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therapeutic strategies.

Introduction

Leukemias are malignant disorders of blood-forming cells that
primarily result from acquired aberrations of the genome. The
consistent association of specific chromosomal rearrangements
observed cytogenetically in distinct subsets of leukemia (1, 2)
prompted the initial hypothesis that leukemias may result from
subtype-specific genetic abnormalities (3). Subsequent extensive
molecular and genomic studies led to a more refined 2-muta-
tion model for leukemia pathogenesis, in which one genetic
lesion activates a kinase-driven signaling pathway to confer a
proliferative advantage, and a cooperating second mutation cor-
rupts a transcription factor to block the differentiation of normal
progenitor cells (4). More recent genomic studies using next-
generation sequencing technologies have shown that leukemias
are genetically more complex and diverse than previously appre-
ciated. Genomic studies of human acute lymphoblastic leukemia
(ALL), in particular, have suggested a 3-step model of leukemia
pathogenesis (5), which postulates that an initiating genetic lesion
such as E2A-PBXI (also known as TCF3-PBXI), ETV6-RUNX1
(TEL-AMLI), or MLL fusions confers self-renewal properties to
hematopoietic stem cells (HSCs) or lymphoid progenitors. A second
lesion, such as PAX5, EBFI, or IKFZ1, normally affecting essential
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Acute lymphoblastic leukemia (ALL) is the most common childhood cancer; however, its genetic diversity limits investigation
into the molecular pathogenesis of disease and development of therapeutic strategies. Here, we engineered mice that
conditionally express the E2A-PBX1 fusion oncogene, which results from chromosomal translocation t(1;19) and is present in
5% to 7% of pediatric ALL cases. The incidence of leukemia in these mice varied from 5% to 50%, dependent on the Cre-
driving promoter (Cd19, Mb1, or Mx1) used to induce E2A-PBX1 expression. Two distinct but highly similar subtypes of B cell
precursor ALLs that differed by their pre-B cell receptor (pre-BCR) status were induced and displayed maturation arrest at
the pro-B/large pre-B Il stages of differentiation, similar to human E2A-PBX1 ALL. Somatic activation of E2A-PBX1 in B cell
progenitors enhanced self-renewal and led to acquisition of multiple secondary genomic aberrations, including prominent
spontaneous loss of Pax5. In preleukemic mice, conditional Pax5 deletion cooperated with E2A-PBX1 to expand progenitor B
cell subpopulations, increasing penetrance and shortening leukemia latency. Recurrent secondary activating mutations were
detected in key signaling pathways, most notably JAK/STAT, that leukemia cells require for proliferation. These data support
conditional E2A-PBX1 mice as a model of human ALL and suggest targeting pre-BCR signaling and JAK kinases as potential

transcription factors for B cell development, causes differentiation
block at the progenitor B cell level (6, 7). A third class of cooper-
ating mutations accumulate and are needed to fully transform
leukemia cells, affecting pathways such as cell cycle (CDKN2A/B,
TP53), cytokine receptors and associated kinases (JAK kinases,
CRLF2, IL7R), RAS signaling (NRAS, KRAS, PTPN11), or several
other transcription factors or epigenetic regulators (8, 9). However,
this recently articulated 3-step model of leukemogenesis, which
is based on elegant genomic studies, has not been prospectively
tested in vivo or validated in an experimental system.

We addressed this issue in the current study by modeling
ALL caused by the t(1;19) chromosomal translocation, which
is present in 5% to 7% of pediatric ALLs. This genomic rear-
rangement fuses the transcription factor E2A (TCF3) with the
homeobox gene PBXI (10, 11) to serve as the initiating lesion in
a phenotypically and genetically distinctive subtype of ALL. We
demonstrate that activation of E2A-PBX1 in B cell progenitors
induces 2 different subtypes of leukemia based on the presence
of pre-BCR, enhances self-renewal, and leads to acquisition of
multiple genomic aberrations including prominent loss of PAX5
and activation of JAK/STAT signaling. Our findings credential
the efficacy of targeting pre-BCR signaling and JAK kinases as
therapeutic strategies in ALL.

Results

Conditional E2A-PBX1 activation and E2A haploinsufficiency in the
hematopoietic compartment of mice. To investigate the cellular roles
of E2A-PBXI1 in leukemogenesis, we developed mouse strains that
conditionally activate and express the E2A-PBXI fusion gene in
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B cell progenitors. Somatic activation of the oncogene was accom-
plished by Cre recombinase expressed under the control of specific
B lineage promoters Cd19 or Mb1 (Igo, CD79a) or in hematopoietic
stem cells using the Mx1 promoter (Figure 1A). To monitor E2A-PBX1
recombination and expression at the single-cell level by flow
cytometry, the GFP gene preceded by an internal ribosomal entry
site (IRES) element was engineered into the targeted allele. GFP
expression was detected mainly in CD19* B cells (~90%) and less
frequently in T cell subsets (~3%) and mature myeloid CD11b* cells
(~5%) in the peripheral blood of recombined mice (data not shown).

Western blot analysis confirmed the expression of E2A-PBX1
protein in sorted GFP* BM progenitor B cells (Lin'CD19*CD43*) in
3-month-old healthy preleukemic mice, whereas WT E2A protein
levels were reduced by 50% compared with normal B cell progen-
itors (Figure 1B). These results demonstrate specific, conditional
expression of E2A-PBX1 in the hematopoietic compartment and
provide a model in which E2A-PBX1 expression is activated con-
comitant with induction of E2A haploinsufficiency to recapitulate
the oncogenetics associated with t(1;19) chromosomal transloca-
tions in human ALL.

Conditional E2A-PBX1 Tg mice consistently develop acute leuke-
mia. Mice that conditionally expressed E2A-PBX1 developed leu-
kemia with latencies and penetrance that varied for the different
Cre lines. Leukemia incidence at 12 months ranged from 7% for
the Tg(E2A-PBX1) Cd19-Cre line to 53% for the Tg(E2A-PBXI)
MbI-Cre line and 59% for the Tg(E2A-PBX1) Mx1-Cre line (Figure
1C), suggesting that the earlier Cre recombinase is expressed dur-
ing B cell development, the higher the penetrance of E2A-PBX1
leukemias. GFP expression was detected in BM cells of moribund
mice, confirming expression of the E2A-PBXI1 Tg in leukemia
cells (Figure 1D). Leukemic mice presented with splenomegaly
(Figure 1F), lymphadenopathy (Supplemental Figure 1A; supple-
mental material available online with this article; doi:10.1172/
JCI81158DS1), hepatomegaly (Supplemental Figure 1B), anemia,
thrombocytopenia, and leukocytosis (Figure 1G). Leukemia cells
(Figure 1E) were present in the BM, spleen, and lymph nodes
and infiltrated multiple organs (Supplemental Figure 1C), includ-
ing the CNS (Supplemental Figure 1D). BM leukemia cells were
transplantable into sublethally irradiated recipient mice, induc-
ing secondary leukemia after 3 to 4 weeks (Supplemental Figure
1E). Pathologic and immunophenotypic characterization showed
that 94% of 52 leukemias had a B cell precursor phenotype char-
acterized by expression of CD19, CD43, and GFP, whereas 2 were
of myeloid lineage and 1 was of T lineage. Thus, conditional acti-
vation of E2A-PBX1 in the hematopoietic compartment predomi-
nantly induces B cell precursor leukemia.

