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During V(D)J recombination of immunoglobulin genes, p53 and nonhomologous end-joining (NHEJ) suppress
aberrant rejoining of DNA double-strand breaks induced by recombinase-activating genes (Rags)-1/2, thus
maintaining genomic stability and limiting malignant transformation during B-cell development. However, Rag
deficiency does not prevent B-cell leukemogenesis in p53/NHEJ mutant mice, revealing that p53 and NHEJ also
suppress Rag-independent mechanisms of B-cell leukemogenesis. Using several cytogenomic approaches, we
identified a novel class of activating mutations in Fms-like tyrosine kinase 3 (Flt3), a receptor tyrosine kinase
important for normal hematopoiesis in Rag/p53/NHEJ triple-mutant (TM) B-cell leukemias. These mutant Flt3
alleles were created by complex genomic rearrangements with Moloney leukemia virus (MuLV)-related
endogenous retroviral (ERV) elements, generating ERV-Flt3 fusion genes encoding an N-terminally truncated
mutant form of Flt3 (trFlt3) that was transcribed from ERV long terminal repeats. trFlt3 protein lacked most of the
Flt3 extracellular domain and induced ligand-independent STAT5 phosphorylation and proliferation of hemato-
poietic progenitor cells. Furthermore, expression of trFlt3 in p53/NHEJ mutant hematopoietic progenitor cells
promoted development of clinically aggressive B-cell leukemia. Thus, repetitive MuLV-related ERV sequences can
participate in aberrant end-joining events that promote development of aggressive B-cell leukemia.
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Development of precursor B-cell acute lymphoblastic
leukemia (B-ALL) is driven by mutations in transcription
factors and cytokine signaling cascades that regulate key
steps in B-cell development. For example, Fms-like tyro-
sine kinase 3 (Flt3), interleukin-7 receptor, and Pax5
promote B-cell progenitor survival, proliferation, specifi-
cation, and commitment and are frequently mutated in
B-ALL (Inaba et al. 2013). PAX5 induces B-cell commitment
and Cd19 expression while repressing Flt3 transcription
(Holmes et al. 2006), rendering CD19+ B-cell progenitors
insensitive to Flt3 ligand (FL), a ubiquitously expressed
growth-promoting cytokine. Subsequent proliferation

and differentiation requires somatic assembly of immu-
noglobulin heavy chain (Igh) genes initiated by the
recombinase-activating gene (Rag)-encoded endonucle-
ase. Rag induces DNA double-strand breaks (DSBs) adja-
cent to V, D, and J gene segments in the Igh locus that are
repaired by the DNA-dependent protein kinase (Prkdc)
and other ubiquitously expressed nonhomologous end-
joining (NHEJ) components. However, Rag-induced DSBs
can be aberrantly rejoined, resulting in chromosomal
translocations and focal gene deletions that play a major
role in B-ALL pathogenesis (Mullighan et al. 2008;
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Papaemmanuil et al. 2014). Thus, Rag-induced DSBs
represent a major threat to genomic stability during B-cell
development.

p53 and NHEJ play important roles in suppressing
oncogenic rearrangements of Rag-induced DSBs in B-cell
progenitors. In NHEJ-deficient mice, Rag-induced DSBs
persist abnormally and activate p53-dependent DNA
damage responses that promote apoptotic elimination of
lymphocyte progenitors undergoing V(D)J recombination
(Guidos et al. 1996). In p53/NHEJ double-mutant (DM)
mice, aberrant repair of Rag-induced DSBs generates Igh-
cMyc rearrangements that promote malignant transfor-
mation of B-cell progenitors (Difilippantonio et al. 2002;
Zhu et al. 2002; Gladdy et al. 2003). The telomeric
location of Igh (on chromosome 12) coupled with a general
defect in telomere maintenance in NHEJ-deficient mice
(d’Adda di Fagagna et al. 2004) causes Rag-induced DSBs
to undergo end-to-end fusions with other chromosomes and
participate in bridge–breakage–fusion cycles that generate
complex chromosomal rearrangements (Difilippantonio
et al. 2002; Zhu et al. 2002; Gladdy et al. 2003).

Surprisingly, however, genomically unstable B-ALLs
develop with similar incidence and latency in DM versus
Rag-2�/�p53�/�Prkdcscid/scid triple-mutant (TM) mice
(Gladdy et al. 2003). Interestingly, TM but not DM
B-ALLs showed frequent (;75%) dissemination to the
central nervous system (CNS) (Gladdy et al. 2003),
causing CNS pathologies similar to those seen in high-
risk human B-ALL (Pui 2006). Thus, Rag-independent
oncogenic drivers cause development of clinically aggres-
sive B-ALLs in TM mice. Although p53 and NHEJ
regulate DNA damage responses and DNA repair in all
tissues, TM mice do not develop nonlymphoid malignan-
cies. These findings suggest that B-cell precursors are
uniquely susceptible to Rag-independent aberrant end-
joining events that promote development of aggressive
CNS-invasive precursor B-ALLs, but these have not been
characterized.

The Rag-encoded endonuclease is thought to have
evolved from a transposon that became ‘‘endogenized’’ in
the mouse genome (Thompson 1995). It is now appreciated
that 4%–10% of vertebrate genomes contain endogenous
retrovirus (ERV) sequences, remnants of ancient germline
retroviral infections (Stocking and Kozak 2008; Stoye
2012). Class I ERVs, present in 50–100 copies per genome,
are closely related to g-retroviruses such as exogenous
Moloney leukemia virus (MuLV) with ecotropic, xenotro-
pic, or polytropic host range (Stocking and Kozak 2008;
Stoye 2012). Because ERVs are present in high copy
number and include repeated sequences, they undergo
frequent recombination-based rearrangements that have
greatly contributed to remodeling of vertebrate genomes
during evolution (Feschotte and Gilbert 2012). Infection of
hematopoietic progenitors with exogenous MuLV pro-
motes lymphoid leukemogenesis by deregulating ex-
pression of adjacent cellular genes (Uren et al. 2005).
This mechanism depends on transcriptional promoters
and enhancers located in MuLV-encoded long terminal
repeats (LTRs) (Feschotte and Gilbert 2012). Although
most MuLV-related ERVs have acquired mutations that

preclude production of infectious virus, recombination
between these repetitive elements can ‘‘reactivate’’ pro-
duction of infectious ERVs that promote lymphoid
leukemogenesis (Stoye et al. 1991; Young et al. 2012;
Yu et al. 2012). However, the ability of noninfectious
MuLV-like ERVs to participate in oncogenic chromo-
somal rearrangements is unknown.

