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Abstract

PAX5 is a transcription factor essential for B-cell development.
Recently, it has been found as a frequent target of aberrancies
in childhood acute lymphoblastic leukemia (ALL; 30% of B
cell ALL cases), showing monoallelic loss, point mutations, or
chromosomal translocations. The role of these aberrancies is
still poorly understood. We previously cloned the PAX5/TEL
fusion gene in a patient affected by B-cell precursor ALL with a
t(9;12) translocation. This is the first report investigating the
molecular and functional roles of PAX5/TEL protein in vitro
from murine wild-type pre-BI cells. We showed that PAX5/TEL
protein acts as an aberrant transcription factor with repressor
function, recruiting mSin3A, down-regulating B220, CD19,
BLNK, MB-1, FLT3 , and M heavy chain expression, thus
suggesting a block on B-cell differentiation. In a PAX5-
deficient context, the presence of PAX5/TEL did not replace
PAX5 functions. PAX5/TEL protein enhances cell migration
towards CXCL12, with the overexpression of CXCR4 . Moreover,
the presence of the fusion gene overcomes interleukin-7 with-
drawal and interferes with transforming growth factor-B1
pathway, inducing resistance and conferring cells an advan-
tage in proliferation and survival. Thus, in vitro , the PAX5/TEL
protein has a dominant effect on wild-type PAX5, interferes
with the process of B-cell differentiation and migration,
and induces resistance to apoptosis. Taken together, these
phenomena likely represent key events in the process of B-cell
transformation. [Cancer Res 2008;68(1):181–9]

Introduction

The PAX5 gene is emerging as a frequent target of aberrancies
in childhood acute lymphoblastic leukemia (ALL; ref. 1). Recently,
30% of B-cell precursor (BCP) cases showed monoallelic loss or
point mutations of the PAX5 gene, indicating that these
alterations could result in haploinsufficiency or in the generation
of hypomorphic PAX5 alleles (2). Moreover, PAX5 is involved in a
growing number of chromosomal translocations in BCP-ALL (2).
In hematological malignancies, PAX5 was described as being
overexpressed in non–Hodgkin’s lymphoma carrying the translo-
cation t(9;14) (refs. 3, 4). More recently, after our first description,
PAX5 was found to be fused to other partner genes in patients

with BCP-ALL, giving rise to PAX5/ELN, PAX5/FOXP1 , and PAX5/
EVI3 fusion transcripts (1). However, the role of these aberrancies
is still poorly understood (2).

Our group described the generation of the PAX5/TEL fusion
gene, as a result of the translocation t(9;12)(q11;p13) in a patient
affected by ALL with BCP lineage phenotype (5); a novel fusion
transcript was identified, resulting from joining the 5¶-end,
containing the NH2 terminal region of the PAX5 gene to the
almost whole sequence of the TEL gene. Recent data proposed that
PAX5/TEL fusion defines most of the cases with dic(9;12)(p13;p13),
a recurrent chromosome abnormality that accounts for f1% of
childhood ALL, almost exclusively BCP-ALL (6).

The PAX5 gene belongs to the PAX gene family of transcription
factors and it is essential for B lymphoid lineage commitment
(7–10). It recognizes DNA through a highly conserved paired
domain (11), retaining a high degree of homology between human
and mouse (12). PAX5 functions both as a transcriptional activator
and as a repressor on different target genes (13), e.g., it activates
CD19 (14), MB-1 (15), and BLNK (16), and it represses MCSFR (8),
Notch1 (10) and FLT3 (17). Among them, the most important target
is CD19 , which is expressed by B lymphocytes starting from pre-BI
cells and lasting to mature B cells (8, 18). Its expression is directly
controlled by the PAX5 gene; indeed, it has been shown that a
sequence consensus for the paired domain of PAX5 is present in
the CD19 promoter region (14).

The TEL/ETV6 gene belongs to the Ets transcription factor family
(19), and it is a sequence-specific transcriptional repressor of Ets
binding site–driven transcription (20), associating to histone
deacetylase-3 (21) and recruiting corepressors such as mSin3A (22)
and NCor (23). Human and murine TEL proteins are particularly
homologous within their NH2 terminal region and their ETS domain
(24). It is required for hematopoiesis within the bone marrow
(25–27). As reviewed by Poirel et al. (28) and Bohlander (29), the TEL
gene is frequently involved in several translocations occurring in
hematological malignancies, leading to many different fusion genes.

According to the sequence of the PAX5/TEL gene (5), and the
physiologic role of both partner genes (7–19), it is reasonable to
hypothesize that the PAX5/TEL protein could act as an aberrant
transcription factor, retaining the PAX5 DNA-binding domain and
both the dimerization and DNA-binding domains of TEL .

This is the first report investigating the molecular and functional
roles of PAX5/TEL protein in vitro . For this purpose, the study was
done in an in vitro hematopoietic context, characterized by murine
pre-BI cells of fetal liver origin (30). Those cells were derived from
a wild-type mouse and were positive for B220, cKIT, and CD19
antigens. Thus, in vitro , we showed that the PAX5/TEL protein has
a dominant effect on wild-type PAX5, interferes with the process of
B-cell differentiation and migration, and allows the cells to resist
apoptosis. Taken together, these phenomena likely represent key
events in the process of B-cell transformation.

Note: Supplementary data for this article are available at Cancer Research Online
(http://cancerres.aacrjournals.org/).
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Materials and Methods

Retroviral vectors. The full-length PAX5/TEL cDNA was cloned from an

ALL patient carrying a t(9;12)(q11;p13) translocation (5). A FLAG synthetic

sequence tag (Sigma-Aldrich Co.) was fused at the 5¶-end and the FLAG
full-length fusion transcript was cloned into the retroviral vector pMSCV-

IRES-GFP (MIGR), a bicistronic vector which allows the expression of

PAX5/TEL and GFP under the control of the long terminal repeat promoter

(kindly provided by Prof. M. Busslinger, Research Institute of Molecular
Pathology, Vienna Biocenter, Vienna, Austria).

