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Even though leukemia is considered to be confined to one specific hematopoietic cell type, cases of acute leukemia
of ambiguous lineage and patients relapsing in phenotypically altered disease suggest that a malignant state may be
transferred between lineages. Because B-cell leukemia is associated with mutations in transcription factors of im-
portance for stable preservation of lineage identity, we here investigated the potential lineage plasticity of leukemic
cells. We report that primary pro-B leukemia cells frommice carrying heterozygous mutations in either or both the
Pax5 and Ebf1 genes, commonly mutated in human leukemia, can be converted into T lineage leukemia cells. Even
though the conversion process involved global changes in gene expression and lineage-restricted epigenetic recon-
figuration, the malignant phenotype of the cells was preserved, enabling them to expand as T lineage leukemia cells
in vivo. Furthermore, while the transformed pro-B cells displayed plasticity toward myeloid lineages, the converted
cells failed to cause myeloid leukemia after transplantation. These data provide evidence that a malignant pheno-
type can be transferred between hematopoietic lineages. This has important implications for modern cancer med-
icine because lineage targeted treatment of leukemia patients can be predicted to provoke the emergence of
phenotypically altered subclones, causing clinical relapse.
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Leukemia commonly involves a single blood cell lineage
with expansion of lymphoid progenitor cells (B- or T-cell
lymphoblastic leukemia) or myeloid progenitors (myeloid
leukemia) (Jennings and Foon 1997; Craig and Foon 2008).
The involvement of a single lineage of cells is well in line
with the idea that leukemia is a monoclonal disease initi-
ated in a lineage-restricted progenitor. However, even
though thiswould appear to be generally applicable, a frac-
tion of the hematopoieticmalignancies appears to involve
multiple lineages (Jennings and Foon 1997; Craig and Foon
2008; Manola 2013). These malignancies, denoted as
acute leukemia of ambiguous lineage (ALAL), can beman-
ifested as either bilineal leukemia, involving several line-
ages, or biphenotypic disease, with expansion of cells
displaying combined expression of normally lineage-re-
stricted surface markers (Jennings and Foon 1997; Craig
and Foon 2008; Manola 2013). Additionally, rather dra-
matic phenotypic changeswith preserved cytogenetic fea-
tures have been reported from patients experiencing

relapse of disease (Dorantes-Acosta and Pelayo 2012).
This is especially notable after treatment of pediatric B
lineage acute lymphoblastic leukemia (B-ALL) using ge-
netically manipulated T lymphocytes (chimeric antigen
receptor T [CAR-T] cells) targeting CD19-positive cells
because 13 out of 20 children experiencing relapse did so
with CD19− leukemia cells (Gardner et al. 2016; Park
et al. 2016). Even though the phenotypic changes could
be explained by malignant transformation of multipotent
progenitors, this could also be a consequence of genetic al-
terations causing lineage instability in committed
progenitors.

Stable B lymphocyte identity depends on a network of
transcription factors (Somasundaram et al. 2015), includ-
ing PAX5, EBF1, and IKZF1 (IKAROS), all ofwhich are cru-
cial for stable B lineage commitment (Mikkola et al. 2002;
Cobaleda et al. 2007; Reynaud et al. 2008; Nechanitzky
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et al. 2013; Ungerback et al. 2015). Interestingly, muta-
tions of transcription factors involved in the regulation
of cell identity are prominent in B-ALL, where heterozy-
gote inactivation of PAX5, EBF1, or IKZF1 is detected in
a substantial fraction of the patients (Kuiper et al. 2007;
Mullighan et al. 2007, 2008).
In order to explorewhether disruption of a transcription

factor network in leukemia cells causes lineage plasticity
to generate biphenotypic or bilineal leukemia, we decided
to explore the ability of mouse B-ALL cells carrying dis-
ruptions in fate-determining regulatory networks (Prasad
et al. 2015) to adopt alternative cell fates. This revealed
that either constitutive activation of Notch1 signaling
or externally mediated Notch activation resulted in line-
age switch of B-ALL cells to T lineage cells displaying a
pronounced developmental block and expansion capacity
in vitro and in vivo. The B lineage leukemia cells could be
converted into myeloid cells; however, these displayed a
mature phenotype with pronounced ability to respond to
LPS and severely reduced ability to expand and generate
malignant disease in vivo. This reveals that secondary ge-
netic alterations as well as environmental signalsmay im-
pact the phenotype of B-ALL cells and that the malignant
state, including the block of differentiation, can be trans-
ferred between lymphoid lineages.

Results

Constitutive activation of the Notch signaling
pathway in pro-B leukemia cells causes lineage
conversion and expansion of CD19-negative leukemia
cells in vivo

In order to explore whether a leukemic pro-B cell can be
converted into a T-lineage cell, we decided to explore
this ability in a mouse model carrying a combined hetero-
zygous loss of the Pax5 and Ebf1 genes (Ungerback et al.
2015). The majority of these mice develops monoclonal
or oligoclonal B-lineage leukemias before the age of 30
wk (Supplemental Fig. S1; Prasad et al. 2015) that, after
transplantation, display a stable phenotype with expan-
sion of leukemic pro-B cells in the bone marrow (BM)
and spleens of the recipients (Prasad et al. 2015). In order
to explore whether constitutive activation of Notch sig-
naling, a feature commonly detected in human T-ALL
(Weng et al. 2004; Lobry et al. 2011), would change the
phenotype of the leukemia cells, we transduced four inde-
pendently derived primary pro-B leukemia samples from
lymph nodes (LNs) collected from leukemic Pax5+/−

Ebf1+/− (TH) mice (#377, #436, #619, and #655) with a ret-
rovirus encoding a constitutively active Notch1 protein
(ICN1) (Pui et al. 1999). Cultivation of the transduced tu-
mor cells on OP9 stroma cells induced Thy1.2 expression
on three of the tumors transduced with the GFP control
vector (Fig. 1A,B). In contrast, the ICN1-expressing cells
down-regulated the expression of CD19 (Fig. 1A,B), yield-
ing between 50% and 95% Thy1.2+CD19− cells. Explor-
ing CD3 expression on the surface of Thy1.2+ cells
revealed a low frequency of CD3+ cells. Quantitative
PCR (qPCR) analysis of CD19−Thy1.2+ cells revealed

down-regulation of the B-cell-restricted Igll1 gene, while
the levels of the T-lineage-associated Cd3e and Lck genes
were increased as compared with what we observed in the
CD19+ cells (Fig. 1C). RNA sequencing (RNA-seq) exper-
iments using two tumors (#377 and #619) and in vitro dif-
ferentiated B and T cells explored with unsupervised
cluster analysis revealed that, while the control virus
transduced cells clustered with the normal CD19+ cells,
the cells transduced with the ICN1-expressing virus clus-
tered with the T-lineage cells (Fig. 1D). Identifying differ-
entially expressed genes (Supplemental Table S1–S4)
linked ICN1 expression to down-regulation of B-lineage-
restricted genes, including Pax5, Cd79α, Cd79β, Igll1,
and Cd19, and up-regulation of genes associated with T-
lineage development such as Gata3, Tcf7, and Cd3e. Per-
forming a gene ontology (GO) term analysis of the genes
with increased expression in the ICN1 transduced cells
revealed a significant enrichment of genes linked to T-
cell differentiation and function (Fig. 1E; Supplemental
Tables S3, S7), while the GO terms identified for the
down-regulated genes included B-cell activation (GO:
0042113) and the B-cell receptor signaling pathway (GO:
005853) (Supplemental Table S7–S8). qPCR analysis of ge-
nomic DNA from ICN1 transduced tumor cells allowed
for detection of TCRβDJ rearrangement at a level compa-
rable with that of in vitro differentiated normal T-lineage
cells (Fig. 1F), while TCRβVDJ recombination was not ob-
served in vitro. To verify that the generated T-lineage
cells were derived from the transformed pro-B-cell tumor,
we explored VDJ recombination events in the immuno-
globulin heavy chain (IgH) locus in CD19− Thy1.2+ and
CD19+ cells generated from tumor #377 (Fig. 1G). This re-
vealed that the CD19− Thy1.2+ cells carried a VDJ rear-
ranged IgH similar to what we observed in the CD19+