E2A-PBX1 leukemic blasts are arrested at the pro-/pre-B stage of
B cell precursor differentiation. The B cell precursor leukemias com-
prised 2 subtypes distinguished by their pre-B cell receptor status
(pre-BCR* vs. pre-BCR). Both types displayed similar immuno-
phenotypes (surface CD19*, CD43*, B220/CD45*, CD25*, Bp-1*,
CD24/HAS"*, CD127/1L-7ra*, CD117%, and intracellular VPREB,
CD79a’, and TdT"), however pre-BCR* leukemias were distin-
guished by cytoplasmic p and surface VPREB expression, which
are respective components of the pre-BCR (Figure 2A).

Quantification of progenitor B cell subpopulations defined by
flow cytometry showed a 10-fold expansion of the B-C’ fraction

jci.org  Volume125 Number9  September 2015

The Journal of Clinical Investigation

(as defined by Lin"CD19*CD43* expression) in total BM cells from
E2A-PBX1 leukemic mice, compared with those from WT and
healthy preleukemic mice. A marked reduction of fraction D-E-F
cells (Lin"CD19*CD43") was observed in the BM of leukemic and
healthy preleukemic mice, suggesting that E2A-PBX1 imposes
a differentiation block in B cell development (Figure 2B). The
immunophenotypes correspond to the pro-B/large pre-B II stages
(Basel nomenclature) or B-C’ stages (Hardy nomenclature) of B
cell differentiation (12), which are dependent on the presence or
absence of pre-BCR (Figure 2C).

Functional differences between pre-BCR* and pre-BCR  E2A-
PBX1 leukemias. Clonal rearrangements of Ig heavy chain VD] seg-
ments were detected in at least 50% of mouse E2A-PBX1 leuke-
mias by genomic PCR (data not shown), but productive ORFs were
present in only 12.5% of leukemias (Figure 3A), which correlated
with high levels of cytoplasmic p and surface VPREB expression
(pre-BCRY). Bcl6 expression levels, which are a key feature of
active pre-BCR (13, 14), were 10-fold higher in pre-BCR* com-
pared with pre-BCR™ leukemias (Figure 3B). However, high Bcl6
expression was observed in 1 pre-BCR" leukemia that contained a
nonsense mutation of the Bcl6 corepressor (Bcor) gene detected in
whole-exome sequencing (WES). Pre-BCR* leukemias responded
to the stimulation of pre-BCR by anti-IgM in the presence of H,0,
(15), with an increase in phosphorylated PLCy2 (Figure 3C).

Pre-BCR" leukemias were more sensitive in vitro (Figure 3D)
to the inhibitory effects of dasatinib, an SRC-family kinase inhibi-
tor that has recently been shown to have promising preclinical effi-
cacy in the treatment of pre-BCR" ALL, including E2A-PBX1* leu-
kemias (13). The leukemia with a concomitant Bcor mutation and
high Bcl6 expression levels was resistant to dasatinib, comparable
to that seen in pre-BCR leukemias (Figure 3D). In vivo dasatinib
treatment of pre-BCR' leukemia in a secondary transplantation
assay led to prolonged disease-free survival compared with that
of vehicle-treated mice (Figure 3E). Forced expression of func-
tional p heavy chain converted pre-BCR™ leukemias to pre-BCR?,
as shown by increased surface VPREB, and conferred dasatinib
sensitivity in vitro, indicating that heavy chain status is a critical
determinant of the functional differences in the 2 subtypes of E2A-
PBX1* ALLs (Figure 3, F-H).

E2A-PBX1 perturbs early B progenitor cell differentiation.
To determine the potential effects of conditional E2A-PBX1
expression on B cell differentiation, peripheral blood cells were
quantified in preleukemic mice at different time points using
flow cytometry. A substantially lower percentage of B cells was
observed at all time points over a 30-week period in healthy
preleukemic Tg(E2A-PBX1) Cd19-Cre mice compared with that
observed in control Cd19-Cre mice (Figure 4A), consistent with
the significant decrease in immature and recirculating B cells in
the BM (Figure 2B). Similar reductions were observed in preleu-
kemic Tg(E2A-PBX1) MbI-Cre and Tg(E2A-PBX1) Mx1-Cre mice
(data not shown). To further assess B cell differentiation, pro-
genitor B cells were prospectively isolated by FACS and placed in
methylcellulose culture supplemented with IL-7, SCF, and FLT3
ligand (FLT3L). Progenitor B cells of Tg(E2A-PBXI1) Cd19-Cre
mice proliferated extensively (Figure 4B) and were severely com-
promised in their ability to differentiate into CD43" cells com-
pared with progenitor B cells isolated from control mice, which



The Journal of Clinical Investigation RESEARCH ARTICLE

A D
WT E2A
Exon 1 10 1112 13 E12 E47 16 <
3
w
Targeted
allele lo Neg 40xP PBX1a IRES EGFP
1 ’ ¢
: ’1, Mx1-Cre E V=TS,
ICre recdmbinase { Mb1-Cre s :‘: 2L o 9
-’ Cd19-Cre 8 ol Y .
PI,’ & :;- g - D - .
secomied ) L0 | @
allele 9" ‘pg,%0x BM, 60x
B F
Lin-CD19*CD43+-sorted cells : . S
GFP+ GFP+ i 3 %
WT preleukemia ~ WT preleukemia g . ©
E2A-PBX1— - z
. [}
E2A— et : 2
: WT Preleuk. Leu @

GAPDH— e s~ a— WT Preleukemia Leukemia
E2A-PBX1/GAPDH 0 0.59 0 0.68
E2A/GAPDH 023 0.11 0.55 0.27
C G

e 00 200~ 18+ 1500~

< 100

= = 154 =

g 7.2% S 150 . = g = 12007

s 751 S 3121 . 8 900-

2 T 00 o 29 = T -

Q50 4 52.7% % ®e 2 T X 600- .

b — Tg(E2A-PBX1) Cd19-Cre 58.8% S sd T 6 T 4] =

@ 251 — Tg(E2A-PBX1) Mxi-Cre * 31 . . oo

p— - - —
g . Tg(E2A-PBX1) Mb1-Cre == o- — 02
0 3 6 9 Normal reference — Mean
Time (mo) values

Figure 1. Conditional E2A-PBX1 Tg mice consistently develop leukemia. (A) Schematic representation of WT, targeted, and recombined E2A alleles.
Cre-mediated recombination results in deletion of 3’ E2A exons (13, E12, E47, and 16) and the PGK neocassette (neo), fusing in-frame the human PBX7a cDNA
linked with EGFP by an IRES element. Cre-recombinase was expressed from the B cell-specific promoter Cd79 or Mb1(CD79a, Iga), or in HSCs from the Mx1
promoter. (B) Representative Western blots show E2A and E2A-PBX1 protein levels in sorted progenitor B cells from WT (Lin"CD19*CD43*) and healthy preleu-
kemic (Lin"CD19*CD43*GFP*) Tg(E2A-PBX1) Cd19-Cre mice. The ratio of E2A/GAPDH and E2A-PBX1/GAPDH levels (shown below) was determined by densit-
ometry. (C) Kaplan-Meier plots show disease-free survival of conditional E2A-PBX1 mice crossed with the Cre-recombinase lines Cd19 (n = 153), Mb1 (n = 74),
and Mx1 (n = 44). The incidence of leukemia at 12 months is shown on the right. (D) Flow cytometric plots show GFP expression in BM cells from a leukemic
mouse. (E) May-Griinwald Giemsa staining of peripheral blood smear (PB) and BM cytospin (BM) show leukemic blast morphology. (F) Spleens are shown for
representative WT, preleukemic, and leukemic mice (left panel). Graph shows spleen weights from WT (n = 11), healthy E2A-PBX1 preleukemic (n = 42), and
leukemic (n = 35) mice (horizontal bars denote the mean) (right panel). (G) Hematologic findings at leukemia presentation (n = 8). Gray shadows represent
normal reference values; horizontal bars denote the mean for the analyzed mice. Hgb, hemoglobin; Plt, platelets, wbc, white blood cells.

mostly differentiated during the 10-day culture (Figure 4C).
Thus, E2A-PBX1 impairs the differentiation and enhances the
proliferation of progenitor B cells in vitro and in vivo.