In this study, we used cytogenomic approaches to
identify Rag-independent mechanisms that promote leu-
kemic transformation of B-cell precursors in TM mice.
We identified a novel class of Flt3-activating mutations
that were created by complex multistep chromosomal
rearrangements with ERV elements. The Flt3 promoter
and N-terminal exons encoding the ligand-binding do-
main were deleted and replaced with LTRs from several
different MuLV-related ERVs. The resulting ERV-Flt3
fusion genes encoded constitutively active trFlt3 (an
N-terminally truncated mutant form of Flt3) proteins
with ligand-independent signaling properties similar to
Flt3 internal tandem duplication (ITD) mutations that
promote FL-independent FLT3 signaling in human B-ALL
and acute myeloid leukemia (AML) (Stirewalt and Radich
2003). Importantly, ERV-Flt3 fusion genes were never
detected in DM B-ALLs or in TM B-ALLs that lacked
CNS dissemination. Furthermore, ectopic trFlt3 expres-
sion promoted rapid generation of CNS-disseminating
B-ALLs from DM hematopoietic progenitors, demonstrat-
ing that aberrant Flt3 activation underlies the unique
ability of B-ALLs arising in TM mice to invade the CNS.
Collectively, these data demonstrate that repetitive
MuLV-related ERV sequences can participate in aberrant
end-joining events that promote development of aggres-
sive B-cell leukemia.

Results

Recurrent alterations of chromosomes 2 and 5 in TM
B-ALL

TM mice develop genomically unstable B-ALLs but lack
Rag-induced Igh-cMyc translocations or other recurrent
cytogenetic alterations detectable by spectral karyotype
(SKY) analyses (Gladdy et al. 2003). Since SKY cannot
detect alterations involving small chromosomal regions,
we used array comparative genomic hybridization (aCGH)
to search for recurrent copy number variations (CNVs)
that might help identify oncogenic drivers that promote
transformation of B-cell precursors into CNS-invasive
B-ALLs. In a cohort of 10 TM B-ALLs isolated from TM
mice showing clinical signs of CNS leukemia, we observed
recurrent CNVs involving chromosomes 2 and/or 5, with
a commonly deleted 15.6-Mb telomeric region on the
chromosome 2 region extending from 2H3 to 2H4 and
a commonly amplified 11.5-Mb telomeric region on chro-
mosome 5 that included G2 to 5G3 (Fig. 1A). Interestingly,
aCGH analysis of TM 5199 showed focal amplification of
the chromosome 5 telomeric region containing Flt3 on the
negative strand. Using a higher-resolution oligonucleotide
array, we found that sequences 39 (centromeric) of Flt3
intron 10 were amplified, whereas sequences 59 (telomeric)
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of Flt3 intron 9, which encode most of Flt3 extracellular
region, were deleted (Fig. 1B).

To characterize chromosome 5 abnormalities in single
cells and identify breakpoints within Flt3, we performed
metaphase fluorescent in situ hybridization (mFISH) on
six additional TM B-ALL samples using dual-color
‘‘break-apart’’ Flt3 probes together with additional probes
specific for the centromeric region of chromosome 5. We
observed three cytogenetically distinct types of chromo-
some 5 abnormalities. TM 8296 is representative of four
out of six samples exhibiting a dominant clone with
simple trisomy for chromosome 5 ([+5]) (Fig. 1C; Table 1).
In contrast, TM 6530 showed a partial [+5], with the
telomeric region that includes Flt3 translocated to the
telomeric end of chromosome 2, generating a derivative
chromosome 2 [der(2)t(2;5)] (Fig. 1C). TM 9970 displayed
both types of abnormalities, containing a dominant [+5]
clone and a subclonal der(2)t(2;5) (Table 1). The der(2)t(2;5)
subclone likely emerged from an initial [+5] clone via
a Robertsonian t(5;14) (Supplemental Fig. S1A). Finally, the

dominant TM 4593 clone exhibited a third type of partial
[+5] involving extensive telomeric amplification of a re-
gion that included Flt3 exons 3–24 coupled with loss of
exons 1–2 (Fig. 1C). However, TM 4593 also had other

Figure 1. Cytogenomic analyses reveal re-
current chromosome 2 and 5 alterations in
TM B-ALL. (A, top) CNV results for TM B-
ALLs using murine 6.5K RPCI-23/-24 BAC
arrays. Log2 ratio plots of leukemia/reference
DNA signal (Cy3/Cy5) intensities (Y-axis) for
each BAC probe (individual dots along the X-
axis) from centromere to telomere (left to
right) are shown for chromosomes 5 (top) and
2 (bottom) for four representative TM B-
ALLs. Sliding window averages (red lines)
were calculated by circular binary segmenta-
tion (CBS). (Bottom) Chromosome ideograms
depict the minimal commonly amplified
(red) or deleted (green) regions on chromo-
somes 5 and 2, based on analysis of 10
samples. (B) High-resolution CNV analysis of
TM 5199 bone marrow (BM) using Nimblegen
murine 385K whole-genome array. Log2 ratio
of DNA signal intensities (Y-axis) is shown
for chromosome 5 probes (X-axis) from cen-
tromere to telomere. Sliding window averages
(red line) were calculated using SegMNT
(Roche NimbleGen). (C) Three types of chro-
mosome 5 abnormalities identified by mFISH.
(Top left) The chromosome 5 schematic
shows the relative positions of ‘‘break-apart’’
probes spanning Flt3 exons 3–24 (red) and Flt3

exons 1–2 (green) as well as two centromeric
chromosome 5 probes (blue). (Bottom left)
mFISH overlay on G-banding of the dominant
clone in TM 6530 shows nonreciprocal chro-
mosome 5 translocation (5qG1;3, including
Flt3) to chromosome 2 (2G;H). (Middle right)
Representative inverted DAPI-banding
(panels i,ii) and mFISH images (panels iii,iv)
of dominant clones in TM 8296 and TM
4593.