Cell cultures. Phoenix packaging and NIH3T3 murine fibroblast cell

lines were cultured in DMEM high glucose, in the presence of 10% heat-
inactivated fetal bovine serum (FBS; Biowest S.A.S.). The interleukin

(IL)-3–dependent murine pro-B Ba/F3 cell line was cultured in RPMI

1640, 10% FBS, and 10 ng/mL of recombinant murine IL-3 (Euroclone

Life Sciences). Cells were cultured at 37jC and 5% CO2. OP9 stroma cells
were cultured in Iscove’s modified Dulbecco’s medium, supplemented

with 5 � 10�5 mol/L of h-mercaptoethanol, 1 mmol/L of glutamine,

0.03% w/v primatone (Sigma-Aldrich), 100 units/mL of penicillin,

100 Ag/mL of streptomycin, and 20% FBS at 37jC and 10% CO2. Murine
PAX5�/� pre-BI cells (31, 32) and wild-type pre-BI cells (48) were sorted,

respectively, from bone marrow as being B220+/cKIT+/CD19� and from

fetal liver as being B220+/cKIT+/CD19+. Cells were cultured on OP9

stromal cells and every 3 days, they were harvested and propagated on
fresh stroma in Iscove’s modified Dulbecco’s medium supplemented with

2% FBS, 0.03% w/v primatone, and 100 units/mL of IL-7 at 37jC and

10% CO2 (33).
Retroviral transduction. The retroviral supernatant was obtained by

calcium-phosphate transfection of Phoenix packaging cell line following the

standard protocol by Dr. G.P. Nolan.4 The transduction of cells was done by

spinning with viral supernatant and only for Ba/F3 cells in the presence
of Retronectin-CH296 (Takara, Cambrex Corporation). On day +3 from

transduction, cell sorting for GFP fluorescence was done by the FACS Aria

instrument (BD Biosciences).
Immunofluorescence. Subconfluent cells grown on polylysine-coated

cover glasses were fixed with 4% paraformaldehyde, incubated with primary

anti-FLAG antibody (M2, Sigma-Aldrich), and washed and incubated with

rhodamine anti-mouse secondary antibody (Abcam Limited). Confocal
microscopy was carried out on a Radiance 2100 microscope (Bio-Rad

Laboratories; ref. 34).

Immunoprecipitation and Western blot analysis. Ba/F3 cells were

lysed in radioimmunoprecipitation assay buffer (1% NP40, 0.5% sodium
deoxycholate, 0.1% SDS in PBS) to recover total proteins, in the presence of

protease inhibitor cocktail (Sigma-Aldrich). Protein concentration was

determined by Bradford assay (Sigma-Aldrich). Western blot analysis was

done following standard protocols, using polyvinylidene difluoride mem-
brane (Bio-Rad), enhanced chemiluminescence reagents (GE Healthcare),

and Kodak image station (Kodak SpA). The quality of protein extracts was

checked using anti-ACTIN antibody (AC-15, Sigma-Aldrich). The expression
of PAX5/TEL was analyzed by anti-FLAG antibody (M2, Sigma-Aldrich). The

expression of mSin3A and glyceraldehyde-3-phosphate dehydrogenase

(GAPDH) were analyzed, respectively, by anti-mSin3A antibody (K20)

and by anti-GAPDH (6C5) purchased from Santa Cruz Biotechnology.
The coimmunoprecipitation assay was performed using Catch and

Release Reversible Immunoprecipitation System (Upstate), following the

manufacturer’s protocol. The stripping procedure was performed at

50jC, in solution with 2% SDS, Tris-HCl (pH 6.7) and 100 mmol/L of
mercaptoethanol.

Antibodies and flow cytometry. Phycoerythrin-conjugated antibodies

anti-CD117 (2B8), anti-CD19 (MB19-1), and anti-CD115/MCSFR (AFS98);
and allophycocyanin-conjugated antibodies against B220 (A7R34) and

IgM/A heavy chain (II/41) were purchased from e-Bioscience. Staining of

cells was performed and they were analyzed in the presence of propidium

iodide (PI) to exclude nonliving cells. Intrastaining of cells was performed
using Fix&Perm Cell Permeabilization Reagents (Caltag Lab, Invitrogen

Corporation), following the manufacturer’s protocol. Flow cytometry was

performed using FACSCalibur (BD Biosciences); data were analyzed using

the CellQuest Software (BD Biosciences) and expressed as percentages of4 http://www.stanford.edu/group/nolan/protocols/pro_helper_dep.html

Figure 1. A, coimmunoprecipitation assay
of PAX5/TEL with mSin3A in Ba/F3 cells.
Top, immunoprecipitation by anti-mSin3A
and detection by anti-mSin3A. Middle,
immunoprecipitation by anti-mSin3A and
detection by anti-FLAG. In the flow-through
lanes, a FLAG aspecific signal is present,
not occurring after immunoprecipitation.
Bottom, immunoprecipitation by
anti-mSin3A and detection by anti-GAPDH.
B, expression of PAX5/TEL protein in
Ba/F3 cells. Top, Western blotting of PAX5/
TEL expression. Bottom, Western blotting
of an equal level of h-actin in each sample.
IP, immunoprecipitated; FT, flow through.

Cancer Research

Cancer Res 2008; 68: (1). January 1, 2008 182 www.aacrjournals.org

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/68/1/181/2590962/181.pdf by guest on 19 M

ay 2023



positive cells or as a ratio between mean fluorescence intensity (MFI) of the
antigen expression on PAX5/TEL cells over MIGR-GFP cells.

Reverse transcription-PCR and real-time quantitative-PCR assays.
RNA extraction was performed using TRIZOL reagent (Invitrogen

Corporation), following the manufacturer’s protocol. Superscript II enzyme
(Invitrogen Corporation) was used for cDNA synthesis, whereas Platinum

Taq DNA polymerase (Invitrogen Corporation) was used for PCR reaction.

The HPRT gene was analyzed as a constitutive gene with the following

PCR primers: forward, 5¶-GGGGGCTATAAGTTCTTTGC-3¶ and reverse,
5¶-TCCAACACTTCGAGAGGTCC-3¶; the CD19-specific PCR primers were:

forward, 5¶-CCCAGTCATGAAGAAGATGCA-3¶ and reverse 5¶-GCAGCACTT-

GAGTAGGTTCAC-3¶. PCR reactions were performed at 60jC annealing

temperature for 35 cycles. Real-time analysis was performed on Light
Cycler 480 (Roche Diagnostics; F. Hoffmann-La Roche Ltd.) with Universal

Probe Master system; primers and probes for HPRT, PAX5/TEL, GFP, BLNK,

MB-1, FLT3, MCSFR , and CXCR4 genes were selected according to the
Software Probe Finder (Roche Diagnostics). Data were expressed using the

comparative Ct method (35); both t test and SD values referred to are

triplicates of a single experiment.

