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BAFF, APRIL and their receptors regulate the survival, maturation and homeostasis of

mature B-cells. Despite the lack of a functional role of BAFF/APRIL system during normal

early B-cell development, previous studies indicated a contribution of these molecules

in the pathogenesis of B-lineage acute lymphoblastic leukemia (B-ALL). Here, we

evaluated the expression of this system in B-ALL and its involvement in spontaneous and

drug-induced apoptosis of B-lymphoblasts, taking into consideration the distinct disease

subtypes. We found that BAFFR is the most predominant aberrantly expressed receptor

in B-ALL and that its expression, along with BCMA and APRIL, positively correlates with

thematuration stage of B-lymphoblasts. Moreover, the binding of the E2A-PBX1 chimeric

protein to the BAFFR promoter suggests that the transcriptional activator promotes the

increase in BAFFR expression observed in about 50% of pre-B-ALL patients carrying

the t(1,19) translocation. BAFF binding to BAFFR led to the processing of NF-κB2

p100 in pre-B ALL cells suggesting that BAFFR can activate the NF-κB2 pathway in

pre-B ALL cells. Surprisingly, we found that BAFF treatment promotes the cell death

of primary BCR-ABL+ BAFFR+ pre-B-lymphoblasts in adult B-ALL. It also enhances

glucocorticoid-induced apoptosis in the E2A-PBX1+ pre-B-ALL cell line 697. These data

suggest that BAFF/BAFFR signaling in B-ALL cells differs from normal B cells and that it

may affect the pathogenesis of the disease.
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INTRODUCTION

B-cell activating factor (BAFF), a member of the tumor necrosis
factor (TNF) family, is an essential survival factor for B-
cells. BAFF is produced as a membrane-bound protein and
upon proteolytic cleavage it is released as a soluble ligand,
which exists either as trimer or 60-mer, which combines 20
BAFF trimers to form a virus-like structure (1–4). BAFF
binds to three receptors differentially expressed by mature B-
cell subsets (5). BAFF receptor (BAFFR), which only binds
BAFF, is expressed at high levels by all B-cell subsets from
the stage of transitional B-cell except for germinal center B-
cells and plasma cells. The transmembrane activator, calcium
modulator and cyclophilin ligand interactor (TACI) is expressed
by marginal zone B-cells, switched memory B-cells and plasma
cells, while the B-cell maturation antigen (BCMA) is expressed
by plasma cells. TACI and BCMA can bind BAFF and APRIL
(“a proliferation-inducing ligand”), although at different affinities
(6). Since BAFFR does not seem to be expressed before the
stage of IgM+ immature B-cells (7, 8) and because inactivation
of BAFF and BAFFR still allows normal development of B-
cell precursors up to the stage of transitional B-cells (9,
10), BAFF and BAFFR are not required for the normal
development of pro- and pre-B cells during these early stages of
B-cell development.

Several reports provided evidence that the BAFF/APRIL

system also plays a role in the pathogenesis of mature B-lineage
cancer (11–13) as the receptors and the ligands are expressed

by neoplastic B-cells and as the tumor microenvironment can

provide BAFF and APRIL to support the survival of tumor B-
cells (14). Moreover, it has been suggested that the BAFF/APRIL
system also contributes to the pathogenesis of B-cell acute
lymphoblastic leukemia (B-ALL) (15–19), the most common
malignancy of childhood. Interestingly, these studies focused on
the aberrant expression of BAFFR, since this receptor seems
to be mainly expressed by malignant B-lymphoblasts (17–19).
In this context, Fazio et al. observed a positive selection and
survival of BAFFR-expressing blasts (16), while high levels of
ligands were reported to provide survival signals, protecting
malignant B-lymphoblasts from drug-induced apoptosis (18, 19).
These findings have led several groups to investigate novel
therapeutic approaches by targeting BAFFR either with toxin-
fused antibodies (20, 21) or, more recently, through a CAR-based
approach (22).

Since B-ALL is a heterogeneous type of leukemia, different
mechanisms may account for the aberrant expression and
function of BAFF/APRIL system molecules. For example, the
chromosomal translocation t(1;19) is found in ∼50% of pre-
B ALL cases and correlates with intermediate prognosis. The
translocation leads to the expression of a protein which combines
the transactivation domains of the transcription factor E2A with
the DNA binding domain of PBX1 (23). Here we show that the
chimeric E2A-PBX1 protein binds to the promoter of BAFFR
gene in pre-B-lymphoblasts, suggesting that E2A-PBX1 plays a
role in the upregulation of BAFFR expression. Moreover, the
aberrantly expressed BAFFR surprisingly acts as a cell death-
promoting receptor of pre-B-ALL cells.

MATERIALS AND METHODS

Subjects and Cell Lines
Seventy-one patients with ALL (59 children, 12 adults),
diagnosed according to standard criteria (24, 25), were
enrolled in the study. Their demographic and clinicolaboratory
characteristics are presented in Table 1. Bone marrow (BM)
aspirates performed in 9 individuals for diagnostic purposes
(including 4 patients with high grade non-Hodgkin lymphoma
during follow-up and far off any therapy, at least 1 year after a
complete remission was achieved), as well as peripheral blood
(PB) samples from 11 healthy subjects served as controls.

Mononuclear cells were obtained by density-gradient
centrifugation from 70 out of 71 patients with ALL, from
4 BM samples of patients with non-Hodgkin lymphoma of
the control group and from all (11) normal PB samples. For
B-cell survival assays, B-lymphoblasts, and normal PB B-cells
were isolated following magnetic depletion of all non-CD19+

subsets. For the mRNA analysis of BAFF/APRIL ligands and
receptors, monocytes, and B-cells were purified from normal
PB mononuclear cells. Details on cell isolation are provided in
Supplementary Methods.

The pre-B-ALL cell line 697 (E2A-PBX1+) and the T-ALL
cell line Jurkat were cultured in IMDM, supplemented with 10%
heat-inactivated FBS and 1% penicillin-streptomycin-glutamine
(37◦C, 5% CO2 atmosphere).

The study has received ethical approval by the Institutional
Review Board of the University Hospital of Larissa. A written
informed consent in accordance with the ethical standards of
Helsinki declaration and its later amendments was signed by all
the participants prior to sample collection, as well as by parents
or relatives of patients for whom consent was not legally available
(e.g., children).

