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The genetic basis for B cell 
precursor acute lymphoblastic 
leukemia
Acute leukemia has long been recognized 
as the most common malignancy in child-
hood (1). The incidence of acute lym-
phoblastic leukemia (ALL) is about three 
cases per 100,000 children per year in the 
United States, with an age peak between 
two and five years (2). The incidence and 
age peak of ALL are similar in most indus-
trialized countries (3). Early studies of cell 
surface ALL markers subclassified the 
disease into T ALL (15%–20%), B ALL 
(1%–2%), and non-T, non-B ALL (also 
referred to as null-cell ALL) (80%) (4, 5). 
Subsequently, the discovery that most 
non-T, non-B ALL samples stained for a 
common ALL antigen (CALLA, which is 
now known as CD10) led to the realization 
that most non-T, non-B ALL cases were in 
fact leukemias of B cell precursors (6, 7). 
For diagnostic and treatment purposes, 
pro-B, pre-pro B, and pre-B ALL are gen-
erally grouped together as B cell precursor 
ALL (BCP ALL) (8, 9).

The treatment of children with BCP 
ALL is one of the most remarkable success 
stories in modern medicine and has served 
as a paradigm for the use of multiagent che-
motherapy in the context of large, multi- 
institutional clinical trials (10). In the 1950s, 
survival rates of children with BCP ALL 
were negligible; however, recent rates are 
approaching 90% in current trials (8). The 
causes for the increased survival rate are 
manifold; however, one important factor is 
the use of risk-adapted or risk-directed ther-
apy (8, 10). This directed approach requires 
stratification of patients for therapeutic pur-
poses based on prognostic factors. Individ-
uals with a poorer prognosis receive more 
aggressive (and often more toxic) therapy, 
while individuals with a better prognosis 
receive less aggressive therapy that is aimed 
to minimize toxicity, including late effects. 
In order for this strategy to be effective, 
the prognostic factors must be robust. The 
most useful prognostic variables for all indi-
viduals with BCP ALL are age, white blood 
count (WBC) at diagnosis, and mutational 
status of the leukemic blasts (10).

Traditionally, mutations in leukemic 
cells have been evaluated with cytoge-
netic tools. Conventional cytogenetic 
analysis, which is now routinely aug-
mented by molecular tools such as FISH 
of interphase cells, can detect abnor-
malities in the cells of most children 
with BCP ALL (11, 12). These abnormal-
ities typically take the form of abnormal 
numbers of chromosomes (ploidy) or 
balanced chromosomal translocations. 
Hyperdiploidy, commonly in the form of 
trisomies of chromosomes 4, 10, and 17, 
carries a favorable prognosis (11), while 
hypodiploidy (<44 chromosomes) con-
fers a worse prognosis, and the results of 
these analyses are used to help select risk-
adapted therapy (13). Structural chromo-
somal abnormalities also affect prognosis. 
For example, the balanced translocation 
t(4;11)(q21;q23) leads to production of an 
oncogenic MLL-AF4 chimeric protein, 
which confers a poor prognosis, resulting 
in more aggressive therapy for children 
with this translocation (14).