Migration assay. Transwell plates (5.0 Am) were used; 5 � 105 cells were
loaded in the upper well suspended in 100 AL of standard medium, and in

the lower well, 600 AL of standard medium in presence or not of 100 ng/mL

of hCXCL12 (Peprotech Inc.). After 4 h, the cells in the lower well were

collected and counted by fluorescence-activated cell sorting (FACS).
IL-7 starvation assay and IgM/M heavy chain analysis. Cells were

washed out by IL-7 and plated in IMDM + 2% FBS on OP9 stroma. Every

24 h, from 0 h up to 96 h, GFP+ cells were counted by FACS with PI
exclusion, stained for surface CD19 and for intracellular IgM/A heavy chain.

Transforming growth factor-B1 culture. Cells were grown in standard

medium in presence or not of 10 ng/mL of human transforming growth

factor-h1 (TGFh1; Peprotech, Inc.), on OP9 stromal cells. After 96 h of
culture, cells were counted by FACS with PI exclusion.

Results

PAX5/TEL is a nuclear protein. Immunofluorescence analysis
using anti-FLAG showed a specific nuclear localization of the
PAX5/TEL fusion protein in the NIH3T3 cell line transduced by
pMSCV-PAX5/TEL-IRES-GFP vector (Supplementary Fig. S1). This
evidence supports the possibility that PAX5/TEL functions as a
transcription factor.
PAX5/TEL protein recruits the corepressor complex. The

PAX5/TEL fusion protein retains the TEL sequences responsible
for the recruitment of repressor cofactors such as mSin3A, NCoR,
and HDAC (20–23, 36). Considering this feature, we addressed the
question of whether PAX5/TEL could act as a repressor of trans-
cription. Figure 1 shows a representative result of the coimmuno-
precipitation assay of PAX5/TEL with mSin3a in transduced Ba/F3
cells. As indicated in Fig. 1A (top), mSin3A was immunoprecipi-
tated using anti-mSin3A antibody and its specific band of 140 kDa
was detected in the lanes (4–6) corresponding to the immunopre-
cipitated samples, whereas in the flow-through lanes (1–3), the
mSin3A signal was completely absent. On the same membrane
(Fig. 1A, middle), PAX5/TEL protein was evident as a band of
70 kDa in lane 6 of the immunoprecipitated MIGR-PAX5/TEL cells
following anti-FLAG detection (middle). The signal was completely
absent in the immunoprecipitated control cells and MIGR-GFP
cells (Fig. 1A, middle, lanes 4–5). The specificity of the mSin3A-
PAX5/TEL coimmunoprecipitation was proved on the same
membrane by the anti-GAPDH antibody detection. In fact, GAPDH,
a protein not related to the transcription complex, was detected
only in the flow-through samples (lanes 1–3), but was completely
absent in all the immunoprecipitated samples (Fig. 1A, bottom),
thus confirming the specificity of the coimmunoprecipitation and

interaction of PAX5/TEL with mSin3A. In total, protein lysate–
specific bands for PAX5/TEL and actin proteins were detected by
specific antibodies (Fig. 1B).

In conclusion, the PAX5/TEL protein recruits the mSin3A
cofactor, which is known to mediate the repression of the trans-
cription, thus suggesting a role of PAX5/TEL protein as a repressor
of transcription.

Both the observations of nuclear localization and recruitment on
mSin3A prompted us to further explore which genes PAX5/TEL
might regulate, in particular, PAX5 target genes such as CD19,
BLNK , and MB-1—genes known to be important for controlling
B-cell differentiation (1, 13–16).

Because reverse transcription-PCR (RT-PCR) analysis indicated
that Ba/F3 cells do not express any of these genes (data not
shown), we considered a more physiologic in vitro model, such as
wild-type pre-BI cells, which are primary cells purified from mouse
fetal liver as B220+/cKIT+/CD19+ (30); these cells grow on the OP9
stroma layer and show a stable phenotype in culture.

In order to exclude the role of genetic background or the
influence of a specific setting, all the experiments, carried out in
wild-type pre-BI cells, were performed in two independent wild-
type pre-BI cell cultures derived from different mouse donors,
with overlapping results, thus excluding the influence of a
particular genetic background and minimizing the context-
specific bias. All the results reported in this article were each
performed in different pre-BI cell cultures from at least three
independent experiments.
PAX5/TEL mediates B220 and CD19 down-modulation in

wild-type pre-BI cells. We transduced wild-type pre-BI cells with
either MIGR-PAX5/TEL or MIGR-GFP, and after 3 days, cells were
sorted for GFP. After sorting, cell phenotype was analyzed, focusing
on lineage-specific BCP antigens. We show a representative
phenotype analysis. PAX5/TEL transduced wild-type pre-BI showed
a time-dependent trend to decreased expression of B220 (Fig. 2A).
At day +3 from sorting, PAX5/TEL cells expressed 20% lower levels
(in independent experiments: range, 20–37%) of the antigen
compared with MIGR-GFP cells (expressed as MFI ratio); at day
+13, its expression was 36% lower (expressed as MFI ratio, in
independent experiments: range, 30–50%) and a fraction of PAX5/
TEL cells, equal to 55%, were completely negative for B220. At
day +19, a predominantly B220-negative population was clearly
distinguishable among PAX5/TEL cells, whereas only 17% of
the cells were still positive for B220, with a down-regulation of
B220 expression equal to 63% (in independent experiments: range,
61–66%).

More importantly, cells expressing PAX5/TEL showed a strong
down-modulation of CD19, a B-cell peculiar antigen, and direct
target of PAX5. At day +3, +13, and +19, CD19 expression was stably
decreased by 70% (in independent experiments: range, 39–70%)
compared with MIGR-GFP cells (Fig. 2B).

