total
of 577 proteins showed significant phosphorylation changes upon
BCR stimulation (Fig. 1A and Dataset S1).
To assign BCR-dependent p-sites with distinct phosphoryla-

tion dynamics to signaling clusters, we performed an unsuper-
vised clustering analysis, with p-sites quantified at all stimulation
durations using stringent filtering parameters (SI Materials and
Methods). For the GPome, we identified three separate clusters,
with the largest cluster containing phosphorylation events early
after BCR engagement (284 p-sites), followed by down-regulated
p-sites (106 p-sites) and late p-sites (45 p-sites) (Fig. 1B, Left). In
marked contrast, we found only one cluster for the pYome data
containing p-sites that are up-regulated early upon BCR stimu-
lation (Fig. 1B, Right), a finding that is consistent with the pivotal
role of tyrosine phosphorylation in BCR-proximal signaling
processes. These data represent the largest resource for BCR-
induced phosphorylation events in human lymphoma cells to
date. The identified p-sites directly link to BCR effector pro-
teins. Pathway enrichment analysis confirmed a strong repre-
sentation of known BCR effector proteins in our dataset (Fig.
S3A). Because most annotation databases [e.g., Kyoto Encyclo-
pedia of Genes and Genomes (KEGG), Gene Ontology (GO),
and Ingenuity] do not contain the latest published information,
we performed an additional extensive literature (PubMed)
search to determine how many novel BCR effectors were iden-
tified. This approach revealed that around 60% of the identified
BCR effectors have not yet been described in the context of BCR
signal transduction per se (Dataset S1).
A bioinformatic annotation of putative protein functions revealed

that, apart from kinases, transcriptional regulators, and RNA-binding
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Fig. 1. Activated BCR signaling in BL cells. (A) Num-
bers of quantified and regulated p-sites in the GPome
and the pYome of DG75 cells. Outer circles represent
the number of quantified class I p-sites at all stimu-
lation durations. Inner circles represent the relative
abundance of regulated class I p-sites. (B) Unsuper-
vised clustering analysis of all regulated p-sites quan-
tified at all BCR stimulation durations in DG75 cells.
Line graphs illustrate the phosphorylation dynamics
upon BCR stimulation for each identified cluster for
the indicated stimulation time course (y axis, z-score
of the log2 SILAC ratios; x axis, minutes). (C–F) Scatter
plots of fold-change of p-sites on tyrosines (C and E)
and serines/threonines (D and F) in Daudi (y axis)
versus DG75 (x axis) cells as determined by quantita-
tive MS upon 2-min (C and D) and 10-min (E and F)
BCR stimulation. Selected phosphorylated proteins
are shown. Colored dots indicate p-sites that are sig-
nificantly regulated in both cell lines (red) or just in
one cell line (blue). The Spearman’s correlation co-
efficient (ρ) is indicated.
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proteins, cytoskeletal regulators are among the most prominent
functional groups of BCR effectors (Fig. S3B, highlighted in dark
blue). This finding emphasizes that, beyond kinase activity and
transcriptional regulation, cytoskeletal rearrangements are im-
portant downstream effects of BCR engagement as well (13).
We validated our quantitative MS results by immunoblot

analyses using phosphosite-specific antibodies directed against
some of the quantified p-sites. As depicted in Fig. S3 C and D,
phosphorylation of the BCR-proximal effectors Igα (CD79a)
(Y210), SYK (Y525), SLP65 (also known as BLNK) (Y119), BTK
(Y551), c-CBL (Y674), and the more BCR-distal MAPK1/3
(ERK1/2, T185, Y187, T202/Y204) showed phosphorylation
patterns very similar to those found by mass spectrometry.

The BCR Signaling Response Is in Part Genotype-Specific. BL is a
genetically heterogeneous disease characterized by certain re-
currently mutated (onco)genes that cooperate with Myc, the
defining oncogene of this cancer (4, 14). In contrast to ABC-
DLBCL, where mutations in BCR signaling effectors cause on-
cogenic “chronic active” BCR signaling, no mutations in BCR
proximal signaling effectors were identified in BL (4). To in-
vestigate whether the BL-genotype with the corresponding mu-
tations in the BL-specific (onco)genes still affects BCR signaling,
we characterized BCR signaling in the BL cell line Daudi. Daudi
cells genetically differ from DG75 cells because they harbor an
inactivating ID3 mutation (4, 15), but have in common with
DG75 cells that they (i) depend on BCR signaling (Fig. 2A) and
(ii) express similar amounts of BCR on their surface (Fig. S4A).
By phosphoproteomics, we identified and quantified 8,171 pS/pT-