Table 1. Frequency of chromosome 5 abnormalities

TM sample Trisomy Der(2)t(2;5) Telomeric amp Other

6129 8/11
8296 10/10
9962 12/19
9970 15/18a 2/18 1/18b

4593 11/11
6530 12/12

Spleen or BM cells from leukemic TM mice were analyzed by
metaphase three-color FISH using probes described for Figure
1C. The major clone for each sample is indicated in bold.
aRobertsonian(5;14)(A1;A1) in four of 15 spreads with +5
(trisomy).
bDer(X)t(X;5) found in one of 18 spreads.
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subdominant clones exhibiting full [+5] or der(2)t(2;5) (Sup-
plemental Fig. S1B). The occurrence of [+5] together with
der(2)t(2;5) and telomeric chromosome 5 amplification in
distinct subclones of the same sample suggests ongoing
clonal evolution, most likely involving bridge–breakage–
fusion events. Collectively, this clonal analysis demon-
strated highly recurrent cytogenetic abnormalities of chro-
mosomes 2 and 5 in CNS-invasive TM B-ALL samples.

Leukemic B cells from TM mice with CNS signs
overexpress truncated Flt3

We next evaluated expression of Flt3 in TM B-ALL samples
exhibiting these unusual N-terminal Flt3 deletions. Since
;25% of TM mice develop B-ALLs that do not disseminate
to the CNS (Gladdy et al. 2003), we compared TM B-ALL
samples from mice with and without signs of CNS leuke-
mia. CNS-invasive TM B-ALLs had 10-fold to 1000-fold
higher levels of Flt3 mRNA than TM B-ALLs arising in
mice without CNS signs or in DM mice (Fig. 2A). Most
TM B-ALL samples expressing high levels of Flt3 mRNA

exhibited low levels of cell surface Flt3 (Supplemental Fig.
S2A) and frequent deletion of N-terminal Flt3 exons (Fig. 1).
Furthermore, Northern blot analyses showed that CNS-
invasive TM samples lacked expression of Flt3 exons 3–6
but expressed high levels of Flt3 exons 11–20, whereas
expression of both Flt3 regions was undetectable in DM
leukemias (Supplemental Fig. S2B,C). Using a ratiometric
quantitative RT–PCR (qRT–PCR) assay, we confirmed that
TM B-ALLs expressed very low levels of mRNA containing
59 Flt3 exons (Fig. 2B). However, they expressed signifi-
cantly higher relative levels of Flt3 exons 11–24 compared
with the EBF1�/� progenitor cell line expressing full-length
Flt3 (Gwin et al. 2010). Similar trFlt3 transcripts lacking
exons 1–9 were associated with all three types of chromo-
some 5 abnormalities: trisomy, telomeric amplification,
and der(2)(t(2;5). However, we did not detect FLT3-ITD or
other known activating mutations (Frohling et al. 2007) in
Flt3 transcripts from TM B-ALLs (data not shown).

TM B-ALLs isolated from mice with clinical signs of
CNS leukemia expressed trFlt3 proteins with apparent
molecular weights (MWs) much lower than that of full-

Figure 2. Expression and function of trFlt3. (A) mRNA was isolated from TM and DM leukemias that arose in mice with or without
clinical signs of CNS leukemia and was subjected to qRT–PCR to measure Flt3 abundance (normalized to b-actin). Asterisks indicate
statistically significant differences (P < 0.0001, ANOVA Kruskal-Wallis test). (B) Ratiometric qRT–PCR analysis of Flt3 transcripts in
TM B-ALLs. cDNA from TM B-ALLs or EBF1�/� cells was amplified using primer pairs spanning the indicated adjacent exons. Each
measurement was made in triplicate, and threshold cycle values for each Flt3 amplicon were normalized to the b-actin threshold value
for that sample to obtain relative expression ratios. Results are shown for 20 TM B-ALLs from mice with CNS signs. (C) Western
blotting of Flt3 (top) and b-actin (bottom) protein in TM B-ALLs isolated from mice with (+) or without (�) paralysis as well as BaF3 and
BaF3/Flt3 cells. Data shown are representative of 19 TM B-ALLs from mice with CNS signs and five TM B-ALLs from mice without
CNS signs. (D) The impact of AGL 2043 on proliferation of purified CD19+ cells from eight CNS-invasive TM B-ALLs (solid lines) was
assessed using 3H-thymidine. Normalized proliferation (AGL 2043/DMSO) 6 standard deviation (error bars) was calculated from
triplicate cultures.
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length Flt3 expressed in BaF3 progenitor cells (Fig. 2C). In
contrast, TM B-ALLs isolated from mice lacking CNS
leukemia did not express trFlt3 protein, consistent with
their low expression of Flt3 exons 11–24 (Fig. 2B). Using
in silico tools, we identified an in-frame ATG with an
adequate Kozak sequence in exon 10, corresponding to
methionine residue M431 near the C-terminal end of the
Ig4 domain. Two in-frame ATG codons in exon 12 (M504
and M521 in Ig5) could also potentially be used to trans-
late chimeric ERV-Flt3 transcripts. The sizes of trFlt3
proteins roughly corresponded to those predicted for
translation products initiating at M431, M504, or M521.
Importantly, the ATP-competitive Flt3 inhibitor AGL
2043 significantly impaired FL-independent proliferation
of seven out of eight primary leukemic TM B cells ex-vivo
(Fig. 2D), with an IC50 similar to that of the FLT3-ITD-
dependent MV4-11 AML cell line (Supplemental Fig.
S2D). Collectively, these data suggest that CNS-invasive
TM B-ALLs depend on a ligand-independent active form
of Flt3 lacking mutations commonly found in human
AML and B-ALL.