E2A-PBXI1 enhances B cell progenitor self-renewal. To assess B cell
progenitor turnover, we investigated whether the progenitor B cell
population expressing E2A-PBX1 could be reconstituted following
irradiation. Young Tg(E2A-PBX1) Cd19-Cre and WT mice were
irradiated sublethally to deplete the endogenous B cell populations

and assessed by flow cytometry for B cell progenitor recovery. WT
mice showed normal regeneration of B cell progenitors with appro-
priate proportions of all B cell subsets (data not shown). Regen-
eration also occurred in preleukemic Tg(E2A-PBX1) Cdl9-Cre
mice but was distinguished by a dramatically expanded popu-
lation of B220% progenitor B cells that were almost exclusively
GFP*, indicating that E2A-PBX1-expressing progenitor B cells
have a competitive advantage (~90-fold) in vivo compared with
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Figure 2. E2A-PBX1 leukemic blasts display B cell precursor immunophenotypes. (A) Histograms show the immunophenotypic profiles for the indicated
surface and intracellular (i) markers in GFP* leukemic blasts of representative pre-BCR* and pre-BCR™ leukemias from 8 analyzed leukemias. Higher levels
of cytoplasmic p heavy chain (cylgM) and surface VPREB correlated with productive VD) rearrangement. Red shadow represents control unstained cells

for cell-surface markers and isotype controls for intracellular staining. Blue line represents antigen expression. (B) Quantification of progenitor B cell
subpopulations in the BM at 3 months of age for WT (n = 7), healthy E2A-PBX1 preleukemic (n = 8), and leukemic (n = 20) mice using an Ab cocktail for
lineage markers (CD3, CD4, CD8, Gr1, CD11b, NK1-1, Ter119), CD19, and CD43. (C) Schematic representation of cell surface and intracellular markers expressed
in leukemic GFP* blasts, which correlate with the B-C' differentiation stage (pro-B, pre-B |, large pre-B Il) of B cell development (modified from ref. 12). CLP,
common lymphoid progenitors; Fo B, follicular B cells; HSA, heat-stable Ag, MPP, multipotential progenitors; NF B, newly formed B cells .

non-E2A-PBX1-expressing (GFP") progenitor B cells in the same
host (Figure 4D). Of note, the B220" " progenitor B cell popula-
tion was composed of 50% GFP* cells (data not shown).

The foregoing studies raised the possibility that E2A-PBX1-
expressing B lineage progenitors may have stem-like self-renewal
properties. To assess this, CD19* cells harvested from WT or
preleukemic Tg(E2A-PBXI) Cd19-Cre donor mice were trans-
planted into sublethallyirradiated NOD.Cg-Prkdcsc¢112rg™iWil /Sz]
(NSG) recipient mice, which lack endogenous B cell populations.
Analysis of BM 6 weeks after transplantation showed that B cell
subsets including pro-B, pre-B, and immature B cells were recon-
stituted in recipients of CD19* BM cells from WT donor mice,
consistent with the long-lived growth potential of B cell progeni-
tors (data not shown). B lineage reconstitution was also observed
in recipients of CD19* BM cells from preleukemic Tg(E2A-PBX1)
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Cd19-Cre donors; however, the vast majority of progenitor B cells
(Lin"CD19*CD43") in the recipient BM were GFP*. The difference
in the proportion of GFP* versus GFP- CD19* cells was approxi-
mately 50-fold after reconstitution, even though they were pres-
ent in equal proportions in the donors prior to transplantation
(Figure 4E). GFP* progenitor B cells were capable of repopulat-
ing the BM in secondary and tertiary recipients, while retaining
a limited capacity to differentiate into immature B cells (data not
shown). These data indicate a cell-autonomous enhancement of
self-renewal induced by E2A-PBX1 specifically at the pro-B/pre-B
cell stage of maturation, consistent with their markedly impaired
differentiation and enhanced proliferation in vitro compared with
WT and Cd19-Cre mice.

The differences in leukemia incidence and latency (Figure
1C) raised the possibility that preleukemic E2A-PBX1 cells devel-
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Figure 3. Expression of pre-BCR components in E2A-PBX1 leukemic blasts determines a phenotype very similar to that of human pre-BCR* leukemias.
(A) Pie chart represents the proportion of analyzed leukemias (n = 16) with a productive or unproductive VD) rearrangement. (B) Bcl6 expression was
assessed by gPCR of sorted Lin"CD19*CD43" cells from BM leukemias (n = 24). Leukemias were compared depending on their pre-BCR status. Horizontal
bars denote the mean. (C) PLCy2 phosphorylation was analyzed by phospho-flow after pre-BCR stimulation using polyclonal anti-IgM and H,0, for 30
minutes (15). Pre-BCR* and pre-BCR" results of 2 analyzed leukemias from each group are shown. Pervanadate was used as a positive control. (D) BM

leukemic cells were cultured in the presence of increasing concentrations of dasatinib. Colonies were enumerated after 7 days. (E) E2A-PBX1 leukemia cells
from pre-BCR* leukemia were transplanted into sublethally irradiated secondary recipients. Mice were treated with vehicle (n = 5) or dasatinib (100 pg i.p.
daily, n = 4) for 20 days. Statistical analysis was performed by log-rank test. BMT, BM transplantation. (F) Pre-BCR" leukemias were transduced retrovirally
to ectopically express empty vector (EV) or functional p heavy chain (u HC). Results of a representative of 2 transduced leukemias are shown. Western

blot shows expression of p heavy chain and GAPDH as a loading control. (G) Cytoplasmic IgM (cylgM) and surface VPREB (sVPREB) were assessed by flow
cytometry. (H) Transduced pre-BCR- leukemias were cultured at increasing concentrations of dasatinib. Colonies were enumerated after 5 days, and results
are expressed as the mean + SEM of 3 independent experiments. Statistical analysis was performed using the F test.

oped different properties, depending on the timing of Cre-driver ~ mic Tg(E2A-PBXI) Cd19-Cre mice (Figure 4F). Hence, sorted

gene activation. In support of this, the frequency of GFP* B cell
progenitors (Lin"CD19*CD43") in preleukemic Tg(E2A-PBXI)
MbI-Cre mice was significantly higher, as were their GFP mean
fluorescence intensity (MFI) values, compared with preleuke-

preleukemic Tg(E2A-PBX1) MbI-Cre B cell progenitors showed a
higher proliferative capacity compared with that of preleukemic
Tg(E2A-PBX1) Cd19-Cre cells (Figure 4G), suggesting that ear-

lier activation of E2A-PBX1 was more oncogenic.
Number 9 3671
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Figure 4. E2A-PBX1 confers self-renewal properties and impedes differentiation of preleukemic B cell progenitors. (A) Peripheral blood B cell pop-
ulations were assessed by flow cytometry at the indicated ages in control and preleukemic (#1and #2) mice. (B) Bar graphs summarize B cell subset
guantification following culture of prospectively isolated progenitor B cells from Tg(E2A-PBX1) Cd19-Cre preleukemic (n = 3) or control mice (n = 3). (C) Flow
cytometric analysis at the end of culture for representative control and Tg(E2A-PBX1) Cd19-Cre mice. Bar graphs summarize cell proliferation. (D) WT

