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Abstract

PAXS5 is a tumor suppressor in B-ALL, while the role of PAXS fusion
proteins in B-ALL development is largely unknown. Here, we stud-
ied the function of PAX5-ETV6 and PAX5-FOXP1 in mice expressing
these proteins from the Pax5 locus. Both proteins arrested B-
lymphopoiesis at the pro-B to pre-B-cell transition and, contrary to
their proposed dominant-negative role, did not interfere with the
expression of most regulated Pax5 target genes. Pax5-Etv6, but not
Pax5-Foxpl, cooperated with loss of the Cdkna2a/b tumor suppres-
sors in promoting B-ALL development. Regulated Pax5-Etv6 target
genes identified in these B-ALLs encode proteins implicated in pre-
B-cell receptor (BCR) signaling and migration/adhesion, which
could contribute to the proliferation, survival, and tissue infiltra-
tion of leukemic B cells. Together with similar observations made
in human PAX5-ETV6* B-ALLs, these data identified PAX5-ETV6 as a
potent oncoprotein that drives B-cell leukemia development.
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Introduction

The transcription factor Pax5 is an essential regulator of B-cell
commitment and development, which is exclusively expressed in
the B-lymphoid lineage of the hematopoietic system (Nutt et al,
1999; Horcher et al, 2001; Medvedovic et al, 2011). Pax5 acts as a
transcriptional repressor to suppress B-lineage-inappropriate genes

(Delogu et al, 2006) and functions as an activator to induce gene
expression required for B-cell development and function (Schebesta
et al, 2007; Revilla-i-Domingo et al, 2012). Notably, mature B cells
undergoing complete loss of Pax5 dedifferentiate to uncommitted
progenitor cells and give rise to an aggressive progenitor cell
leukemia, demonstrating that Pax5 maintains B-cell identity
throughout B-lymphopoiesis and functions as a tumor suppressor in
the B-lymphoid lineage (Cobaleda et al, 2007).

PAXS was identified as a haploinsufficient tumor suppressor
gene in human B-cell precursor acute lymphoblastic leukemia (B-
ALL), as heterozygous deletions and loss-of-function mutations are
present in one-third of all B-ALLs (Mullighan et al, 2007). In mouse
models, Pax5 heterozygosity cooperates with constitutive activation
of STATS, JAK1, or JAK3 in promoting B-ALL development, which
demonstrated that Pax5 functions as a haploinsufficient tumor
suppressor in leukemogenesis (Heltemes-Harris et al, 2011; Dang
et al, 2015). Importantly, these mouse B-ALL tumors require contin-
uous Pax5 deficiency for their maintenance, as restoration of normal
Pax5 expression allows the leukemic cells to further differentiate
along the B-cell pathway, leading to disease remission (Liu et al,
2014). Hence, heterozygous loss of the tumor suppressor Pax5
contributes to B-ALL development, at least in part, by arresting
B-cell development in the oncogenic tumor setting.

PAXS translocations occur at a frequency of 2-3% in human
B-ALLs and involve several fusion partner genes, generating novel
chimeric PAXS transcription factors (Nebral et al, 2009; Coyaud
et al, 2010). All PAXS fusion proteins contain the N-terminal DNA-
binding paired domain of PAXS5 and lack C-terminal PAXS
sequences including the potent transactivation domain (Nebral
et al, 2009; Coyaud et al, 2010). PAXS fusion proteins are able to
interact with Pax5-binding sites at target genes, but may possess
different transcriptional activities depending on the C-terminal
sequences provided by their partner proteins. PAX5-ETV6 was iden-
tified as the first and most frequently described PAXS translocation,
which fuses the PAXS5 paired domain to almost the entire ETV6 tran-
scription factor (Cazzaniga et al, 2001). Although detected in fewer
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B-ALL cases, PAXS5-FOXPI is also a recurrent translocation that links
the N-terminal PAX5 sequences to almost the whole FOXP1 tran-
scription factor (Mullighan et al, 2007; Coyaud et al, 2010).
Chimeric PAXS fusion proteins are complex multidomain transcrip-
tion factors, as exemplified by PAX5-ETV6 and PAX5-FOXP1. Both
proteins contain a second DNA-binding domain (Ets domain of
ETVG6 or forkhead domain of FOXP1) as well as an oligomerization
motif (pointed domain of ETV6 or coiled-coil domain of FOXP1)
(Cazzaniga et al, 2001; Mullighan et al, 2007). Consequently, PAXS-
ETV6 and other PAXS fusion proteins were shown to oligomerize
(Kawamata et al, 2012; Fortschegger et al, 2014). Notably, several
PAXS fusion proteins, including PAX5-ETV6 and PAX5-FOXPI, are
able to inhibit the transcriptional activity of wild-type PAXS5 in tran-
sient transfection assays (Bousquet et al, 2007; Mullighan et al,
2007; Kurahashi et al, 2011; Kawamata et al, 2012). Hence, these
chimeric PAXS transcription factors are thought to act as dominant-
negative proteins to interfere with the function of PAXS that is
expressed from the retained wild-type allele. The function of PAX5-
ETV6 was further investigated by retroviral overexpression in
cultured mouse pro-B cells, which resulted in moderate expression
changes of some B-cell-specific genes, suggesting a role for PAXS5-
ETVG6 in controlling cell survival and oncogenic STATS signaling
(Fazio et al, 2008, 2013; Cazzaniga et al, 2015). However, this over-
expression system could neither recapitulate the correct relative
expression levels of PAXS-ETV6 and PAXS5 seen in B-ALL nor
provide information about the developmental and oncogenic func-
tion of PAX5-ETV6. Hence, little is known to date about the role of
PAXS fusion proteins in B-ALL development.