The lower CD19 expression consistently had a different
intensity in many independent transduction experiments, reveal-
ing an inverse correlation between the GFP and the CD19
expression levels on PAX5/TEL cells: higher GFP levels (e.g., higher
PAX5/TEL protein expression) corresponded to lower CD19 level;
in contrast with MIGR-GFP cells, in which CD19 was indeed
expressed at a constant level (Fig. 2C). In addition, in PAX5/TEL-
expressing cells, using real-time quantitative-PCR (RQ-PCR), we
showed a tight correspondence between PAX5/TEL and GFP
mRNA levels, correlating with GFP levels analyzed by FACS
(Supplementary Fig. S2).
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PAX5/TEL represses BLNK, MB-1 , and FLT3 expression and
does not activate MCSFR expression in wild-type pre-BI cells.
We further investigated the effect of PAX5/TEL on genes regulated
by PAX5 (1). The PAX5/TEL presence affected both BLNK (16) and

MB-1 (15) expression; indeed, using RQ-PCR analysis, we observed
a down-regulation of expression of 66% and 43%, respectively, in
PAX5/TEL cells compared with MIGR-GFP cells (Fig. 2D , P < 0.01
and P < 0.05, respectively). We analyzed FLT3 and MCSFR genes,

Figure 2. Phenotypic and PAX5 target gene analysis of wild-type pre-BI cells
transduced by MIGR-PAX5/TEL or MIGR-GFP vectors. Days indicated refer to
the sorting day, and all analyses refer to gated GFP-positive cells. A, B220
expression decreases in time in PAX5/TEL cells. B, a decrease in CD19
expression (67% expressed as MFI ratio) was observed in PAX5/TEL cells at
day +3. C, correlation between CD19 and GFP expression at day 3: higher GFP
levels correspond to lower CD19 levels in PAX5/TEL cells, whereas CD19 is
expressed at constant levels in MIGR-GFP cells; in particular, low GFP cells
gated on R5 and high GFP cells gated on R6 expressed, respectively, 34% and
50% less CD19 than MIGR-GFP cells (expressed as MFI ratio). D, RQ-PCR
analysis of BLNK, MB-1 , and FLT3 expression at day +3; the transcript level
of the gene is normalized for HPRT constitutive gene expression. t test: *,
P < 0.05; **, P < 0.01; 2�DDCt = the RQ-PCR data are reported as a difference
between DCt of PAX5/TEL and MIGR-GFP cells, where DCt is defined as the
difference between the cycle threshold (Ct) of the target gene and the HPRT
constitutive gene.
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which are physiologically repressed by PAX5 (1). Interestingly FLT3
expression, which is very low in pre-BI cells, is even more repressed
at 56% in the presence of PAX5/TEL (Fig. 2D , P < 0.01); moreover,
MCSFR expression is completely absent in both MIGR-GFP and
PAX5/TEL cells using RQRT-PCR and phenotype analysis (Supple-
mentary Fig. S3).
PAX5/TEL does not replace PAX5 in PAX5�/� pre-BI cells.

PAX5�/� cells are hematopoietic multipotent pre-BI cells blocked
at this stage of B-cell differentiation, without any possibility of
maturing into B cells, even in an in vivo context; the extensive
in vivo self-renewal, the long-term reconstitution capacity of PAX5-
deficient precursor B-cells are fully described (31, 32, 37). These
cells are B220+/cKIT+ but CD19� due to the absence of the PAX5
gene. We transduced PAX5�/� pre-BI cells to investigate whether
PAX5/TEL was able to switch-on CD19 expression without any
influence by the endogenous PAX5.

RT-PCR showed that no CD19 mRNA transcription was present
in PAX5/TEL-transduced PAX5�/� pre-BI cells (Fig. 3A). Moreover,
at any time point, both PAX5/TEL cells and MIGR-GFP cells were
absolutely negative for CD19 expression by FACS (Fig. 3B).
PAX5/TEL wild-type pre-BI cells migrate towards CXCL12.

B-cell progenitors require CXCL12 or stroma-derived factor 1 to
proliferate (38); moreover, the involvement of CXCR4 in several
hematologic malignancies has previously been described (39). For
these reasons, we investigated the ability of PAX5/TEL wild-type
pre-BI cells to migrate towards CXCL12. In a 4-h migration assay
using the transwell system, we observed an increased migration rate
of PAX5/TEL cells specific towards CXCL12 and not due to better
migratory properties per se; indeed, in the absence of the
chemokine, the basal level of migration is comparable in both cell
populations. In Fig. 4A , a representative experiment is shown. In
independent experiments (n = 4), we evaluated the migration index
(MI), defined as the ratio between the number of migrated cells in
the presence and in the absence of the chemokine stimulus. PAX5/
TEL cells showed a median MI equal to 82.48 (range, 31.62–132.69),
whereas MIGR-GFP cells had a median MI equal to 40.37 (range,
14.28–53.29), corresponding to 2.09 times higher MI in PAX5/
TEL cells (t test analysis, P < 0.05). Moreover, we observed an up-
regulation of expression of the chemokine receptor CXCR4 in PAX5/
TEL cells following RQ-PCR analysis (Fig. 4B , P < 0.01).

PAX5/TEL wild-type pre-BI cells resist IL-7 starvation
without acquiring long-term IL-7 independence. Wild-type
pre-BI cells were grown for 4 days in the presence or absence of
IL-7, with the purpose of testing whether PAX5/TEL protein would
be able to confer cytokine-independent cell growth. After 24 h,
pre-BI cells started to suffer and die and GFP-positive living cells

Figure 3. Analysis of PAX5�/� pre-BI
cells transduced by MIGR-PAX5/TEL or
MIGR-GFP vectors. A, RT-PCR analysis
did not reveal any CD19 expression. HPRT
was tested as a constitutive gene. B, CD19
protein is absent in both MIGR-GFP and
MIGR-PAX5/TEL cells; day indicated refers
to the sorting day, and all analyses refer
to gated GFP-positive cells.

Figure 4. Migration of wild-type pre-BI cells towards the CXCL12. A, absolute
number of cells which migrated in the absence or presence of CXCL12.
B, RQ-PCR analysis of CXCR4 expression; the transcript level of the gene is
normalized for HPRT constitutive gene expression. t test: *, P < 0.05; **,
P < 0.01; 2�DDCt = the RQ-PCR data are reported as a difference between DCt
of PAX5/TEL and MIGR-GFP cells, where DCt is defined as the difference
between the cycle threshold (Ct) of the target CXCR4 gene and the HPRT
constitutive gene.