PCR and qPCR
cDNA was prepared from total RNA from mononuclear cells
as described (26, 27). Expression of TACI and BAFFR was
determined by quantitative Real-Time RT-PCR, while the
expression of BCMA, APRIL, BAFF, and deltaBAFF (1BAFF)
transcripts was determined by semi-quantitative conventional
RT-PCR using beta-2-microglobulin (B2M) transcripts as
reference (Supplementary Methods). TEL-AML1, E2A-PBX1,
BCR-ABL (p190 and p210) chromosomal translocations were
detected in B-ALL patients by two-step multiplexes RT-PCR as
described (28). Themethods are fully described in the Supporting
Information section.

Flow Cytometry
Surface expression of BAFFR, BCMA, and TACI was analyzed
by flow cytometry with PE-conjugated anti-TACI, anti-BCMA,
or anti-BAFFR antibodies (Biolegend, San Diego, CA, USA) and
compared to respective isotype-matched Ig controls. Cells were
analyzed on Coulter FC-500 flow cytometer (Beckman-Coulter,
Brea, CA, USA).

Chromatin Immunoprecipitations (ChIPs)
Six hundred ninety-seven (697) cells (E2A-PBX1+, BAFFR+)
were crosslinked in culture medium with 1% formaldehyde
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TABLE 1 | Demographic data and clinical characteristics of the patients of the study.

Total ALL T-ALL Total

B-ALL

Pediatric

B-ALL

Adult

B-ALL

Healthy donors

No 71 7 64 52 12 20

Sex, male/female 41/30 4/3 37/27 32/20 5/7 5/15

Age, years 6.0 7.0 6.0 4.4 50.0 44.5

Median (Range) (0.8–77.0) (3.0–13.5) (0.8–77.0) (0.8–14.0) (20.0–77.0) (0.5–72)

All Subtypes

B phenotype, n (%) 64 (90.1)

pro–B, n (%) 2 (2.8) 2 (3.1) 1 (1.9) 1 (8.3)

Common B, n (%) 39 (54.9) 39 (60.9) 35 (67.3) 4 (33.3)

Pre–B, n (%) 23 (32.4) 23 (35.9) 16 (30.8) 7 (58.3)

T Phenotype, n (%) 7 (9.9)

cortical T, n (%) 3 (4.2) 3 (42.9)

pre–T, n (%) 2 (2.8) 2 (28.6)

mature T, n (%) 2 (2.8) 2 (28.6)

WBC count, x109/L 14.1 164.1 11.9 10.3 20.5

Median (range) (0.3–547.3) (10.1–547.3) (0.3–108.3) (0.3–108.3) (2.0–80.0)

Hemoglobin, mg/dL 9.0 9.8 8.8 8.4 10.8

Median (range) (3.0–14.5) (8.1–12.7) (3.0–14.5) (3.0–13.4) (4.3–14.5)

Platelets, x109/L 80.0 85.0 79.0 75.0 92.0

Median (range) (9.0–952.0) (20.0–316.0) (9.0–952.0) (9.0–952.0) (10.0–380.0)

Bone marrow

infiltration,%

73.5 77.0 72.7 71.0 86.9

Median (range) (16.0–98.0) (68.0–94.0) (16.0–98.0) (16.0–98.0) (50.0–95.0)

Immunophenotyping

aberrant CD13/33, n (%) 0 (0.0) 8 (12.5) 5 (9.6) 3 (25.0)

aberrant T markers, n (%) 0 (0.0) 0 (0.0) 0 (0.0)

aberrant B markers, n (%) 1 (14.3)

Karyotype†

Hyperdiploidy, n (%) 2 (4.3) 0 (0.0) 2 (4.7) 2 (6.5) 0 (0.0)

Highly hyperdipl., n (%) 8 (17.0) 0 (0.0) 8 (18.6) 8 (25.8) 0 (0.0)

Hypodiploidy, n (%) 1 (2.1) 0 (0.0) 1 (2.3) 1 (3.2) 0 (0.0)

Normal karyotype, n (%) 18 (38.3) 0 (0.0) 18 (41.9) 12 (38.7) 5 (41.7)

Other defects, n (%) 21 (44.7) 4 (100.0) 17 (16.3) 11 (35.5) 7 (58.3)

Molecular Defects†

E2A–PBX1, n (%) 7 (10) 0 (0.0) 7 (11.1) 5 (9.6) 2 (18.2)

TEL–AML1, n (%) 18 (25.7) 0 (0.0) 18 (28.6) 18 (34.6) 0 (0.0)

BCR–ABL, n (%) 5 (7.1) 0 (0.0) 5 (7.9) 2 (3.8) 3 (27.3)

Early Response, n (%)†

Complete remission, n (%) 64 (92.8) 7 (100) 57 (91.9) 50 (98.0) 7 (63.6)

Partial remission, n (%) 2 (2.9) 0 (0.0) 2 (3.2) 1 (2.0) 1 (9.1)

Resistant disease, n (%) 3 (4.3) 0 (0.0) 3 (4.8) 0 (0.0) 3 (27.3)

Relapse, n (%)† 7 (10.6) 0 (0.0) 7 (11.9) 5 (9.8) 2 (25.0)

Death, n (%) 12 (17.1) 1 (14.3) 11 (17.5) 5 (9.8) 6 (50.0)

Survival, in months 89.0 96.0 87.0 93.0 10.0

Median (range) (1.0–201.0) (2.0–193.0) (1.0–201.0) (3.0–201.0) (1.0–45.0)

†
Non available data: 24 cases for karyotype, 1 case for molecular defects, 2 cases for early response and relapse.

for 15min at room temperature. Following sonication,

ChIPs were performed according to EZ-ChIP
TM

-Chromatin
Immunoprecipitation Kit (Upstate-Millipore, Burlington,

Massachusetts, USA) protocol using a mouse anti-E2A-PBX1

antibody (clone G289-1, BD Biosciences, Franklin Lakes,

New Jersey, USA) or mouse IgG1 kappa isotype control (BD
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Biosciences). DNA was amplified by qPCR with primers flanking
putative E2A-PBX1 binding sites on BAFFR gene (promoter,
second intron and 3′UTR) or negative control primers as
listed in Table S1. Specific enrichment of E2A-PBX1-binding
DNA targets vs. input was calculated as described by Litt et al.
(ChIP/Input=2InputCt−ChIPCt) (29).

