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Background
During B-cell development, precursor B cells transiently express the pre-B-cell receptor com-
posed of m heavy chain complexed with VpreB and λ5 surrogate light chain polypeptides.
Recent profiling studies unexpectedly revealed abundant transcripts of one member of the
VpreB family, VpreB3, in a subset of mature B cells and Burkitt lymphoma. 

Design and Methods
Here we used a novel antibody to investigate the normal expression pattern of VpreB3 protein
in human hematopoietic and lymphoid tissues, and to determine whether VpreB3 could serve
as a useful diagnostic biomarker for select B-cell lymphomas.

Results
We found that VpreB3 protein is normally expressed by precursor B cells in bone marrow and
by a subset of normal germinal center B cells in secondary lymphoid organs. Among lymphoid
malignancies, we found an association between VpreB3 expression and B-cell tumors with c-
MYC abnormalities. VpreB3 was highly expressed in all cases of Burkitt lymphoma, whether
of endemic or sporadic origin (44/44 cases, 100%), all cases of B-cell lymphoma, unclassifiable,
with features intermediate between diffuse large B-cell lymphoma and Burkitt lymphoma (5/5
cases, 100%), and the majority of diffuse large B-cell lymphomas harboring a c-MYC translo-
cation (15/18 cases, 83%). The expression of VpreB3 in diffuse large B-cell lymphomas without
a c-MYC translocation was associated with c-MYC polysomy in 25/75 cases (33%) but only
rarely observed in diffuse large B-cell lymphomas lacking a c-MYC abnormality (9/98 cases,
9%).

Conclusions
We conclude that for B-cell tumors with features suggesting a possible c-MYC translocation,
such as intermediate to large cell size and high proliferation rate, the presence of VpreB3 should
prompt subsequent confirmatory genetic testing, whereas the absence of VpreB3 is virtually
always associated with wild-type c-MYC alleles.

Key words: VpreB3, pre-BCR, immunohistochemistry, lymphoma, Burkitt lymphoma, diffuse
large B-cell lymphoma, c-Myc.

Citation: Rodig SJ, Kutok JL, Paterson JC, Nitta H, Zhang W, Chapuy B, Tumwine LK, Montes-
Moreno S, Agostinelli C, Johnson NA, Ben-Neriah S, Farinha P, Shipp MA, Piris MA, Grogan
TM, Pileri SA, Gascoyne RD, and Marafioti T. The pre-B-cell receptor associated protein VpreB3
is a useful diagnostic marker for identifying c-MYC translocated lymphomas. Haematologica
2010;95(12):2056-2062. doi:10.3324/haematol.2010.025767

©2010 Ferrata Storti Foundation. This is an open-access paper. 

The pre-B-cell receptor associated protein VpreB3 is a useful diagnostic marker
for identifying c-MYC translocated lymphomas
Scott J. Rodig,1 Jeffery L. Kutok,1 Jennifer C. Paterson,2 Hiroaki Nitta,3 Wenjun Zhang,3 Bjoern Chapuy,4

Lynette K. Tumwine,5 Santiago Montes-Moreno,6 Claudio Agostinelli,7 Nathalie A. Johnson,8 Susana Ben-Neriah,8

Pedro Farinha,8 Margaret A. Shipp,4 Miguel A. Piris,6 Thomas M. Grogan,3,10 Stefano A. Pileri,7 Randy D. Gascoyne,8

and Teresa Marafioti2

1Department of Pathology, Brigham & Women's Hospital, Boston, MA, USA; 2Department of Histopathology, University College
Hospital, London, UK; 3Ventana Medical Systems, Roche Diagnostics, Tucson, AZ, USA; 4Department of Adult Oncology, Dana-
Farber Cancer Institute, Boston, MA, USA; 5Department of Pathology, Makerere University, Kampala, Uganda; 6Molecular Pathology
Programme, Spanish National Cancer Centre (CNIO), Madrid, Spain; 7Department of Haematology and Clinical Oncology “L and A
Seràgnoli”, Bologna University School of Medicine, Bologna, Italy; 8Department of Pathology, British Columbia Cancer Agency,
Vancouver, Canada; and 10Department of Pathology, University of Arizona, Tucson, AZ, USA