Oncogenic Role of PAX5/TEL in pre-BI Cells

www.aacrjournals.org 185 Cancer Res 2008; 68: (1). January 1, 2008

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/68/1/181/2590962/181.pdf by guest on 19 M

ay 2023



(PI negative) were counted by FACS and compared with the
number of cells at 0 h. At 24 and 48 h, PAX5/TEL cells were
surviving, whereas MIGR-GFP cells progressively died (10% and
30%, respectively). At 72 h of IL-7 starvation, PAX5/TEL cell
numbers reached the highest value in culture compared with
MIGR-GFP cells (ratio between the number of PAX5/TEL over
MIGR-GFP cells was equal to 3). At 96 h, a significant number of
living cells were still present in culture with a prevalence of PAX5/
TEL-positive cells with a correspondent ratio of 1.9 (Fig. 5A).

Indeed, a relative enrichment in highly expressing PAX5/TEL�
GFP-positive cells was observed both at 0 h of starvation and at 96
h in the presence of IL-7, with a peak at 72 to 96 hours; in MIGR-
GFP cells, this enrichment was not observed (Supplementary
Fig. S4). Overall, these data showed that under IL-7 starvation
conditions, PAX5/TEL gives a survival advantage, although it does
not confer IL-7 independence to pre-BI cells for prolonged periods.
PAX5/TEL impairs M heavy chain expression in wild-type

pre-BI cells. In the absence of IL-7, pre-BI cells receive the
stimulus to continue on the B-cell differentiation pathway to the
pre-BII stage (12, 40), characterized by the expression of IgM, and
in particular, it is possible to detect A heavy chain in the cytoplasm.
However, the in vitro stimulus alone is not enough to sustain
differentiation and proliferation, implying that, as described above,
cells start to suffer but still express the A heavy chain at a
cytoplasmic level, with the highest levels at 72 to 96 h. As shown in
Fig. 5B , after 96 h of IL-7 starvation, PAX5/TEL cells did not express
significant levels of cytoplasmic A heavy chain (8.96% A/CD19-
positive cells) compared with MIGR-GFP cells (26.05% A/CD19-
positive cells).
PAX5/TEL wild-type pre-BI cells are resistant to the TGFB1.

To investigate the ability to resist the apoptotic stimulus as
evidenced by the IL-7 starvation assay, we grew pre-BI cells in the
presence of TGFh1, a cytokine with antiproliferative and proa-
poptotic effects. Moreover, its homeostatic effect was shown in
association with genetic lesions in many different types of
hematological malignancies (41).

The response of PAX5/TEL pre-BI cells to the effects of TGFh1
was analyzed after 96 h of culture, counting the PI-negative and
GFP+ cells by FACS. Although in the absence of TGFh1, PAX5/TEL
cells were slightly slower growing. In the presence of TGFh1, PAX5/
TEL-transduced pre-BI cells showed increased proliferation and
survival compared with MIGR-GFP pre-BI cells, which were
completely inhibited in growth (Fig. 6A). More specifically, the
resistance index (RI, defined as the ratio between the number of
cells in the presence or absence of the cytokine) was two times
higher in PAX5/TEL cells (RI, 0.40) than in MIGR-GFP cells (RI,
0.18). The specific effect of TGFh1 on PAX5/TEL-positive cells was
further reinforced by the observation that the GFP-negative
fraction of cells, present in culture together with the PAX5/TEL�
GFP-positive cells as a residue of sorting, were inhibited by TGFh1
to the same extent of MIGR-GFP cells; in line with this finding, we
observed a relative enrichment of PAX5/TEL� GFP-positive cells,
especially in highly expressing PAX5/TEL� GFP� cells, thus
positively selected by TGFh1 (Supplementary Fig. S5). These data
indicate that PAX5/TEL pre-BI cells are resistant to the TGFh1
antiproliferative and proapoptotic effects.

Discussion

This is the first study investigating the oncogenic role of the
PAX5/TEL fusion protein in vitro . Our group previously described
an ALL patient carrying a t(9;12) translocation as the first report on
PAX5 involvement in chromosomal translocations generating a
fusion protein (5). In addition, PAX5 has been reported as fused to
other partner genes in ALL, such as FOXP1, EVI3 , and ELN (1, 2).

Similarly to other fusions involving TEL or PAX family genes,
PAX5/TEL potentially constitutes an aberrant transcription factor,
resulting from the joining of DNA-binding paired domain sequence
of PAX5 to almost the whole TEL , a transcription factor whose
functional domains are completely conserved in the fusion protein.
Indeed, the demonstration that PAX5/TEL localizes exclusively in
the nucleus, like both PAX5 and TEL proteins do (19), highly

Figure 5. Culture of wild-type pre-BI cells
in the absence of IL-7. A, number of
surviving cells in culture evaluated as fold
increase of all GFP-positive cells. B, left,
IgM expression evaluated as cytoplasmic A
heavy chain expression; analysis every
24 h and percentages of double-positive
A/CD19 cells are indicated. Right, PAX5/
TEL cells presented a lower cytoplasmic A
heavy chain expression at 96 h.
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supports the possibility that PAX5/TEL acts as a transcription
factor. In the fusion event, differently from PAX5/ELN transcript
(42), the nuclear localization sequence of PAX5 is lost, thus
suggesting that the nuclear localization sequence of the fusion
protein is driven by the TEL signal sequence. Evidence of the
potential molecular mechanism of action of the fusion protein as
a transcription factor is provided by the specific molecular
interaction of PAX5/TEL and mSin3A, clearly demonstrating the
association of fusion protein with the transcriptional complex, and
thus supporting an active role for PAX5/TEL as a repressor. This
finding is in agreement with the observation that PAX5 activator/
inhibitory domains are lost, whereas the retained TEL regulatory
domains are known to recruit transcriptional cofactors such as
mSin3A, NCoR, and HDAC3 leading to transcription repression of
target genes (21–23).