cells, supporting that the cells represent the same leuke-
mic clone.
Even though it is possible to identify childhood B-ALL

leukemia that , similar to ourmousemodel, contains com-
binedheterozygousdeletionofPAX5 andEBF1 (Mullighan
et al. 2007; Prasad et al. 2015), it is rare in comparisonwith
single-heterozygousmutations in either thePAX5 orEBF1
gene (Mullighan et al. 2007; Prasad et al. 2015). While we
rarely found leukemia development in single-heterozy-
gotemice, a few cases were found among our animals, cre-
ating the possibility of exploring whether leukemia cells
from single-heterozygote mice display T-lineage plastici-
ty. To this end, we infected two pro-B-cell tumors from
Pax5+/− mice and two from Ebf1+/− animals with ICN1
and explored the development of CD19−Thy1.2+ cells
(Supplemental Table S9). This revealed that one of the
Ebf1+/− and one of the Pax5+/− tumors gave a robust con-
version of cells into a CD19−Thy1.2+ phenotype, while
fewCD3+ cellswere generated.Hence, activationofNotch
signaling in B-cell tumors carrying disruption in critical
lineage-specifying transcription factors results in a switch
of the tumor phenotype.
In order to investigate whether ICN1-expressing tumor

cells could expand to generate a leukemic disease in vivo,
we transplanted ICN1 transduced LN cells from three in-
dividual leukemicmice (#278, #327, and #377) and pMIG-
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GFP transduced LN cells from two individual mice (#327
and #377) into wild-type C57BL6 mice. After 3–4 wk, sev-
eral of the transplantedmice displayed disease symptoms,
including a partial paralysis also observed after trans-
plantation of primary tumors (Prasad et al. 2015). Analy-
sis of the spleens from the mice transplanted with cells
transduced with a GFP control virus revealed a peripheral
expansion of CD19+ cells (Fig. 2A,B), well in line with the
previously observed stable phenotype of these tumors
(Prasad et al. 2015). Analyzing the expansion of the
ICN1 transduced tumor cells in the spleen revealed
that, even though all of the animals displayed some ex-
pansion of CD19+ cells (Fig. 2A,B), all three tumors gener-
ated Thy1.2+CD19− cells, of which only a fraction were
CD3+, suggesting that the cells are developmentally
blocked. Analyzing the cellular composition of the thy-
mus supported the notion that developmentally blocked
CD19−Thy1.2+ cells expand after transplantation. How-
ever, in contrast to what we observed in the spleen, the
thymus contained a fraction of CD19−Thy1.2+ cells
generated from the GFP control transduced B-lineage

tumor cells. qPCR analysis of sorted pMIG-GFP trans-
duced CD19+ cells as well as ICN1-pMIG transduced
CD19−Thy1.2+ cells from the thymi of the transplanted
mice revealed that, while the CD19+ populations ex-
pressed Igll1, only the CD19−Thy1.2+ cells expressed
the T-lineage-associated Cd3e and Gata3 and high levels
of Lck (Fig. 2C). qPCR analysis using genomic DNA de-
tected TCRβDJ as well as low levels of TCRβ VDJ recom-
bination in the ICN1 transduced cells (Fig. 2D). The B-cell
origin of the cells was verified in one of the tumors by IgH
VDJ recombination analysis, revealing a dominant expan-
sion of a leukemic cell carrying a VDJ1 recombina-
tion event in the CD19+ as well as the CD19−Thy1.2+

populations (Fig. 2E). Hence, the lineage identity of tumor
cells can be influenced by the local microenvironment to
generate two phenotypically distinct but clonal tumors in
the host.

Figure 1. Constitutively active Notch signals in Pax5+/−Ebf1+/−

pro-B leukemia cells cause lineage conversion from the pro-B-cell
stage to the early T-cell stage in vitro. (A) Representative FACS
plots from in vitro differentiation of TH-LN655 with or without
a constitutively active Notch1 signal. (B) Graph displaying the
percentage of PI−GFP+ events for the indicated populations gen-
erated from four TH pro-B tumors (#377, #436, #619, and #655)
after 14 d of coculture on OP9 stroma with or without a constitu-
tive Notch1 signal. Statistical analysis was based on unpaired
Student’s t-test. Asterisks in the same color as the tumor depict-
ed in the figure indicate significance. (∗) P < 0.05; (∗∗) P < 0.01; (∗∗∗)
P < 0.001; (∗∗∗∗) P < 0.0001. (C ) qPCR analysis after 14 d of OP9 co-
culturing of cells transduced with either ICN1-pMIG or pMIG.
Each dot represents one well from cell cultures analyzed in trip-
licate qPCR reactions. Statistical analysis was performed using
unpaired Student’s t-test. (∗∗) P < 0.01; (∗∗∗∗) P < 0.0001. (D) Heat
map displaying an unsupervised hierarchical clustering analysis
of RNA-seq data from primary in vitro differentiated T cells (T
cells) or B cells (B cells) as well as CD19+Thy1.2+ cells (pMIG
transduced cells) and CD19−Thy1.2+ (ICN1-pMIG transduced)
tumor cells 14 d after transduction. Data were normalized to
10 million mapped reads in log scale and were visualized by
Java TreeView following hierarchical clustering in cluster 3 (log
transform, centering genes on mean, average linkage cluster).
(E) GO enrichment analysis of genes up-regulated twofold or
more in ICN1 transduced cells with a statistic significance (P <
0.05) in D. Significantly (P < 0.05) enriched (twofold or more) or
impoverished (≤0.5-fold) annotations from a biological process
are shown. The X-axis indicates the value of fold enrichment.
Some terms associated with T-cell development are highlighted.
(F ) qPCR data detecting the presence of TCRβ DJ recombination
events in ICN1 or control transduced tumor cells. Primary sorted
CD3+ BM cells (BM CD3+), Thy1.2+ in vitro differentiated T-lin-
eage cells (Thy1.2+), and mouse tail DNA were included as posi-
tive and negative controls, respectively. The data were
normalized to the amplification of a genomic fragment from
the albumin gene and present two experiments with duplicate
qPCR reactions. (G) IgH VDJ recombination was analyzed by
PCR using genomic DNA from CD19+Thy1.2+ (pMIG) and
CD19−Thy1.2+ (ICN1-pMIG) cells from TH-LN377. Generated
PCR products were visualized by Southern blot. Wild-type
mouse tail DNA and BMDNAwere used as negative and positive
controls, respectively.
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External Notch signaling is sufficient to cause lineage
switch of leukemic pro-B cells