(n = 4) and preleukemic Tg(E2A-PBX1) Cd19-Cre mice (n = 4) were sublethally irradiated and assessed by flow cytometry for B cell progenitor recovery at 2,
4,6, and 8 weeks. Results at 6 weeks showed markedly skewed BM repopulation by GFP* versus control GFP- pro-B cells. Similar results were found at the
different time points analyzed. (E) BM CD19* cells (equally composed of GFP* and GFP- cells) isolated from Tg(E2A-PBX1) Cd19-Cre preleukemic mice were
transplanted into sublethally irradiated NSG mice (n = 5). GFP* B cell progenitors had a substantially enhanced engraftment and/or expansion advantage
at the analyzed time points (2, 4, and 6 weeks), as shown by flow cytometry. (F) The percentage of GFP* cells in Lin"CD19*CD43" cells from preleukemic
Tg(E2A-PBX1) Cd19-Cre (n = 8) and Tg(E2A-PBX1) Mb1-Cre (n = 8) mice was analyzed by flow cytometry. Horizontal bars denote the mean. Statistical anal-
ysis was performed using a 2-sided Student's t test. (G) Lin"CD19*CD43*GFP- cells from the previous experiment were sorted and cultured in methylcellu-
lose. CFU were enumerated after 7 days. Horizontal bars denote the mean. Statistical analysis was performed using a 2-sided Student’s t test.

Haploinsufficiency of Pax5 cooperates with E2A-PBX1 to block  have been previously described in some pediatric ALL patients
differentiation, shorten latency, and increase leukemia penetrance.  (6). Consistent with this, copy number variation (CNV) analysis of
PAX5 (BSAP) is a crucial transcription factor for B cell develop-  exome sequencing in 1 case (Supplemental Figure 2, A and B) and
ment (16) that is deleted in approximately 44% of pediatric ALLs  genomic quantitative PCR (qQPCR) showed that 30% of leukemias
with E2A-PBX1 gene fusions (6, 7). Homozygous PAX5 deletions ~ harbored heterozygous or homozygous deletions of Pax5 (Figure
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Figure 5. Haploinsufficiency of Pax5 cooperates with E2A-PBX1 to shorten latency, increase leukemia penetrance, and block differentiation. (A)
Frequency of acquired Pax5 deletion in E2A-PBX1 leukemic mice (n = 43) as detected by genomic DNA gPCR. (B) Kaplan-Meier plots show disease-
free survival of mice. Conditional E2A-PBX1 mice were crossed with the indicated Cre-recombinase mouse line (green). Additionally, mice were
crossed with conditional heterozygous Pax5-deletion mice (red; Cd19, n = 42; Mb1, n = 12; Mx1, n = 9) or conditional homozygous Pax5-deletion mice
(black; CD19, n = 10). Statistical differences were determined by log-rank test, and the survival follow-up period was 12 months. (C) Plots show flow
cytometric analysis for GFP* cells in the BM of nonleukemic mice with the indicated genotypes at specific ages. Red rectangle denotes expansion of
GFP* cell populations in Tg(E2A-PBX1) Pax5*/- Cd19-Cre mice at young ages (3 and 4-5 months). (D) Bar graph shows quantification of progenitor B
cell subpopulations in the BM of 3-month-old mice with the indicated genotypes (n >4), analyzed using an Ab cocktail for lineage markers (CD3, CD4,

CD8, Gr1, CD11b, NK1-1, Ter119) and CD19 and CD43 cell-surface antigens.

5A and Supplemental Figure 2, C and D) that were associated with
decreased PAXS5 expression (Supplemental Figure 2E).

To study the potential cooperation between E2A-PBX1 and
PAX5 insufficiency, conditional E2A-PBX1 Tg mice were crossed
with floxed Pax5 mice in which deletion of exon 2 is achieved
by expression of Cre recombinase (16). Heterozygous deletion
of Pax5 substantially increased the penetrance and shortened
the latency of leukemia in each of the E2A-PBX1 lines, provid-
ing strong evidence for cooperative oncogenic effects of Pax5
haploinsufficiency (Figure 5B). Consistent with a tumor sup-
pressor role, homozygous Pax5 deletion with Tg(E2A-PBX1)
Cd19-Cre background further increased the penetrance and
accelerated leukemia development (Figure 5B). Pax5 deletion
was confirmed in most of the BM leukemia samples analyzed by
genomic qPCR (Figure 6).

Preleukemic E2A-PBX1 mice haploinsufficient for Pax5 showed
amarked expansion of GFP* progenitor B cells of the B-C’ fractions
(Lin"CD19*CD43") at younger ages (3 and 4-5 months) compared
with E2A-PBX1 Tg mice (Figure 5, C and D), which showed a slight
expansion of the same progenitor B cell population compared with
that seenin WT mice. Hence,immature B cells of the D-E-F fractions
(Lin"CD19*CD43") were further decreased in the Tg(E2A-PBX1)
Pax57- Cd19-Cre preleukemic mice compared with WT, Pax5""
Cd19-Cre, and Tg(E2A-PBX1) Cd19-Cre control mice, indicating a
more severe block at this stage of maturation that matched the leu-
kemia phenotype. Thus, acquired insufficiency of Pax5is a common
feature of E2A-PBX1 mice and serves to accelerate preleukemic pro-
genitor B cell expansion and development of leukemia.

Secondary mutations in murine E2A-PBX1 leukemias. To further
identify cooperating mutations, single nucleotide variant (SNV)
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Figure 6. Secondary mutations in murine E2A-PBX1 leukemias. Genetic alterations identified in exome sequencing were validated and analyzed for
recurrence in a larger cohort of leukemias (n = 51). Six leukemias (indicated in the top row) were analyzed by WES. All leukemias were analyzed by Sanger
sequencing and genomic gPCR. Each column represents a leukemia sample and each row a genetic alteration (deletion or mutation). Identified recurrent
genes were functionally grouped as follows: spontaneous and conditional Pax5 deletions (yellow), JAK/STAT signaling pathway (red), RAS/MAPK signaling
pathway (green), tumor-suppressor genes (blue). Recurrent genetic alterations were found in 84.3% of leukemias. Pre-BCR status, including the presence
of cytoplasmic p, productive VD) rearrangement, and Bc/6 expression, was analyzed in selected leukemias. Mouse genotypes are depicted in the lower part

of the panel. spon., spontaneous; cond., conditional.

and indel analysis of WES was performed in six E2A-PBX1 leuke-
mias. Identified SNVs and indels after comparison with germline
DNA were further filtered by excluding known SNPs or mutations
of low sequence quality, unknown functional significance, or loca-
tion in intronic or untranslated regions (Supplemental Figure 3,
A and B). The remaining mouse SNVs and indels were then com-
pared with WES data on human hypodiploid ALL (9) or described
elsewhere by targeted sequencing (17). SNVs/indels in genes that
are also affected in human ALL were selected for further valida-
tion by targeted Sanger sequencing (Supplemental Table 1), and
the frequency of recurrent mutations was assessed in a larger
cohort (n =51) of mouse E2A-PBX1 leukemias (Figure 6).
Candidate SNVs were found in a wide variety of genes but were
particularly clustered in several members of the JAK/STAT and
RAS/MAPK signaling pathways, suggesting that aberrant signal-
ing pathway activation may contribute to leukemia development
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(Supplemental Figure 3C). Missense Jakl mutations localized to
the pseudo-kinase domain, which has an inhibitory function on
the tyrosine kinase domain (Supplemental Figure 4, A-C). Compa-
rable mutations have been shown to confer cytokine-independent
growth in vitro and are present in human ALL (18, 19). Mutations
in the JAK/STAT pathway (Jakl, Jak3, Ptpnll, and Ii7r genes) were
found by targeted Sanger sequencing in 39% of leukemias (20 of
51) (Supplemental Figure 4D). Thus, the JAK/STAT pathway was
frequently mutated in B cell precursor leukemias induced by E2A-
PBX1 in the conditional mouse model.