ERV-Flt3 fusion transcripts and genes in TM B-ALLs

The above findings suggested that the transcriptional
start site for trFlt3 in TM B-ALLs was located between

exons 10 and 12. To test this possibility, we performed
59 rapid amplification of cDNA ends (RACE) on four TM
B-ALL samples using a reverse primer anchored in Flt3
exon 12. Unexpectedly, sequencing of the cloned RACE
products identified MuLV-related LTR sequences fused
in-frame to Flt3 exon 10 (Fig. 3A). In all cases, Flt3 exons
1–9 were replaced by the Redundancy (R) and Unique 59

(U5) regions of ERV LTRs, with transcriptional start sites
in R. Interestingly, there were two distinct R/U5 se-
quences mismatched at eight of the first 112 nucleotides
(nt) (data not shown), suggesting involvement of at least
two different ERVs. In addition, each RACE product
contained ‘‘ACTATAT’’ nucleotides of unknown origin
just upstream of Flt3 exon 10 (see below).

We used RT–PCR to screen a cohort of 18 independent
TM B-ALL samples for ERV-Flt3 fusion transcripts with
a sense LTR primer coupled with an antisense primer
anchored in Flt3 exon 12. All samples expressed ERV-Flt3
fusion transcripts (Fig. 3B; data not shown). We identified
two major types of U5/Flt3 exon 10 junctions (Fig. 3C).
Type 1 transcripts (11 out of 18 samples) contained an
ERV sequence 39 of the LTR up to the proviral splice
donor (SD). A single-nucleotide polymorphism (SNP)
between the primer-binding site (PBS) and SD suggested
the involvement of two different ERV donors. In contrast,
seven out of 18 samples had type 2 transcripts containing

Figure 3. ERV-Flt3 fusion transcripts in TM
B-ALLs. (A) One-hundred-forty-four nucleotides
from cloned TM 6530 RACE product showed
99% identity (P = 9 3 10�69) with the LTR/R

(black) and LTR/U5 (gray) regions from MuLV-
related ERV sequences from accession numbers
U63133, JO1997, JO1998, and M19118. The
remaining 355 nt aligned perfectly with Flt3

exons 10–12 in accession number NM010229,
nucleotides 1433–1785 (not shown), except for
the ACTATAT sequence (italics) just upstream of
Flt3 exon 10. (B) RT–PCR analysis of ERV-Flt3

transcripts in TM B-ALL samples using LTR R/U5
forward (underlined in A) and Flt3 exon 12 re-
verse primers. (Lane L) One-kilobase DNA lad-
der. (Lanes 1–12) RNA from eight independent
TM B-ALLs (both BM and spleen were analyzed
for four mice). Results are representative of 18
TM B-ALLs analyzed. (C) Schematic representa-
tion of type 1, type 2, and type 3 ERV-Flt3 fusion
transcripts detected by sequencing cloned 59

RACE and RT–PCR amplicons. Boxes display
nucleotides at U5/exon 10 junctions. For type 1
transcripts, proviral PBS and SD sequences are in
bold. Nucleotides derived from LTR/U5 (dark
gray) and Flt3 exons 10–12 (light gray) are in-
dicated as well as the ACTATAT sequence of
unknown origin (bold). SNPs are underlined. The
frequency of samples expressing each type of
transcript is indicated in brackets.
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ACTATAT or ‘‘ATAT’’ nucleotides of unknown origin at
their U5/Flt3 junctions and also small additions or de-
letions in some cases. We detected another SNP at the 59

end of U5, again suggesting two different ERV donors.
Some type 1 and type 2 samples also contained type 3
transcripts in which the 59 part of U5 was fused directly
to Flt3 exon 10 (Fig. 3C; Supplemental Fig. S3). These
findings suggest that trFlt3 transcripts arose from geno-
mic rearrangements that deleted Flt3 exons 1–9 and
juxtaposed ERV LTR-based transcriptional control ele-
ments with Flt3 exons 10–24.

To identify genomic rearrangements involving ERV and
Flt3 as well as the potential source of the ACTATAT
insertions, we screened genomic DNA from TM B-ALL
samples using a PCR strategy with R/U5 sense and nested
Flt3 antisense primers anchored in exon 10 and intron 10.
ERV-Flt3 amplicons were not obtained from TM B-ALLs
with type 1 transcripts, suggesting that the ERV was
inserted too far upstream of Flt3 exon 10 to be detected by
this PCR strategy. We did identify ERV-Flt3 fusion genes
in TM B-ALLs that expressed type 2 transcripts (Fig. 4A).

ERV LTR sequences inserted into the same Flt3 intron 9
location in both samples, immediately upstream of an
ACTATAT sequence. Thus, the ;9-kb-long intron 9 was
the likely origin of these nucleotides in type 2 transcripts.

The ACTATAT sequence in the ERV-Flt3 fusion gene
from TM 4593 was included in a block of 112 nt from
intron 9, followed by a second block of intron 9 sequence
from the region immediately adjacent to exon 10 (Fig. 4A,
top). The intron 9 nucleotides immediately downstream
from ACTATAT in the fusion gene included a potential SD
sequence and likely functioned to allow splicing of the
R/U5 LTR region into Flt3 exon 10. In contrast, ACTATAT
was the only intron 9 sequence retained in the TM 6530
fusion gene (Fig. 4A, bottom), so this chimeric transcript
was likely generated by readthrough transcription from
U5 to Flt3 exon 10. Thus, the two samples exhibited
distinct large interstitial deletions both upstream of and
downstream from the ACTATAT insertion site in intron
9, indicating that they arose from different complex
multistep genomic ERV-Flt3 rearrangements. Preserva-
tion of ACTATAT or ATAT sequence in different samples

Figure 4. ERV-Flt3 gene fusions in TM B-ALL. (A) Schematics of ERV-Flt3 fusion genes in TM B-ALL 4593 (top) and 6530 (bottom)
showing ERV-Flt3 junction sequences of amplicons cloned from genomic DNA. Numbers refer to chromosome 5 (�) strand positions
according to NCBI37/mm9. Sequences derived from the LTR/U5 region (dark gray) versus exon 10 (light gray) are highlighted. Intron 9
sequences in TM 4593 fusion genes are shown in regular font (148,175,096–148,175,208) or bold font (148,169,628–148,169,763).
Putative SD and splice acceptor (SA) sequences are boxed. Intron 9 ACTATAT residues (148,175,208–148,175,201) in both fusion genes
are underlined. (B) LM-PCR strategy to identify the U3 sequence upstream of R/U5 in ERV-Flt3 fusion genes (primer locations are
indicated by arrows). BLAST searches of cloned LM-PCR products (466 nt) yielded a perfect match with a modified polytropic
U3 sequence (accession no. M17327), including a 190-nt insert (bold) found only in polytropic ERVs (Stoye and Coffin 1987). The same
sequence was obtained in three independent TM B-ALLs.
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suggests that it has an important function, most likely
because it is adjacent to a cryptic SD needed to generate
chimeric ERV-Flt3 transcripts (Supplemental Fig. S3B).