Here, we have generated two mouse models that express PAXS-
ETV6 or PAXS5-FOXP1 under the control of the Pax5S locus. By
analyzing the Pax5""®* and Pax5"**'/* mice, we could demon-
strate that Pax5-Etv6 and Pax5-Foxpl impaired B-cell development
already at the pro-B to pre-B-cell transition, but did not interfere
with the expression of most regulated Pax5 target genes. Heterozy-
gous loss of the Cdkn2a/b tumor suppressor locus cooperated with
Pax5-Etv6, but not with Pax5-Foxpl, in promoting B-ALL develop-
ment in Cdkn2ab*’/~ Pax5™* mice. The identification of regu-
lated Pax5-Etv6 target genes revealed several Pax5-Etve-controlled
pathways, including pre-B-cell receptor (pre-BCR) signaling and
migration/adhesion, which likely contributed to the proliferation,
survival, and tissue infiltration of the leukemic B cells. Moreover,
several of these target genes were similarly regulated in human
PAX5-ETV6™ B-ALLs. Hence, these data provided novel insight into
the molecular role of PAX5-ETV6 as potent oncoprotein in driving
B-ALL development.

Results
Normal B-cell development in heterozygous Pax5 mutant mice

As Pax5 is an essential regulator of B-cell development (Medvedovic
et al, 2011) and PAXS heterozygosity is frequently associated with
human B-ALL (Mullighan et al, 2007), it is assumed that inactiva-
tion of one PAXS allele contributes to leukemia formation by induc-
ing a B-cell developmental arrest. To test this hypothesis, we
compared B-cell development in Pax5*/* and Pax5*/~ mice by
flow cytometry. As shown in Fig 1A, similar numbers of each B-cell
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type were present in the bone marrow and spleen of Pax5*/" and

Pax5*/~ mice. As competitive bone marrow transplantation is best
suited for detecting minor differences in the developmental fitness
of competing cells, we reconstituted lethally irradiated Pax5*/*
(Ly5.1) mice with a 1:1 mixture of Pax5*/~ (Ly5.2) and Pax5*/"*
(Ly5.1) bone marrow cells. Flow cytometric analysis of the bone
marrow of a chimeric mouse 12 weeks after transplantation demon-
strated that short-lived granulocytes, reflecting the activity of
hematopoietic stem cells, consisted of 59% Pax5*/~ and 39%
Pax5*/* cells and that this ratio was minimally increased in favor
of the Pax5"/~ genotype in pre-B and immature B cells (Fig 1B).
Analysis of four reconstituted mice revealed that the average ratio
of the two genotypes was close to 50% for granulocytes, macro-
phages, and the different B-cell subsets analyzed (Fig 1C). RNA-
sequencing (RNA-seq) comparison of ex vivo sorted Pax5*/" and
Pax5™"/~ pro-B cells furthermore revealed only one upregulated and
16 downregulated genes in Pax5*/~ pro-B cells (Fig 1D and
Appendix Fig S1A). Nine of these genes were previously identified
as direct Pax5 target genes (Revilla-i-Domingo et al, 2012), thus
indicating that these target genes were already deregulated in
response to a twofold reduction of Pax5 expression (Appendix Fig
S1A). In summary, we conclude that heterozygous loss of Pax5
expression does not impair B-cell development under steady-state
conditions in the mouse.

Impaired B-cell development in Pax55t'%’* and Pax5"°**** mice

We next established mouse models for studying the role of the
PAX5-ETV6 and PAXS5-FOXP1 fusion proteins in B-ALL develop-
ment. To recapitulate the corresponding human translocations as
closely as possible, we inserted human cDNA sequences, starting in
exon 4 and encoding the remaining PAX5-ETV6 or PAX5-FOXP1
protein, in frame into exon 4 of the mouse Pax5 locus to generate
the Pax5PV° and Pax5™*P! knock-in alleles (Fig 2A, and
Appendix Fig S2A and B). We furthermore inserted a stop codon
together with an IRES-luciferase indicator gene into Pax5S exon 4 to
create the Pax5™™ allele expressing only the DNA-binding paired
domain (Prd) of Pax5 (Fig 2A and Appendix Fig S2C). Importantly,
all three alleles were designed to express their Pax5 fusion or Prd
protein under the control of the endogenous Pax5 promoter and B-
cell-specific enhancer (Decker et al, 2009) similar to human PAXS
translocations. Immunoblot analysis of nuclear extracts with a Pax5
paired domain-specific antibody indeed revealed that the Pax5%v¢/*
PaxSTO*PV* and Pax5T™" pro-B cells expressed the Pax5-Etvé,
Pax5-Foxpl, or Prd protein at the same level as wild-type Pax5
(Fig 2B).