Mutations were also observed in the RAS/MAPK pathway in
20% of leukemias (10 of 51) (Supplemental Figure 4E). Compari-
son of survival curves, depending on RAS/MAPK mutational sta-
tus, showed that mouse E2A-PBX1 leukemias with RAS/MAPK
pathway mutations had significantly shorter latency compared
with latencies of nonmutated leukemias (P= 0.03, data not shown).
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Figure 7. Aberrant activation of signaling pathways in E2A-PBX1 leukemia cells. (A) Basal phosphorylation of signaling proteins was analyzed by
phospho-flow in preleukemic (n = 4) and leukemic E2A-PBX1 (n = 18) BM cells. Results are shown as the MFI of CD19*GFP* cells compared with that

of CD19*GFP- cells. Horizontal bars denote the mean. Statistical analysis was performed using a 2-sided Student’s t test. (B) BM leukemia cells were
stimulated with cytokines, and the phosphorylation of signaling proteins was analyzed. Heatmap shows the MFI fold induction of a representative of 2
experiments. (C) BM cells were stimulated with IL-7 at increasing concentrations, and p-STATS was analyzed. Heatmap shows the MFI fold induction of a
representative of 3 experiments. (D) BM cells were pretreated with ruxolitinib (1 uM) or vehicle (DMSQ) and then stimulated with IL-7 (10 ng/ul). p-STATS
MFI was determined and compared with unstimulated/untreated cells. Results from leukemic E2A-PBX1 mice (n = 6) are shown. (E) Lin"CD19*CD43* cells
from the BM of WT (n = 4) and leukemic E2A-PBX1 mice (n = 5) were FACS sorted and cultured at increasing concentrations of ruxolitinib. Colonies were
enumerated, and results are expressed as the mean + SEM. Statistical analysis was performed using the F test. (F) E2A-PBX1 leukemia cells with a JAK1
L652E mutation were transplanted into sublethally irradiated secondary recipient mice (n = 5 in each cohort). Mice were treated with either vehicle or
ruxolitinib (200 pg, i.p.) daily for 20 days. Statistical analysis was performed using the log-rank test. (G) Dose-response curves are shown for leukemia
cells (n = 4) cultured in the presence of vehicle or ruxolitinib at increasing concentrations of dexamethasone. Colonies were enumerated, and results are
expressed as the mean + SEM. Statistical analysis was performed using the F test.

CDKN2a/b locus deletions were reported in 9 of 22 of E2A-
PBX1 leukemia patients (20). CNV analysis of mouse E2A-PBX1
leukemia WES showed deletions of the Cdkn2a/b locus in 2 of 6
leukemias (Supplemental Figure 5A). Genomic qPCR of a larger
cohort detected 15% and 25% of leukemias with heterozygous and
homozygous Cdkn2a/b deletions, respectively (Supplemental Fig-
ure 5, Band C). Decreased expression of Cdkn2a and Cdkn2b tran-
scripts correlated with deletion of the Cdkn2a/b locus in sorted

Lin"CD19*CD43*GFP* leukemia cells (Supplemental Figure 5D).
Trp53 mutations affecting its DNA-binding domain were
detected by WES in 2 of 6 mouse leukemias (Supplemental Fig-
ure 6, A-C) and by targeted Sanger sequencing in 5 of 51 (10%)
in a larger cohort (Supplemental Figure 6D), consistent with pre-
viously described TP53 mutations in E2A-PBX1* patients (21, 22).
Inhibition of signaling pathways activated by secondary point
mutations impairs E2A-PBX1 leukemia cell growth in vitro and in vivo.
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The observed acquired mutations suggested possible activation of
specific signaling pathways in E2A-PBX1 leukemia cells. Phospho-
flow analysis revealed higher basal levels of phosphorylated STAT5
(p-STAT5), p-AKT, and p-ERK1/2 in leukemia versus preleuke-
mic cells (Figure 7A), consistent with acquired activation of the
respective signaling pathways. Compared with preleukemic and
WT CD19*CD43" B cell progenitors, leukemia cells also displayed
hypersensitivity to stimulation with IL-7, as measured by induction
of p-STATS5 (Figure 7, B and C). IL-7 supported growth in colony-
forming assays (Supplemental Figure 7A) of leukemia cells, which
displayed a more robust clonogenic response than did WT and
preleukemic cells. Thus, mouse E2A-PBX1 leukemia cells display
functional and genetic evidence for IL-7R/JAK/STAT signaling
pathway activation.

To characterize the role of the JAK/STAT pathway in cell pro-
liferation, we used the specific JAK inhibitor ruxolitinib, which is
approved for treatment of myeloproliferative disorders (23, 24)
and blocks the activation of WT as well as mutant JAKs (25, 26).
Ruxolitinib blocked the induction of p-STATS5 by IL-7 stimulation
of mouse E2A-PBX1 leukemias (Figure 7D) as well as of human
primary ALL and ALL cell lines (Supplemental Figure 7, B and C).
A potential therapeutic window was assessed by cultures of sorted
normal WT progenitor B cells and leukemic E2A-PBX1 cells in the
presence of different concentrations of ruxolitinib. Colony forma-
tion in vitro of both WT and leukemic B cell progenitors was inhib-
ited, however leukemic cells were more sensitive, with an IC,  of
62nM, whereas WT progenitor B cells did not reach an IC_  at 200
nM (Figure 7E). A role for the JAK/STAT pathway inhibition in leu-
kemia cell proliferation was assessed in vivo. Mice transplanted
with E2A-PBX1 leukemia cells with a JAK1 L652E mutation treated
with ruxolitinib showed a statistically significant increase in dis-
ease-free survival (median 35 days vs. 27 days, P =0.007), with no
observed toxicities (Figure 7F).

Ruxolitinib sensitized mouse E2A-PBX1 leukemia cells to the
growth inhibitory effect of chemotherapy. Leukemia cells cultured
in the presence of ruxolitinib at increasing doses of dexametha-
sone had a lower IC_ compared with that of vehicle-treated cells
(Figure 7G, P = 0.001), suggesting a rationale for combining JAK
inhibitors with chemotherapy in the treatment of ALL. These
results indicate that an activated JAK/STAT pathway is crucial for
cell proliferation and survival in vitro and in vivo and might be tar-
geted by small-molecule inhibitors in E2A-PBX1 leukemias.

Discussion

We investigated the translational biology of B cell precursor ALL
using comparative genomics and functional approaches. Our
results experimentally recapitulate the multistep pathogenesis of
ALL previously inferred from genomic analyses and highlight key
cooperating oncogenic pathways. Using a novel E2A-PBX1 mouse
model as a preclinical platform, the therapeutic efficacy was
established for targeting the pre-BCR and JAK/STAT pathways in
a distinctive genetic subtype of ALL.