We identified a U3 element upstream of R/U5 ele-
ments by performing ligation-mediated (LM) PCR with
nested 39 primers anchored in Flt3 intron 10 and the R/U5
LTR sequence (Fig. 4B). In all three fusion genes, the U3
element contained a 190-nt insert found only in poly-
tropic ERVs (Stoye and Coffin 1987). About 40 partial or
complete polytropic ERVs are found in most mouse
strains, making them the most abundant class of MuLV-
related ERVs (Stocking and Kozak 2008). The ERV/U3
sequence that we identified in TM B-ALL fusion genes
perfectly matched 13 ERVs in the mouse genome, in-
cluding four on chromosome 5 (data not shown). Thus,
there are many potential chromosomal sources for the
ERVs found fused to Flt3 in TM B-cell leukemias.

Collectively, these data suggest that there was recur-
rent selection of B-cell progenitors harboring ERV-Flt3
fusion genes that could generate R/U5-Flt3 exon 10–24
chimeric transcripts by splicing events that use either
a proviral (type 1) or cryptic (type 2) intron 9 SD. These
splicing events allow expression of chimeric ERV-Flt3
transcripts (Supplemental Fig. S3) that promote aberrant
survival and expansion of TM B-cell progenitors. Since
there is a potential SD within the LTR/U5 region, type 3
transcripts likely arose by alternative splicing from type 1
or type 2 transcripts.

Ligand-independent signaling by trFlt3

The Flt3 exons missing from ERV-Flt3 fusion transcripts
encode the first three immunoglobulin-like domains of
Flt3 (Ig1–3), a region important for FL binding (Verstraete
et al. 2011), as well as most of Ig4. Therefore, we hypoth-
esized that loss of these regions may disrupt the auto-
inhibited conformation of the Flt3 kinase domain, allow-
ing trFlt3 to signal constitutively. To test this notion, we
transduced BaF3 cells with an MSCV-IRES-GFP (MIGR)
retroviral vector expressing trFlt3 (exons 10–24), full-
length Flt3, or FLT3-ITD. The apparent MW of MIGR
transduced trFlt3 was similar to trFlt3 expressed by TM
B-ALLs (Fig. 5A). We used phospho-flow cytometry to
analyze signaling properties of trFlt3 versus full-length
murine Flt3 and human FLT3-ITD in IL3-dependent BaF3
hematopoietic progenitor cells. As expected (Choudhary
et al. 2007), IL3, but not FL, induced STAT5 phosphoryla-
tion (pSTAT5) in BaF3/Flt3 cells, whereas both cytokines
robustly increased pAKT, pS6, and pERK1/2, indicating
robust activation of PI-3K and MAPK signaling (Fig. 5B).
BaF3/FLT3-ITD and BaF3/trFlt3 cells exhibited increased
basal (FL-independent) phosphorylation of these proteins
that was diminished by acute treatment with AC220,
a highly selective FLT3 inhibitor (Fig. 5C; Zarrinkar et al.
2009). In contrast, BaF3/MIGR cells did not exhibit de-
tectable basal phosphorylation of STAT5, AKT, S6, or
ERK1/2, suggesting that FLT3-ITD and trFlt3 specifically
enhanced basal (FL-independent) activation of these sig-
naling networks in BaF3 cells. Primary TM B-ALL blasts
also expressed very high basal levels of AC220-sensitive

pSTAT5 (Fig. 5C, bottom), suggesting that trFlt3 pro-
motes FL-independent STAT5 activation in TM B-ALL
cells. Finally, expression of trFlt3 conferred IL3- and FL-
independent growth to BaF3 cells, and this was sub-
stantially more robust than that induced by FL or FLT3-
ITD signaling (Fig. 5D). Importantly, AC220 abrogated
FL-independent proliferation driven by both FLT3-ITD
and trFlt3. Thus, trFlt3 and FLT3-ITD displayed similar
ligand-independent STAT5 activation and conferred li-
gand-independent growth to BaF3 cells.

TrFlt3 promotes development of CNS-invasive B-ALL

We asked whether ectopic trFlt3 could promote develop-
ment of CNS-disseminating B-ALLs by transducing fetal
liver hematopoietic progenitors from DM mice with
MIGR or MIGR/trFlt3 and transplanting them into
Rag2�/� hosts. Control MIGR-infected DM progenitor
cells engrafted robustly and generated CD19+ progeny 8
wk after secondary transplant (Fig. 6A,B). However,
CD19+ cells were often GFP�, indicating that cells de-
rived from MIGR-infected DM progenitors had no selec-
tive advantage over uninfected progenitors. Only one
recipient had an enlarged spleen indicative of leukemia,
but the leukemic cells did not invade the CNS.

In striking contrast, all recipients of MIGR/trFlt3-
transduced DM progenitors developed clinical signs of
leukemia 8 wk after secondary transfer, and most CD19+

progeny were GFP+ (Fig. 6A,B), suggesting strong selec-
tion for trFlt3 expression. Furthermore, all recipients
exhibited clinical signs of CNS leukemia and had leuke-
mic B cells in the CNS (Fig. 6B,C). Finally, recipients of
MIGR/trFlt3-transduced DM progenitors generally had
higher numbers of splenic donor-derived B cells. Impor-
tantly, only MIGR/trFlt3-infected DM progenitors con-
sistently generated full-blown B-ALL in these adoptive
transfer experiments. Collectively, these findings dem-
onstrate that trFlt3 accelerates development of B-cell
leukemia from p53/NHEJ-deficient hematopoietic pro-
genitors and endows leukemic B cells with the capacity
for CNS dissemination.