To explore whether a Notch signal is sufficient to convert
the lineage identity of the tumor cells, we performed in
vitro cultures on either OP9 or OP9-DL1 cells, the latter
expressing the Notch ligand Delta1 (Schmitt and Zuniga-
Pflucker 2002). While CD19 expression was retained
when the cells were cultured on OP9, OP9-DL1 influ-
enced the generation of CD19−Thy1.2+ cells, with few
cells displaying surface expression of CD3 (Fig. 3A; Table
1). Cultivation of three Pax5+/− and two Ebf1+/− tumors
under OP9-DL1 conditions for 14 d resulted in the devel-
opment of Thy1.2+CD19− cells in two of the Pax5+/− tu-
mors (Table 1), verifying the plasticity in single Pax5
heterozygote tumor cells. In order to explore the impor-
tance of the reduced PAX5 dose in the conversion pro-
cess, TH tumor cells were transduced with either a GFP
control virus or a virus encoding PAX5. The cells trans-
duced with control- and PAX5-encoding virus expanded
as CD19+ cells under B-cell conditions (Supplemental
Fig. S3). However, while incubation of the transduced
cells on OP9-DL1 cells allowed the control transduced
cells to expand as CD19−Thy1.2+ cells, the tumor cells
with ectopic expression of PAX5 were unable to grow
and generate CD19− cells. Hence, a high level of PAX5
expression is incompatible with T-lineage switch in the
tumor cells.
qPCR analysis of populations from OP9- and OP9-DL1-

cultured cells from both transheterozygous and single-
heterozygous tumor cells revealed increased expression
of T-cell genes and reduced expression of B-lineage genes
in association with loss of CD19 expression (Fig. 3B; Sup-
plemental Fig. S2). The formation of CD3+ cells was lim-
ited; however, the major fraction of the cells coexpressed
KIT (Supplemental Fig. S4) and CD25 (Fig. 3C,D), while
fewer cells expressed CD44. Hence, even though high
KIT expression normally is limited to the DN1 and DN2
stages, the low expression of CD44 indicates that the ma-
jor part of the cells resides in the DN2–DN4 stage (Roth-
enberg 2014; Yui and Rothenberg 2014). Even though it
would appear as if the converted cells cannot be assigned
to any one specific DN stage, the lack of CD3 expression
and high expression of KIT support the idea that the cells
display an early block of differentiation. Hence, environ-
mental signals may impact the lineage identity of a leuke-
mic cell.
The efficiencyof the conversion processwas explored by

limiting dilution experiments, revealing that the cloning
frequencyof theB-cell tumors onOP9-DL1cellswas about
one-fifth of that onOP9cells,with the absolutemajorityof
the clones generated on the OP9-DL1 cells containing
CD19−Thy1.2+ cells (Supplemental Fig. S5). To explore
the stability of the process, we incubated tumor cells on
OP9-DL1 cells for 10 d, after which CD19+Thy1.2+ and
CD19−Thy1.2+ were reseeded on either OP9 or OP9-DL1
cells (Fig. 3E). After an additional 10 d of culture, the cellu-
lar content was analyzed by FACS, revealing that, while
theCD19+Thy1.2+ cellswere able to generateCD19+ cells,
theCD19−Thy1.2+ population generatedonlyCD19− cells

Figure 2. Constitutive activation of the Notch signaling path-
way in Pax5+/−Ebf1+/− pro-B leukemia cells causes lineage con-
version and expansion of CD19−Thy1.2+ leukemia in vivo. (A)
Representative FACS plot of the spleen from a CD45.1 mouse
transplanted with ICN1-pMIG or pMIG transduced TH-LN327
(CD45.2) cells. The numbers represent the percentage of total
PI−CD45.2+GFP+ events. (B) Percentage of the indicated cell pop-
ulations (% of PI−CD45.2+GFP+ events) in the spleens and thymi
of transplanted mice. Each dot indicates one transplanted
mouse, and the color code indicates one independently generat-
ed tumor. Statistical analysis was performed using Mann-Whit-
ney U-test. (∗) P < 0.05; (∗∗) P < 0.01. Asterisks in the same color
as the tumor depicted in the figure indicate significance. (C )
qPCR analysis of CD19+Thy1.2+ (pMIG) and CD19−Thy1.2+

(ICN1-pMIG) cells sorted from the thymus of a mouse trans-
planted with TH-LN327 cells. Statistical analysis was performed
using unpaired Student’s t-test. (∗) P < 0.05; (∗∗) P < 0.01. (D) qPCR
data displaying TCRβ DJ and VDJ recombination events in ICN1
or control tumor cells. Primary sorted CD3+ BM cells (BM
CD3+), Thy1.2+ in vitro differentiated T-lineage cells (Thy1.2+),
and mouse tail DNAwere included as positive and negative con-
trols, respectively. The data were normalized to the amplifica-
tion of a genomic fragment from the albumin gene and present
two experiments with duplicate qPCR reactions. (E) Southern
blot of PCR products from VDJ recombination events in the
IgH locus using genomic DNA from CD19+Thy1.2+ (pMIG)
and CD19−Thy1.2+ (ICN1-pMIG) cells sorted from the thymus
of a mouse transplanted with TH-LN377. Wild-type mouse tail
DNA and BM DNA were used as negative and positive controls,
respectively.
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even under B-cell conditions. Hence, the conversion pro-
cess is robust and induces a stable change of lineage
identity.

Ectopic expression of C/EBP proteins results
in conversion of leukemic pro-B cells into monocytic
cells lacking in vivo expansion potential

It has been reported that the expression of C/EBP proteins
causes a phenotypic conversion of B-lineage tumor cells to
generate myeloid cells (Xie et al. 2004; Bussmann et al.
2009) with reduced malignant potential (Rapino et al.
2013; McClellan et al. 2015). To explore the ability of
Pax5+/−Ebf1+/− to generate myeloid cells, we transduced
normal wild-type cells as well as single Pax5+/−, Ebf1+/−,
or Pax5+/−Ebf1+/− pro-B tumor cells with a retrovirus
encoding the transcription factor C/EBPβ (Fig. 4A,B; Sup-
plemental Fig. S6). Themajority of the C/EBPβ transduced
cells developed into a CD19− state in a matter of 5 d,
and, even though we noted a transient formation of
CD19+CD11b+ biphenotypic progenitors, these cells
were virtually lost after 5 d of incubation, generating
CD19−CD11b+ cells (Fig. 4A,B). May-Giemsa staining of
the converted cells revealed that the absolutemajority dis-
played a nuclearmorphologyofmonocytes (M) rather than
that of granulocytes (Fig. 4A). IgH VDJ analysis supported
their B-lineage origin (Fig. 4C), and qPCRanalysis revealed
adown-regulationof Igll1andup-regulationof themyeloid
gene Myleo-peroxidase (Mpo) in the converted cells (Fig.
4D). TheC/EBPβ transduced cells were able tomount a re-
sponse to LPS stimulation, reflected in induced expression
of Il6, Il1β, Il12p40, andTNFαmRNA (Fig. 4E; Supplemen-
tal Fig. S7), revealing functional features of monocytes.

In order to explore whether the CD19−CD11b+ popula-
tion could cause a malignant expansion generating a my-
eloid leukemia in vivo, we transduced leukemic pro-B
cells with either control- or C/EBPβ-encoding retrovirus,
cultivated the cells in vitro for 5 d, and transplanted sorted
CD19+CD11b− cells from the control and CD19−CD11b+

cells from the C/EBPβ-expressing cells. Three weeks to 4
wk after transplantation, the mice receiving the control
transduced cells developed signs of disease with expan-
sion of GFP+CD19+CD11b− leukemic pro-B cells in the
BM and spleens (Fig. 4F,G). GFP+ cells were rare or absent
in the spleens of mice transplanted with the converted
CD19−CD11b+ cells. Furthermore, the major part of the
GFP+ cells detected was CD19+CD11b− (Fig. 4F,G), argu-
ing against the converted cells being able to generate amy-
eloid-like leukemia in vivo.