Notably, B-lymphopoiesis was normal in the bone marrow and
spleen of Pax5”™"* mice (Fig 2C) similar to Pax5*/~ mice (Fig 1). In
marked contrast, B-cell development was strongly impaired in
PaxsHve/* SPOXPI/* mice (Fig 2C). Other hematopoietic cell
types were, however, present in normal numbers in the bone marrow
and thymus of Pax5"™¥%* and Pax5"*®"/* mice (Appendix Fig S2G),
which is consistent with the B-cell-specific expression of both knock-
in alleles under the control of the Pax5 locus (Appendix Fig S2A and
B). Splenic B-cell subsets were almost completely absent in
Pax5¥**'/* mice, while transitional and mature B cells were strongly
diminished in the spleen of Pax5™™®* mice (Fig 2C). In the bone
marrow, small pre-B, immature, recirculating, and total B cells were
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Figure 1. Normal B-cell development in heterozygous Pax5 mutant mice.

A Absolute cell numbers of the indicated cell types were determined by flow cytometric analysis of the bone marrow and spleen from 6-week-old Pax5*"* and Pax5*'~
mice (n = 5 per genotype) on the C57BL/6 background. Data are presented as average cell number with SEM. Imm, immature; Trans, transitional; Mat, mature; Rec,
recirculating. See Materials and Methods for flow cytometric definition of the different cell types.

B Competitive bone marrow transplantation. Lethally irradiated Pax5*/* (Ly5.1) mice were reconstituted with a 1:1 mixture of bone marrow cells from Pax5*~ (Ly5.2)
and Pax5*'* (Ly5.1) mice. Granulocytes (Gran), pre-B, and immature B cells in the bone marrow of a chimeric mouse were analyzed by flow cytometry 12 weeks after
injection.

C The relative contribution of cells of the Pax5*/~ (Ly5.2) and Pax5** (Ly5.1) genotype to the development of the indicated cell types was determined by flow cytometric
analysis of the bone marrow from four chimeric mice 12 weeks after injection. Data are represented as average percentage with SEM. The relative frequency of the
Pax5*/* and Pax5*/~ B lymphocytes at the indicated developmental stages was not significantly different (P > 0.1), as demonstrated by two-way analysis of variance
(ANOVA). Md, macrophage.

D Scatter plot of gene expression differences between ex vivo sorted Pax5*/* and Pax5*~ pro-B cells, based on two (Pax5*/*) or three (Pax5*/~) independent RNA-seq
experiments. The normalized expression data of individual genes (indicated by dots) were plotted as RPM values. Genes with an expression difference of > threefold,
an adjusted P-value of < 0.05 (DESeq2), and a TPM value of > 5 (in one of the two cell types) are colored in blue or red. RPM, reads per gene per million mapped
sequence reads. TPM, transcripts per million (Wagner et al, 2012). As revealed by RNA-seq analysis, the Pax5 mRNA was expressed in Pax5*/~ pro-B cells at 58% of the
MRNA level observed in Pax5** pro-B cells.
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Figure 2. Impaired B-cell development in Pax55™"®/* and Pax5F*P*/* mice.

A

Schematic diagram of the Pax55®, Pax57*P* and Pax5"™ alleles. Human cDNA sequences, starting in exon 4 and encoding the remaining PAX5-ETV6 or PAX5-FOXP1
protein, were inserted in frame into exon 4 of the mouse Pax5 locus to generate the Pax55® and Pax57 > knock-in alleles (Appendix Fig S2A and B). The first and
last exons encoding the human ETV6 and FOXP1 cDNA are indicated. Notably, the human and mouse Pax5 protein sequences encoded from exon 1 to exon 6 contain
only one amino acid substitution (human Serl3 to mouse lle13), which is present upstream of the paired domain (first functional domain of Pax5) in the very N-
terminal sequence encoded by exon 1 (Adams et al, 1992). The Pax5"™ allele was generated by insertion of a stop codon together with an IRES-luciferase indicator
gene into Pax5 exon 4 (Appendix Fig S2C). The C-terminal tag sequence (in black) contains an epitope for the V5 antibody, two cleavage sites for the TEV protease,
and a biotin acceptor sequence (Biotin). A black oval denotes the B-cell-specific enhancer (En) in intron 5 (Decker et al, 2009).

Expression of Pax5 proteins in Pax5™*, Pax55™®"*, Pax5F>®Y+ and Pax5”"¥/* pro-B cells. Nuclear extracts prepared from short-term cultured pro-B cells of the
indicated genotypes were analyzed by immunoblotting with a Pax5 antibody recognizing the N-terminal Prd domain. The size of marker proteins is indicated in
kilodaltons (kDa) to the left. Weak bands represent potential degradation products.

B-cell development in Pax5*"*, Pax5"¥/*, Pax55%"* and Pax5™**Y* mice. Absolute cell numbers were determined for the indicated cell types by flow cytometric
analysis of the bone marrow and spleen from 6-week-old mice of the indicated genotypes (n = 5 per genotype). Data are represented as average cell number with
SEM and were analyzed by the Student’s t-test; *P < 0.05, **P < 0.01, ***P < 0.001. For abbreviations, see Fig 1A.