Conditional activation of E2A-PBXI1 in the B cell compart-
ment of mice consistently induces ALLs that are similar to human
E2A-PBX1* leukemias, in contrast to alternative models for E2A-
PBX1 oncogene expression (27-30). The leukemias are composed
of lymphoblasts with phenotypic profiles and maturational arrest
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that are very similar to those of the pro-B/large pre-B II stage
seen in human E2A-PBX1 leukemia patients. A distinctive feature
of human E2A-PBX1 leukemias is the presence of cytoplasmic p
chain in up to 80% of cases (31, 32) and functional pre-BCR (13).
Cytoplasmic p chain with concomitant surface VPREB expression
were also seen in a subset of mouse leukemias, albeit at a lower
percentage (12.5%), likely due to a higher frequency of nonpro-
ductive VD] rearrangements. These observations indicate that
pre-BCR signaling is not absolutely required for B cell progenitor
transformation by E2A-PBX1. However, pre-BCR* E2A-PBX1 leu-
kemias displayed notable functional differences including high
Bcl6 expression, response to pre-BCR stimulation, and sensitivity
to dasatinib in vitro and in vivo, very similar to recently reported
data on human pre-BCR* ALL that included patients with E2A-
PBX1* leukemia (13). Consistent with this, conversion of pre-BCR
to pre-BCR* leukemias by overexpression of a functional p heavy
chain conferred dasatinib sensitivity. Leukemias that differed
according to pre-BCR status were otherwise similar immunophe-
notypically, and, in fact, mixtures of cylgM" and cyIgM"* leukemic
blasts were detected in some leukemias. Thus, the E2A-PBX1
mouse model induces functionally distinct pre-BCR* and pre-
BCR' leukemias with maturational arrest at the pro-B/large pre-B
II stages of B cell differentiation, recapitulating human E2A-PBX1
leukemia pathobiology.

One pre-BCR™ leukemia displayed discordantly high levels of
Bcl6 associated with a Beor disruptive mutation (K1179%), analo-
gous to BCOR mutations described in human ALL (9) and acute
myeloid leukemia (AML) (33). Notably, Bcor-mutant leukemia cells
were relatively insensitive to dasatinib in vitro. The implication of
Bcl6 upregulation independent of pre-BCR signaling as a clinical
mechanism for dasatinib resistance requires further investigation.

The conditional expression of E2A-PBX1 in B cell progen-
itors not only contributes to a block of differentiation but also
provides proliferative advantage, suggesting that E2A-PBX1
confers self-renewal properties to lymphoid progenitors, as
already postulated from human ALL. Enhanced self-renewal
would promote the extended longevity of B cell precursors to
acquire and accumulate additional genomic aberrations and
secondary mutations, which collaborate to fully transform these
B cell precursors into leukemia cells.

In support of this scenario, mouse E2A-PBX1 leukemias
harbor various somatically acquired genetic aberrations. Most
notably, this includes Pax5 deletions, which appear to be part of
the natural history of the mouse leukemias (Figure 5A) and have
been observed in 44% of human E2A-PBX1 leukemias. However,
their pathologic contributions in cooperation with E2A-PBX1 have
not been previously demonstrated. Intercrossing of conditional
E2A-PBX1 mice with conditional Pax5-deletion mice resulted in
markedly expanded progenitor B cell subpopulations in healthy
preleukemic mice and substantial acceleration of leukemia devel-
opment with increased penetrance. The observed gene dosage
effects establish a tumor-suppressor role for Pax5 on an E2A-PBX1
background (Figure 5B). Our results provide, to our knowledge,
the first experimental evidence for a strong cooperative role of
Pax5 insufficiency in E2A-PBX1 leukemogenesis and confirm the
role of Pax5 loss in enhancing the maturational arrest and pro-
liferative expansion of B cell progenitors initiated by E2A-PBXI1.
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Similar to our findings, Pax5 haploinsufficiency has recently been
described to inhibit B cell differentiation and to increase leukemia
penetrance in a Tg B-ALL mouse model driven by a constitutively
active form of STATS5 (34).

No other genetic aberrations in essential transcription fac-
tors such as Ebf1, Ikfzl, or Ikfz3, which are required for B cell
development, were detected in CNV and SNV analyses of
exome sequences in mouse leukemias. However, E2A-PBX1 leu-
kemia cells are, by default, haploinsufficient for E2A as a con-
sequence of the t(1;19) translocation, which may contribute to
E2A-PBX1 leukemia pathogenesis, given that E2A deletions are
present in a small subset of non-E2A-PBX1 human leukemias (6,
35). Although the potential role of E2A haploinsufficiency was
not directly assessed in this study, we hypothesize that it is a
key feature of our conditional E2A-PBX1 mouse model, wherein
simultaneous activation of E2A-PBX1 and haploinsufficiency of
E2A may contribute to leukemia incidence and representative-
ness of human E2A-PBX1 ALL.

Our studies highlight a prominent loss of other tumor suppres-
sors in E2A-PBX1 ALL. CNV analysis of a large cohort of mouse
E2A-PBX1 leukemias showed deletions of the Cdkn2a/b locus
in 40% of these leukemias, which matches the frequency (41%)
observed in human patients (20). Furthermore, Trp53 mutations
were observed in 5 of 51 conditional mouse leukemias, which is
similar to the frequency observed in E2A-PBX1* leukemias (21,
22). Mutations and deletions in the TP53 gene in human ALLs are
uncommon (2%-3%) at first diagnosis, but present at higher fre-
quencies (12%-36%) in relapsed BM samples (36, 37).

WES identified specific signaling pathways vulnerable to
acquired mutations in E2A-PBX1 leukemias. Most prominently,
mutations in key components of the JAK/STAT pathway, includ-
ing Jakl (exon 14) and Jak3 (exon 15) genes, were found in 39% of
mouse E2A-PBX1* leukemias. Although JAK2 R683 is the most fre-
quent JAK mutation in human ALL, it was not observed by Sanger
sequencing of Jak2 (exon 15) in mouse leukemias (data not shown).
Since there was no correlation between JAK/STAT pathway muta-
tional status and p-STATS5 basal levels, IL-7/p-STATS5 stimulation,
or disease-free survival, we hypothesize that additional mech-
anisms might regulate the JAK/STATS pathway in mouse E2A-
PBX1 leukemia cells not detected in our genomic analyses.

Although JAK1/2/3 mutations are present in human ALL sub-
types,noJAKI/2/3mutationshaveyetbeenobservedinhumanE2A-
PBX1 leukemias using targeted sequencing technologies (19, 38).
Nevertheless, we observed IL-7/p-STAT5 induction in leukemic
BM cells from two E2A-PBX1* patients at similar or higher lev-
els compared with non-E2A-PBX1 patients. Increased expres-
sion of IL7R and decreased expression of the negative pathway
regulators SH2B3/LNK and SOCS2 were detected in E2A-PBX1*
compared with E2A-PBX1 patients from 2 large, independent
cohorts (39, 40) with publicly available data (Supplemental Figure
8). Although, genomic analyses of mouse E2A-PBX1 leukemias
strongly support a cooperative role for the JAK/STAT pathway,
clarification of other possible mechanisms for pathway activation
in human E2A-PBX1"* leukemias is needed. WES studies in human
E2A-PBX1* ALL or targeted sequencing of PTPNI1I and IL7R genes
might reveal JAK/STAT pathway mutations in E2A-PBX1* leuke-
mias. A more detailed characterization of JAK/STAT pathway acti-
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vation and demonstration of the preclinical efficacy of ruxolitinib
in human E2A-PBX1 leukemias are necessary to further assess the
importance of this pathway.