In addition to this mechanism of direct transcription regulation,
the PAX5/TEL protein could potentially act as a repressor of
function of the endogenous PAX5 alleles by a competition
mechanism, as described for the PAX5/ELN fusion protein (42).
For these reasons, we extensively analyzed the influence of PAX5/
TEL on the PAX5 physiologic role, investigating the potential role of
the fusion protein on B-cell differentiation in a more physiologic
context, closer to the potential target of transformation of BCP-
ALL (43, 44). We considered the in vitro model of pre-BI cells (30),
primary cells derived from a wild-type mouse fetal liver and
characterized as being positive for CD19 (direct target of PAX5),
B220, and cKIT. These cells can be grown in vitro , on the stroma
layer, and in the presence of IL-7. The role of the stromal cells is
2-fold: first, to specifically interact with precursor B-cells, and
second, to provide them with growth factors, the global effect being
to sustain cell proliferation by maintaining their original phenotype
(43–45). This model is well characterized and it offers the
possibility of investigating the role of a translocation in vitro , in
a wild-type B cell context, thus avoiding the influence of
confounding events such as genetic abnormalities or previous
transformation events. In this setting, our findings provide an
important way to understand the role of the PAX5/TEL oncogenic
protein in the process of B-cell transformation.

First, we focused our interest on the analysis of B-cell
differentiation. Although B220 is expressed throughout B-cell
development from pro-B cells to the antibody-secreting plasma
cells (12, 40, 46), herein, we showed that PAX5/TEL is responsible
for the progressive down-regulation of B220 until the main

population became negative. The effect on CD19 antigen is more
important. In normal B lymphocytes, CD19 is expressed from pre-
BI cell stage to mature B cells (12, 40), as well as in all BCP ALLs
(44, 47). Its expression was strongly down-regulated on PAX5/TEL
cell surface. Interestingly, patients carrying either the t(9;12) or the
dic(9;12) translocations (2, 5, 6), as well as patients with PAX5
hemizygous loss (2), displayed a phenotype positive for this marker.
These evidences are not in contrast with our results because in pre-
BI cells, PAX5/TEL should compete with the expression of the two
endogenous PAX5 alleles, causing the down-regulation of CD19 but
not the complete block of its expression. In analogy with CD19
expression, PAX5/TEL affected the expression of other B-cell genes
physiologically controlled by PAX5, such as MB-1 (15) and BLNK
(16); and in fact, both genes were significantly repressed in PAX5/
TEL cells compared with MIGR-GFP cells. Moreover, FLT3 gene
expression, physiologically repressed by PAX5, is even more
repressed in the presence of PAX5/TEL protein. The fusion protein
is unable to switch-on MCSFR expression. This finding suggested
that the fusion protein seems to function as a dominant repressor
of transcription in many PAX5-target genes. Recently, it was
proposed that a fusion protein consistent in PAX5 fused with the
elastin (ELN) gene was able to down-regulate CD19 mRNA in a
luciferase reporter gene system by a mechanism of competition
with endogenous PAX5 (42). In contrast, no mRNA down-
regulation effect was detected in a Burkitt’s lymphoma cell line
transfected with PAX5/ELN . It could be argued that the competi-
tion mechanism was not sufficient to block endogenous PAX5
action, but a reinforcing role of the repressive domains of the TEL
protein is required to block the transcription process.

The contemporary down-modulation of CD19 protein, the
complete block of B220 antigen, and the down-regulation of BLNK
and MB-1 gene expression by PAX5/TEL could indicate a reversion

of pre-BI cells into a previous B-cell differentiation stage, e.g., pro-B
cells (16). Indeed, this issue is further supported by the results
obtained in PAX5-deficient cells, which are CD19-negative cells,
blocked in their differentiation pathway. In this context, CD19
expression was not restored by PAX5/TEL protein, neither at the
mRNA nor at the protein level. These features suggest that PAX5/
TEL is not able to supply the PAX5 function, thus confirming that
PAX5/TEL protein acts as a repressor on CD19 gene and its
function is not context-dependent (13, 48).

Our results in wild-type pre-BI cells and in PAX5�/� cells
reinforce the issue that PAX5/TEL is an aberrant transcription
factor with dominant-negative functions on PAX5, and conse-
quently, on B-cell differentiation, in agreement with the precursor-
B phenotype of leukemia patients. Although in the presence of
PAX5, the endogenous PAX5 and PAX5/TEL can compete, in the
absence of PAX5, the fusion protein cannot activate PAX5 targets.

We further investigated the migratory abilities of wild-type pre-
BI cells towards CXCL12. The migration advantage of PAX5/TEL
cells compared with control cells, in response to the CXCL12
gradient, suggests the bone marrow as well as various CXCL12-
secreting organs as a home for these cells, where they find a
microenvironment favorable to tumor growth and survival (49, 50).
Moreover, the up-regulation of CXCR4 and the enhanced migration
in PAX5/TEL cells can be interpreted in two manners: first, that
PAX5/TEL cells acquired features of more immature cells, which
are more sensitive to CXCL12 stimulation (38). Second, in
agreement with the review by Burger and Burkle (50), it can
indicate that PAX5/TEL cells, such as leukemia cells, are able to
access niches that are normally restricted to progenitor cells, and

Figure 6. Culture of wild-type pre-BI cells in the presence of TGFh1. A, cell
growth evaluated as fold increase of GFP-positive cells at 96 h with respect to
0 h. t test: *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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thereby reside in a microenvironment that favors their growth and
survival; however, this finding has to be proven in vivo .

We then focused our attention to cytokine growth independence
as suggestive of resistance to apoptotic stimuli and transformed
activity. In starvation assays using IL-7, we found that PAX5/TEL
confers a survival advantage to apoptosis in short-term culture but
it does not render pre-BI cells independent by IL-7 in long-term
culture. This finding is not surprising because several examples of
fusion genes are described involving TEL with a transcription
factor as a partner, as not sufficient to overcome cytokine
dependence on growth, whereas it is possible when the TEL
partner is a kinase (29).

During the IL-7 starvation experiment, it was possible to
appreciate a significant level of A heavy chain expression in control
cells compared with the very low level in PAX5/TEL cells. A
reduced IgM expression was also shown in murine plasmacytoma
558LAM cell line by Mullighan et al. (2) when PAX5/TEL was
expressed together with the wild-type PAX5.