Discussion

In this study, we demonstrated that MuLV-related ERV
sequences participate in aberrant end-joining events that
promote leukemic transformation of B-cell precursors in
p53/NHEJ-deficient mice. We identified a novel class of
Flt3-activating mutations in CNS-invasive B-ALLs that
were created by complex multistep chromosomal rear-
rangements with MuLV-related ERVs. N-terminal Flt3
exons encoding most of the ligand-binding domain were
deleted and replaced with ERV transcriptional control
elements. Genomic instability conferred by p53/NHEJ
deficiency likely facilitated the generation of these com-
plex ERV-Flt3 fusion genes in TM B-ALLs. However, ERV-
Flt3 fusion genes were never detected in DM B-ALLs,
revealing that Rag nuclease activity profoundly alters the
mutational spectrum and thus clinical course of B-cell
leukemogenesis caused by p53/NHEJ deficiency. Ectopic
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expression of trFlt3 promoted rapid generation of CNS-
disseminating B-ALLs from DM hematopoietic progeni-
tors, demonstrating that aberrant Flt3 activation under-
lies the unique ability of B-ALLs arising in TM mice to
invade the CNS.

The propensity of exogenous MuLV to promote leuke-
mogenesis by integrating near cellular proto-oncogenes is
well established (Uren et al. 2005). Interestingly, mutation
and recombination can sometimes promote generation of
‘‘reactivated’’ infectious ERVs in immune-deficient mice

Figure 5. trFlt3 induces FL-independent signaling and proliferation of hematopoietic BaF3 cells. (A) Immunoblot detection of full-
length and trFlt3 expressed in BaF3 cells compared with CNS-invasive TM B-ALLs. (B) FL- versus IL3-induced signaling in BaF3 cells.
IL3-starved BaF3/Flt3 cells were stimulated with FL or IL3 for 3 or 10 min prior to staining with phospho-specific antibodies. Histogram
overlays show phospho-specific antibody staining after pregating on live single cells. Scales were based on log2 fold change in the MFI
ratio of cytokine-treated/untreated cells. (C) Phospho-flow analysis of AC220-sensitive basal (without added cytokine) signaling in
BaF3/MIGR, BaF3/trFlt3, BaF3/FLT-ITD, and leukemic TM B cells. Histogram overlays of TM B-ALL samples were pregated on live
CD11b� B220+ singlets. Color scaling is based on the log2 MFI ratio of AC220-treated/untreated samples. (D) trFlt3 confers IL3-
independent growth of BaF3 cells. BaF3 cell lines were cultured with 100 ng/mL FL or 1 nM AC220 versus DMSO for 48 h prior to
assessing proliferation. Data are displayed as the mean 6 standard deviation of triplicate measurements (H3-thymidine disintegrations
per minute [DPM] per well).
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(Stoye et al. 1991; Young et al. 2012; Yu et al. 2012).
However, type 2 ERV-Flt3 fusion genes lacked proviral
PBS and SD sequences and were generated from complex,
multistep rearrangements that were not consistent with
simple integration of infectious ERV. Importantly, main-
taining immune-deficient mice on acidified water alters
intestinal microbial flora and suppresses ERV reactiva-
tion by four to six orders of magnitude (Young et al. 2012).
Since our DM and TM mice (and their progenitor strains)
have been maintained on acidified water for >10 years, it
is highly improbable that this ERV reactivation mecha-
nism is operative in our colony. It is also unlikely that
genetic background differences account for the preferen-
tial generation of ERV-Flt3 fusions in TM versus DM mice.
The colony that generated the DM and TM mice used in
this study has been interbreeding for >10 years, creating
a recombinant inbred strain background segregating the
p53 and Rag2 knockout alleles, effectively eliminating the
possibility that genetic background differences account for
the preferential generation of ERV-Flt3 fusions in TM mice.

Since NHEJ-deficient cells are more reliant on homol-
ogy-based DSB repair mechanisms (McVey and Lee 2008),
MuLV-related ERVs, present in 50–100 copies per ge-
nome, likely provide an abundant source of highly homol-
ogous sequences to facilitate DSB repair by nonallelic
homologous recombination (Feschotte and Gilbert 2012),
a mechanism that promotes chromosomal deletions, in-
versions, and translocations. We detected two SNPs in the
non-LTR portion of type 1 fusions and four distinct LTR/U5

sequences, suggesting involvement of at least six dis-
tinct germline ERV elements. Thus, we suggest that NHEJ
deficiency increases aberrant end-joining events involving
repetitive MuLV-related ERVs. Furthermore, p53 defi-
ciency prevents apoptosis triggered by DSB accumulation
in NHEJ-deficient lymphocyte precursors (Guidos et al.
1996), allowing survival of NHEJ-deficient B-cell progenitors
harboring ERV-Flt3 fusions or other aberrant end-joining
events. Interestingly, ectopic Flt3 activation promotes apo-
ptosis of CD19+ B-cell progenitors (Holmes et al. 2006), and
p53 limits generation of leukemias induced by integration
of exogenous MuLV near Flt3 (Uren et al. 2008). Therefore,
we suggest that p53 deficiency enhances survival and
selection of NHEJ-deficient B-cell progenitors ectopically
expressing high levels of Flt3 under the control of ERV
transcriptional control elements.

p53 deficiency also enhances survival and selection of
B-cell progenitors harboring Rag-induced Igh/cMyc trans-
locations in NHEJ-deficient mice (Difilippantonio et al.
2002; Zhu et al. 2002; Gladdy et al. 2003). We suggest that
in DM mice, Igh/cMyc translocations are favored over
ERV-Flt3 rearrangements because the former events rely
on Rag-induced DSBs in Igh, which occur in all DM B-cell
progenitors, whereas generation of ERV-Flt3 fusions
would rely on random DSBs in both loci and are thus
likely to occur less frequently. Since Rag deficiency
prevents induction of DSBs in the Igh locus in TM B-cell
progenitors, we suggest that rarer cells with ERV-Flt3
rearrangements undergo strong selection.