The advent of high-density nucleotide 
arrays and massively parallel (“next-gener-
ation”) sequencing techniques has revolu-
tionized the field of cancer gene discovery 
(15, 16). Application of these techniques 
has identified recurrent mutations, such 
as single nucleotide variants, small inser-
tions or deletions (indels), and larger dele-
tions that are cytogenetically undetectable 
in BCP ALL (17). These mutations involve 
genes that encode factors critical for nor-
mal B cell differentiation (such as PAX5 
and IKZF1), as well as those that drive 
proliferation (such as IL-7R, and NRAS). 
A working hypothesis based on co-occur-
rence of mutations in BCP ALL patients 
suggests that an initial lesion (such as an 
MLL-AF4 fusion) leads to increased stem 
cell self-renewal, followed by a collabo-
rating lesion (such as PAX5 deletion) that 
results in developmental arrest, and a 
mutation in a key signaling pathway (such 
as JAK1/2/3) that results in leukemic trans-
formation (Figure 1 and ref. 17).
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common malignancy in children. While treatments have improved 
remarkably over the past four decades, resistant disease and late effects 
that result from cytotoxic chemotherapy remain serious problems for 
individuals with BCP ALL. Improved genetic tools have led to the discovery 
of numerous somatic mutations associated with BCP ALL, leading to a 
framework for the genetic classification of BCP ALL. In this issue of the 
JCI, Duque-Afonso et al. develop an accurate in vivo model for BCP ALL 
that recapitulates the key features of human disease, including acquired 
mutations in genes encoding PAX5 and components of the JAK/STAT 
pathway. The authors further show, as proof of principle, that this model can 
be used to evaluate the efficacy of drugs designed to target specific acquired 
mutations in patients with BCP ALL.
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T cell–deficient mice to avoid T cell leu-
kemias, Duque-Afonso et al. engineered 
a mouse model in which expression of the 
E2A-PBX1 fusion was limited to the B cell 
lineage. Specifically, the authors used B 
cell–restricted promoters (Cd19 or Mb1) 
to drive Cre expression, resulting in acti-
vation of the E2A-PBX1 transgene only 
within cells of the B lineage. This approach 
resulted in development of BCP ALL in 
over 50% of the E2A-PBX1–expressing 
mice by 9 months of age. Furthermore, as 
predicted by the hypothesis put forward by 
Hunger and Mullighan (Figure 1 and ref. 
17), competitive repopulation experiments 
showed a 50-fold enhancement in self- 
renewal of B cell precursors that was induced 
by expression of the E2A-PBX1 transgene 
in the CD19+ compartment. Interestingly, 
Duque-Afonso and colleagues used three 
promoters that were active at different 
stages of B cell development to drive Cre 
expression and found that the frequency of 
leukemia development increased with ear-
lier expression of the E2A-PBX1 transgene.

Duque-Afonso et al. predicted that 
mice that developed BCP ALL would also 
have undergone spontaneous mutations 
in genes that encode factors important for 
B cell transformation; therefore, whole- 
exome sequencing (WES) of isolated ALL 
cells was performed to identify candidates 
(23). Using copy number variation (CNV) 
analysis of the WES, the authors identified 
a homozygous deletion of Pax5 in one of six 
mice. Moreover, extension of these find-
ings to a larger cohort of mice revealed that 
30% (13 of 43) of the E2A-PBX1–expressing 
animals had heterozygous or homozygous 
deletions of Pax5, accompanied by reduced 
expression of PAX5. This outcome is strik-
ingly similar to clinical observations, as 
approximately 45% of patients with E2A-
PBX1 fusions also have deletions of one or 
both copies of PAX5 (24). Duque-Afonso 
and colleague then crossed the conditional 
E2A-PBX1 mice with mice that were haplo-
sufficient for Pax5 and showed a decreased 
latency of BCP ALL onset and increased 
penetrance of the leukemic phenotype. 
Prior to the onset of leukemia, the E2A-
PBX1–expressing Pax5+/– mice exhibited 
a block to differentiation at the pro-B to 
pre-B transition, as predicted by the model 
depicted in Figure 1.

The E2A-PBX1 leukemias generated in 
this model could be divided into pre-BCR– 

develop BCP ALL (19). Another common 
translocation in BCP ALL patients is the 
t(1;19)(E2A-PBX1), which leads to a chi-
meric fusion protein that joins the amino 
terminal portion of E2A with the carboxy 
terminal portion of PBX1 (20). Mice that 
express an E2A-PBX1 fusion developed 
ALL; unexpectedly, they developed a T 
lineage ALL rather than B lineage ALL 
(21). However, crossing the E2A-PBX1–
expressing mice onto a CD3e-deficient 
background delayed the onset of T ALL, 
and a fraction of these mice developed 
BCP ALL (22).