ABSTRACT

2056 haematologica | 2010; 95(12)

©Ferr
ata

 S
tor

ti F
ou

nd
ati

on



Introduction

B-cell development in humans and mice begins in the
bone marrow where it is intimately linked with the order-
ly rearrangement of variable (V), diversity (D) and joining
(J) gene segments encoding the immunoglobulin heavy
chain, and the V and J gene segments encoding the
immunoglobulin light chain.1 Rearrangement of the heavy
chain locus precedes rearrangement of the light chain
locus, and a critical developmental step in B-cell ontology
is the assembly of the nascent m heavy chain polypeptides
with the surrogate light chain proteins VpreB and λ5 with-
in the pre-B-cell receptor (pre-BCR).2-4 Expression and sig-
naling through the pre-BCR is necessary for further B-cell
development and mice defective in many of the compo-
nent genes encoding the pre-BCR, therefore, show a
developmental arrest at the pre-B-cell stage.5-7
The human genome includes three VpreB genes. VpreB1

and VpreB2 appear to be the major family members asso-
ciated with cell surface pre-BCR complexes.4 Very little is
known about the expression and function of VpreB3 due,
in part, to the lack of a VpreB3-deficient mouse.4,8,9 It has
been discussed whether VpreB3 has a role in the chaper-
oning and/or assembly of pre-BCR complexes prior to sur-
face expression since VpreB3 has been detected in associ-
ation with m heavy chain within the endoplasmic reticu-
lum but not at the cell surface of pre-B-cell lines.10
Nevertheless, the major biological functions of VpreB3
during B-cell development remain to be established, and
whether VpreB3 protein is expressed or has biological
roles beyond early B-cell development is unknown.
Burkitt lymphoma (BL) is an aggressive B-cell tumor of

germinal center cell origin. By definition BL harbors, usu-
ally as an isolated karyotypic abnormality, a chromosomal
translocation involving the c-MYC locus that results in
dysregulated expression of the c-Myc protein.11,12 In rou-
tine surgical pathology practice, the most common differ-
ential diagnosis for BL is diffuse large B-cell lymphoma
(DLBCL) - a more frequent tumor of mature B cells that
only rarely harbors a c-MYC translocation. Although the
distinction between BL and DLBCL can often be made
based on morphological and immunophenotypic features
alone, no single phenotypic marker can uniformly distin-
guish these two tumor types and ambiguous cases are
often encountered.13 Nevertheless, the proper classifica-
tion of a tumor as BL or DLBCL is of paramount impor-
tance, as these tumors exhibit distinct biological behaviors
and are treated with different chemotherapeutic regi-
mens.11,14-16
Recently, it has become apparent that rare cases of

DLBCL lacking the morphological and/or immunopheno-
typic features of BL can harbor a c-MYC translocation
(MYC+ DLBCL).17 These tumors respond poorly to con-
ventional, DLBCL-based chemotherapeutic regimens and
might, therefore, be considered for BL-type regimens in
the future.18 Taken together, these data raise the question
of whether all B-cell lymphomas with intermediate to
large cell morphology and a high proliferation fraction
should be screened for a c-MYC abnormality, despite the
rarity of the genetic lesion. The development of an
immunohistochemical assay that is highly sensitive for
tumors with a c-MYC translocation could prove a useful
method to prevent unnecessary genetic testing for the
majority of aggressive B-cell lymphomas.
Here we used a novel anti-VpreB3 antibody to study the

expression pattern of VpreB3 protein in normal lymphoid
tissues and human B-cell malignancies. 

Design and Methods

Antibodies, immunohistochemistry and evaluation
Three affinity-purified polyclonal antibodies raised against spe-

cific regions of the human VpreB3 protein were evaluated in
frozen and formalin-fixed, paraffin-embedded tissue sections of
human reactive tonsils. Only one antibody (raised against a pro-
tein sequence covering the immunoglobulin domain of VpreB3)
was selected for this study based on its reactivity in paraffin-
embedded tissue sections and background-free staining using both
manual and automated immunohistochemistry protocols.22-24