As reviewed by Dong and Blobe (41), many different types of
hematological malignancies develop resistance to the homeostatic
effects of TGFh1, an antiproliferative and proapoptotic cytokine.
Interestingly, PAX5/TEL showed a remarkable resistance to TGFh1,
continuing to actively proliferate in the presence of the cytokine,
although to a lower extent than without TGFh1. It is possible to
conclude that PAX5/TEL pre-BI cells are resistant to TGFh1
antiproliferative and proapoptotic effects, although the specific
mechanism of PAX5/TEL disruption of TGFh1 signaling pathway
remains to be investigated.

Finally, we showed that PAX5/TEL protein recruits mSin3A, has
a dominant effect on wild-type PAX5, down-regulating B220, CD19,

BLNK, MB-1 , and FLT3 expressions and not activating MCSFR ,
interferes with the process of B-cell differentiation and causes the
failure to express A heavy chain. Thus, we can speculate a potential
block in B-cell development by PAX5/TEL, the importance of which
has to be investigated in vivo .

In a PAX5-deficient contest, the presence of PAX5/TEL does not
replace PAX5 functions. Moreover, the presence of PAX5/TEL
protein determines an advantage in migration to CXCL12 with the
overexpression of CXCR4 , and it allows the cells to resist apoptotic
stimuli.

In conclusion, this is the first report formally demonstrating the
functional role of PAX5/TEL protein in vitro , as an aberrant
transcription factor with repressor function. PAX5/TEL potentially
blocks the B-cell differentiation process, enhances migratory
ability, and induces increased survival. Taken together, these
phenomena likely represent key events in the process of B-cell
transformation.
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di Neuroscienze, Università di Milano-Bicocca, Monza, Italy) for their experience in
immunofluorescence, and Dr. Martin Bonamino (Divisao de Medicina Experimental,
INCA, Rio de Janeiro, Brazil) for the setup of transduction procedures. We thank Prof.
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Tettamanti, Clinica Pediatrica Università di Milano-Bicocca, Ospedale San Gerardo,
Monza, Italy) for the sorting procedures.

References
1. Cobaleda CSA, Delogu A, Busslinger M. Pax5: the

guardian of B cell identity and function. Nat Immunol
2007;8:463–70.

2. Mullighan CG, Goorha S, Radtke I, et al. Genome-wide
analysis of genetic alterations in acute lymphoblastic
leukemia. Nature 2007;446:758–64.

3. Busslinger M, Klix N, Pfeffer P, Graninger PG, Kozmik
Z. Deregulation of PAX-5 by translocation of the Em
enhancer of the IgH locus adjacent to two alternative
PAX-5 promoters in a diffuse large-cell lymphoma. Proc
Natl Acad Sci U S A 1996;93:6129–34.

4. Lida S, Rao PH, Nallasivam P, et al. The t(9;14)
(p13;q32) chromosomal translocation associated with
lymphoplasmacytoid lymphoma involves the PAX-5
gene. Blood 1996;88:4110–7.

5. Cazzaniga G, Daniotti M, Tosi S, et al. The paired
box domain gene PAX5 is fused to ETV6/TEL in an
acute lymphoblastic leukemia case. Cancer Res 2001;
61:4666–70.

6. Strehl S, Konig M, Dworzak MN, Kalwak K, Haas OA.
PAX5/ETV6 fusion defines cytogenetic entity dic(9;12)
(p13;p13). Leukemia 2003;17:1121–3.

7. Nutt SL, Heavey B, Rolink A, Busslinger M. Commit-
ment to the B-lymphoid lineage depends in the
transcription factor Pax5. Nature 1999;401:556–62.

8. Morrison AM, Nutt S, Thevenin C, Rolink A, Busslinger
M. Loss- and gain-of-function mutations reveal an
important role of BSAP Pax-5 at the start and end of
B cell differentiation. Immunology 1998;10:133–42.

9. Cotta CV, Zhang Z, Kim HG, Klug CA. Pax5 determines
B- versus T-cell fate and does not block early myeloid-
lineage development. Blood 2003;101:4342–6.

10. Souabni A, Cobaleda C, Schebesta M, Busslinger M.
Pax5 promotes B lymphopoiesis and blocks T cell
development by repressing Notch1. Immunity 2002;17:
781–93.

11. Czerny T, Busslinger M. DNA-binding and trans-
activation properties of Pax-6: three amino acids in the
paired domain are responsible for the different
sequence recognition of Pax-6 and BSAP (Pax-5). Mol
Cell Biol 1995;15:2858–71.

12. Ghia P, Bruno E, Rolink AG, Melchers F. B-cell
development: a comparison between mouse and man.
Immunol Today 1998;19.

13. Nutt SL, Morrison A, Dorfler P, Rolink A, Busslinger
M. Indentification of BSAP (Pax-5) target genes in early
B-cell development by loss- and gain-of-function experi-
ments. EMBO J 1998;17:2319–33.

14. Kozmik Z, Wang S, Dorfler P, Adams B, Busslinger M.
The promoter of the CD19 gene is a target for the B-cell-
specific transcription factor BSAP. Mol Cell Biol 1992;12:
2662–72.

15. Maier H, Ostraat R, Parenti S, et al. Requirements for
selective recruitment of Ets proteins and activation of
mb-1/Ig-a gene transcription by Pax-5 (BSAP). Nucleic
Acids Res 2003;31:5483–9.

16. Schebesta M, Pfeffer PL, Busslinger M. Control of
pre-BCR signaling by Pax5-dependent activation of the
BLNK gene. Immunity 2002;17:473–85.

17. Holmes ML, Carotta S, Corcoran LM, Nutt SL.
Repression of Flt3 by Pax5 is crucial for B-cell lineage
commitment. Genes Dev 2006;20:933–8.

18. Horcher M, Souabni A, Busslinger M. Pax5/BSAP
maintains the identity of B cells in late B lymphopoiesis.
Immunity 2001;14:779–90.

19. Poirel H, Oury C, Carron C, et al. The TEL gene
products: nuclear phosphoproteins with DNA binding
properties. Oncogene 1997;14:349–57.

20. Lopez RG, Carron C, Oury C, Gardellin P, Bernard O,
Ghysdael J. TEL is a sequence-specific transcriptional
repressor. J Biol Chem 1999;274:30132–8.