sites and 319 pY-sites in Daudi cells. Of these sites, 500 (pS/pT) and
145 (pY) were significantly regulated upon BCR activation (Dataset
S1). We found that most pY-sites were concordantly regulated in
DG75 and Daudi cells upon BCR stimulation (indicated in red in
Fig. 1 C and E); these pY-sites were mostly found in BCR-proximal
effector proteins, such as the BCR subunit CD79a, spleen tyrosine
kinase (Syk), the E3 ubiquitin protein ligase CBL, the cytoplasmic
adaptor protein NCK, and others that are involved in early BCR
signaling events (Fig. 1 C and E). In contrast, a large proportion of
pS- and pT-sites were differentially phosphorylated among the two
cell types (indicated in blue in Fig. 1 D and F), in particular those
that act further downstream of the BCR [e.g., p-sites in transcription
factors, such as the general transcription factor II-I (GTF2I) and
POU domain class 2 transcription factor 1 (POU2F1)] (Fig. 1D and
F). The concordant regulation of tyrosine phosphorylation in BL
cells of different genotypes is promising with respect to the identi-
fication of potential drug targets, given the fact that targeted

therapies in other B-cell malignancies have been reported to
interfere with proximal BCR signaling (16, 17).

Elucidation of Tonic BCR Signaling. Recent studies suggest that BL
cells depend on tonic antigen-independent BCR signaling because
(i) they lack activation-inducing mutations in BCR effectors,
which is in contrast to ABC-DLBCL (4, 9), (ii) no autoantigens
were reported for their BCR, and (iii) the majority of BL cells
depend on BCR expression (4). In line with these findings, we
observed a profound reduction of viable BL cells for most of the
BL cell lines analyzed upon induction of shRNAs targeting the
BCR component CD79a, confirming previously published data
(Fig. 2A). ABC and germinal center B-cell–like (GCB) DLBCL
cell lines served as positive and negative controls, respectively.
Because tonic BCR signaling is essential for BL cell survival,
knowledge about the pathways activated by such tonic BCR sig-
naling would foster the identification of novel drug targets and
improve our understanding of BL pathogenesis.
To elucidate tonic BCR signaling in BL, we analyzed phospho-

proteomic changes that occurred either upon inducible CD79a
knockdown or upon pharmacological SYK inhibition, using the
small molecule inhibitor PRT-062607 (Fig. S1B). This SYK in-
hibitor has been validated in previous studies, where it showed
suppression of BCR-dependent SYK activity in B cells (18, 19).
Upon induction of shRNAs targeting CD79a in DG75 cells, we
observed a profound reduction of CD79a expression leading to
diminished expression of BCR on the cell surface (Fig. 2 B and C).
An shRNA induction duration of 18 h was identified as the opti-
mum condition for the analysis of tonic BCR signaling because the
BCR expression level was already significantly reduced (Fig. 2C)
whereas, at the same time, more than 95% of the cells were still
viable. We identified and quantified ∼16,000 class I p-sites upon
BCR stimulation, inducible CD79a knockdown, and SYK in-
hibition. Of these p-sites, 4,524 sites were identified under all con-
ditions and were subsequently subjected to comparative analysis.
A total of 515 and 441 p-sites were significantly regulated

upon CD79a knockdown and SYK inhibition, respectively
(Dataset S2). Most p-sites that were up-regulated upon BCR
stimulation were found to be down-regulated upon CD79a
knockdown and SYK inhibition (Fig. 2 D and E, cluster a).
However, we also identified specific p-sites that were regulated
upon disruption of tonic BCR signaling whereas they were not
affected upon BCR activation and vice versa (Fig. S4B). This
result points toward specific qualitative differences between the
activated and tonic BCR signaling modes.

Fig. 2. Tonic BCR signaling. (A) CD79a shRNAs are
toxic for BL cell lines. The figure shows the fraction
of GFP-positive, shRNA-expressing cells relative to
the GFP-negative, shRNA-negative fraction at the
times indicated (normalized to day 0). Data are
representative of three experiments. (B) CD79a and
actin immunoblots of lysates derived from DG75 cells
that were treated with doxycycline for 18 h to ex-
press either unspecific shRNAs (Control) or shRNAs
targeting CD79a. (C) BCR cell surface expression in
DG75 control cells or CD79a knockdown cells was
monitored by flow cytometry 18 h after shRNA in-
duction. (D and E) Unsupervised clustering analysis
of all p-sites that were regulated upon BCR stimu-
lation/CD79a knockdown/SYK inhibition. Values for
each p-site (row) in all conditions (columns) are col-
ored based on the z-score of the log2-transformed
SILAC ratios.
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Notably, we found p-sites that were down-regulated upon CD79a
knockdown but were not affected by SYK inhibition (Fig. 2E, cluster
b, and Fig. 3A). Such p-sites were found on proteins such as tyrosine
kinase LYN and regulatory subunits of PI3K, both of which are
known to act upstream of SYK in BCR signaling (3, 20). Thus, these
proteins are likely to represent effectors that act either in close
proximity to the BCR and upstream of SYK or just independently
of SYK.
We also investigated tonic BCR signaling in Daudi cells in the