Specificity of the antibody was confirmed by western blotting
using protein lysates of the BL-derived cell lines Ramos and Daudi
(Online Supplementary Figure S1E), previously shown to contain
VpreB3 transcripts.8 Of the remaining two antibodies, one did not
show tissue reactivity and the other labeled only plasma cells and
was, therefore, excluded. Optimal immunohistochemical staining
was obtained at 1:25 dilution and using a heat-induced epitope
retrieval protocol with an EDTA-based solution. Details of the
reagent used in this study are available on request to the corre-
sponding author. Single and double immunohistochemistry were
performed using protocols described previously.24

Cell lines and western blotting
Paraffin-embedded cell pellets of human lymphoma-derived cell

lines were studied for VpreB3 expression by conventional
immunohistochemistry following a protocol described else-
where.22 The investigated cell lines included the DLBCL lines OCI-
Ly3 and OCI-Ly10 (from Dr. R.E. Davis, Center for Cancer
Research, NCI, Bethesda, USA); the follicular center lymphoma
line FL-18 and the BL line Daudi (both provided by the Sir William
Dunn School of Pathology, Oxford, UK); two other BL lines,
Namalwa and Ramos, were obtained from the collection of the
authors (JCP and TM), the T lymphoblastic leukemia line CCRF-
CEM was a gift from Prof. E. Macintyre (Hôpital Necker-Enfants
Malades, Paris, France). Protein extracts from some of the afore-
mentioned cell lines were subjected to western blotting analysis
following a protocol previously described.23 An anti-β-actin anti-
body (ab6276, Abcam, Cambridge, UK) was used as a control for
protein loading.

Case selection
The samples of neoplastic lymphoid tissues comprised 635 B-,

T- and Hodgkin’s lymphomas from the authors’ (SAP, LKT, MAP,
TM) case files, the British Columbia Cancer Agency, and
Brigham & Women’s Hospital and were analyzed with respec-
tive institutional review board approval. The original diagnoses
were based on the combined morphological, phenotypic and
cytogenetic features of the tumors and defined according to the
World Health Organization (WHO) classification system.11,25

Patients with endemic BL (of Ugandan origin) ranged in age
from 2 to 32 years with a median age of 8 years. Patients with
sporadic BL ranged in age from 7 to 80 years with a median age
of 42 years. All DLBCL samples were from adult patients.
Among the cases analyzed, there are four that were originally
classified as “atypical Burkitt lymphoma” and one case originally
classified as “Burkitt-like lymphoma” according to the 2001
WHO criteria.25 Each of these cases were subsequently classified
as “B-cell lymphoma, unclassifiable, with features intermediate
between diffuse large B-cell lymphoma and Burkitt lymphoma”
(intermediate DLBCL/BL) using the 2008 WHO criteria upon re-
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review of the morphological and phenotypic characteristics of
these cases (Online Supplementary Table S1).11 All diagnoses were
confirmed by one or more of this study’s authors. All stained
cases were evaluated by at least two histopathologists (SR and
TM), and considered positive for VpreB3 expression if 25% or
more of the tumor cells stained positive. Approval for this study
was obtained from the Oxford Research Ethics Committee B
(Research Ethics Committee reference number: C02.162).

Classification and analyses of diffuse large 
B-cell lymphomas
DLBCL cases from Brigham & Women’s Hospital (n=50) were

subclassified into cell-of-origin and comprehensive consensus
cluster groups by gene expression profiling analysis as previous-
ly described.26,27 DLBCL cases from the British Columbia Cancer
Agency (n=127) were subclassified into cell-of-origin groups
using immunohistochemistry as previously described.28

Translocations and polysomy involving c-MYC were identified
using a fluorescent in situ hybridization “break-apart” probe-set
from Vysis/Abbott (Abbott Park, IL, USA). A subset of cases was
screened for c-MYC polysomy by a chromogenic in situ
hybridization technique in collaboration with Ventana Medical
Systems (Roche Diagnostics). For each case at least 50 nuclei
were counted and at least 5% of the nuclei had to show an
abnormal hybridization signal to be considered positive for a c-
MYC translocation or polysomy. There were no statistically sig-
nificant differences in the overall proliferation rate (based on
Ki67 staining) among DLBCL cases grouped according to c-MYC
status (data not shown). Statistical analyses were performed using
Student’s T-test and GraphPad software (La Jolla, CA, USA).