Conversely, activating mutations in Nras and Kras may lead to
activation of the RAS/MAP kinase pathway, as seen by increased
p-ERK basal levels in leukemia cells. Increased p-AKT levels may
highlight the cross-talk between the RAS/MAP kinase and PI3K/
AKT pathways (41). Of note, although NRAS and KRAS mutations
have not been described at diagnosis in E2A-PBX1 patients by tar-
geted sequencing, the three E2A-PBX1* human cell lines used in
this study and analyzed in the Cancer Cell Line Encyclopedia (42)
harbor mutations in this pathway.

The extensive similarities between the conditional E2A-PBX1
Tg mouse model and human E2A-PBX1* ALL provide a platform
for preclinical studies of drug screening and development. Tar-
geting pre-BCR signaling by dasatinib and the JAK/STAT pathway
by ruxolitinib in pre-BCR* and JAK1-mutated leukemias, respec-
tively, extended disease-free survival in secondary transplanta-
tion experiments but did not completely inhibit the growth of leu-
kemia cells. The mechanisms of resistance to pre-BCR signaling
and JAK/STAT pathway inhibition in E2A-PBX1 ALL require fur-
ther investigation. Nevertheless, these results suggest that dasat-
inib and ruxolitinib might have clinical efficacy, particularly in this
ALL subtype and generally in human ALL.

In summary, comparative genomic and functional analyses
identified 2 distinct subtypes of E2A-PBX1* ALL that differ on the
basis of their pre-BCR status. Mouse E2A-PBX1* leukemias show
consistent loss of tumor-suppressor genes (Pax5 and Cdkn2a/b)
and activation of signaling pathways by point mutations (JAK/
STAT, RAS/MAPK). Conditional Tg activation of E2A-PBX1 con-
firmed the multistep etiology of ALL previously inferred from
genomic analyses and provided a platform for preclinical studies
establishing the efficacy of targeting pre-BCR signaling by dasat-
inib and the JAK/STAT pathway by ruxolitinib.

Methods

Mice. A conditional E2A-PBX1 allele was engineered to recombine
human PBX1a ¢cDNA into the mouse E2A locus to create an E2A-PBX1
fusion gene. Using a previously reported E2A conditional KO construct
(43) as a template, a PGK neocassette was positioned immediately
downstream of the E2A gene, followed by a loxP site, a splice acceptor
sequence, and human PBXIa 3' cDNA sequences linked by an IRES ele-
ment with the EGFP coding region. The targeted E2A allele encodes
WT E2A, but Cre-mediated recombination repositions the downstream
PBXI-EGFP cassette into the E2A gene, inducing expression of an E2A-
PBX1 fusion transcript and EGFP under control of the E2A promoter.
Tg Cd19-Cre (The Jackson Laboratory, ref. 44), Mx1-Cre (The Jackson
Laboratory, ref. 45), and MbI-Cre (provided by David Allman, Univer-
sity of Pennsylvania, Philadelphia, Pennsylvania, USA, ref. 46) mice
were intercrossed to generate Tg(E2A-PBX1) Cd19-Cre, Tg(E2A-PBXI)
Mx1-Cre, and Tg(E2A-PBX1) MbI-Cre mice, respectively, on a C57BL/6
background. Floxed Pax5-deletion mice (provided by Meinrad Bus-
slinger, Research Institute of Molecular Pathology, Vienna, Austria) (16)
were crossed with conditional E2A-PBX1 and Cre recombinase mouse
lines. The MxI-Cre promoter was leaky, and polyIC was not necessary
to induce Cre recombinase. GFP* cells were present in the HSC com-
partment (Lin"Scal*Kit*) of Tg(E2A-PBXI) MxI-Cre mice. Mutant and
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control mice were genotyped by PCR. NSG mice were obtained from
The Jackson Laboratory.

Histology and cytology. Tissues were fixed in 10% formalin, embed-
ded in paraffin, and sectioned and stained with H&E. Blood smears
were fixed with 100% methanol and stained with May-Griinwald solu-
tion (Sigma-Aldrich) and Giemsa (Sigma-Aldrich) solution according to
the manufacturers’ instructions.

Human cell lines. Human leukemia cell lines 697, RCH-ACV,
Kasumi-2, RS4-11, and REH (obtained from Leibniz-Institut DSMZ)
were cultured in RPM11640 medium supplemented with 10% FBS, 100
U/ml penicillin-streptomycin, and 0.29 mg/ml L-glutamine. SUP-B15
cells (obtained from ATCC) were cultured in RPMI 1640 medium sup-
plemented with 20% FBS. E2A-PBX1" cell lines were authenticated
using Western blot analysis for fusion protein expression.

Flow cytometry and FACS. Cells were flushed from large bones or
dissected from spleen and lymph nodes, filtered, rid of rbe in 1x rbc
lysis buffer (eBioscience), then washed twice with PBS. Brain and spi-
nal cord were minced, treated with Accutase (STEMCELL Technolo-
gies) at 37°C for 30 minutes, and homogenized by passage through a
16-gauge needle. Cells were washed twice with staining buffer (PBS
and 0.5% FBS), resuspended, incubated with Abs, and washed again
with staining buffer before acquisition of data in a flow cytometer.
For intracellular staining, cells were fixed with 1.5% formaldehyde
for 10 minutes at room temperature, permeabilized with 100% ice-
cold methanol for 20 minutes on ice, and washed twice with staining
buffer. Flow cytometry was performed in an LRS Fortessa (BD Bio-
sciences) using FACSDiva (BD Biosciences) and FlowJo software for
analysis. Cells were sorted for cell-surface markers using a FACSAria
cell sorter (BD Biosciences). Abs used for flow cytometric analysis and
FACS sorting are listed in Supplemental Table 2.

Phospho-flow analysis. Murine cells were serum starved for 1 hour
at 37°Cin DMEM high-glucose medium (Thermo Scientific) contain-
ing 0.1% FBS, then stimulated for 30 minutes at 37°C using the fol-
lowing reagents to stimulate pre-BCR signaling (15): 625 uM sodium
pervanadate (Sigma-Aldrich); 5 pg/ml goat (SouthernBiotech) and 5
pg/ml rat polyclonal anti-mouse IgM (BD Biosciences); and 33 uM
H,0, (Sigma-Aldrich). The following murine cytokines were used
for 30 minutes at 37°C to stimulate mouse leukemia cells: 10 ng/ml
IL-7 (PeproTech); 10 ng/ml TSLP (R&D Systems); 100 ng/ml
SCF (PeproTech); 100 ng/ml FLT3L (PeproTech); 100 ng/ml
IL-11 (PeproTech); 100 ng/ml IL-6 (PeproTech); 100 ng/ml IL-3
(PeproTech); or 500 ng/ml TPO (PeproTech).

Human cell lines maintained in exponential growth were serum
starved overnight at 37°C in RPMI 1640 medium containing 0.1%
FBS, then stimulated for 30 minutes with 10 ng/ml human IL-7 (BD
Pharmingen). Primary human ALL samples were obtained from the
Tissue Bank of the Stanford University Department of Pediatrics.
Cells were thawed, incubated for 1 hour at 37°C, then stimulated with
10 ng/ml human IL-7 for 30 minutes.