This finding is in line with existing literature (Rapino
et al. 2013; McClellan et al. 2015); however, because C/
EBP proteins may act as tumor suppressors (Pabst et al.
2001; Nerlov 2004), continued ectopic expression of C/
EBP proteins from the retroviral insertionsmight counter-
act the formation of myeloid leukemia. In order to explore
this possibility, we took advantage of a C/EBPα retrovirus
carrying the protein fused to a tamoxifen (4-OHT)-respon-
sive estrogen receptor (ER) protein, allowing us to modu-
late the nuclear localization of the protein via the
addition of 4-OHT. The conversion process was totally de-
pendent on the addition of 4-OHT to the cultures (Fig. 5A,
B, left panel), and the retraction of the drug resulted in re-
duced in vitro expansion of the converted CD19−CD11b+

cells (Fig. 5B, right panel). Exploring changes in RNA

Figure 3. Extracellular Notch signals are sufficient to cause lin-
eage switch of leukemic pro-B cells to T-lineage cells. (A) Repre-
sentative FACS plots from TH-LN cultured with OP9 or OP9-
DL1 for 14 d. The percentages were calculated from total PI−

events. (B) qPCR analysis from TH tumor cells cocultured with
OP9 (CD19+ cells) or OP9-DL1 (CD19−Thy1.2+ cells) for 14
d. Each dot indicates a biological replicate analyzed by triplicate
qPCR reactions, and the color of the dot indicates one indepen-
dently generated tumor. Statistical analysis was performed using
unpaired Student’s t-test. Asterisks in the same color as the tu-
mor depicted in the figure indicates significance. (∗∗) P < 0.01;
(∗∗∗) P < 0.001; (∗∗∗∗) P < 0.0001. (C ) Representative FACS plot of
TH-LN619 cells after 14 d of in vitro differentiation on OP9-
DL1 displaying the percentage of cells (% of live events) positive,
negative, or double positive for CD44/CD25. (D) Diagrams dis-
playing expression of CD44 and CD25 analyzed by flow cytom-
etry in cells from four TH tumors. (Red) Tumor #327; (green)
tumor #381; (blue) tumor #383; (dark red) tumor #619. The per-
centage of the indicated cell type was calculated from the total
number of CD19−Thy1.2+KIT+ events. (E) Diagrams displaying
the percentage of the indicated populations out of PI− events af-
ter reseeding of either CD19−Thy1.2+ or CD19+Thy1.2+ cells on
OP9 or OP9-DL1 cells followed by coculture for 10 d. Each dot
indicates one culture, and statistical analysis was performed us-
ing Mann-Whitney U-test. (∗) P < 0.05; (∗∗) P < 0.01; (∗∗∗∗) P <
0.0001.
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expression patterns associated with the generation of
CD19− cells by unsupervised cluster analysis of RNA-
seq data from 4-OHT-treated control transduced (pMIG)
cells or cells transduced with the C/EBPα-ER-expressing
virus revealed that the latter clustered together with in vi-
tro differentiated normal CD11b+ cells rather than with

the normal CD19+ cells (Fig. 5C; Supplemental Tables
S1, S2). GO analysis identified genes associated with my-
eloid cell function among the genes with increased ex-
pression in the C/EBPα-ER-expressing cells (Fig. 5D;
Supplemental Table S5, while genes associated with B-
cell differentiation (GO: 0030183) and B-cell activation

Table 1. Extracellular Notch signals in Pax5+/− and TH pro-B leukemia cells cause lineage conversion from the pro-B-cell stage to
the early-T-cell stage in vitro

Population Tumor OP9 OP9-DL1 P-values

CD19+Thy1.2− LN-TH327 6.56%± 0.30% (n = 3) 1.02%± 0.97% (n = 4) 0.0053a

LN-TH381 4.50%± 0.48% (n = 10) 0.89%± 0.35% (n = 11) <0.0001b

LN-TH383 20.75%± 2.89% (n = 8) 2.05%± 0.82% (n = 8) <0.0001b

LN-TH484 8.70%± 0.05% (n = 4) 0.17%± 0.15% (n = 4) <0.0001b

LN-TH619 15.13%± 1.23% (n = 7) 0.2%± 0.54% (n = 9) <0.0001b

LN-TH683 37.37%± 0.08% (n = 4) 0.06%± 0.0% (n = 4) <0.0001b

LN-Pax5+/−233 53.79%± 2.67% (n = 5) 17.90%± 4.0% (n = 6) <0.0001b

LN-Pax5+/−369 50.24%± 0.21% (n = 3) 68.25%± 7.73% (n = 3) ns
LN-Pax5+/−434 62.25%± 0.07% (n = 3) ≤0.05% (n = 3) na
LN-Ebf1+/−294 83.89%± 0.92% (n = 3) 62.11%± 0.29% (n = 3) <0.0001b

LN-Ebf1+/−449 25.05%± 5.10% (n = 6) 9.29%± 2.89% (n = 5) 0.0319c

CD19+Thy1.2+ LN-TH327 9.41%± 0.56% (n = 3) 1.21%± 0.08% (n = 3) 0.0001d

LN-TH381 50.38%± 9.53% (n = 11) 5.97%± 2.29% (n = 11) 0.0002d

LN-TH383 67.14%± 1.72% (n = 8) 9.13%± 3.5% (n = 8) <0.0001b

LN-TH484 77.05%± 0.23% (n = 4) 0.07%± 0.05% (n = 4) <0.0001b

LN-TH619 77.00%± 3.17% (n = 7) 8.62%± 2.67% (n = 9) <0.0001b

LN-TH683 57.36%± 0.20% (n = 4) 0.15%± 0.03% (n = 4) <0.0001b

LN-Pax5+/−233 46.48%± 3.10% (n = 5) 83.46%± 3.92% (n = 6) <0.0001b

LN-Pax5+/−369 0.39%± 0.01% (n = 3) 5.47%± 1.88% (n = 3) ns
LN-Pax5+/−434 0.60%± 0.01% (n = 3) ≤0.05% (n = 3) na
LN-Ebf1+/−294 1.88%± 0.11% (n = 3) 36.49%± 4.13% (n = 3) <0.0001b

LN-Ebf1+/−449 77.84%± 4.63% (n = 6) 92.28%± 2.47% (n = 5) 0.0294c

CD19−Thy1.2+ LN-TH327 56.37%± 1.36% (n = 3) 95.20%± 1.50% (n = 3) <0.0001b

LN-TH381 25.98%± 3.34% (n = 11) 79.78%± 2.90% (n = 11) <0.0001b

LN-TH383 6.40%± 1.6% (n = 8) 69.36%± 8.2% (n = 8) <0.0001b

LN-TH484 7.88%± 0.12% (n = 4) 89.17%± 3.57% (n = 4) <0.0001b

LN-TH619 5.08%± 1.9% (n = 7) 81.03%± 2.82% (n = 9) <0.0001b

LN-TH683 3.52%± 0.10% (n = 4) 83.29%± 0.49% (n = 4) <0.0001b

LN-Pax5+/−233 1.11%± 0.20% (n = 5) 0.27%± 0.10% (n = 6) 0.0027a

LN-Pax5+/−369 ≤0.05% (n = 3) 17.16%± 7.99% (n = 3) na
LN-Pax5+/−434 1.51%± 0.0% (n = 3) 63.47%± 0.67% (n = 3) <0.0001b

LN-Ebf1+/−294 ND (n = 3) ≤0.05% (n = 3) na
LN-Ebf1+/−449 0.20%± 0.07% (n = 6) 0.13%± 0.03% (n = 5) ns

CD3+Thy1.2+ LN-TH327 0.46%± 0.15% (n = 3) 0.06%± 0.0% (n = 3) ns
LN-TH381 0.11%± 0.0% (n = 4) 0.18%± 0.08% (n = 11) ns
LN-TH383 0.16%± 0.07% (n = 11) 0.08%± 0.03% (n = 8) ns
LN-TH484 1.53%± 0.80% (n = 8) 0.50%± 0.29% (n = 4) ns
LN-TH619 ≤0.05% (n = 4) 0.53%± 0.16% (n = 9) na
LN-TH683 0.08%± 0.02% (n = 7) 0.09%± 0.0% (n = 4) ns
LN-Pax5+/−233 ≤0.05% (n = 5) ND (n = 6) na
LN-Pax5+/−369 ND (n = 3) ≤0.05% (n = 3) na
LN-Pax5+/−434 ≤0.05% (n = 3) 0.5%± 0.02% (n = 3) na
LN-Ebf1+/−294 ND ND na
LN-Ebf1+/−449 ≤0.05% (n = 6) ≤0.05% (n = 5) na

aP < 0.01.
bP < 0.0001.
cP < 0.05.
dP < 0.0005.
TH, Pax5+/−, or Ebf1+/− pro-B cells were in vitro differentiated for 14 d by culturing on either OP9 or OP9-DL1 stroma cells. The per-
centages of CD19+Thy1.2−, CD19+Thy1.2+, CD19−Thy1.2+, and CD3+Thy1.2+ (percentage of live) are indicated. All percentages were
calculated from the total number of live events. Statistical analysis was performed using unpaired Student’s t-test. (ND) nondetect-
able; (ns) nonsignificant; (na) not applicable (sample for which statistical analysis could not be performed).
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(GO: 0042113) were found among the down-regulated
genes (Supplemental Table S6).