Results

Expression of VpreB3 in hematopoietic cell lines
Validation of the VpreB3 antibody was carried out in a

selection of mature B-cell lymphoma-derived lines using
immunohistochemistry and western blotting techniques.
Immunostaining of cell pellets demonstrated strong
VpreB3 expression in the BL line Ramos (Online
Supplementary Figure S1A), and moderate expression in the
BL lines Daudi and Namalwa (Online Supplementary Figure
S1B-C). The DLBCL lines OCI-Ly3 and OCI-Ly10 (Online
Supplementary Figure S1D), and the T-cell leukemia/lym-
phoma line CCRF-CEM, showed no VpreB3 expression.
Western blotting of Ramos cell lysate (Online
Supplementary Figure S1E) showed a strong band of the
expected size of VpreB3 (13 kDa). OCI-Ly3, OCI-Ly10
and CCRF-CEM lymphoma-derived cell lines were nega-
tive. A weak band of the expected size was observed in
the other BL-derived line Daudi. These findings show
that the antibody recognizes a single protein of the
expected size for VpreB3 in a subset of B-cell lymphoma-
derived lines, including lines previously shown to express
the VpreB3 transcript.8

Expression of VpreB3 in hematopoietic 
and lymphoid tissues
Immunohistochemical analysis of formalin-fixed,

paraffin-embedded bone marrow trephine biopsies
revealed only occasional VpreB3+ lymphoid cells (Figure
1A). Double immunostaining for VpreB3 and the B-lin-
eage transcription factor PAX5 showed that virtually all
VpreB3+ cells in the bone marrow were PAX5+ (data not
shown). However, PAX5+/VpreB3– cells were also seen and

may represent mature B cells, which account for approx-
imately 1-3% of bone marrow cells under normal condi-
tions.11 Staining for TdT, a marker of precursor B and T
cells, demonstrated that many, but not all, VpreB3+ cells
co-express TdT, consistent with lymphoblasts (Figure 1A,
inset). Early and mature erythroid and myeloid cells and
megakaryocytes were negative for VpreB3.
We next examined VpreB3 expression in secondary

lymphoid organs. In the tonsil, VpreB3 positivity was
observed in cells populating both the light and dark zones
of germinal centers (Figure 1B), although the greatest
number of positive cells were concentrated in the prolif-
erative dark zone corresponding to approximately 50% of
all cells. Morphologically, the VpreB3+ cells comprised
both centroblasts and centrocytes (Figure 1B, inset). In the
mantle zones, only occasional lymphoid cells showed
weakly positive staining; furthermore, only rare positive-
ly-stained lymphocytes were found in the T-cell-rich
interfollicular areas.
In the spleen, VpreB3 expression was predominantly

confined to the white pulp, labeling germinal center B
cells and scattered cells in the mantle and marginal zones
(Figure 1C). Little to no staining was found in the red
pulp. 
Taken together, these data indicate that VpreB3 is

expressed by immature lymphoid cells of B lineage with-
in the bone marrow and, unexpectedly, by a subset of
mature lymphocytes, most frequently those within reac-
tive germinal centers of secondary lymphoid organs.
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Figure 1. The expression of VpreB3 (brown) in human hematopoietic
and lymphoid tissues. Bone marrow biopsies (A) showing, scattered
VpreB3 positive lymphoid cells (hematoxylin counterstain for nuclei,
400x), and (inset) partial co-localization of VpreB3 with the lym-
phoid immaturity marker TdT (dark blue nuclear, no hematoxylin
counterstain, 1000x). Reactive tonsil (B) showing VpreB3 staining in
a subset of lymphoid cells concentrated within germinal centers
(hematoxylin counterstain, 100x, inset 1000x). Spleen (C) showing
VpreB3 staining in a subset of lymphoid cells within the white pulp
(hematoxylin counterstain, 100x). Tonsil (D-I) co-stained for VpreB3
(brown) and (D) CD10, (E) BCL6, (F) HGAL, (G) LMO2, (H)
MUM1/IRF4, and (I) BLIMP1 (blue stains, no hematoxylin counter-
stain, D and G at 1000x; E, F, H and I at 200x). 
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VpreB3 is expressed by mature germinal center B cells
We next examined the phenotype of VpreB3-expressing