presence of SYK inhibitor (Dataset S3). However, investigation of
phosphoproteomic changes in Daudi cells upon CD79a knockdown
was not possible, owing to the fact that apoptosis occurred very early
under these conditions. Nevertheless, Daudi cells share a consid-
erable amount of phosphorylation changes under SYK inhibitor
treatment.

BCR Signaling Networks in BL. To systematically integrate the iden-
tified effectors and, more specifically, tyrosine phosphorylation
events into BCR signaling cascades, we generated a pYome sig-
naling network based on our data from the pYome analyses of tonic
and activated BCR signaling. We first focused on some selected
proteins that were identified as being phosphorylated upon BCR
stimulation, while dephosphorylated upon CD79a knockdown and
SYK inhibition [Fig. 3B (cluster “a” from Fig. 2E)]. Such proteins
are supposedly involved in both tonic and activated BCR signaling.
To generate a signaling network, we combined our information
about differentially phosphorylated proteins with known protein–
protein interactions derived from the BioGRID database and ki-
nase-substrate relations derived from the PhosphoSitePlus database.
Fig. 3C shows the pYome network thus generated, in which pivotal
and well-studied BCR-proximal signaling effectors, including Src
kinases, SYK, phospholipase C-gamma-2 (PLCγ2), CBL, and mi-
togen-activated protein kinases (MAPK) like ERK, are found in a
highly interconnected module. Previously published data showed an
important role of PI3K function in tonic BCR signaling in BL (4). In
accordance with these data, we found that the B-cell–specific PI3K
activating complex consisting of LYN, NCK, and phosphoinositide-
3-kinase adaptor protein (PIK3AP1) (also known as BCAP) (20), as
well as downstream effectors of PI3K signaling like dual adaptor
protein of phosphotyrosine and 3-phosphoinositides (DAPP1) (also
known as BAM32) (21), are phosphorylated in tonic BCR signaling.
Notably, effector proteins, which were also shown to be phosphor-
ylated in tonic as well as activated BCR signaling, are not yet linked
to the main BCR signaling hub and may point to hitherto unknown
BCR-signaling complexes. These effector proteins include compo-
nents of the cytoskeleton, such as γ-actin (ACTG1) and α-tubulin
(TUBA1B), as well as putative cytoskeleton regulators like Abelson
protein tyrosine kinase 2 (ABL2) (22) and Leupaxin (LPXN) (23).
The latter has also been described as a negative regulator of BCR
signaling (24). We also identified significantly regulated phosphor-
ylation of the Ikaros transcription factor family member Aiolos
(IKZF3), which is known to be important for B-cell activation (25)
and to be up-regulated in CLL (26). Ikaros proteins are pivotal
regulators of hematopoiesis and immunity (27) and have been
reported to be essential for B-cell development (28). Interestingly,
we identified tyrosine residue 96 of Aiolos to be phosphorylated in
tonic and activated BCR signaling. Although serine phosphoryla-
tion of IKZF1-encoded Ikaros has been shown to control its cel-
lular localization (29), a regulation of Ikaros proteins by tyrosine
phosphorylation is hitherto unknown. Therefore, our data might
help to understand how BCR-proximal processes are linked to the
regulation of this protein family.

Identification of BCR Effectors Involved in Regulation of BL Cell Survival.
Based on the identification of regulated p-sites in BCR signaling, we
next investigated, in an exemplary manner, whether the newly
identified BCR effectors are relevant for BL-cell fitness and
survival. Therefore, we targeted a subset of selected genes that

encode proteins that were identified as being phosphorylated in a
BCR-dependent manner by an shRNA-based approach. Among
these genes were several that have not yet been described as rele-
vant for BL pathophysiology, including ADP ribosylation factor
guanine nucleotide-exchange factor 2 (ARFGEF2) and actinin-4
(ACTN4). In other cell types, ARFGEF2 and ACTN4 have been
described as regulators of membrane-trafficking and cytoskeleton-
related processes, respectively (30, 31). We first confirmed the ex-
pression of ARFGEF2 and ACTN4 in patient-derived Burkitt’s
lymphoma samples by immunohistochemical analysis (Fig. 4 A and
B). Subsequently, we interfered with the expression of ARFGEF2
and ACTN4 by using specific shRNAs (Fig. 4C), allowing us to
investigate their impact on the regulation of BL-cell fitness and
survival. We monitored the relative proportions of GFP-positive