Source data are available online for this figure.

strongly reduced in both knock-in mice (Fig 2C). Moreover, the large
pre-B cells expressing the pre-BCR were also decreased in Pax5="®/*
and Pax5™**Y* mice, whereas pro-B cells were moderately
increased. Together, these data demonstrate that both Pax5 fusion
proteins arrest B-cell development at the transition from pro-B to
pre-B cells. This B-cell developmental defect is furthermore caused
by the fusion partner rather than solely by the Pax5 paired domain.

Gene regulation by Pax5-Etv6 and Pax5-Foxp1l in pro-B cells
To gain insight into the function of Pax5-Etv6 and Pax5-Foxpl in

early B-cell development, we compared sorted Pax5*/* pro-B
cells with Pax5™¥™", Pax5®V*, or PaxS™*Y* pro-B cells

© 2017 The Authors

(Appendix Fig S3A) by RNA-seq. Differentially expressed genes
were identified in all RNA-seq comparisons, if they revealed an
expression difference of > threefold, an adjusted P-value of < 0.05
and a TPM value of >5 in one of the two cell populations.
Consistent with normal B-cell development in Pax5™* mice,
only two genes were upregulated and 10 genes were downregu-
lated in Pax5"™* pro-B cells (Fig 3A and Appendix Fig S1B).
Moreover, eight of these genes were similarly downregulated also
in Pax5*/~ pro-B cells (Appendix Fig S1A), indicating that the
Pax5™? allele behaves like a Pax5 null allele. In contrast, the
Pax5-Etv6 protein activated 76 genes and repressed 70 genes in
Pax5™™" pro-B cells (Fig 3B and Table EV1). Notably, Pax5-
Foxpl activated a similar number of genes (100), but repressed
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three times more genes (213) compared to Pax5-Etv6 (Fig 3C and
Table EV1), which could explain the stronger B-cell developmen-
tal defect observed in Pax5"™*P'* mice (Fig 2C). The overlap of
activated (24) or repressed (36) genes was relatively small for
Pax5-Etv6 and Pax5-Foxpl (Fig 3D), indicating that the two fusion
proteins predominantly regulated different gene sets.

Pax5 fusion proteins are thought to act as dominant-negative
proteins to interfere with the wild-type function of Pax5 in B cells
(Bousquet et al, 2007; Mullighan et al, 2007; Kurahashi et al,
2011; Kawamata et al, 2012). To test this hypothesis, we deter-
mined the overlap of the Pax5-Etv6-repressed genes with the
previously identified activated Pax5 target genes in pro-B cells
(Revilla-i-Domingo et al, 2012). This analysis revealed that only
28 activated Pax5 target genes were repressed by Pax5-Etv6 in
pro-B cells, as exemplified by the Bfsp2, Grb7, Lpcat2, Map7, and
Uchll genes (Fig 3E). The vast majority (234) of the activated
Pax5 target genes was, however, not affected by Pax5-Etv6, as
shown by the normal expression of Nedd9, Nkd2, Otub2, Slamf7,
and Tmem243 in wild-type and Pax5™®* pro-B cells (Fig 3E).
Likewise, only 27 of the repressed Pax5 target genes (Revilla-i-
Domingo et al, 2012) were activated by Pax5-Etv6 in pro-B cells,
as indicated by Flt3, Rassf4, S1pr3, Spns2, and Spryl (Fig 3F). By
contrast, 317 repressed Pax5 target genes were not activated in
PaxS™ " pro-B cells, as illustrated by Cenpv, Cxcr3, Hnflb,
Itgb3, and Prssi6 (Fig 3F).

A similar situation was observed for Pax5-Foxpl, which
repressed 54 of all 262 activated Pax5 target genes and activated
only 21 of all 344 repressed Pax5 target genes in Pax5"**'* pro-
B cells (Appendix Fig S3C and D). Notably, 15 activated Pax5
target genes, exemplified by Grb7, Lpcat2, and Map7, were simi-
larly repressed by Pax5-Etv6 and Pax5-Foxpl, whereas other acti-
vated Pax5 target genes were repressed only by Pax5-Etv6 (Bfsp2,
Uchll) or Pax5-Foxpl (Otub2, Nkd2) in pro-B cells (Fig 3E and
Appendix Fig S3C). Likewise, 11 repressed Pax5 target genes were
similarly activated by Pax5-Etv6 and Pax5-Foxpl, as shown for
Flt3 and Spns2, whereas other repressed Pax5 target genes were
only activated by Pax5-Etv6 (Rassf4, Sipr3, Spryl) or Pax5-Foxpl
(Cybb, Gpr97, Semabd) in pro-B cells (Fig 3F and Appendix Fig
S3D). In summary, these data demonstrate that Pax5-Etv6 and
Pax5-Foxpl largely regulate different genes in pro-B cells and do
not generally function as dominant-negative proteins to antago-
nize the normal function of Pax5.