Figure 6. trFlt3 promotes CNS dissemination of B-ALL. BM, spleen, and CNS cells harvested from secondary Rag2�/� recipients of
MIGR or MIGR/trFlt3 transduced DM progenitors were analyzed by flow cytometry. (A) Contour plots (5% probability) display CD19
versus GFP expression pregated on live single CD45.2+ donor-derived BM cells from three individual secondary recipients of DM
progenitors transduced with MIGR (top) or MIGR/trFlt3 (bottom) retrovirus. (B) Frequency of total CD45.2+ donor cells (white), donor
cells that were CD19+GFP� (gray), and donor cells that were CD19+GFP+ (speckled) in each tissue. (C) The number of donor-derived
CD45.2+ cells in the BM (top), spleen (middle), and CNS (bottom). (NA) Not analyzed.
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Telomere capping and maintenance are also defective
in NHEJ-deficient cells (d’Adda di Fagagna et al. 2001), so
the telomeric location of murine Flt3 on the bottom
strand of chromosome 5 likely enhances its susceptibility
to this novel deletional mechanism of oncogenic activa-
tion. In some cases, the centromeric portion of Flt3 was
amplified, suggesting that defective telomere mainte-
nance in TM mice facilitated bridge–breakage–fusion
cycles similar to those that generate complex and am-
plified Igh-cMyc translocations found in DM B-ALLs
(Difilippantonio et al. 2002; Zhu et al. 2002; Gladdy
et al. 2003). Similarly, defective telomere maintenance
may explain the recurrent loss of telomeric chromosome 2
sequences in TM B-ALLs that were associated with t(2;5)
chromosomal translocations with breakpoints in Flt3.
Thus, it seems likely that in addition to defective end-
joining, telomere dysfunction also contributes to the
generation of ERV-Flt3 fusions in TM B-cell progenitors.

We identified a novel mechanism for oncogenic Flt3
activation involving deletion of the extracellular FL-
binding domain, recently localized to the Ig3 region
(Verstraete et al. 2011). Flt3 lacks conserved residues
involved in homotypic interactions between membrane-
proximal Ig4 and Ig5 domains that promote ligand-
dependent activation of other class III receptor tyrosine
kinases, and recent crystallographic data demonstrate the
absence of such interactions upon FL binding to Flt3
(Verstraete et al. 2011). Flt3 has an atypical N-terminal
Ig1 domain that adopts an unusual confirmation that may
stabilize the autoinhibited receptor conformation in the
absence of ligand. Deletion of exons encoding Flt3 Ig1–Ig4
domains likely destabilizes this autoinhibited conforma-
tion to promote FL-independent constitutive Flt3 activa-
tion. In support of this notion, we showed that, like FLT3-
ITD, trFlt3 induced FL-independent pSTAT5 and cyto-
kine-independent proliferation of BaF3 cells.

Strikingly, TM B-ALLs expressing trFlt3 invaded the
CNS and caused pathologies associated with CNS leuke-
mia in humans, whereas DM as well as TM B-ALLs
lacking trFlt3 did not disseminate to the CNS. Further-
more, retroviral transduction of trFlt3 promoted develop-
ment of CNS-invasive B-cell leukemia from DM hema-
topoietic progenitors. These observations provide strong
evidence that aberrant Flt3 signaling underlies the unique
capacity of TM B-ALLs to disseminate to the CNS.
Although FLT3 mutations are rare in B-ALL, expression
of either wild-type or mutant FLT3 is frequent in MLL-
rearranged infant B-ALL cases, which have high CNS
relapse rates and poor overall survival (Isoyama et al. 2002;
Nagayama et al. 2006; Pieters et al. 2007). Furthermore,
high expression of wild-type FLT3 correlated with poor
survival in infant B-ALL independent of MLL rearrange-
ment status (Kang et al. 2012). The blood–brain barrier
prevents normal lymphocytes from entering the CNS,
but inflammation associated with infection or autoim-
munity allows lymphocytes to breach this barrier
(Wilson et al. 2010). Thus, FLT3 activation may con-
tribute to a proinflammatory environment that com-
promises the blood–brain barrier, enabling leukemic B
cells to invade the CNS.

Surprisingly, TM mice did not develop AML or other
nonlymphoid malignancies. The apparent lymphoid speci-
ficity of this ERV-induced oncogenesis most likely reflects
the lymphoid specificity of MuLV-related transcriptional
control elements, which would restrict expression of ERV-
Flt3 fusion genes to lymphocyte precursors. This notion is
consistent with the predominance of lymphoid leukemias
induced by insertional mutagenesis after infection of new-
born mice with MuLV (Uren et al. 2008). Thus, due to their
lymphoid specificity and highly repetitive nature, MuLV-
related LTRs represent a major Rag-independent threat to
genomic stability in p53/NHEJ-deficient B-cell precursors,
and their aberrant repair can promote development of
aggressive B-cell leukemia. Interestingly, ERV insertions
have recently been observed in human malignancies
(Tomlins et al. 2007; Lee et al. 2012), suggesting that
human ERVs may also have oncogenic potential.

Materials and methods

Mice

p53�/�Prkdcscid/scid DM and p53�/�Rag2�/�Prkdcscid/scid TM
mice were generated and genotyped as previously described
(Gladdy et al. 2003). Briefly, DM mice were generated by breeding
p53+/� Rag2+/+Prkdcscid/scid with p53+/�Rag2�/�Prkdcscid/scid

mice and selecting p53�/�Rag2+/�Prkdcscid/scid progeny. TM mice
were generated by intercrossing p53+/�Rag2�/�Prkdcscid/scid mice
and selecting p53�/�Rag2�/�Prkdcscid/scid progeny. The colony
was maintained on acidified water, and mice were monitored
daily for labored breathing and/or peripheral lymphadenopathy
indicative of systemic leukemia as well as CNS signs, including
a domed head, an ataxic gait, and hind limb paralysis and/or
paresis. At the first sign of morbidity, mice were sacrificed, and
single cells were isolated from lymphoid tissues or the CNS and
used immediately or viably frozen in DMSO containing 90% FCS
and stored in liquid nitrogen. Samples were rapidly thawed and
left to recover for 2 h at 37°C in StemSpan medium (Stem Cell
Technologies) supplemented with 10% FBS before isolating
nucleic acids or performing other experiments. All procedures
were reviewed and approved by The Toronto Center for Pheno-
genomics Animal Care Committee.