21. Wang L, Hiebert SW. TEL contacts multiple co-
repressors and specifically associates with histone
deacetylase-3. Oncogene 2001;20:3716–25.

22. Chakrabarti SR, Nucifora G. The leukemia-associated
gene TEL encodes a transcription repressor which
associates with SMRT and mSin3A. Biochem Biophys
Res Commun 1999;264:871–7.

23. Guidez F, Petrie K, Ford AM, et al. Recruitment of the
nuclear receptor corepressor N-CoR by the TEL moiety
of the childhood leukemia-associated TEL-AML1 onco-
protein. Blood 2000;96:2557–61.

24. Montpetit A, Sinnett D. Comparative analysis of the
ETV6 gene in vertebrate genomes from pufferfish to
human. Oncogene 2001;20:3437–42.

25. Wang LC, Kuo F, Fujiwara Y, Gilliland DG, Golub TR,
Orkin SH. Yolk sac angiogenic defect and intra-
embryonic apoptosis in mice lacking the Ets-related
factor TEL. EMBO J 1997;16:4374–83.

26. Wang LC, Swat W, Fujiwara Y, et al. The
TEL/ETV6 gene is required specifically for hema-
topoiesis in the bone marrow. Genes Dev 1998;
12:2392–402.

27. Hock H, Meade E, Medeiros S, et al. Tel/Etv6 is an
essential and selective regulator of adult hematopoietic
stem cell survival. Genes Dev 2004;18:2336–41.

28. Poirel H, Lacronique V, Mauchauffe M, et al. Analysis
of TEL proteins in human leukemias. Oncogene 1998;16:
2895–903.

29. Bohlander SK. ETV6: a versatile player in leukemo-
genesis. Semin Cancer Biol 2005;15:162–74.

30. Rolink AG, Schaniel C, Melchers F. Stability and
plasticity of wild-type and Pax5-deficient precursor B
cells. Immunol Rev 2002;187:87–95.

31. Schaniel C, Gottar M, Roosnek E, Melchers F, Rolink
AG. Extensive in vivo self-renewal, long-term reconsti-
tution capacity, and hematopoietic multipotency of
Pax5-deficient precursor B-cell clones. Blood 2002;99:
2760–6.

32. Rolink AG, Schaniel C, Bruno L, Melchers F. In vitro
and in vivo plasticity of Pax5-deficient pre-B I cells.
Immunol Lett 2002;82:35–40.

Cancer Research

Cancer Res 2008; 68: (1). January 1, 2008 188 www.aacrjournals.org

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/68/1/181/2590962/181.pdf by guest on 19 M

ay 2023



33. Balciunaite G, Ceredig R, Massa S, Rolink AG. A
B220+ CD117+ CD19� hematopoietic progenitor with
potent lymphoid and myeloid developmental potential.
Eur J Immunol 2005;35:2019–30.

34. Palmi C, Fazio G, Cassetti A, et al. TEL/ARG
induces cytoskeletal abnormalities in 293T cells.
Cancer Lett 2006;241:79–86.

35. Livak KJ, Schmittgen TD. Analysis of relative
gene expression data using real-time quantitative
PCR and the 2(�DDC(T)) method. Methods 2001;
25:402–8.

36. Szymczyna BR, Arrowsmith CH. DNA binding
specificity studies of four ETS proteins support an
indirect read-out mechanism of protein-DNA recogni-
tion. J Biol Chem 2000;275:28363–70.

37. Bruno L, Schaniel C, Rolink A. Plasticity of Pax-5�/�

pre-B I cells. Cells Tissues Organs 2002;171:38–43.
38. D’Apuzzo M, Rolink A, Loetscher M, et al. The

chemokine SDF-1, stromal cell-derived factor 1, attracts
early stage B cell precursors via the chemokine receptor
CXCR4. Eur J Immunol 1997;27:1788–93.

39. Burger JA, Kipps TJ. CXCR4: a key receptor in the
crosstalk between tumor cells. Blood 2006;107:1761–7.

40. Osmond DG, Rolink A, Melchers F. Murine B
lymphopoiesis: towards a unified model. Immunol
Today 1998;19:65–8.

41. Dong M, Blobe GC. Role of transforming growth
factor-B in hematologic malignancies. Blood 2006;107:
4589–96.

42. Bousquet M, Broccardo C, Quelen C, et al. A novel
PAX5-ELN fusion protein identified in B-cell acute
lymphoblastic leukemia acts as a dominant negative
on the wild type PAX5. Blood 2007;109:3417–23.

43. Campana D, Coustan-Smith E, Manabe A, et al.
Human B-cell progenitors and bone marrow microen-
vironment. Hum Cell 1996;9:317–22.

44. Scheuermann RH, Racila E. CD19 antigen in leuke-
mia and lymphoma diagnosis and immunotherapy.
Leuk Lymphoma 1995;18:385–97.

45. Melchers F, Haasner D, Streb M, Rolink A. B-
lymphocyte lineage-committed, IL-7 and stroma cell-
reactive progenitors and precursors, and their

differentiation to B cells. Adv Exp Med Biol 1992;
323:111–7.

46. Van Zelm MC, van der Burg M, de Ridder D, et al. Ig
gene rearrangement steps are initiated in early human
precursor B cell subsets and correlate with specific
transcription factor expression. J Immunol 2005;175:
5912–22.

47. Jennings CD, Foon KA. Recent advances in flow
cytometry: application to the diagnosis of hematologic
malignancy. Blood 1997;90:2863–92.

48. Mikkola I, Heavey B, Horcher M, Busslinger M.
Reversion of B cell commitment upon loss of Pax5
expression. Science 2002;297:110–3.

49. Marin V, Dander E, Biagi E, et al. Characterization of
in vitro migratory properties of anti-CD19 chimeric
receptor-redirected CIK cells for their potential use in B-
ALL immunotherapy. Exp Hematol 2006;34:1218–28.

50. Burger JA, Burkle A. The CXCR4 chemokine receptor
in acute and chronic leukemia: a marrow homing
receptor and potential therapeutic target. Br J Haematol
2007;137:288–96.

Oncogenic Role of PAX5/TEL in pre-BI Cells

www.aacrjournals.org 189 Cancer Res 2008; 68: (1). January 1, 2008

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/68/1/181/2590962/181.pdf by guest on 19 M

ay 2023