Pax5-Etv6 binds to active promoters and enhancers

To investigate the genome-wide binding of the Pax5-Etv6 and Prd
proteins in pro-B cells, we additionally inserted a C-terminal biotin
acceptor sequence at the last codon of these proteins in the respec-
tive knock-in allele, thus allowing discrimination of the tagged
protein from the co-expressed full-length Pax5 protein
(Appendix Fig S2A-C). Notably, the Escherichia coli biotin ligase
BirA efficiently biotinylated the Pax5-Etv6 and Prd proteins in
Pax5™%* Rosa26®™/* and Pax5™Y* Rosa26®™* pro-B cells,
which facilitated streptavidin-mediated pull-down of the two
proteins in contrast to the co-expressed Pax5 protein (Appendix Fig
S2E and F). The Pax5-Foxpl protein was, however, not biotinylated
in PaxSTO*PY* Rosa26®™* pro-B cells (data not shown), possibly
because the C-terminal tag sequences may be located inside of a
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Pax5-Foxpl protein complex, thus preventing access for the ligase
BirA. In vitro cultured Pax5™™®* Rosa26™™/* and Pax5™™¥/*
Rosa26®™/* pro-B cells were analyzed by streptavidin-mediated
chromatin precipitation coupled with deep sequencing (Bio-ChIP-
seq) (Revilla-i-Domingo et al, 2012). Peak calling with a stringent
P-value of < 10~ '° identified 30,604 Pax5-Etv6 peaks and 12,768 Prd
peaks compared to the 24,947 Pax5 peaks that were previously iden-
tified by Bio-ChIP-seq of Pax5®/®° pro-B cells (Revilla-i-Domingo
et al, 2012). Multiple overlap analysis revealed distinct binding
patterns for the different Pax5 proteins, as illustrated by a Venn
diagram, heat maps, and density diagrams (Fig 4A and B) as well as
by protein binding at individual target genes (Fig 4D). Whereas
about half of all Pax5-Etv6 peaks (16,537; sectors a, b) were also
bound by Pax5, there was a relatively large fraction of unique Pax5-
Etv6 peaks (12,200; sector g) and unique Pax5 peaks (5,041; sector
f). This binding pattern was confirmed by analysis of the 300 top-
ranked peaks with the de novo motif-discovery program MEME-ChIP
(Machanick & Bailey, 2011), which identified only the Ets motif in
the unique Pax5-Etv6 peaks (sector g) and only the Pax5 motif in
the unique Pax5 peaks (sector f) in contrast to the presence of both
motifs in the common binding sites of Pax5-Etv6 and Pax5 (sectors
a, b) (data not shown). Notably, the Prd protein mainly bound to a
subset of the Pax5 peaks (8,047; sectors a, d), indicating that Prd
failed to compete with full-length Pax5 for binding to a large class of
Pax5-binding sites (16,184; sectors b, f) in Pax5"d/ pro-B cells.

We next addressed the question whether the full-length Pax5
protein, which is expressed from the wild-type allele in Pax5%V®/*
pro-B cells, is still able to interact with its binding sites in the pres-
ence of Pax5-Etv6. For this purpose, we performed ChIP-seq analysis
of full-length Pax5 in Pax5™®" pro-B cells by using an anti-Pax5
antibody recognizing the central and C-terminal Pax5 sequences that
are absent in the Pax5-Etv6 protein. As shown in Fig 4C, Pax5 could
bind to the same sites (sectors a, b) as Pax5-Etv6 either on the
second allele in the same Pax5™"® ™ pro-B cells or in separate pro-B
cells, indicating that full-length Pax5, in contrast to the Prd protein,
can efficiently compete with Pax5-Etv6 for binding sites.

We subsequently analyzed the chromatin state at the Pax5-Etv6,
Pax5, and Prd peaks based on the chromatin landscape of pro-B
cells that we previously determined by profiling of active and
repressive histone marks and mapping of DNase I hypersensitive
(DHS) sites (Revilla-i-Domingo et al, 2012). As shown in
Appendix Fig S4A, Pax5-Etv6 primarily bound to sites of open chro-
matin (DHS) containing active histone modifications (H3K4me2,
H3K9ac, H3K27ac; sectors a-c, g), whereas these active marks as
well as the repressive H3K27me3 modification were largely absent
at unique Pax5- and Prd-binding sites (sectors d—f) in pro-B cells
(Appendix Fig S4A). Taking advantage of the inverse correlation of
H3K4mel and H3K4me3 abundance at promoters and enhancers
(Heintzman et al, 2007), we could demonstrate that Pax5-Etv6
predominantly bound to promoters (H3K4me3"8" H3K4mel'®¥)
and enhancers (H3K4me3'°¥, H3K4me1"®") that were embedded in
active chromatin (Appendix Fig S4A).

Pax5-Etv6 contains three protein domains that contribute to the
complex DNA-binding behavior of this fusion protein. In addition to
the N-terminal paired domain, the C-terminal Ets domain functions
as a second DNA-binding region (Cazzaniga et al, 2001), whereas
the more N-terminally located pointed domain of Etv6 mediates
homodimerization of Pax5-Etv6 or heterodimerization with the

© 2017 The Authors
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Figure 3. Gene regulation by Pax5-Etv6 and Pax5-Foxp1l in pro-B cells.