Fig. 3. BCR signaling networks. (A and B) Enlarged versions of cluster “b”
(A) and cluster “a” (B) of the heatmap shown in Fig. 2E including protein
names and p-sites. (C) Cytoscape derived signaling network showing se-
lected BCR effectors (derived from cluster “a” of Fig. 2E) that contain reg-
ulated phospho-sites upon BCR stimulation and upon interference with tonic
BCR signaling. Proteins were grouped according to their known protein–
protein interaction status (BioGRID database). Kinase–substrate relations
were derived from the PhosphoSitePlus database. The phosphorylation
status of individual p-sites is shown in color-coded rectangles.
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cells that express shRNAs for ARFGEF2 or ACTN4, respectively
(Dataset S4). We found their abundance in DG75, Daudi, and
BL41 cell cultures to be markedly decreased over time whereas cells
derived from GCB-DLBCL were not affected (Fig. 4D). To exclude
off-target effects of the shRNAs, the same type of analysis was re-
peated with two additional shRNAs per gene, which confirmed a
role of ARFGEF2 and ACTN4 in the regulation of BL-cell survival
(Fig. S5 A and B). Finally, we performed Annexin V-based apo-
ptosis assays to see whether the reduction of ARFGEF2 or ACTN4
expression directly affects cell survival. This analysis revealed an
augmented apoptosis rate in the ARFGEF2 and ACTN4 knock-
down cells (Fig. S5 C andD). See Dataset S4 for shRNA sequences.

Discussion
BCR signaling critically regulates the development, proliferation,
and activation of B cells. Further emphasizing this importance,
several lymphoid neoplasias, such as CLL, ABC-DLBCL, and BL,
are addicted to dysregulated BCR signaling. Although, in CLL and
ABC-DLBCL, a mechanistic understanding of altered BCR sig-
naling has already led to development of efficient targeted therapies
(16, 17), little is known so far about BCR signaling and its functional
impact in BL (3). In contrast to CLL and ABC-DLBCL, in BL, no
mutations were found in BCR signaling effectors, such as CD79a/b
and CARD11, which implies the existence of different patho-
mechanisms and makes the identification of potential drug targets
within the BL-specific BCR-signaling network more difficult (4, 14).
Contrary to CLL and ABC-DLBCL cells, which depend on

chronic active BCR signaling, BL cells are believed to rely on tonic
antigen-independent BCR signaling (4). The first biochemical evi-
dence for tonic BCR signals was reported by Wienands et al. (32).
In their study, the inhibition of protein tyrosine phosphatases
resulted in a phosphotyrosine “signaling signature” that was similar
to that present in BCR-activated cells. This finding implied that
BCR complexes constitutively generate basal signals that were later
shown to be functionally relevant for various aspects of B-cell bi-
ology (33–35), as well as BL pathophysiology (4). Our comparative
proteomic study of tonic and antigen-induced BCR signaling is in
line with these previous studies and revealed, beyond commonly
used signaling patterns, distinct effectors for activated and tonic
conditions, thus strongly implying a certain degree of specificity for
both modes of BCR signaling.
Recently, Satpathy et al. (36) described phosphoproteomic

changes that occurred upon stimulation of BCR in the murine
B-cell line A20 (36). In addition to a common set of BCR signaling

effectors that were identified in both studies, we identified more
than 200 so far unreported BCR effectors. There are several pos-
sible explanations for the differences observed in BCR signaling
between BL and A20 cells. First of all, the BL cells we analyzed are
derived from humans whereas the A20 cells are of murine origin.
Second, we investigated activated and tonic BCR signaling whereas
Satpathy et al. focused only on activated BCR signaling. Third, the
BL models that we analyzed express IgM-BCR on the cell surface
whereas A20 cells express IgG-BCR. Fourth, A20 cells do not
harbor any BL-specific mutations.
Our analyses represent a substantial complement to recent ge-