cells localized to germinal centers. Double immunolabel-
ing showed that a subpopulation of VpreB3+ cells in germi-
nal centers co-express the germinal center markers CD10,
BCL6, HGAL, LMO2 (Figure 1D-G, respectively),
LRMP1/Jaw1 and GCET1 (data not shown).23,29-31 VpreB3+
cells rarely co-localized with the post-germinal center cell
markers MUM1/IRF4 and BLIMP1 (Figure 1H-I).32 These
findings demonstrate that VpreB3 expression is character-
istic of a subset of mature, germinal center B-cells.

VpreB3 expression in Burkitt lymphoma and diffuse
large B-cell lymphoma with c-MYC translocations 
Data from gene expression profiling (GEP) studies have

shown that high levels of VpreB3 transcript are character-
istic of tumors carrying the pathological diagnosis of BL
and bearing an IgH-cMYC fusion (Online Supplementary
Figure S2).19,20 This finding prompted us to examine VpreB3
protein expression in a cohort of BL cases. VpreB3 expres-
sion was 100% sensitive for BL cases, being found in all 44

screened BL cases (of both endemic and sporadic origin)
(Figure 2A-B, Table 1). In addition, we found that all five
cases with morphological and/or immunophenotypic fea-
tures intermediate between BL and DLBCL (intermediate
DLBCL/BL), but bearing a c-MYC translocation (Online
Supplementary Table S1) showed robust staining for VpreB3
(Table 1). We conclude that VpreB3 is an excellent marker
of c-MYC translocations being universally expressed by BL
and intermediate DLBCL/BL.
Approximately 5-10% of cases of DLBCL harbor a c-

MYC translocation.19 Currently there are no known mor-
phological or phenotypic characteristics that can be reli-
ably used to distinguish MYC+ DLBCL from MYC– DLBCL
and establishing these diagnoses requires genetic testing.17
Of 18 cases of MYC+ DLBCL, we found that 15 (83%)
expressed VpreB3 protein (Figure 2C, Table 1). In contrast,
among 173 cases of MYC– DLBCL, 34 cases (20%)
showed VpreB3 protein expression. The difference in
VpreB3 expression between these two groups is highly
significant (P<0.01) and suggests either a direct or indirect
a role for c-Myc in the expression of VpreB3 in this tumor
type. 

Correlation between VpreB3 expression and c-MYC
polysomy in diffuse large B-cell lymphoma
We next explored whether the 34 VpreB3+ DLBCL that

lacked a c-MYC translocation shared any genetic or phe-
notypic features that would distinguish them from
VpreB3– DLBCL. Intriguingly, 25 of the 34 cases (74%)
showed polysomy for the c-MYC locus as determined by
fluorescent or chromogenic in situ hybridization (Table 1,
Figure 2D-E). These VpreB3+ cases represented 33% of all
DLBCL with more than two copies of c-MYC (Table 1). In
the vast majority, c-MYC was present in three or four
copies per cell. In contrast, among cases without a c-MYC
abnormality, only 9% (9/98 cases) expressed VpreB3, a
difference that was statistically significant (P<0.01). We,
therefore, conclude that, in addition to its association with
a c-MYC translocation, VpreB3 expression is associated
with increased c-MYC copy number in a minority of
cases.

Correlation between VpreB3 expression and the cell 
of origin in diffuse large B-cell lymphomas
DLBCL may be subdivided by transcriptional profiling

according to their cell of origin into germinal center B-cell
(GCB) or non-GCB types.26 The expression of VpreB3 in a
subset of normal GCB led us to investigate whether or not
VpreB3+ DLBCL would preferentially fall into the GCB
category. By sorting the cohort of DLBCL cases according
to their cell of origin, we found increased VpreB3 expres-
sion among tumors classified as GCB (29/65 cases, 45%,
Table 2) relative to non-GCB (15/101 cases, 15%, Table 2)
- a difference of statistical significance. 
This analysis was, however, complicated by the obser-

vation that DLBCL cases with a c-MYC translocation or
with c-MYC polysomy were more frequently of the GCB
subtype (Table 2). Nevertheless, among the DLBCL of
GCB type, VpreB3 was expressed by 91% of cases with a
c-MYC translocation, 52% with c-MYC polysomy, and
21% without a c-MYC abnormality (Table 2). These dif-
ferences are statistically significant and indicate that
VpreB3 expression correlates with c-MYC status among
DLBCL of the GCB subtype. Similarly among the non-
GCB DLBCL, VpreB3 was expressed by 67% of cases