Transplantation of pMIG transduced control cells and
C/EBPα-ER converted CD19−CD11b+ cells revealed that
while the control cells expanded as CD19+CD11b− cells,
we were unable to detect GFP+ cells in mice transplanted
with the C/EBPα-ER converted cells (Fig. 5E). Hence,
the lack of establishment of myeloid leukemia from con-
verted leukemic pro-B cells is unlikely to be a conse-
quence of tumor suppressor activity from the ectopically
expressed C/EBP proteins but rather is a consequence of
the leukemic state not being easily transferable between
a lymphoid lineage and a myeloid lineage in this model
system.

An easier transition of a leukemic state between lym-
phoid lineages could be a result of higher similarity
between the mutational landscapes in lymphoid malig-
nancies as compared with that of acute myeloid leukemia
(AML). To explore this possibility, we extracted the fre-
quency and abundance of mutated genes in human T-
ALL, B-ALL, AML, and ALAL from the COSMIC (Cata-
logue Of Somatic Mutations In Cancer) cancer gene cen-
sus database. Analyzing these data by unsupervised
cluster analysis (Fig. 5F) revealed that the AML samples

constituted a separate branch of the hierarchical tree
and that the lymphoidmalignancies displayed a higher de-
gree of similarity in the mutational landscape.

The conversion of leukemic pro-B cells into T or myeloid
lineages involves epigenetic changes associated with the
binding of lineage-specific transcription factors

To explore whether the phenotypic alterations observed
in the lineage conversion processes were reflected in
changes of the epigenetic landscape, we performed
ATAC-seq (assay for transposase-accessible chromatin
[ATAC] combined with sequencing) analysis of CD19+

pro-B tumor cells (tumors #619 and #381) converted into
either T-lineage cells or macrophages as well as of in vitro
differentiated nontransformed B, T, or CD11b+ myeloid
cells. Comparing the epigenetic landscape in the CD19+

control cells and the converted CD19− cells suggested
that the conversion process has a major impact on chro-
matin accessibility. The transition into a myeloid state
was reflected in increased accessibility at ∼3000 sites
and reduced accessibility at 6000 sites, and the conversion
into T-lineage cells increased accessibility at 2500 sites
and reduced accessibility at ∼16,000 sites (Fig. 6A). The

Figure 4. C/EBPβ expression in leukemic pro-B cells results in
lineage conversion into LPS-responsive monocytic cells but not
a myeloid leukemia. (A) Representative FACS plots from in vitro
differentiated TH-LN and wild-type pro-B cells transduced with
either C/EBPβ-pMIG or pMIG on OP9 coculture. The picture at
the bottom of the panel displays a May-Grunwald-Giemsa stain-
ing of leukemic pro-B cells converted into CD19−CD11b+ cells.
(B) Diagrams displaying the percentage of the indicated popula-
tion out of total GFP+ cells 5 d after transduction with C/EBPβ-
pMIG or pMIG. Each dot represents one well, and the cells used
are indicated by individual color. Statistical analysis was per-
formed using unpaired Student’s t-test. The asterisk in the
same color as the cell depicted in the figure indicates significance.
(∗) P < 0.05; (∗∗) P < 0.01; (∗∗∗∗) P < 0.0001. (C ) IgH VDJ recombina-
tion in genomic DNA from CD19+CD11b− (pMIG) and
CD19−CD11b+ (C/EBPβ-pMIG) of TH-LN377 analyzed by PCR
followed by Southern blot. Wild-type mouse tail DNA and BM
DNA were used as negative and positive controls, respectively.
(D) C/EBPβ-pMIG and pMIG transduced TH-LN cells were ana-
lyzed by qPCR after 5 d of in vitro differentiation. (ND) Nonde-
tectable. (E) qPCR analysis detecting the expression of the
indicated genes in in vitro differentiated cells (as in D) after 18
h of treatment with 100 ng/mL LPS. Each dot represents a biolog-
ical replicate analyzed by triplicate qPCR reactions, and the col-
ors indicate independently derived tumors. (ND) Nondetectable.
Statistical analysis was performed using unpaired Student’s t-
test. (∗∗∗) P < 0.001; (∗∗∗∗) P < 0.0001. (F ) Representative FACS
plot indicating the percentage of GFP+CD45.2+ cells of
CD19+CD11b− andCD19−CD11b+ in the BMofCD45.1 recipient
mice transplanted with pMIG or C/EBPβ-pMIG transduced TH-
LN (CD45.2 donor) cells. (G) Percentages of CD19+CD11b− and
CD19−CD11b+ cells (% of GFP+CD45.2+) from the spleens and
BM of transplanted mice were plotted. Each dot indicates one
mouse, and the color indicates tumor number as depicted in the
figure. Statistical analysis was performed using Mann-Whitney
U-test. (∗∗) P < 0.01; (ND) nondetectable.
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major parts of the sites were located in either intergenic or
intronic regions; however, T-lineage conversion involved
reduced access at almost 4000 promoters. Annotation of
the identified peaks to genes allowed us to match changes
in accessibility to changes in gene expression patterns, re-
vealing that a substantial part of the epigenetic changes
could be linked to significant changes in mRNA levels.
Over 50% of the genes up-regulated upon conversion
into myeloid cells and 80% of those displaying signifi-
cantly increased aswell as decreased expression upon con-
version into T-lineage could be annotated to changes in
accessibility (Fig. 6B). Even though we could see a higher
fraction of genes associated with regions of increased ac-
cessibility among the up-regulated genes and vice versa,
this correlation was not absolute.
Among the promoters with reduced accessibility upon

either T-lineage or myeloid conversion were several
known to regulate the expression of B-cell genes, including
Igll1 and Cd79a (Fig. 6C). Exploring the ATAC-seq peaks
at these promoters revealed a drastic reduction in accessi-
bility upon lineage conversion (Fig. 6C). Because EBF1 and

PAX5 are involved in the regulation of a large set of genes
defining the early B-lineage-restricted genetic program
(Zandi et al. 2008; Treiber et al. 2010; Gyory et al. 2012;
Vilagos et al. 2012), we explored the overall changes in
chromatin accessibility at EBF1-binding sites (GSE69227)
or PAX5-binding sites (GSE38046) as determined by
CHIP-seq (chromatin immunoprecipitation [ChIP] com-
bined with high-throughput sequencing) analysis of wild-
type mouse pro-B cells (Fig. 6D,E; Supplemental Table
S10–S13), revealing a significant decrease in accessibility
after lineage conversion.
The accessibility to the Il-1β promoter (Fig. 6C) ren-

dered responsive to LPS activation in the cells converted
into M-lineage cells (Fig. 4E; Supplemental Fig. S7) was