netic studies in which the mutational landscape in BL was eluci-
dated and the mutational pattern in BL was shown to differ
markedly from those in DLBCL and CLL (4, 14, 37). We included
in our study genetically distinct BL; therefore, our comprehensive
datasets, which include numerous time-resolved BCR signaling
events, may represent a valuable resource for identifying potential
drug targets. This finding is of particular importance because
targeted therapies for BL are largely lacking at present and be-
cause they would be needed to improve outcomes—both in elderly
BL patients, who still have a poor prognosis (38), and in patients
with endemic BL in developing countries, where the administra-
tion of intensive chemotherapy is still a challenge.
Our resource datasets will be of importance for further elucidat-

ing BCR-mediated processes, in general, and BL-specific signaling,
in particular. For example, ARFGEF2 and ACTN4—proteins that
have not yet been described in the context of lymphoma patho-
physiology—were identified as differentially phosphorylated upon
knockdown of CD79a and SYK inhibition in BL cells in our study.
We found that both newly identified BCR effectors are crucial for
BL cell survival whereas they did not affect cell survival of other
lymphoma subtypes. It is known that both proteins play a role in
cytoskeleton reorganization and vesicle trafficking (30, 31); thus, it is
tempting to speculate that these processes might contribute to the
survival of BL cells. Several studies have indicated that the initiation
of BCR signaling itself requires defined reorganization of the actin-
and microtubule-dependent cytoskeleton, but the underlying mo-
lecular mechanisms remain largely elusive (13). We have shown here
that cytoskeleton regulators represent one of the largest groups of
phosphoacceptor proteins and have identified putative candidates
that might control these processes, including ACTN4. Moreover,
a recent study indicates that vesicles deliver preassembled SH2–
domain-containing leukocyte protein of 65 kD (SLP65) signaling
cargos to sites of BCR activation (39). Thus, the down-regulation

Fig. 4. (A and B) Tissues derived from lymph nodes
of either patients with Burkitt lymphoma (n = 11)
(A, Top and Middle), DLBCL (n = 13), and Grey zone
lymphoma (n = 6) or healthy donors (n = 4) (A,
Bottom) were immunohistochemically stained with
antibodies against ARFGEF2 and ACTN4. Two in-
dependent pathologists evaluated all tissue sections
on the basis of staining intensity using a three-stage
staining score. A 40-fold magnification was used. GC,
Germinal center; MZ, marginal zone. (C) Immuno-
blots with antibodies against ARFGEF2 and ACTN4 of
cleared cellular lysates derived from Daudi cells that
were treated with unspecific shRNAs and shRNAs
specific for either ARFGEF2 or ACTN4 (Upper). Pro-
tein loading was monitored by anti-actin immuno-
blotting (Lower). (D) ARFGEF2 and ACTN4 shRNAs are
toxic for BL. The figure shows the fraction of GFP-
positive, shRNA-expressing cells relative to the GFP-
negative, shRNA-negative fraction at the times
indicated (normalized to the day 0 values). Data
are representative of three experiments.
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of ARFGEF2 expression might interfere with vesicle trafficking
and thereby disturb tonic BCR signaling.
The presented resource for BL-specific BCR signaling will

help in gaining an understanding of fundamental BCR-induced
processes. It also provides a useful basis for further biochemical
and functional studies aimed at identifying and validating further
potential therapeutic options for Burkitt’s lymphoma.

Materials and Methods
Cell Culture, BCR Stimulation, and Cell Lysis. The lymphoma cell lines DG75,
Daudi, BL-2, BL-41, BL-70, U-2932, and SU-DHL-6were obtained fromDSMZ or
ATCC. OCI-Ly10 and OCI-Ly7 cells were kindly provided by A. Rosenwald,
Institute of Pathology, University of Würzburg, Wuerzburg, Germany. Cell
lines were authenticated by using Multiplex Cell Authentication (Multi-
plexion) (40). Further information is provided in SI Materials and Methods.

Mass Spectrometry and Data Analysis. Mass spectrometry and data analysis
are described in SI Materials and Methods.

Flow Cytometry. Flow-cytometric calcium measurements were performed as
described in Oellerich et al. (41). Further details for flow cytometric analyses
are provided in SI Materials and Methods.

Western Blotting. Western blotting was performed as described in Oellerich
et al. (42).

Immunohistochemistry. Lymphoma and normal lymph node tissue for immu-
nohistochemistry (IHC) analyses was acquired from 32 patients from the University
Medical Center Göttingen. Approval for using the human patient material in this
study was obtained from the Ethics Committee of the University Medical Center
Göttingen and informed consent was obtained. Investigated cases included 11
Burkitt’s lymphoma, 13 DLBCL, 6 Grey zone lymphoma, and 4 healthy lymph
nodes. Further details for IHC analyses are provided in SI Materials and Methods.
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