In this issue, Duque-Afonso and 
colleagues took a different approach to 
modeling E2A-PBX1 leukemia (23). As 
the E2A-PBX1 transgene is strongly onco-
genic in T cells, rather than working with 

An in vivo model for BCP ALL
A corollary of Koch’s postulates is that 
in vivo models of disease are important 
for establishing disease causation (18). In 
addition, in vivo models are invaluable for 
studying disease processes as well as for 
producing important preclinical platforms 
for the development of more effective and 
less toxic therapies. A general approach 
that has been useful in modeling leukemia 
in vivo is the use of genetic engineering 
techniques to express a fusion protein in 
hematopoietic cells of mice (19). Unfor-
tunately, this approach has been largely 
unsuccessful in modeling BCP ALL in 
vivo. While several investigators have gen-
erated mice that express an ETV6-RUNX1 
fusion (the most common translocation in 
BCP ALL patients), these animals do not 

Figure 1. Collaborative mutations lead to BCP ALL. In the context of the E2A-PBX1 model, the 
initiating lesion (an E2A-PBX1 fusion) is engineered into the mouse germline and results in increased 
self-renewal and impaired differentiation of B cell precursors. Subsequent mutations — that either 
occur spontaneously or are engineered into the mouse germline — lead to a complete block to B cell 
differentiation. Further mutations lead to increased proliferation or decreased apoptosis, resulting in 
an accumulation of leukemic B cell precursors. These additional mutations involve several overlap-
ping pathways, including those involved in receptor tyrosine kinase (RTK) signaling, RAS signaling, 
and cell cycle progression. Mutations in several genes, including Jak1, Ptp11, Il17r, Nras, Kras, Ptpn11, 
Cdkn2a/b, and Tp53, were identified in the E2A-PBX1 model and were associated with disease 
progression. It should be noted that this order of mutations, while applicable for E2A-PBX1 mice with 
engineered mutations, is not necessarily invariant. For instance, an RTK mutation may precede a 
block to differentiation under certain circumstances. The general framework of this model is based 
on sequence data from leukemic patients (17, 28).
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to properly interpret the in vivo effects 
of these therapies. Finally, the mice can 
also be used as preclinical platforms to 
evaluate small-molecule therapy. Indeed, 
Duque-Afonso et al. presented prelim-
inary evidence that the JAK inhibitor 
ruxolitinib can improve survival in mice 
with leukemias driven by E2A-PBX1 and 
mutant Jak1.
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and pre-BCR+ leukemias. BCL6 expres-
sion is reported to increase in cells that 
have an active pre-BCR (25), and in the 
E2A-PBX1–expressing mice, high levels of 
BCL6 expression correlated perfectly with 
the presence of an active pre-BCR, with 
one exception. The exceptional mouse 
had a nonsense mutation of the X-linked 
gene Bcor (for BCL6 corepressor), lead-
ing to complete absence of the full-length 
Bcor gene product. Together, these obser-
vations suggest the intriguing possibility 
that a Bcor truncation mutation can block 
BCL6-mediated maturation of pre-BCR– 
to pre-BCR+ cells.

Finally, as predicted by the model 
(Figure 1), WES, followed by targeted 
Sanger sequencing, identified spontane-
ous mutations in genes encoding members 
of both the JAK/STAT pathway and the 
RAS/MAPK pathway. Specifically, 20 of 51 
(39%) mice had acquired mutations in Jak1, 
Jak3, Ptpn11, or Il7r, and 10 of 51 (20%) had 
acquired mutations in RAS/MAPK path-
way genes. Some of these mutations were 
shown to increase phosphorylated STAT5 
(p-STAT), p-AKT, or p-ERK1/2, consistent 
with constitutive activation of JAK/STAT 
or RAS/MAPK pathways.

Conclusions and perspective
Duque-Afonso et al. have produced sev-
eral robust in vivo models for BCP ALL, 
with conditional E2A-PBX1 activation 
resulting in a penetrance of approximately 
50% at one year of age (23). The combi-
nation of conditional E2A-PBX1 activa-
tion and PAX5 inactivation increased the 
penetrance to 100% by 6 months of age. 
Remarkably, this mouse model conforms 
well to the working hypothesis based on 
sequencing studies in BCP ALL patients 
(17), with mutations identified in genes 
affecting  self-renewal (E2A-PBX1), B cell 
differentiation (Pax5, Bcor), and cytokine 
signaling (Jak1/3). Importantly, CNS infil-
tration was present in the E2A-PBX1 mod-
els, indicating that they could be useful for 
studying CNS leukemia.

The models generated by Duque- 
Afonso and colleagues will certainly be of 
interest to the ALL research community, 
as they allow BCP ALL to be modeled in 
mice with normal immune systems. Given 
the intense interest in immune therapy 
for BCP ALL (26, 27) the use of nonim-
munodeficient mice will be invaluable 