VpreB3 in c-MYC translocated lymphomas
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Figure 2. Expression of VpreB3 in B-cell tumors. Representative
staining for VpreB3 (brown) in (A) endemic BL, (B) sporadic BL, and
(C) DLBCL with c-MYC translocation. (D) Chromogenic in situ
hybridization staining for c-MYC (blue dots) and chromosome 8 (red
dots) in a case of DLBCL showing extra copies of c-MYC (>2 dots per
cell) in a subset of cells, and (E) staining for VpreB3 in the same
case. (F) Positive staining for VpreB3 in a case of B lymphoblastic
leukemia. BL: Burkitt lymphoma, DLBCL: diffuse large B-cell lym-
phoma.
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with a c-MYC translocation, 23% with c-MYC polysomy
and 5% without a c-MYC abnormality (Table 2). These
differences are also statistically significant (P<0.05) and
indicate that VpreB3 expression correlates with c-MYC
status among DLBCL of non-GCB type. Given that we
found only three non-GCB DLBCL with a c-MYC translo-
cation (Table 2), some of these results will need to be val-
idated in additional, larger cohorts. We did not find an
association between VpreB3 expression and the subclassi-
fication of DLBCL by the comprehensive consensus clus-
ter scheme (data not shown).27 The above data suggest that,
independently of c-MYC status, the differentiation state of
the DLBCL can contribute to VpreB3 expression in a
minority of cases.

Correlation between VpreB3 expression
and c-Myc transcript abundance
Our analyses (Table 1), coupled with published GEP

data on B-cell lymphomas bearing a c-MYC translocation
(Online Supplementary Figure S2), indicate a close associa-
tion between VpreB3 expression and c-Myc transcript
abundance in tumors with genetic abnormalities in c-
MYC.We, therefore, investigated whether VpreB3 protein
expression could serve as a marker of elevated c-Myc tran-
scripts in DLBCL cases lacking a c-MYC translocation.
Among 45 cases of MYC– DLBCL for which we have GEP
data (12 with c-MYC polysomy; 33 without a c-MYC
abnormality), we did not find a statistical association
between VpreB3 and c-Myc transcript abundance (Online
Supplementary Figure S3, Pearson correlation coefficient=
0.198). By this assay, we also failed to find a statistical
association between c-MYC polysomy and c-Myc tran-
script abundance (Online Supplementary Figure S3; data not
shown). The lack of correlation between VpreB3 expres-
sion, determined by immunohistochemistry, and c-Myc

transcript abundance, determined by GEP, in our cohort of
DLBCL might be due to small differences in gene expres-
sion levels within this group, which are not optimally
quantified by GEP, as well as to the limited sample size.
This analysis contrasts with the markedly elevated c-Myc
transcript levels that are consistently seen in BL when
large cohorts of BL are directly compared to DLBCL by
GEP (Online Supplementary Figure S2). Thus, to the limits of
the sensitivity of our assay, we did not find a correlation
between VpreB3 and c-Myc transcript levels which is
independent of the tumors’ genetic status.

VpreB3 expression and clinical outcome in patients
with diffuse large B-cell lymphoma
The potential prognostic value of VpreB3 was analyzed

in DLBCL. For this analysis we included a separate cohort
of cases (different from those studied by GEP) but for
which clinical outcome data were available. No significant
difference in overall survival was found between patients
with VpreB3+ and VpreB3– tumors treated with a standard
chemotherapeutic regimen (R-CHOP, Online Supplementary
Figure S4).