Control of B-ALL development by PAX5-ETV6  Leonie Smeenk et al

A-C Scatter plot of gene expression differences between ex vivo sorted Pax5*"* and Pax5™¥* (a), Pax55™®"* (B), or Pax57*P* (C) pro-B cells, based on four (Pax5c®*) or
two (other genotypes) independent RNA-seq experiments. The normalized expression data of individual genes (indicated by dots) were plotted as RPM values.
Genes with an expression difference of > threefold, an adjusted P-value of < 0.05 (DESeq2), and a TPM value of > 5 (in one of the two cell types) are colored in blue
or red, corresponding to activation (upregulation) or repression (downregulation) by Prd, Pax5-Etv6, or Pax5-Foxpl, respectively.

D Overlap of Pax5-Etv6- and Pax5-Foxpl-regulated genes in pro-B cells. Commonly activated or repressed genes are indicated by blue and red bars, respectively.

E Venn diagram indicating the overlap between activated Pax5 target genes (Revilla-i-Domingo et al, 2012) and Pax5-Etv6-repressed genes in pro-B cells. The
expression of genes indicated to the right was determined by RNA-seq of in vitro cultured Pax51/f (light gray) and Vauv-Cre Pax51/f (PaxSA/A, black) pro-B cells as
well as ex vivo sorted Pax5** (dark gray) and Pax55™* (green) pro-B cells. Gene expression is shown as normalized expression value (TPM) with SEM, based on at
least two independent RNA-seq experiments for each cell type. Notably, six activated Pax5 target genes, which were apparently “repressed” by Pax5-Etv6, showed
decreased expression already in response to a twofold reduction in full-length Pax5 expression in Pax5*~ pro-B cells (Appendix Fig S1A).

F Venn diagram indicating the overlap between repressed Pax5 target genes and Pax5-Etv6-activated genes in pro-B cells, as described in (E).

endogenously expressed Etv6 protein (Fortschegger et al, 2014).
Consistent with this notion, the common binding sites of Pax5-Etv6
and Pax5 (sectors a, b) contained the Ets-binding motif of Etv6 as
well as the paired domain-binding motif of Pax5 (Fig 4A), both of
which resemble their published consensus recognition sequence
(Wei et al, 2010; Revilla-i-Domingo et al, 2012). In agreement with
the presence of the Ets motif, the Ets protein PU.1 bound to about
half of all Pax5-Etv6 peaks in pro-B cells, indicating that these peaks
contain functional Ets-binding sites (Fig 4B and Appendix Fig S4B).
Moreover, the Pax5-Etv6 peaks had a broader width than the Pax5
peaks (Appendix Fig S4C), further demonstrating that the Ets
domain of the fusion protein contributes to DNA binding. We next
investigated whether the recognition sequence of the paired or the
Ets domain is in the center of the Pax5-Etv6 peaks. For this, we
plotted the position of maximal binding density for each Pax5-Etv6
peak (sectors a, b) relative to the Pax5 motif, which was identified
by scanning with the Pax5 consensus motif shown in Fig 4A. This
analysis indicated that the maximal binding densities of all Pax5-
Etv6 peaks were centered at the Pax5 motif (Appendix Fig S4D). In
contrast, if the plot of maximal binding density was centered at the
Ets motif located closest to the Pax5 motif, the binding densities
showed a dip in the center and peaked on both sides of the Ets motif
due to the increased density at the adjacent Pax5-binding site
(Appendix Fig S4E). We conclude therefore that the paired domain
binds to the center of the peaks, while the Ets domain contributes to
DNA-binding by interacting with adjacent sequences.

Function of proteins encoded by regulated Pax5-Etv6
target genes

Peak-to-gene assignment of the 30,604 Pax5-Etv6 peaks identified
13,665 genes, which were bound by Pax5-Etv6 in pro-B cells. By
determining the overlap between these Pax5-Etv6-bound genes
(Fig 4A and B) and the Pax5-Etv6-regulated genes (Fig 3B), we iden-
tified only a relative small number of 68 potentially directly acti-
vated and 62 potentially directly repressed Pax5-Etv6 target genes
that were regulated more than threefold by Pax5-Etv6 in pro-B cells
(Fig 4E and Table EV2). The RNA expression and Pax5-Etv6 binding
are shown for SIpr3 and Rgs10 or Grb7 as representative activated
or repressed target genes, respectively (Fig 4F). The regulated Pax5-
Etve6 target genes code for proteins with distinct functions (Fig 4G
and Appendix Fig S4F). Notably, we found 14 activated and eight
repressed Pax5-Etv6 target genes, which code for secreted proteins,
cell surface receptors, signal transducers, and cytoskeletal proteins
involved in cell adhesion and migration (Appendix Fig S4G). Consis-
tent with this finding, we could demonstrate by performing

The EMBO Journal Vol 36 | No 6] 2017

Transwell migration assays that Pax5*®* and Pax5"**'/" pro-B
cells migrated less efficiently toward a source of CXCL12 (SDF-1a)
than wild-type pro-B cells (Appendix Fig S4H), although Cxcr4 (en-
coding the receptor for CXCL12) was similarly expressed in pro-B
cells of all three genotypes (data not shown). In summary, the iden-
tification of relatively few regulated target genes defined a role of
Pax5-Etv6 in controlling cell migration and possibly adhesion,
which could contribute to the oncogenic function of this Pax5 fusion
protein in leukemic cells.