Figure 5. Reducedmalignantmyeloidpotential inconvertedpro-
B leukemia cells is not explained by sustained nuclear activity of
C/EBPα proteins. (A) Representative FACS plots from in vitro dif-
ferentiation of OP9 cultured TH -LN cells transduced with C/
EBPα-ER-pMIG or pMIG 5 d after transduction. (B) Diagrams dis-
playing the percentages of the indicated cell types out of PI−GFP+

cells after in vitro differentiation (as inA) of three different tumors
in the presence or absence of 4-OHT. Each dot represents a well
from cell culture. Statistical analysis was performed using un-
paired Student’s t-test. (∗) P < 0.05; (∗∗) P < 0.01; (∗∗∗∗) P < 0.0001;
(ND) nondetectable. The right panel displays the cellular content
of cultures when CD19+CD11b− from pMIG or CD19−CD11b+

fromC/EBPα-ER-MIG transduced cells was live-sorted after in vi-
tro differentiation for 5 d on OP9 stroma and further cultured ei-
ther with or without 4-OHT for another 5 d. Diagrams
displaying the percentages of the indicated cell types out of
PI−GFP+cells.Eachdot representsonewell, andthecolors indicate
different tumors. (C ) Heatmap displaying an unsupervised hierar-
chical clustering analysis of RNA-seq data from primary in vitro
differentiated CD11b+ cells or B cells as well as CD19+CD11b−

cells (pMIG transduced cells) and CD19−CD11b+ (CEBPα-ER-
pMIG transduced) tumor cells 5 d after transduction. Data were
normalized to 10millionmapped reads in log scale andwere visu-
alized by Java TreeView following hierarchical clustering in clus-
ter 3 (log transform, centering genes on mean, average linkage
cluster). (D) GO enrichment analysis of genes up-regulated or
down-regulated twofold or more with a statistic significance. P <
0.05. Significantly (P < 0.05) enriched (twofold or more) or impov-
erished (≤0.5-fold) annotations frombiological process are shown.
TheX-axis indicates the value of fold enrichment. Some terms as-
sociatedwithmyeloid cell development are highlighted. (E) FACS
analysis of the spleens and BM from mice transplanted with
CD19+CD11b− pMIG or CD19−CD11b+ C/EBPα-ER-pMIG trans-
duced TH-LN619 cells. Percentages of CD19+CD11b− (pMIG)
and CD19−CD11b+ (C/EBPα-ER-pMIG) of PI−CD45.2−GFP+ cells
wereplotted.Eachdot indicatesanindividual transplantedmouse.
(ND) Nondetectable. (F ) Heat map displaying the relationship in
mutational landscapes as estimated using data from the COSMIC
(Catalogue Of Somatic Mutations In Cancer) cancer gene census
database-reported mutations in B-ALL (n = 1303), T-ALL (n =
1846), acute myeloid leukemia (AML) (n = 26022), and ALAL (n
= 52). Genes with mutations less common than a frequency of
0.1%were excluded from the list. The remaining list ofmutations
in each tumor type was subjected to hierarchical clustering using
cluster 3 (log transform, center genes on mean, average linkage
clusteringof genes,andarrays) andwasvisualized inaheatmapus-
ing Java TreeView. Black indicates absent value.

B-lineage plasticity in leukemic disease

GENES & DEVELOPMENT 2493

 Cold Spring Harbor Laboratory Press on February 14, 2017 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.285536.116/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.285536.116/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.285536.116/-/DC1
http://genesdev.cshlp.org/
http://www.cshlpress.com


selectively increased in the M-converted cells, and the
accessibility to C/EBPα-binding sites (GSM537983)
(Heinz et al. 2010) revealed increased accessibility in

the CD11b+ as compared with the original B cells (Fig.
6E). Accessibility of the Gata3 promoter was decreased
in the M-converted cells but was high in the T-convert-
ed cells (Fig. 6C). However, accessibility in the original
tumor cells indicated that this gene is epigenetically
available in B-lineage progenitors. Matching ATAC-seq
data to ChIP-seq data of GATA3 binding in FLDN2b
T-cell progenitors (GSE31235) (Zhang et al. 2012b) re-
vealed a significantly increased epigenetic accessibility
in the T-cell as compared with the original B-cell tumors
(Fig. 6D). Hence, the conversion of pro-B tumor cells
into other lineages involves changes in the epigenetic
landscape.

In order to explore the progression of the conversion pro-
cess, we followed the formation of CD19− cells from
Ebf1+/−Pax5+/− B-lineage tumor cells. Both the T-lineage
andmyeloid conversion processes generated intermediate
states with combined expression of CD19 and Thy1.2 or
CD11b (Fig. 7A,D). The presence of these cells was most
prominent after 6 and 2 d, respectively, indicating that
they represent a transient cellular state. Analyzing RNA-
seq data from these intermediate stages by unsupervised
hierarchical cluster analysis suggested that their gene ex-
pression pattern displayed a higher overall similarity to
that of CD19+ B-cell progenitors than the fully converted
CD19− cells (Fig. 7B,E). However, exploring accessibility
at EBF1- and PAX5-binding sites suggested a reduced ac-
cessibility already in the biphenotypic cells (Fig. 7C,F).
This was accompanied by increased accessibility at C/
EBPα sites in theCD19+CD11b+ cells andGATA3-binding
sites in CD19+Thy1.2+ cells. The accessibility at TCF7
(TCF1) sites was not increased before the cells reached a
CD19−Thy1.2+ stage. Hence, even though we could ob-
serve minor changes in chromatin accessibility when
comparing normal nontransformed wild-type B-lineage
cells with their normal or transformed Ebf1+/−Pax5+/−

counterparts (Supplemental Fig. S8), the lineage conver-
sion process is reflected in additional major changes of
the epigenetic landscape.

Discussion

We report here that leukemic pro-B cells carrying a disrup-
tion in regulatory networks controlling lineage identity
display plasticity in response to either secondary genetic
events or signals in the microenvironment. The change
in lineage features involves genetic reprogramming and al-
terations in the epigenetic landscape, arguing that the ob-
servedprocesses are a result of genuine lineage conversion.
It has been reported that fluctuations in transcription fac-
tor dose in MYC-induced B-cell lymphoma results in phe-
notypic changes involving down-regulation of B-cell
markers and induced expression of myeloid markers
such as CD11b and F4/80 (Yu et al. 2003). Upon transplan-
tation of the converted cells, they generated mainly B-lin-
eage lymphoma, suggesting that the observed phenotype
was a transient cellular state (Yu et al. 2003). Even though
weobserved a similar phenomena transplanting B-cell leu-
kemia cells converted to M-lineage cells, we observed an

Figure 6. The conversion of leukemic pro-B cells into T or mye-
loid lineages involves epigenetic changes associated with the
binding of lineage-specific transcription factors. (A) Diagrams dis-
playing the genomic distribution of differential ATAC-seq peaks
in in vitro differentiatedTH-LN cells. SortedGFP+CD19+CD11b−

and GFP+CD19−CD11b+ from pMIG or C/EBPα-ER-pMIG trans-
duced cells treated with 4-OHT and CD19+Thy1.2+ and
CD19−Thy1.2+ populations after coculturing on OP9 or OP9-
DL1 stromal cells. (B) Diagrams displaying the link between
changes in mRNA levels (as estimated by RNA-seq analysis)
and changes in chromatin accessibility (as investigated by
ATAC-seq analysis). (C ) Peak tracks generated from BedGraph fi-
les of ATAC tag coverage inmerged duplicate samples created us-
ing HOMER and visualized on Igll1, CD79α, IL1β, and Gata3
genes using theUniversity of California at Santa Cruz (UCSC) ge-
nome browser (Kent et al. 2002). (D,E) ATAC tags were annotated
on peaks from ChIP-seq (chromatin immunoprecipitation [ChIP]
combined with high-throughput sequencing) data retrieved from
Gene Expression Omnibus (GEO) mapped to mm10 and reana-
lyzed for peak finding using HOMER (EBF1 [GSE69227], PAX5
[GSE38046], GATA3 [GSE31235], and C/EBPα [GSM537983]).
Box plots of log2 tags (means from duplicates) on these peaks
were quantified. Statistics was tested using one-way ANOVA
with Sidak’s multiple comparison test. Significant up-regulation
and down-regulation are shown with red and blue asterisks, re-
spectively; (∗) P < 0.05; (∗∗∗∗) P < 0.0001.
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apparentdelay in the expansionof leukemiacells (Figs. 4G,
5E) more in line with data suggesting that conversion of
the B-lineage cells to myeloid lineages reduces the malig-
nancy of the cells (Rapino et al. 2013; McClellan et al.
2015) in these experimental settings.
In leukemia patients, it is more common to find ALAL