VpreB3 expression in additional lymphoma types 
Staining for VpreB3 was extended to a broader survey of

non-Hodgkin and Hodgkin lymphomas. Among small B-
cell lymphomas the tumor with the highest percentage
(40%) of VpreB3 expression was B-cell acute lymphoblas-
tic leukemia (4/10 cases, Figure 2F; Online Supplementary
Table S2). The findings suggest that although VpreB3 is
expressed by immature B cells (Figure 1), VpreB3 is not a
universal marker of B-cell acute lymphoblastic leukemia
(at least to the limits of the sensitivity of our antibody).
VpreB3 expression was also observed in a minority of
other mature B-cell neoplasms including primary medi-
astinal large B-cell lymphoma, mantle cell lymphoma, and
chronic lymphocytic leukemia (Online Supplementary Table
S2). An analysis of VpreB3 and c-Myc transcript levels in
primary mediastinal large B-cell lymphoma did not reveal
coordinate regulation of these genes in this tumor type
(Pearson’s correlation coefficient=0.164, sig.=0.354; Online

S.J. Rodig et al.
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Table 1. Association of VpreB3 expression with c-MYC abnormalities.
Tumor Type                                  Positive              Total                  % 
                                                  cases               cases             Positive

Burkitt lymphoma                                   44                         44                       100
Endemic                                                 16                         16                      100*
Sporadic                                                 28                         28                      100*

Intermediate DLBCL/BL                        5                           5                        100
Diffuse large B-cell lymphoma            49                        191                       26
with c-MYC translocation                  15                         18                       83*
with c-MYC polysomy                          25                         75                       33*
without c-MYC abnormalities            9                          98                         9

*Differs from DLBCL without c-MYC abnormalities with P<0.001.

Table 2. Association of VpreB3 expression with cell of origin.
Tumor type                                  Positive        Total            % 
                                                  cases         cases       Positive

DLBCL; GCB                                            29                  65                  45
c-MYC translocation                           10                  11                 91a

c-MYC polysomy                                  13                  25                 52b

without c-MYC abnormalities            6                   29                  21
DLBCL; non-GCB                                    15                 101                 15
c-MYC translocation                            2                    3                  67a

c-MYC polysomy                                  10                  43                 23b

without c-MYC abnormalities            3                   55                   5
aDiffers from the respective “without c-MYC abnormalities” group with P<0.05; bDiffers
from the respective “without c-MYC abnormalities” group with P<0.05.

Figure 3. Proposed algorithm for evaluating a B-cell lymphoma with a
suspected c-MYC translocation using immunohistochemistry for
VpreB3. NPV: negative predictive value; PPV: positive predictive value.

P<0.05
P<0.05

B cell lymphoma with a suspected
c-MYC translocation

(i.e. BL; DLBCL with high proliferation index)

VpreB3-
(NPV=0.98)

VpreB3+
(PPV=0.65)

DLBCL c-MYC- FISH for c-MYC
rearrangement

BL DLBCL c-MYC+ DLBCL c-MYC-
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Supplementary Figure S3B). Similarly, an examination of the
published mantle cell lymphoma and chronic lymphocytic
leukemia GEP data failed to show an overt correlation
between VpreB3 and c-Myc transcript abundance in these
tumor types (data not shown).

Discussion

The expression and biological roles of VpreB3 in normal
B-cell development remain poorly characterized. Initial
data indicated that VpreB3 is an important member of the
pre-BCR complex in precursor B cells.8,10 However, recent
expression profiling studies detected VpreB3 transcripts in
mature B cells and derived tumors.6,19,20 In this study we
show that VpreB3 is expressed by a subset of GCB as also
demonstrated by its co-expression with germinal center-
associated molecules i.e. BCL6, GCET1, HGAL, LMO2,
and LRMP1/Jaw1 and absent in post-germinal center cells
(VpreB3+ cells were MUM1–/IRF4– and BLIMP1–). These
results raise the question as to whether VpreB3 serves bio-
logical roles beyond those in early B-cell development.
One possibility, currently under investigation, is whether
in mature B cells, VpreB3 coincides with AID expression
or whether VpreB3 interacts with nascent somatically
mutated or class-switched Ig during the germinal center
reaction.
The evidence that VpreB3 transcripts were detected in