Loss of the Cdkn2a/b tumor suppressor locus cooperates with
Pax5-Etv6 in B-ALL development

The majority of all PaxS™®* and PaxS"*P* mice were still alive
after 1 year, and the three mice of each strain that died during the
1-year observation period failed to develop leukemia (Fig SA and
Appendix Fig S5A), indicating that the expression of Pax5-Etv6 or
Pax5-Foxpl alone is not sufficient to promote tumor formation. As
constitutive STATS activation was shown to cooperate with PaxS
heterozygosity to induce B-cell leukemia in the mouse (Heltemes-
Harris et al, 2011), we next investigated whether the expression of
constitutively active STATS would accelerate leukemia formation in
Pax5™V%* and Pax57°*'/* mice compared to Pax5*/~ mice. To
this end, we used the EuSRo-Stat5a(S711F) transgene (Joliot et al,
2006), which is expressed under the control of the Ep enhancer and
SV40 early promoter, contains the activating mutation S711F, and is
subsequently referred to as constitutively active (ca) StatSa
(caStatSa). Pax5™V®* and Pax5"™**'/* mice expressing the caStatSa
transgene readily developed monoclonal B-cell leukemias that
expressed early B-cell markers (IL-7Ra, CD43, CD93) and were able
to infiltrate different organs (Appendix Fig SSB-E). Surprisingly,
however, the caStatSa Pax5*V%* and caStatSa Pax5™**" " mice
died of leukemia with similar kinetics as caStat5a Pax5*/~ mice
(Appendix Fig S5A). These data strongly suggest that it is the inacti-
vation of one Pax$ allele rather than the expression of the Pax5
fusion protein, which contributes to leukemogenesis in caStatSa
Pax5™% ™" and caStat5a Pax5™**!/* mice. In other words, caStatSa
appears to be an inappropriate cooperating oncogene to reveal the
tumorigenic role of Pax5-Etv6 or Pax5-Foxpl.

In human B-ALL, PAX5-ETV6 is generated by the formation of a
dic(9;12)(p13;p13) chromosome, which results in the loss of the
reciprocal translocation product, thus eliminating one allele of the
CDKN2A/B tumor suppressor locus (Cazzaniga et al, 2001; Strehl
et al, 2003) (Appendix Fig S5F). Hence, heterozygous loss of this
tumor suppressor locus could be the relevant mutation cooperating
with Pax5-Etv6 expression in leukemia induction. The Cdkn2a/b

© 2017 The Authors
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Figure 4. Genome-wide Pax5-Etv6 binding identifies regulated Pax5-Etv6 target genes.

A Multiple overlap of Pax5-Etv6, Pax5, and Prd binding in pro-B cells. Peaks, which were identified by Bio-ChIP-seq of Pax5%*/®°, pax5F™®"* Rosa26®™*, and Pax5""¥/*
Rosa26®™* pro-B cells, were called by the MACS program with a P-value of < 107, and their number is indicated in each sector of the Venn diagram. De novo
motif-discovery analysis of the common peaks (sector a) identified the indicated Ets and Pax5 motifs with E-values (MEME-ChIP) of 1.3 x 10~ and 4.4 x 10",

respectively.

B Density heat maps of all Pax5-Etv6, Pax5, and Prd peaks. An additional heat map shows binding of the Ets protein PU.1 (Spil), which was determined by Bio-ChIP-seq
analysis of Spi1®'/®® Rosa26®™B™ pro-B cells (Schwickert et al, 2014). The heat maps are shown for a region extending from —1 kb to +1 kb relative to the peak
summit and were sorted according to the increasing density of Pax5-Etv6 binding. To the left, the average binding densities of Pax5-Etv6 (green), Pax5 (black), Prd
(blue), and PU.1 (orange) are shown for the binding sites present in sectors a, d, and g, respectively.

C Binding of Pax5-Etv6 and full-length Pax5 in Pax5®"* pro-B cells. Binding of full-length Pax5 was determined by ChiP-seq with an antibody recognizing the central
and C-terminal Pax5 sequences. A density scale from low (gray) to high (yellow) is shown.

D Binding of Pax5-Etv6, Pax5, and Prd at the indicated genes in pro-B cells. Horizontal bars below the ChiP-seq tracks indicate binding regions identified by MACS peak

calling. The exon—intron structure and a scale bar in kilobases (kb) are shown.

E Identification of activated and repressed Pax5-Etv6 target genes in pro-B cells. The number and percentage of Pax5-Etvé target genes are shown for the indicated fold
gene expression differences between experimental Pax55®* and control Pax5*"* pro-B cells, as defined in Fig 3B. ND, not determined.