Western Blot Analysis
Western blot analysis was performed as described before (30, 31),
using anti-NF-κB2 (Millipore), anti-BAFFR (CT; Enzo, Lausen,
Switzerland) or anti-actin (Santa Cruz, CA, USA) antibodies.
Primary antibodies were visualized with horseradish peroxide-
conjugated secondary donkey antibodies using an enhanced
chemiluminescence detection system.

B-Cell Survival Assays
5 × 104 cells were incubated in IMDM-10% FBS in the
presence or absence of 60-mer BAFF (0.049–12.5 ng/mL;
AdipoGen, San Diego, CA, USA), with/without marimastat
(0.5–8µM, Sigma-Aldrich, St. Louis, Missouri, USA). At the
indicated time points (5 and 17 h for B-lymphoblasts and 3
days for normal B-cells, respectively), CD19+ 7-AAD−cells
were analyzed in triplicates by flow cytometry by timed
acquisition (10, 30, 31).

Detection of Cell Death
Six hundred ninety-seven (697) and Jurkat cells were grown
in 48-well plates at 105 cells per well in IMDM-10% FBS,
in the presence or absence of BAFF 3-mer (5–200 ng/mL;
R&D systems, Minneapolis, USA), or 60-mer (5 ng/mL) for 2
days and treated with 3-mer (5–800 ng/mL) or 60-mer BAFF
(5 ng/mL) with or without hypotoxic concentrations of aracytine
(160 ng/mL; Pfizer, New York, USA), dexamethasone (10–
20 ng/mL; Vianex, Athens, Greece), prednisolone (0.8µg/mL;
Takeda, Osaka, Japan), methylprednisolone (1.3µg/mL; Vianex),
hydrocortisone (53µg/mL;Vianex) for 697 cells and 200µg/mL
dexamethasone for Jurkat cells; according to titration assays, we
chose those drug concentrations below the threshold of 50% B-
lymphoblasts apoptosis (IC50) to prevent that glucocorticoid-
induced cell death would mask potential effects of BAFF.
After 72 h, cell death was analyzed using an annexin V cell
apoptosis kit (Beckman Coulter); data represent the average of
2–5 experiments.

Based on our findings, 697 cells were also incubated
with/without 8µM of marimastat, 20 ng/mL dexamethasone
and 5 ng/mL BAFF for 3 days and apoptosis was assessed as
described above.

Statistical Analysis
Data analysis was performed with SPSS 22.0. Comparisons
of gene expression between ALL groups were based on the
non-parametric Mann-Whitney U and Kruskal-Wallis H
tests. Correlations at expression level were made according
to Spearman’s rank correlation coefficient. Statistical
significance for in vitro cell assays with drugs was tested
with Wilcoxon signed-rank test. Graphs were made on

Graphpad Prism 6. P value (2-sided) <0.05 was considered
statistically significant.

RESULTS

BAFFR Expression in Acute Lymphoblastic
Leukemia Cells and E2A-PBX1 Binding to
BAFFR Promoter in Pre-B-lymphoblasts
Analyzing the expression levels of BAFFR, TACI, BCMA, BAFF,
and APRIL relative to B2M transcripts, we found that BAFFR
and BCMA transcripts are expressed by B-ALL cells (n =

63), although at lower levels compared to primary B-cells
or EBV lines, while TACI seems to be expressed only at
background levels (Figure 1A). Comparing different types of
ALL, we detected BAFFR expression in 42 out of 63 patients
diagnosed as either common ALL or pre-B ALL (Figure 1C);
interestingly, the BAFFR mRNA expression was correlated with
the expression of CD20 (p = 0.022, Figure S1A). Moreover,
BAFFR levels were higher in a proportion of patients carrying
the E2A-PBX1 translocation compared to theE2A-PBX1-negative
cohort (p = 0.014), with all of them suffering from pre-B-
ALL (Figure 1F). Similarly to BAFFR, we also found aberrant
expression of BCMA in the more mature forms of B-ALL
(Figure 1D), correlating with the expression of cytoplasmic
IgM (p = 0.027, Figure S1B). Finally, TACI transcripts were
only observed in patients expressing either BAFFR or BCMA
(n = 6); interestingly, when TACI was expressed, it was
significantly correlated to BAFFR mRNA levels (p < 0.001,
r = 0.452, Figure S1C).

Similar to BAFFR and BCMA, APRIL was expressed by
more mature B-ALL cases (Figure 1E) and its mRNA levels
were positively correlated with those of BAFF (p = 0.008,
r = 0.33). Moreover, we found a significant association of
BAFF expression with its alternatively spliced isoform 1BAFF
(p < 0.001, r = 0.88, Figure S1D). As 1BAFF interferes
with BAFF activity (32), it may play a role as negative
regulator for BAFF in B-ALL lymphoblasts. Additionally, we
observed that BCMA was associated with both 1BAFF (p
= 0.031, r = 0.272) and APRIL (p = 0.005, r = 0.349),
while the latter two were also correlated to each other (p <

0.001, r = 0.434).
Finally, no significant associations were observed between the

expression of BAFF, 1BAFF, APRIL, BAFFR, TACI, and BCMA
with clinicolaboratory findings at diagnosis (including leukocyte
counts, hemoglobin, and platelet levels), initial response to
treatment and survival of our cohort of patients (p > 0.05,
in all cases).

Since high BAFFR mRNA expression was found in about
60% of the E2A-PBX1+ pre-B-ALL cases, to functionally
investigate the mechanisms underlying this phenomenon,
binding of E2A-PBX1 to regulatory sequences in the BAFFR
locus was analyzed. ChIPs in pre-B-ALL cells (697) that
carry the E2A-PBX1 fusion and express only BAFFR,
mimicking patients’ phenotype, evaluated whether E2A-
PBX1 binds in vivo to sequences of the BAFFR gene that
include PBX consensus motifs (promoter, intronic and

Frontiers in Oncology | www.frontiersin.org 4 July 2019 | Volume 9 | Article 594

https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Sevdali et al. BAFF/APRIL System in B-ALL

FIGURE 1 | Pattern of mRNA expression of BAFF/APRIL system and E2A-PBX1 binding to BAFFR promoter. For (A–F) the vertical axis represents the normalized

relative gene expression values. (A) Receptors and (B) ligands mRNA levels in patients with B- (n = 63) and T- (n = 7) lineage ALL and in mononuclear cells from BM

(n = 4), PB (n = 5), pure mature B-cells (n = 3) and pure monocytes (n = 3) from healthy donors, and EBV cell lines (n = 4). The bars represent mean values and the

lines the standard error of mean. The discontinuous lines represent the relative mRNA expression of receptors in monocytes that serve as a negative control group.