with shared B and myeloid characteristics (Jennings and
Foon 1997; Craig and Foon 2008; Manola 2013), and the
dose of PAX5 has also been suggested to be involved in
the formation of biphenotypic leukemia, which is charac-
terized by a combined expression of B-lineage andmyeloid
lineage markers (Simmons et al. 2012). Even though this
would be well in line with the role for PAX5 in silencing
the myeloid program in B-cell progenitors (Nutt et al.
1999; Tagoh et al. 2006), we observed only a transient for-
mation of biphenotypic cells from the Pax5+/−Ebf1+/− pro-
B tumor cells (Figs. 4A,B, 5A,B, 7D), indicating that re-
duced dose as a consequence of loss of one Pax5 allele is
not sufficient to generate myeloid plasticity of bipheno-
typic cells.
It is interesting to note that B leukemia cells converted

intomacrophages not only silenced the B-lineage program

but also developed an ability to mount a robust response
to LPS. This would indicate that the cells had gained at
least some degree of functional maturation. This was in
contrast to what we observed for the B-lineage leukemia
cells converted into T-lineage cells. Even though these
cells down-regulated the B-lineage program, the cells ap-
peared unable to proceed in the differentiation pathway
to generate CD3+ cells. Despite the fact that the surface
phenotype of the converted cells was not completely com-
patible with any single defined normal differentiation
stage and was rather heterogeneous, the lack of CD3 on
the surface in combination with expression of KIT and
CD25 on the majority of cells suggests that they were ar-
rested in the DN2 stage (Rothenberg 2014; Yui and Roth-
enberg 2014). However, the cells did express low or
undetectable levels of CD44, amarker normally expressed
onDN2 cells. Even though this would be compatible with
the phenotype of DN2b cells (Rothenberg 2014; Yui and
Rothenberg 2014), the generated cells could not easily

Figure 7. Theconversionof B-ALLcells intoTormyeloid lineag-
es proceeds through a transient biphenotypic state. (A) Graph dis-
playing the percentage (% of PI−GFP+) of the indicated cells
generated fromaTH pro-B tumor (#683) after 2, 6, or 14 d of cocul-
ture on OP9 or OP9-DL1 stroma. Statistical analysis was per-
formed using unpaired Student’s t-test. (∗∗∗) P < 0.001; (∗∗∗∗) P <
0.0001. (B)Heatmapdisplayinganunsupervisedhierarchical clus-
tering analysis of RNA-seq data fromprimary in vitro differentiat-
ed B-cells, CD19+Thy1.2+ cells generated by cultivation of a TH
pro-B tumor (#683) on OP9-DL1 cells for 6 d, and CD19−Thy1.2+

cells generated after 6 or 14 d of incubation.Datawere normalized
to10millionmapped reads in log scale andwere visualizedby Java
TreeView following hierarchical clustering in cluster 3 (log trans-
form, centering genes on mean, average linkage cluster). (C ) Box
plots displaying the relative chromatin accessibility at EBF1-,
PAX5-, GATA3-, or TCF7-binding sites as assayed by ATAC-seq
analysis of the indicated cell types after 2, 6, and 14 d of incuba-
tion. ATAC tags were annotated on peaks from ChIP-seq data re-
trieved from GEO mapped to mm10 and reanalyzed for peak
finding using HOMER (EBF1 [GSE69227], PAX5 [GSE38046],
GATA3 [GSE31235], and TCF7 [TCF1] [GSE46662]). Box plots of
log2 tags (means from duplicates) on these peaks were quantified.
Statistics were tested using one-way ANOVAwith Sidak’s multi-
ple comparison test. Significant up-regulation and down-regula-
tion are shown with red and blue asterisks, respectively. (∗∗) P <
0.01; (∗∗∗) P < 0.001; (∗∗∗∗) P < 0.0001. (D) Graph displaying the per-
centage (% of PI−GFP+) of CD19+CD11b−, CD19+CD11b+, and
CD19−CD11b+ cells generated from a TH pro-B tumor (#683)
transduced with either control GFP virus or a virus encoding
CEBPα-ER 1, 2, or 5 d after the addition of 4-OHT. Statistical anal-
ysis was performed using unpaired Student’s t-test. (∗∗∗) P < 0.001;
(∗∗∗∗) P < 0.0001. (E) Heat map displaying an unsupervised hierar-
chical clustering analysis of RNA-seq data from primary in vitro
differentiated B cells and CD19+CD11b−, CD19+CD11b+, and
CD19−CD11b+ cells generated as in D and analyzed as in C. (F )
Box plots displaying the relative chromatin accessibility at
EBF1-binding, PAX5-binding, or CEBPα-binding (GSM537983)
sites as assayed by ATAC-seq analysis of CD19+CD11b−,
CD19+CD11b+, and CD19−CD11b+ generated as in D. ATAC
tags were annotated on peaks from ChIP-seq data retrieved from
GEO EBF1 (GSE69227), PAX5 (GSE38046), and C/EBPα
(GSM537983) and were analyzed as in C.
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be assigned to any single normal stage of development. In
any case, the relatively small amounts of CD3+ cells gen-
erated from the converted leukemia cells in vivo were in
sharp contrast to the massive generation of CD3+ cells af-
ter transplantation of nontransformed Pax5+/−Ebf1+/−

pro-B cells into Rag-1-deficient recipients (Ungerback
et al. 2015). The difference in differentiation capacity be-
tween the converted T and M cells could also be reflected
in their ability to generate a malignant expansion in the
transplanted hosts. Even though care always should be
taken in the interpretation of negative results, the inabil-
ity of theM-converted cells to expand in vivowas in sharp
contrast to the massive expansion of CD19−Thy1.2+ cells
that we observed in the T-lineage-converted cells. The pe-
ripheral expansion of these immature T-lineage cells
largely resembled what would be observed in a progenitor
T-cell leukemia, suggesting that the leukemic state can be
inherited from the B lineage to the T lineage. This would
be in line with the finding that several of the genes and
pathways, including IL-7 signaling, found modulated in
human B-ALL are also targeted in T-ALL (Mullighan
et al. 2009; Collins-Underwood and Mullighan 2010;
Zhang et al. 2011, 2012a; Roberts et al. 2012).

While our data provide evidence that a leukemic state
can be transferred between lymphoid lineages, it is diffi-
cult to estimatewhether and, if so, how frequently lineage
conversion processes are present in human leukemia.
Monosomy 5 or deletion of 5q [−5/del(5q)], harboring the
EBF1 gene (Milatovich et al. 1994), is found in both chil-
dren and adults with the B+T or M+T immunophenotype
(Manola 2013). Exploring the copy number status of PAX5
and EBF1 in a set of human T-ALL cell lines or primary
leukemia samples (Supplemental Fig. S9) revealed that
nine out of 17 cell lines and eight out of 67 primary T-
ALL samples displayed loss of one copy of either or both
of the genes. However, the deletions observed in the T-
ALL involves large regions of the chromosome, while
those detected in B-ALL often are smaller and more fo-
cused to the EBF1 or PAX5 genes (Mullighan et al.
2007). Furthermore, out of 118 human T-cell leukemias,
22% displayed recombination events in the IgH loci
(Szczepanski et al. 1999). The majority of these events
(61%) was monoallelic recombination events, but bial-
lelic DJ as well as some rare VDJ recombination events
could also be detected. Even though IgH recombination,
especially the earliest event involving DJ recombination,
can be detected also in a fraction of the normal T cells,
and the genetic loss of PAX5 and EBF1 is part of larger de-
letions, this supports a close relationship between lym-
phoid leukemias as well as the possibility of transfer
between states in human disease.