Murine as well as primary human cells and human cell lines were
pretreated with ruxolitinib (INCB018424; Selleckchem) or vehicle
(DMSO) for 15 minutes prior to cytokine stimulation.

Cells were subsequently fixed and permeabilized as described
previously (47, 48) and stained with conjugated Abs against intra-
cellular phospho-proteins (see Supplemental Table 3) and cell-
surface markers. Data were analyzed using the Cytobank web-based
platform (49).

jci.org  Volume125 Number9  September 2015

The Journal of Clinical Investigation

BM transplantation assays. Secondary transplantation of BM cells
(5 x 10% from leukemic mice was performed by retro-orbital injec-
tion after sublethal irradiation (4.5 Gy) of 8- to 12-week-old C57BL/6
mice. Moribund mice were sacrificed, and leukemia was confirmed by
May-Griinwald Giemsa staining of blood smears and the presence of
GFP* cells by FACS analysis.

For the in vivo-treatment experiments, 1,000 BM cells from leu-
kemic mice were transplanted retro-orbitally. Mice were treated daily,
i.p., for 20 days, starting the day after transplantation with 100 pug
dasatinib (LC Laboratories), 100 pg ruxolitinib, or vehicle (for dasat-
inib, 30% PEG1500, 1% Tween 80, 2.5% DMSO dissolved in PBS; for
ruxolitinib, 2.5% DMSO dissolved in PBS).

Colony-forming assays. Leukemia cells were cultured in meth-
ylcellulose medium (IL-7-containing MethoCult M3630 or M3234;
STEMCELL Technologies) supplemented with 10 ng/ml IL-7 (Mil-
tenyi Biotec), 100 ng/ml SCF (PeproTech), and 100 ng/ml FLT3L
(PeproTech) unless otherwise indicated (Figure 7 and Supplemental
Figure 7). Leukemia cells were treated with dasatinib, ruxolitinib,
dexamethasone (Sigma-Aldrich), or vehicle (DMSO) at the indicated
concentrations (Figures 3 and 7).

PCR. Genomic DNA was amplified in a PTC-100 Peltier thermal
cycler (M] Research), and PCR products were separated by gel electro-
phoresis and visualized by ethidium bromide staining. For real-time
qPCR, isolated DNA was amplified with specific primers (Supplemen-
tal Tables 4 and 5 for Pax5 and Cdkn2a/b deletions, respectively) using
an ABI7900HT thermal cycler with SYBR Green (Applied Biosystems)
with an annealing temperature of 60°C. All signals were quantified
using the ACt method and normalized to ACt values of the transferrin
receptor (Tfrc) gene. Samples from different qPCR assays were subse-
quently normalized to WT BM samples.

qPCR. RNA was isolated using the RNeasy Mini Kit (QIAGEN),
and cDNA was synthesized using the SuperScript III Reverse Tran-
scriptase Kit (Life Technologies) according to the manufacturer’s rec-
ommendations. Relative Cdkn2a and Cdkn2b expression was quanti-
fied using the ABI 7900HT Thermal Cycler with TagMan Master Mix
(Applied Biosystems) at an annealing temperature of 60°C and the
following TagMan gene expression assays from Life Technologies:
Cdkn2a (Mm00494449 m1), Cdkn2b (Mm00483241 m1), and Actb
(MmO00607939_s1). Relative Bcl6 expression was quantified using
SYBR Green Master Mix and primers for Bcl6 (CCGGCACGCTAGT-
GATGTT and TGTCTTATGGGCTCTAAACTGCT) and Actb (CGT-
GAAAAGATGACCCAGATC and CACAGCCTGGATGGCTACGT).
All signals were quantified using the ACt method and normalized to
the ACtvalues of Actb gene expression levels.

DNA sequencing and analysis. WES was performed commercially
(Centrillion Biosciences), with an average yield of 11.6 Gb per sample.
Raw sequences were aligned to the mouse genome build mm10 using
BWA software.

For CNV analysis, we used Nexus CNV 7.5 software (BioDiscov-
ery). The SNP-FASST2 segmentation algorithm and default settings
for significance of CNV, number of probes per segment, and gain and
loss thresholds were used (maximum contiguous probe spacing [Kbp]
1,000, minimum number of probes per segment 3, high gain 0.6, gain
0.2,loss-0.2, big loss -1.0).

SNP and indel analysis was performed using PICARD (http://
picard.sourceforge.net), SAMtools (50), and GATK (51). SNPs and
indels were further analyzed for functional annotations using SNPeff
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(52) and Ensembl Variant Effect Predictor (VEP) (53). Data visualiza-
tion was performed using integrative genomic viewer software (IGV)
(54). Functional annotation clustering of identified SNVs in WES was
performed using the DAVID (Database for Annotation, Visualization
and Integrated Discovery) bioinformatics resource tools (55, 56)

For Sanger sequencing, target DNA was amplified with specific
primers (Supplemental Table 6 for mutations and Supplemental Table
7 for VDJ rearrangement) and Accuprime Pfx DNA polymerase (Life
Technologies) using a 2-step PCR reaction. PCR products were purified
and sequenced commercially (Sequetech). Sequences from SNPs and
indels were analyzed using Sequencher version 5.2 sequence analysis
software (Gene Codes Corporation). Sequences from VD] rearrange-
ment products were analyzed using the IMGT/V-QUEST tool (57).

Western blot analysis. Proteins were isolated using a modified
radioimmunoprecipitation assay (RIPA) lysis buffer containing 50
mM Tris HCI, 1% NP-40, 1% natrium-deoxycholate, 150 mM NaCl, 1
mM EDTA, 1 mM PMSF, 1 mM Na,VO,, and 1x Protease inhibitor cock-
tail (Roche). Equal amounts of protein were electrophoresed through
4% to 12% Bis-Tris gels, transferred to Hybond-P membranes (Amer-
sham), and immunodetected with rat anti-E2A (clone 826927; R&D
Systems), rat anti-IgM (clone I1/41; BD Biosciences), or rabbit anti-
GAPDH (catalog G9545; Sigma-Aldrich) Abs. Bands were detected by
chemiluminescence using the ECL Plus Western Blotting Detection
System and HyperFilm (Amersham). Quantification by densitometry
was performed using Image] software (NIH) (58).

Cloning and u heavy chain overexpression. cDNA of p heavy chain
from mouse leukemia with productive VD] rearrangement was
amplified using the following primers: ATGAAATGCAGCTGGGT-
CATCTTCTTCCTG and TCACCTCCCCCTATAGCAGGTGC-
CGCCTGTGTCAG. PCR products were isolated and cloned into the
MSCV-Puro vector using the In-Fusion HD Cloning Kit (Clontech).
Retroviruses were generated in Phoenix-Eco cells. The resulting virus
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supernatants were supplemented with 8 pg/ml polybrene (catalog
sc-134220; Santa Cruz Biotechnology Inc.) for transduction of mouse
leukemia cells by spinoculation (1,200 g, 32° C for 3 hours). After
puromycin selection (1 pg/ml), transduced leukemia cells were used
for experiments.

Statistics. Survival curves were analyzed by long-rank test. Statistical
differences between 2 groups were analyzed with a 2-sided Student’s ¢
test, assuming a normal distribution. Dose-response curves were com-
pared using the extra sum-of-squares F test. A P value of less than 0.05
was considered statistically significant. Statistical analysis was per-
formed using GraphPad Prism software, version 6 (GraphPad Software).

Study approval. All experiments using mice were performed with
the approval of and in accordance with the guidelines of the Adminis-
trative Panel on Laboratory Animal Care of Stanford University.
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