(C) BAFFR, (D) BCMA, and (E) APRIL mRNA levels are correlated with the maturation stage of B-lymphoblasts. The lines in the dot plots represent the median value

for each B-ALL subtype; p-value in each plot refers to Kruskal-Wallis H test. (F) Increased BAFFR transcript levels in patients with pre-B-ALL carrying the E2A-PBX1

translocation; p-value refers to Mann-Whitney U test. (G) E2A-PBX1 binding to the promoter of BAFFR gene in the pre-B-ALL cell line 697. Cross-linked chromatin

from 697 cells was used in ChIPs with anti-E2A-PBX1 antibody. IgG was utilized in parallel with anti-E2A-PBX1 antibody, as control. Two sets of primers were used:

One set specific for the amplification of the BAFFR gene promoter and one set of negative control primers for amplification of a region lacking PBX motifs. Bars

represent mean and standard error values of specific enrichments (fold differences) vs. input obtained in at least three independent experiments. The statistical

significance (Student’s t-tests) of the difference of enrichment for promoter sequences vs. the IgG control (p = 0.019) and negative control region (ns, not significant)

are indicated.

3′UTR). E2A-PBX1 was shown to bind to the promoter
of BAFFR, with the enrichment being 3.3-fold vs. the IgG
control (Figure 1G).

Analyzing the cell surface expression of BAFFR, TACI,
and BCMA on B-ALL cells from 12 patients (data for
BCMA expression were available for 7/12 patients), we
found that B-ALL cells of 8/12 patients expressed BAFFR,
although at lower levels than mature B cells from the same
patients (Figure 2). Different from B-lymphoblasts, BAFFR
is normally not expressed by normal pro-B and pre-B cells

(Figure S2). As predicted by the qPCR analysis (Figure 1),
neither TACI nor BCMA were expressed by B-ALL cells.
Interestingly, induction/consolidation therapy (including
GMALL and Hyper-CVAD treatment) did not change BAFFR
expression (Figure 2).

BAFF Activates the Alternative NF-κB
Pathway in B-ALL Cells
Since the NF-κB2 pathway is typically activated by BAFFR
(33), we tested the processing of NF-κB2 by stimulating
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FIGURE 2 | BAFFR expression in patients with B-ALL. Flow cytometry data for surface expression of BAFFR on representative B-ALL patients. BAFFR is expressed in

a proportion of patients with B-ALL, but to a lesser degree compared to normal residual mature B-cells. Dot plots show BAFFR expression on total CD19+ cells in

patients with B-ALL. Black dots represent the residual normal mature B-cells on patients with B-ALL; patients #63 & 66: common B-ALL, patient #67: pre-B-ALL at

diagnosis and relapse.

B-lymphoblasts from two BAFFR+ pre-B ALL patients
and from one BAFFR− common B-ALL patient with
BAFF overnight in a dose-dependent manner. The
immunoblotting analysis revealed processing of p100
into p52 in BAFFR+ pre-B-ALL cells and in the 697 cell
line, but not in the BAFFR− common B-ALL sample
(Figure 3A), demonstrating that BAFFR expressed in pre-B
ALL is functional and initiates NF-κB2 signaling similar to
mature B-cells.

Since BAFF binding to BAFFR can induce proteolytic
processing of BAFFR by ADAM10 and ADAM17 (30), we
tested if BAFFR would also be processed in pre-B ALL
cells in response to BAFF binding. Similar to normal B-
cells and Burkitt’s lymphoma lines (30), a sharp decline of
BAFFR was observed in BAFFR+ pre-B-ALL and in 697 cells
but not in BAFFR− common B-ALL cells (Figure 3B). The
decrease of the intact BAFFR protein was accompanied by
the appearance of a 22 kDa fragment corresponding to the
C-terminal part of BAFFR remaining in the cells after the
extracellular part has been shed (30). Thus, BAFF binding to
BAFFR regulates the surface expression levels of BAFFR in
BAFFR+ pre-B ALL cells. However, overnight treatment of 697
cells with the pan-metalloprotease inhibitor marimastat, failed
to inhibit BAFFR processing induced by BAFF binding to the
receptor (Figure S4A).

BAFF Promotes Cell Death
in B-Lymphoblasts
Since BAFF promotes the survival of transitional and mature
B-cells (34), we investigated whether BAFFR expressed by B-
lymphoblasts would support their survival in vitro. To this end,
we performed survival assays with BAFFR+ and BAFFR− B-
ALL cells isolated from patients and compared their survival,
at 5 and 17 h in the presence of increasing amounts of BAFF,
using normal B-cells as an internal control. Surprisingly, BAFF
did not support the survival of BAFFR+ B-lymphoblasts, but it
seemed to increase in a dose-independent manner the cell death
of BAFFR+ pre-B-ALL cells from adult patients carrying the
BCR-ABL rearrangement (Figure 4A).

Since BAFF treatment of BAFFR expressing B-lymphoblasts
induces processing of the receptor, we wondered whether
incubation with marimastat that inhibits BAFFR processing
in normal B-cells (30) could modify the effect of BAFF
in the survival of primary B-lymphoblasts. However, various
concentrations of marimastat did not clearly alter the effect
of BAFF in promoting cell death, while there was a clear
effect of marimastat on normal B-cells in promoting their
survival (Figure S4B).

The unexpected induction of BAFF-dependent cell death
on BAFFR+ malignant pre-B-lymphoblasts prompted us to
investigate whether BAFF treatment would change drug-induced
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FIGURE 3 | BAFF activates the alternative pathway of NF-κB on BAFFR expressing blasts. (A) Western blot analysis of NF-κB2 processing in mononuclear cells from

B-ALL patients and in 697 cells, incubated overnight with increasing concentrations of 60-mer BAFF. (B) Western blot analysis with the antibody that recognizes also

the C-terminal fragment of BAFFR (∼22 kDa) showed BAFF-mediated degradation of BAFFR in B-lymphoblasts expressing the receptor. Six hundred ninety-seven

cells display an abnormal migration pattern of BAFFR protein (of lower molecular weight) compared to primary B-lymphoblasts (intact BAFFR: ∼50 & 36 kDa); ns,

non-specific.

apoptosis of B-ALL cells. Thus, we used the BAFFR+ pre-B-
ALL cell line 697 as a model system and the BAFFR−Jurkat
T-ALL cell line as a negative control, due to the lack
of expression of BAFF/APRIL receptors. When cells were
treated with BAFF and sub-toxic concentrations of drugs
used in conventional ALL treatment, like aracytine or the
glucocorticoids dexamethasone, prednisolone, hydrocortisone,
methylprednisolone, the addition of BAFF significantly enhanced
glucocorticoid-dependent apoptosis of 697 cells (Figures 4B,C),
but not of Jurkat cells. This effect seemed to be specific for
glucocorticoids, since we did not observe any effect of BAFF
in aracytine-treated 697 cells (Figure S3). Despite the wide

range of BAFF concentrations that were tested, the BAFF-

enhanced glucocorticoid-induced apoptosis did not seem to

depend on the dose or form (3-mer/60-mer) of the ligand, as
high concentrations (200–800 ng/ml) of 3-mer BAFF had similar
effects with low concentrations (5 ng/ml) of the 60-mer form
(data not shown).