The finding that B-cell tumor-derived T-lineage cells
can be detected in the thymi of transplanted mice (Fig.
2B), while such cells are not detected in the BMor spleens,
should be considered in light of the fact that leukemia
treatment is progressing from general cytotoxic treatment
that targets all hematopoietic cells into more restricted
drugs targeting, for instance, a lineage-specific surface
marker (Jabbour et al. 2015; Maude et al. 2015). This is a
most welcome development, since it drastically reduces

the side effects of the treatment; however, in a scenario
in which a B-ALL has generated a small fraction of leuke-
mic cells of another lineage, these may escape treatment
to cause recurrent disease with a different phenotype.
This may be an underlying explanation for the observa-
tion that a large fraction of patients experiences relapse
with CD19− leukemia after treatment with CAR cells tar-
geting CD19 on the B-ALL cell surface (Park et al. 2016).
This problem is just beginning to be explored, and, in
the few cases described, the relapses appear to involve
the expansion of myeloid cells in one of the cases with
clear relation to the original B-ALL (Gardner et al. 2016).
Even though conversion into myeloid malignancies is
not fully in line with our observations, the finding that
the AML-like disease develops rapidly (Gardner et al.
2016) indicates that this is the consequence of expansion
of existing lineage-converted subclones, well in line with
our idea that a tumor clone may not be fully restricted to
one lineage.

In all, we report here on the plastic nature of primary B-
lineage leukemia cells and show that it is possible to
transfer a leukemic state between lymphoid lineages.
Even though it is difficult to estimate howmuch this plas-
ticity may impact human leukemia, it is becoming in-
creasingly clear that the same regulatory pathways that
regulate lineage identity are also involved in malignant
transformation. Hence, we may need to reconsider our
thinking about leukemia as a disease with a defined and
fixed lineage.

Materials and methods

Animal models

Pax5+/− (Urbáneket al. 1994) orEbf1+/− (Lin andGrosschedl 1995)
cells were all on a C57BL/6 (CD45.2) background, whereas the
control animals used in transplantation were on C57BL/6
(CD45.1). Pax5+/− and Ebf1+/− mice were crossed to generate
transheterozygotes for Pax5+/−Ebf1+/−. Animal procedures were
performed with consent from the local ethics committee at Lin-
köping University (Linköping, Sweden).

Cell culture

Normal lineage-negative Sca1+Kit+ cells or LN pro-B cells (Lin−

CD11b,Gr1, Ter119, andCD11c)NK1.1−IgM−CD3−CD19+CD43+

were sorted and expanded in vitro by coculture on OP9 or OP9-
DL1 stroma cells (Schmitt and Zuniga-Pflucker 2002) using Opti-
MEM supplemented with 10% heat-inactivated fetal calf serum,
25mMHEPES, 50 µg/mL gentamicin, 50 µM β-mercaptoethanol,
10 ng/mL KIT ligand, 10 ng/mL Fms-like tyrosine kinase 3 ligand
(FLT3L), and 10 ng/mL interleukin-7. Differentiation and trans-
duction experiments were performed as detailed in the Supple-
mental Material.

FACS staining

FACS analysis was performed as in Ungerback et al. (2015). For
details about antibodies and methods, see the Supplemental
Material.
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RNA-seq and data analysis

Total RNA was isolated from control CD19+ LN cells (pMIG),
converted CD11b+ cells (C/EBPα-ER-pMIG), Thy1.2+ cells
(ICN1-pMIG), and cells cultured on OP9 or OP9-DL1, and librar-
ies were constructed using NuGEN’s Ovation Ultralow library
systems (NuGEN Technologies) and subsequently subjected to
76 cycles of NextSeq500 sequencing (Illumina). Each biological
sample was processed and sequenced in duplicate or triplicate.
For analysis of RNA-seq experiments, the reads were aligned to
mouse reference genome (mm10/GRCm38) and analyzed using
the HOMER platform. For details about sequencing and analysis,
see the Supplemental Material. Gene lists (twofold up-regulated
or down-regulated in converted cells, with a statistical signifi-
cance P < 0.05) fromRNA-seq experiments were uploaded to Pan-
ther Overrepresentation Test (release 2016/7/15; http
://geneontology.org), and enrichment analyses were run with
theGOdatabase (released on September 24, 2016).Musmusculus
genes from the database (22,322 genes) were used as references.

PCR and RT–PCR

qPCR analysis of sorted cells was performed as described previ-
ously (Mansson et al. 2008) using Assays-on-Demand probes.
The TCRβ VDJ and DJ assays were adopted from Hamrouni
et al. (2003), and the recombination events were quantified by
real-time qPCR using FastStart Universal SYBR Green Master
(ROX, Roche). Ig VDJ analyses were performed as in Schlissel
et al. (1991). The obtained PCR products were further analyzed
by Southern blot, and the correct products were detected by hy-
bridization to a 32P-labeled internal J3 oligonucleotide. For de-
tails, see the Supplemental Material.

Transplantation procedures

Adoptive transferswere performed by tail vein injection.Nonirra-
diatedCD45.1 animalswere transplantedwith∼250,000 LNcells
transduced with retrovirus for either ICN1-pMIG or pMIG for
pro-B-to-T-cell experiments. For pro-B-to-myeloid experiments,
100,000 CD19−CD11b+ from C/EBPβ-pMIG/C/EBPα-ER-pMIG
cells or CD19+CD11b− from pMIG transduced cells were trans-
planted into nonirradiated CD45.1 hosts.

ATAC-seq

Eighty-thousand cells from the cultures of CD19+ LN cells on
OP9 or OP9-DL1 and control pMIG, C/EBPα-ER-pMIG, or
ICN1-pMIG transduced CD19+ LN cells were washed in ice-
cold PBS prior to ATAC-seq library preparation as described in
Buenrostro et al. (2013). Libraries were single-end-sequenced on
a NexSeq500. Each biological sample was processed for ATAC-
seq and sequenced in triplicate. The data were mapped to
mm10 using tag directories with reads mapped to the mitochon-
drial chromosome filtered out, and University of California at
Santa Cruz (UCSC) BedGraph files normalized to 10million total
mapped reads were created using the HOMER platform (Heinz
et al. 2010). ATAC-seq peaks were identified using findPeaks.pl
in HOMER (Heinz et al. 2010). Published ChIP-seq data of
EBF1-ChIP in pro-B cells (GSE69227), PAX5 (GSE38046) and
GATA3-ChIP in T-cell progenitors (FLND2b; GSE31235), and
TCF7 (TCF1; GSE46662) and C/EBPα-ChIP in thioglycolate-elic-
ited macrophages (GSM537983) were retrieved from Gene Ex-
pression Omnibus (GEO) and remapped to mm10 using
Bowtie2, and peaks were identified using HOMER with the -fac-
tor setting. Abundance of ATAC tags on the ChIP-seq peaks was

analyzed in HOMER using the annotatePeaks command. For de-
tails, see the Supplemental Material.

Mutation analysis of human tumors

To explore the relationship in mutational landscapes, reported
mutations in B-ALL, T-ALL, AML, and ALAL were extracted
from the COSMIC cancer gene census database. Mutation fre-
quency per reported tumor (AML, n = 26022; T-ALL, n = 1846;
B-ALL, n = 1303; and ALAL, n = 52) was calculated. Genes with
mutations less common than a frequency of 0.1% were excluded
from the list. Themutation frequencies of the remaining genes in
B-ALL, T-ALL, AML, and ALAL were subjected to hierarchical
clustering using cluster 3 and were visualized in a heat map using
Java TreeView. For details, see the Supplemental Material.
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