BL (Online Supplementary Figure S1)19,20 prompted us to
study the diagnostic usefulness of VpreB3 protein expres-
sion in BL. VpreB3 was universally expressed by BL of
both endemic and sporadic origin indicating that its
immunohistochemical detection serves as a relevant
marker of BL. Moreover, our observation that all five cases
classified as intermediate DLBCL/BL and harboring a c-
MYC translocation were positive for VpreB3, points to
VpreB3 as being a useful molecule for identifying this type
of tumor.
Unexpectedly, we found that 26% of DLBCL express

VpreB3 (Table 1). Further analyses of this heterogenous
group of tumors revealed that VpreB3 identifies the major-
ity of cases of DLBCL harboring a c-MYC translocation as
well as a minority of DLBCL with polysomy for c-MYC
and a minority of DLBCL of GCB origin (Table 2). Despite
these associations, we did not find a general correlation
between VpreB3 and c-Myc transcript levels in DLBCL or
other B-cell tumors by GEP which was independent of an
underlying genetic abnormality in c-MYC (Online
Supplementary Figure S3). 
Collectively, our findings have several implications.

First, the presence of VpreB3 in cases classified as interme-
diate DLBCL/BL and in the majority of DLBCL harboring
a c-MYC translocation suggests that at molecular level
these tumors resemble BL.19,20 Second, the association
between VpreB3 expression and a subset of DLBCL with
c-MYC polysomy raises the possibility that, in a minority
of cases, increased c-MYC copy number may partially
recapitulate the genetic program of tumors with a c-MYC
translocation.33 Third, our inability to find a direct correla-
tion between VpreB3 and c-Myc transcript abundance in
tumors lacking c-MYC genetic abnormalities (Online

Supplementary Figure S3) suggests that the expression of
VpreB3 may not be directly regulated by the c-Myc pro-
tein itself but the result of a broader dysfunctional genetic
program in tumors harboring a c-MYC aberration. Further
studies are needed to delineate the molecular mechanisms
underlying the expression of VpreB3 in these tumors.
We did not find VpreB3 expression to be a prognostic

marker among patients with DLBCL treated with R-
CHOP. This result can be explained by the modest speci-
ficity of VpreB3 as a marker of an underlying c-MYC
translocation (specificity=80%; Table 3). Rather, the utility
of VpreB3 as a novel biomarker is suggested by its
extremely high negative predictive value (0.98) for an
underlying c-MYC translocation in aggressive B-cell
tumors, and advocates VpreB3 staining as a very useful
screening test applicable to the clinical setting (Figure 3).
BL, intermediate DLBCL/BL, and DLBCL with a c-MYC
translocation are all rare tumors (each <3% of all non-
Hodgkin lymphomas)11,18 and thus by limiting genetic test-
ing to only those cases that show VpreB3 expression (as
revealed by immunohistochemistry), unnecessary and
costly genetic analysis can be avoided (Figure 3). This is
especially true for c-MYC+ DLBCL, which can be morpho-
logically and phenotypically indistinguishable from c-
MYC– DLBCL, yet show an inferior response to conven-
tional chemotherapy.17 Finally, due to the expression of
VpreB3 in a minority of low-grade B-cell lymphomas that
usually do not harbor c-MYC translocations, the diagnos-
tic utility of this marker is best considered only in the con-
text of aggressive intermediate- and large-sized B-cell lym-
phomas in which an underlying c-MYC abnormality
might occur.
The power of expression profiling studies in human

tumors lies in the identification of genes that are associat-
ed with their stage of development.21 The biological roles
of many of these gene products in influencing tumor
growth and survival remain unknown. We show here that
VpreB3 expression by precursor B cells and B-cell acute
lymphoblastic leukemia is in keeping with its postulated
role in B-cell development. However, the novel aspect of
our findings that opens the possibility for further molecu-
lar studies is the observation of VpreB3 expression by a
subset of GCB and some mature B-cell neoplasms, but
most strikingly its expression in BL. The detailed examina-
tion of VpreB3+ DLBCL suggests that VpreB3 expression is
driven, if indirectly, by c-MYC dysregulation. In conclu-
sion, the immunohistochemical detection of VpreB3 can
represent a useful screening test for identifying aggressive
B-cell malignancies that potentially harbor a c-MYC
translocation and therefore warrant additional genetic
testing.
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