Analysis of NF-κB2 processing (Figures 4D,E) and of
BAFFR shedding (Figures 4F,G) revealed that treatment with
dexamethasone did neither change the activation of the NF-κB2

pathway nor the proteolytic cleavage of BAFFR, upon treatment
with 60-mer BAFF, despite the fact that long-term incubation
with dexamethasone itself decreased the levels of p100 and
BAFFR. This findingmight be due to a repression of the canonical
NF-κB pathway that normally supports the generation of p100
and BAFFR (35, 36). The fact that the presence of marimastat
did not alter the ability of BAFF to increase cell death induced
by dexamethasone (Figure S4C), suggests that treatment with
glucocorticoids does not interfere with BAFFR signaling.

DISCUSSION

Analyzing BAFFR expression by acute lymphoblastic B leukemia
cells we found that B-lymphoblasts from patients with common
and pre-B-ALL can transcribe the BAFFR-encoding TNFRSF13C
gene, resulting in substantial surface expression of the receptor.
Similar results have been reported by others (16–19), but our
data shed new light on these findings since we demonstrated that
functional signaling by BAFFR in pre-B ALL cells can increase
cell death.

Frontiers in Oncology | www.frontiersin.org 7 July 2019 | Volume 9 | Article 594

https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Sevdali et al. BAFF/APRIL System in B-ALL

FIGURE 4 | BAFF enhances dexamethasone-induced apoptosis of 697 cells and cell death of BAFFR expressing BCR-ABL+ pre-B-lymphoblasts. (A) Malignant

B-lymphoblasts were incubated with 60-mer BAFF (0.0488–12.5 ng/mL) for 5 and 17 h; the effect of BAFF-treatment in pure normal B-cells that served as a positive

control, was evaluated after 3 days. Survival index represents the ratio of 7-AAD−CD19+ cells at each concentration of the ligand to the untreated 7-AAD−CD19+

cells. The graph shows the mean and standard error of mean of the survival index at each group (BAFFR−ve BCR-ABL−ve: common & pro-B-ALL, BAFFR+ve

BCR-ABL−ve: common B-ALL, BAFFR+ve BCR-ABL+ve: pre-B-ALL, control B-cells: pure normal peripheral B-cells). (B) Flow cytometry analysis for Annexin V in 697

cells treated with/without BAFF and with/without dexamethasone at day 5. (C) Percentage of viable cell counts (Annexin V− 7-AAD− cells) of 697 cells incubated

with/without 3-mer or 60-mer BAFF and with/without 20 ng/mL dexamethasone (DEX) for 5 days (DEX vs. DEX+BAFF p = 0.004); p-value refers to Wilcoxon

signed-rank test between cells treated only with dexamethasone and those treated with dexamethasone and BAFF. (D) Western blot analysis of NF-κB2 processing in

697 cells treated with 5 ng/mL 60-mer BAFF and 10–20 ng/mL dexamethasone for 3 sequential days; NA: not applicable. (E) Normalization (fold difference) of

p52/p100 degradation for each culture condition to that of the untreated cells per each day. (F) Western blot analysis of BAFFR (CT) in 697 cells treated with 5 ng/mL

60-mer BAFF and 10–20 ng/mL dexamethasone for 3 sequential days. (G) Normalization (fold difference) of intact BAFFR/actin for each culture condition to that of

untreated cells per each day.

In general, BAFFR expression by B-lymphoblasts was found
to correlate with CD20 expression. This expression pattern
differs from normal pre-B-cells, in which CD20 expression
starts together with or after VDJ rearrangement, whereas low
levels of BAFFR are detected first on the surface of immature
cells (7). Moreover, BAFFR was found to be expressed at its

highest by pre-B ALL cells expressing the chimeric E2A-PBX1
transcription factor. Herein, E2A-PBX1 was shown to bind to
BAFFR promoter, providing a potential functional implication
in the regulation of BAFFR expression in pre-B-ALL E2A-
PBX1+ cells, probably as part of a transcriptional complex, and
a framework for further studies.
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In mature B-cells, BAFF binding to BAFFR activates NF-κB2
(33). We found that this is also the case in BAFFR+ pre-
B ALL cells. BAFF-dependent processing of NF-κB2 has been
reported for pre-B-ALL cell lines (18) and for primary B-ALL
cells (19). Here we show that BAFF binding to BAFFR expressed
by pre-B ALL cells activates proteolytic processing of BAFFR
and, in contrast to a previous report (19), induces apoptosis.
The discrepancy with the study of Parameswaran et al. might
be explained by the experimental settings, since Parameswaran
et al. analyzed BAFF-dependent responses by growing B-ALL
cells together with murine OP9 stroma cells (19), whereas we
cultivated purified B-lymphoblasts in the absence of any feeder
cells. In the case of normal B-cell precursors developing in vitro
from CD34+ hematopoietic stem cells, the presence of feeder
cells may interfere with their normal developmental progress
(37). In analogy, the presence of OP9 cells might have provided
pro-survival factors which were absent in our pure B-ALL cell
culture system.