CGH and FISH

Cy5-labeled DNA from leukemic cells and Cy3-labeled DNA
from reference cells (livers from p53+/+Rag2�/�Prkdcscid/scid sex
mismatched littermates) were hybridized to mouse 6.5K RPCI-
23/-24 BAC arrays (http://www.roswellpark.org). Image captures
and circular binary segmentation (CBS) analyses were performed
using standard techniques. TM 5199 was also analyzed using
mouse 385K oligonucleotide whole-genome arrays (Roche
NimbleGen). mFISH was performed using standard techniques
with the following probes: RP23-355P12 (Spectrum Orange, Flt3
exons 3–24), RP23-102H13 (Spectrum Green, Flt3 exons 1–2),
and RP23-68C11 plus RP23-349K12 BACs (Spectrum Aqua,
chromosome 5 centromeric region).

ERV-Flt3 fusion transcripts and genes

59 RACE was performed on poly(A)+ RNA purified from four TM
B-ALLs using the First Choice RLM-RACE kit (Ambion). Prod-
ucts were PCR-amplified using a 59 RACE adaptor and nested
Flt3 antisense primers and were purified using the QIAquick
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PCR extraction kit (Qiagen). NCBI Open Reading Frame Finder
and StarORF software were used to identify potential initiator
methionine residues in ERV-Flt3 sequences. To identify fusion
genes, genomic DNA was amplified using ERV sense and nested
Flt3 intron 10 (outer) followed by exon 10 (inner) antisense
primers. For LM-PCR, PvuII-digested genomic DNA was ligated
to GenomeWalker universal kit adaptors and amplified using
outer primers specific for the adaptor and Flt3 intron 10, followed
by nested inner primers for the adaptor and ERV/U5. All PCRs
were performed with the Expand Long PCR template kit (Roche
Diagnostics), and products were purified using the QIAquick
PCR extraction kit and cloned into pDrive Vector using the
Qiagen PCR Cloning Plus kit (Qiagen). Multiple clones from
each leukemia sample were sequenced in both directions. Primer
sequences are in Supplemental Table 1.

Retroviral constructs and transduction

MIGR/Flt3 (Holmes et al. 2006) served as a template to PCR-
amplify trFlt3 (exons 10–24). The exon 10 forward primer in-
cluded a BamH1 site, a Kozak ‘‘ACC’’ sequence, and nucleotides
complementary to the M431 ATG methionine codon in Flt3

exon 10 followed by 17 downstream nucleotides (Supplemental
Table 2). The exon 24 reverse primer included a BamH1 recog-
nition site as well as a stop codon. MIGR plasmids with correctly
oriented Flt3 exon 10–24 inserts were identified by sequencing.
Retroviruses were produced by transiently transfecting MIGR
plasmids into ecotropic Platinum-E retroviral packaging cells
(Cell Biolabs, Inc.) using standard techniques. Retrovirus-con-
taining supernatants were harvested 48 h post-infection, filtered
(0.45 mm), titered on NIH-3T3 cells, and stored at �80°C prior
to infecting BaF3 cells by two rounds of spinoculation (1000g for
1.5 h, 2-h recovery in between). Cells were cultured 3–4 d after
transduction, and GFP+ cells were isolated by cell sorting to
establish stably transduced BaF3 cell lines. Sorted embryonic day
14.5 (E14.5) Ter119� B220� Gr-1� CD4� CD8� fetal liver
hematopoietic progenitor cells from DM embryos were prestim-
ulated overnight with growth factors (100 ng/mL SCF and FL, 50
ng/mL TPO, 5 ng/mL IL6 and IL11). Cells were transduced by
two rounds of spinoculation in retroviral supernatant supple-
mented with growth factors and Transdux (System Bioscience) as
per the manufacturer’s recommendations and then resuspended
in Hanks’ balanced salt solution (Life Technologies) and injected
intrafemorally (400,000 cells per mouse) into sublethally irradi-
ated (650 cGy) Rag2�/� mice. Five weeks later, bone marrow
(BM) from hosts confirmed to contain GFP+ donor-derived
CD45.2+ cells was transplanted into secondary Rag2�/� hosts,
which were sacrificed 8 wk later when recipients of MIGR/trFlt3

transduced cells showed clinical signs of CNS leukemia.

Phospho-flow cytometry

For phospho-flow cytometry, BaF3 cell lines were precultured for
6 h at 37°C without IL3 in serum-free and phenol red-free RPMI-
1640 before stimulating with 10 ng/mL FL or IL3 for 3 or 10 min.
Viably frozen TM B-ALL samples were thawed and cultured for
1 h in StemSpan with 10% FBS prior to starving for 2 h in serum-
free and phenol red-free RPMI-1640. Where indicated, 5 nM
AC220 (Selleck Chemicals) or 0.002% DMSO vehicle was added
during the 2-h starvation period. Fixable Blue viability dye
(Invitrogen) was added during the last 30 min. Cells were then
fixed (BD Cytofix), permeabilized (BD Phos-flow Buffer III), and
stained with predetermined optimal concentrations of anti-
bodies (BD Biosciences) specific for the following phospho-
epitopes: pSTAT5 (pY694, clone 47), pAKT (pT308, clone J1-
223.371), pERK1/2 (pT202/Y204, clone 20a), and pS6 (pS235/

S236, clone N7-548). TM leukemic samples were also stained
with CD11b (M1/70) or B220 (RA3-6B2). Fluorescence was
quantified using a BD Fortessa flow cytometer, and FCS 3.0 data
files were uploaded to FlowJo for pregating to exclude dead cells,
doublets, and debris. Pregated data files were uploaded into
Cytobank (http://www.cytobank.org), a cloud-based flow cytom-
etry analytic platform, for statistical analysis and visualization.
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