The unexpected pro-apoptotic function of BAFFR in pre-B
ALL cells might be explained by the fact that BAFFR-induced
signaling cascades overlap with and enhance BCR-dependent
signaling (34, 38–41). Taking into consideration the fact
that BCR-ABL overexpression mimics BCR signaling and
since enhancement of the signaling cascade downstream of
BCR-ABL leads to cell death (12, 42, 43), the activation of
BAFFR-dependent signals in pre-B ALL cells might add-up
to the tyrosine kinase activity of BCR-ABL (e.g., interfering
with other major signaling pathways such as that of PI3K)
and provide a rationale for BAFF-induced cell death of these
cells. This interpretation is also in line with the observations
made by Parameswaran et al. who reported that addition
of BAFF reduced the apoptosis rate caused by a BCR-ABL
inhibitor (19, 20). BAFF also enhanced glucocorticoid-induced
cell death of the 697 pre-B-ALL line without changing the
activation of NF-κB2 or BAFFR processing. An increase in the
dexamethasone-induced apoptosis of the BAFFR+ NALM-6 cell
line by BAFF has also been reported in the study of Onda et al.
(18), although lacking mechanistic explanation. Our findings
together with the fact that marimastat failed to modify the effect
of BAFF in dexamethasone-treated cells, suggests that BAFFR
and glucocorticoids initiate different pathways, which finally
overlap and induce apoptosis of pre-B-cells.

In summary, our data show that the BAFF/APRIL system
is functional in B-ALL in a disease-subtype specific manner.

Moreover, the participation of E2A-PBX1 in the transcriptional
regulation of BAFFR sheds more light to the understanding of
the deregulated expression of the most predominantly expressed
receptor of the BAFF/APRIL system in B-ALL. Since BAFFR
activation seems to enhance cell death in BCR-ABL+ pre-B ALL
cells, monitoring BAFFR expression might provide novel means
to classify and finally treat B-ALL.

ETHICS STATEMENT

All experimental procedures performed were approved by the
regional ethics committee. A written informed consent in
accordance with the ethical standards of Helsinki declaration and
its later amendments, was assigned by all the participants prior to
sample collection, as well as parents or relatives of patients for
whom consent was not legally applicable (e.g., children).

AUTHOR CONTRIBUTIONS

ES, HE, and MS provided the study concept and design. ES,
EK, CS, E-NK, NA, AG, HE, and MS performed acquisition,
analysis, and interpretation of data. MP, NG, GV, MA, MM,
and SP provided samples and insight. ES, HE, and MS made
drafting of the manuscript. EK, CS, GV, MM, SP, AG, HE, and
MS provided critical revision of the manuscript for important
intellectual content. ES andMS performed statistical analysis. MS
supervised the study.

FUNDING

The preclinical part of the study has been partly supported by an
unrestricted grant from Amgen Hellas.

ACKNOWLEDGMENTS

We thank Dr. A. Nanou for PBX motif analysis on the BAFFR
gene region and Dr. I. Airoldi (G. Gaslini Institute, Genova, Italy)
for providing 697 cell line.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fonc.
2019.00594/full#supplementary-material

REFERENCES

1. Mackay F, Schneider P. Cracking the BAFF code. Nat Rev Immunol. (2009)

9:491–502. doi: 10.1038/nri2572

2. Vincent FB, Saulep-Easton D, Figgett WA, Fairfax KA, Mackay F.

The BAFF/APRIL system: emerging functions beyond B cell biology

and autoimmunity. Cytokine Growth Factor Rev. (2013) 24:203–15.

doi: 10.1016/j.cytogfr.2013.04.003

3. Gardam S, Brink R. Non-canonical NF-kappaB signaling initiated by BAFF

influences B cell biology at multiple junctures. Front Immunol. (2014) 4:509.

doi: 10.3389/fimmu.2013.00509

4. Smulski CR, Eibel H. BAFF and BAFF-eceptor in B cell selection and survival.

Front Immunol. (2018) 9:2285. doi: 10.3389/fimmu.2018.02285

5. Darce JR, Arendt BK, Wu X, Jelinek DF. Regulated expression

of BAFF-binding receptors during human B cell differentiation.

J Immunol. (2007) 179:7276–86. doi: 10.4049/jimmunol.179.

11.7276

6. Bossen C, Schneider P. BAFF, APRIL and their receptors: structure,

function and signaling. Semin Immunol. (2006) 18:263–75.

doi: 10.1016/j.smim.2006.04.006

7. Mihalcik SA, Huddleston PMI, Wu X, Jelinek DF. The structure of the

TNFRSF13C promoter enables differential expression of BAFF-R during B

cell ontogeny and terminal differentiation. J Immunol. (2010) 185:1045–54.

doi: 10.4049/jimmunol.1001120

8. Mihalcik SA, Tschumper RC, Jelinek DF. Transcriptional and post-

transcriptional mechanisms of BAFF-receptor dysregulation in human B

lineage malignancies. Cell Cycle. (2010) 9:4884–92. doi: 10.4161/cc.9.24.

14156

9. Sasaki Y, Casola S, Kutok JL, Rajewsky K, Schmidt-Supprian M. TNF

family member B cell-activating factor (BAFF) receptor-dependent and

Frontiers in Oncology | www.frontiersin.org 9 July 2019 | Volume 9 | Article 594

https://www.frontiersin.org/articles/10.3389/fonc.2019.00594/full#supplementary-material
https://doi.org/10.1038/nri2572
https://doi.org/10.1016/j.cytogfr.2013.04.003
https://doi.org/10.3389/fimmu.2013.00509
https://doi.org/10.3389/fimmu.2018.02285
https://doi.org/10.4049/jimmunol.179.11.7276
https://doi.org/10.1016/j.smim.2006.04.006
https://doi.org/10.4049/jimmunol.1001120
https://doi.org/10.4161/cc.9.24.14156
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Sevdali et al. BAFF/APRIL System in B-ALL

-independent roles for BAFF in B cell physiology. J Immunol. (2004)

173:2245–52. doi: 10.4049/jimmunol.173.4.2245

10. Warnatz K, Salzer U, Rizzi M, Fischer B, Gutenberger S, Bohm J, et al. B-

cell activating factor receptor deficiency is associated with an adult-onset

antibody deficiency syndrome in humans. Proc Natl Acad Sci USA. (2009)

106:13945–50. doi: 10.1073/pnas.0903543106

11. Endo T, Nishio M, Enzler T, Cottam HB, Fukuda T, James DF, et al. BAFF

and APRIL support chronic lymphocytic leukemia B-cell survival through

activation of the canonical NF-kappaB pathway. Blood. (2007) 109:703–10.

doi: 10.1182/blood-2006-06-027755

12. Moreaux J, Legouffe E, Jourdan E, Quittet P, Reme T, Lugagne C, et al.

BAFF and APRIL protect myeloma cells from apoptosis induced by

interleukin 6 deprivation and dexamethasone. Blood. (2004) 103:3148–57.

doi: 10.1182/blood-2003-06-1984

13. Novak AJ, Grote DM, Stenson M, Ziesmer SC, Witzig TE, Habermann TM,

et al. Expression of BLyS and its receptors in B-cell non-Hodgkin lymphoma:

correlation with disease activity and patient outcome. Blood. (2004) 104:2247–

53. doi: 10.1182/blood-2004-02-0762

14. Rickert RC, Jellusova J, Miletic AV. Signaling by the tumor necrosis factor

receptor superfamily in B-cell biology and disease. Immunol Rev. (2011)

244:115–33. doi: 10.1111/j.1600-065X.2011.01067.x

15. Bolkun L, Lemancewicz D, Jablonska E, Szumowska A, Bolkun-Skornicka U,

Moniuszko M, et al. Prognostic significance of ligands belonging to tumour

necrosis factor superfamily in acute lymphoblastic leukaemia. Leuk Res. (2015)

39:290–5. doi: 10.1016/j.leukres.2014.12.012

16. Fazio G, Turazzi N, Cazzaniga V, Kreuzaler M, Maglia O, Magnani CF, et al.

TNFRSF13C (BAFFR) positive blasts persist after early treatment and at

relapse in childhood B-cell precursor acute lymphoblastic leukaemia. Br J

Haematol. (2018) 182:434–6. doi: 10.1111/bjh.14794

17. Maia S, Pelletier M, Ding J, Hsu YM, Sallan SE, Rao SP, et al.

Aberrant expression of functional BAFF-system receptors by malignant B-

cell precursors impacts leukemia cell survival. PLoS ONE. (2011) 6:e20787.

doi: 10.1371/journal.pone.0020787

18. Onda K, Iijima K, Katagiri YU, Okita H, Saito M, Shimizu T, et al. Differential

effects of BAFF on B cell precursor acute lymphoblastic leukemia and Burkitt

lymphoma. Int J Hematol. (2010) 91:808–19. doi: 10.1007/s12185-010-0567-z

19. Parameswaran R, Muschen M, Kim YM, Groffen J, Heisterkamp N.

A functional receptor for B-cell-activating factor is expressed on

human acute lymphoblastic leukemias. Cancer Res. (2010) 70:4346–56.

doi: 10.1158/0008-5472.CAN-10-0300

20. Parameswaran R, Yu M, Lyu MA, Lim M, Rosenblum MG, Groffen J, et al.

Treatment of acute lymphoblastic leukemia with an rGel/BLyS fusion toxin.

Leukemia. (2012) 26:1786–96. doi: 10.1038/leu.2012.54

21. Parameswaran R, LimM, Fei F, Abdel-AzimH, Arutyunyan A, Schiffer I, et al.

Effector-mediated eradication of precursor B acute lymphoblastic leukemia

with a novel Fc-engineered monoclonal antibody targeting the BAFF-R. Mol

Cancer Ther. (2014) 13:1567–77. doi: 10.1158/1535-7163.MCT-13-1023

22. Turazzi N, Fazio G, Rossi V, Rolink A, Cazzaniga G, Biondi A, et al.

Engineered T cells towards TNFRSF13C (BAFFR): a novel strategy to

efficiently target B-cell acute lymphoblastic leukaemia. Br J Haematol. (2017)

182:939–43. doi: 10.1111/bjh.14899

23. Aspland SE, Bendall HH, Murre C. The role of E2A-PBX1 in leukemogenesis.

Oncogene. (2001) 20:5708–17. doi: 10.1038/sj.onc.1204592

24. Vardiman JW, Thiele J, Arber DA, Brunning RD, Borowitz MJ, Porwit A, et al.

The 2008 revision of the World Health Organization (WHO) classification

of myeloid neoplasms and acute leukemia: rationale and important changes.

Blood. (2009) 114:937–51. doi: 10.1182/blood-2009-03-209262

25. Arber DA, Orazi A, Hasserjian R, Thiele J, Borowitz MJ, Le Beau MM,

et al. The 2016 revision to the World Health Organization classification

of myeloid neoplasms and acute leukemia. Blood. (2016) 127:2391–405.

doi: 10.1182/blood-2016-03-643544

26. Germanidis G, Argentou N, Hytiroglou P, Vassiliadis T, Patsiaoura

K, Germenis AE, et al. Liver FOXP3 and PD1/PDL1 expression is

down-regulated in chronic HBV hepatitis on maintained remission

related to the degree of inflammation. Front Immunol. (2013) 4:207.

doi: 10.3389/fimmu.2013.00207

27. Mamara A, Germenis AE, Kompoti M, Palassopoulou M, Mandala E, Banti

A, et al. TACI expression and signaling in chronic lymphocytic leukemia. J

Immunol Res. (2015) 2015:478753. doi: 10.1155/2015/478753

28. Ariffin H, Chen SP, Wong HL, Yeoh A. Validation of a multiplex RT-PCR

assay for screening significant oncogene fusion transcripts in children with

acute lymphoblastic leukaemia. Singapore Med J. (2003) 44:517–20.

29. Litt MD, SimpsonM, Recillas-Targa F, PrioleauMN, Felsenfeld G. Transitions

in histone acetylation reveal boundaries of three separately regulated

neighboring loci. EMBO J. (2001) 20:2224–35. doi: 10.1093/emboj/20.9.2224

30. Smulski CR, Kury P, Seidel LM, Staiger HS, Edinger AK, Willen L,

et al. BAFF- and TACI-dependent processing of BAFFR by ADAM

proteases regulates the survival of B cells. Cell Rep. (2017) 18:2189–202.

doi: 10.1016/j.celrep.2017.02.005

31. Pieper K, Rizzi M, Speletas M, Smulski CR, Sic H, Kraus H, et al. A common

single nucleotide polymorphism impairs B-cell activating factor receptor’s

multimerization, contributing to common variable immunodeficiency. J

Allergy Clin Immunol. (2014) 133:1222–5. doi: 10.1016/j.jaci.2013.11.021

32. Gavin AL, Ait-Azzouzene D, Ware CF, Nemazee D. DeltaBAFF, an alternate

splice isoform that regulates receptor binding and biopresentation of

the B cell survival cytokine, BAFF. J Biol Chem. (2003) 278:38220–8.

doi: 10.1074/jbc.M306852200

33. Claudio E, Brown K, Park S, Wang H, Siebenlist U. BAFF-induced NEMO-

independent processing of NF-kappa B2 in maturing B cells. Nat Immunol.

(2002) 3:958–65. doi: 10.1038/ni842

34. Woodland RT, Fox CJ, Schmidt MR, Hammerman PS, Opferman JT,

Korsmeyer SJ, et al. Multiple signaling pathways promote B lymphocyte

stimulator dependent B-cell growth and survival. Blood. (2008) 111:750–60.

doi: 10.1182/blood-2007-03-077222

35. Yamamoto Y, Gaynor RB. Therapeutic potential of inhibition of the NF-

kappaB pathway in the treatment of inflammation and cancer. J Clin Invest.

(2001) 107:135–42. doi: 10.1172/JCI11914

36. Khan WN. B cell receptor and BAFF receptor signaling regulation of B cell

homeostasis. J Immunol. (2009) 183:3561–7. doi: 10.4049/jimmunol.0800933

37. Kraus H, Kaiser S, Aumann K, Bonelt P, Salzer U, Vestweber D, et al.

A feeder-free differentiation system identifies autonomously proliferating B

cell precursors in human bone marrow. J Immunol. (2014) 192:1044–54.

doi: 10.4049/jimmunol.1301815

38. Patke A, Mecklenbrauker I, Erdjument-Bromage H, Tempst P,

Tarakhovsky A. BAFF controls B cell metabolic fitness through a PKC

beta- and Akt-dependent mechanism. J Exp Med. (2006) 203:2551–62.

doi: 10.1084/jem.20060990

39. Jellusova J, Miletic AV, Cato MH, Lin WW, Hu Y, Bishop GA, et al. Context-

specific BAFF-R signaling by the NF-kappaB and PI3K pathways. Cell Rep.

(2013) 5:1022–35. doi: 10.1016/j.celrep.2013.10.022

40. Schweighoffer E, Vanes L, Nys J, Cantrell D, McCleary S, Smithers

N, et al. The BAFF receptor transduces survival signals by co-opting

the B cell receptor signaling pathway. Immunity. (2013) 38:475–88.

doi: 10.1016/j.immuni.2012.11.015

41. Keppler SJ, Gasparrini F, Burbage M, Aggarwal S, Frederico B, Geha RS, et al.

Wiskott-Aldrich syndrome interacting protein deficiency uncovers the role

of the co-receptor CD19 as a generic hub for PI3 kinase signaling in B cells.

Immunity. (2015) 43:660–73. doi: 10.1016/j.immuni.2015.09.004

42. Feldhahn N, Klein F, Mooster JL, Hadweh P, Sprangers M, Wartenberg

M, et al. Mimicry of a constitutively active pre-B cell receptor in

acute lymphoblastic leukemia cells. J Exp Med. (2005) 201:1837–52.

doi: 10.1084/jem.20042101

43. Chen Z, Shojaee S, Buchner M, Geng H, Lee JW, Klemm L, et al. Signalling

thresholds and negative B-cell selection in acute lymphoblastic leukaemia.

Nature. (2015) 521:357–61. doi: 10.1038/nature14231

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2019 Sevdali, Katsantoni, Smulski, Moschovi, Palassopoulou,

Kolokotsa, Argentou, Giannakoulas, Adamaki, Vassilopoulos, Polychronopoulou,

Germenis, Eibel and Speletas. This is an open-access article distributed under the

terms of the Creative Commons Attribution License (CC BY). The use, distribution

or reproduction in other forums is permitted, provided the original author(s) and

the copyright owner(s) are credited and that the original publication in this journal

is cited, in accordance with accepted academic practice. No use, distribution or

reproduction is permitted which does not comply with these terms.

Frontiers in Oncology | www.frontiersin.org 10 July 2019 | Volume 9 | Article 594

https://doi.org/10.4049/jimmunol.173.4.2245
https://doi.org/10.1073/pnas.0903543106
https://doi.org/10.1182/blood-2006-06-027755
https://doi.org/10.1182/blood-2003-06-1984
https://doi.org/10.1182/blood-2004-02-0762
https://doi.org/10.1111/j.1600-065X.2011.01067.x
https://doi.org/10.1016/j.leukres.2014.12.012
https://doi.org/10.1111/bjh.14794
https://doi.org/10.1371/journal.pone.0020787
https://doi.org/10.1007/s12185-010-0567-z
https://doi.org/10.1158/0008-5472.CAN-10-0300
https://doi.org/10.1038/leu.2012.54
https://doi.org/10.1158/1535-7163.MCT-13-1023
https://doi.org/10.1111/bjh.14899
https://doi.org/10.1038/sj.onc.1204592
https://doi.org/10.1182/blood-2009-03-209262
https://doi.org/10.1182/blood-2016-03-643544
https://doi.org/10.3389/fimmu.2013.00207
https://doi.org/10.1155/2015/478753
https://doi.org/10.1093/emboj/20.9.2224
https://doi.org/10.1016/j.celrep.2017.02.005
https://doi.org/10.1016/j.jaci.2013.11.021
https://doi.org/10.1074/jbc.M306852200
https://doi.org/10.1038/ni842
https://doi.org/10.1182/blood-2007-03-077222
https://doi.org/10.1172/JCI11914
https://doi.org/10.4049/jimmunol.0800933
https://doi.org/10.4049/jimmunol.1301815
https://doi.org/10.1084/jem.20060990
https://doi.org/10.1016/j.celrep.2013.10.022
https://doi.org/10.1016/j.immuni.2012.11.015
https://doi.org/10.1016/j.immuni.2015.09.004
https://doi.org/10.1084/jem.20042101
https://doi.org/10.1038/nature14231
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

	BAFF/APRIL System Is Functional in B-Cell Acute Lymphoblastic Leukemia in a Disease Subtype Manner
	Introduction
	Materials and Methods
	Subjects and Cell Lines
	PCR and qPCR
	Flow Cytometry
	Chromatin Immunoprecipitations (ChIPs)
	Western Blot Analysis
	B-Cell Survival Assays
	Detection of Cell Death
	Statistical Analysis

	Results
	BAFFR Expression in Acute Lymphoblastic Leukemia Cells and E2A-PBX1 Binding to BAFFR Promoter in Pre-B-lymphoblasts
	BAFF Activates the Alternative NF-κB Pathway in B-ALL Cells
	BAFF Promotes Cell Death in B-Lymphoblasts

	Discussion
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