F Expression of the repressed (Grb7) and activated (S1pr3, Rgs10) Pax5-Etv6 target genes in ex vivo sorted Pax5*"* and Pax5Eo/+ pro-B cells, as shown by RNA-seq
analysis (first two tracks). Pax5-Etv6 binding was determined in Pax55™®"* Rosa26%™* pro-B cells by Bio-ChIP-seq (last track). For further description, see (D).

G Functional classification and quantification (numbers) of the proteins encoded by activated and repressed Pax5-Etvé target genes in pro-B cells.

locus encodes three cell cycle inhibitory proteins: p15™4P (encoded
by Cdkn2b) as well as pl6™** and p19*" (both encoded by
Cdkn2a) (Gil & Peters, 2006). We thus used the Cdkn2ab~ allele,
containing a deletion of all three open reading frames (Krimpenfort
et al, 2007), to generate compound heterozygous Cdkn2ab™*/~
Paxs™®*, Cdkn2ab*’/~ Pax5"PY*, cdkn2ab*’~ Paxs"™*, and
Cdkn2ab™’~ Pax5*/~ mice. Whereas 53% of the Cdkn2ab™’/~
Pax5TO*PV* mice were still alive after 1 year, all Cdkn2ab™/~
Pax5™%* mice died with a median time of 170 days (Fig 5A). The
survival curve of Cdkn2ab™/~ Pax5FPV* and Cdkn2ab*/~
Pax5”™* mice was similar to that of the Cdkn2ab*/~ mice, indicat-
ing that the delayed tumor development in these mice is caused by
the loss of one CdknZab allele rather than the mutant Pax$ allele
(Fig 5SA and B). Moreover, the survival of Cdkn2ab*/~ Pax5*/~
mice was also significantly prolonged compared to that of
Cdkn2ab™’~ Pax5%"V®* mice. Flow cytometric analysis of lymphoid
organs from tumor mice revealed the presence of B-cell leukemia in
98% of all Cdkn2ab™’/~ Pax5"V®* mice in contrast to 11% of the
Cdkn2ab*’~ Pax5”"* mice and 13% of the Cdkn2ab™*’~ Pax5*/~
mice (Fig 5C). B-cell leukemia was, however, not detected in
Cdkn2ab™/~ Pax5™** and Cdkn2ab*/~ mice, indicating that
heterozygous Cdkn2ab loss does not cooperate with Pax5-Foxpl
expression in leukemia induction. Notably, tumor development in
homozygous Cdkn2ab™'~ Pax5™"** mice was significantly acceler-
ated compared to heterozygous Cdkn2ab*’~ Pax5"V®/* mice, but
was equally fast as in Cdkn2ab~/~ mice (Fig 5B). Importantly,
however, the tumor spectrum of Cdkn2ab /= and Cdkn2ab /~
PaxS™ %" mice was very different, as only the Cdkn2ab™/~
Pax5™%* mice (86%) developed B-cell leukemia (Fig 5C), indicat-
ing that Pax5-Etv6 expression was able to drive B-ALL development
in Cdkn2ab™/~ mice. Together, these data demonstrate that the loss
of Cdkn2ab is a relevant cooperating mutation to induce B-cell
leukemia in Pax5™%* mice.

Characterization of the Cdkn2ab*’/~ Pax5™** tumor mice
revealed that the spleen and lymph nodes were enlarged (Fig 5D)
and that the tumor cells infiltrated many different organs (Fig SE
and Table EV3) and gave rise to overt leukemia within 4 weeks after
transplantation in syngeneic mice (data not shown). The tumor cells
isolated from the lymph node were furthermore of monoclonal
origin, as they predominantly expressed only one Vy gene of the Igh
locus, as shown by RNA-seq (Fig 5F). Flow cytometric analysis
revealed large blastic tumor cells compared to the small quiescent B

726  The EMBO journal Vol 36| No 6| 2017

cells of wild-type lymph nodes (Fig 5G). Abundant blast cells were
also detected in the peripheral blood of Cdkn2ab™’~ Pax5EV®/*
tumor mice (Appendix Fig S5G). With the exception of B220 expres-
sion, the cell surface phenotype of Cdkn2ab*’~ PaxS™®* tumors
was very homogeneous, which is indicated by the percentage of all
analyzed tumors expressing the following cell surface markers:
CD19" (100%), B220" (52%), IL-7Ra™ (100%), CD43™ (100%),
CD93™ (100%), Ign™ (100%), CD2™ (100%), CD25" (93%), Flt3~
(100%), c-Kit™ (96%), CD23~ (100%), CD21~ (90%), IgD™ (96%)
(Fig 5G; data not shown). Notably, the Igu protein was often
expressed as part of the pre-BCR on the tumor cells (Fig 5G). Collec-
tively, the observed cell surface phenotype strongly suggests that
the tumor cells are arrested at the large pre-BCR " cell stage of early
B-cell development. We therefore conclude that the Cdkn2ab™’/~
Pax5™™" tumors have the characteristic features of B-ALL and
thus appear to be a faithful model for human PAX5-ETV6 ™ B-ALL.

Molecular functions of the Pax5-Etv6 oncoprotein in mouse
B-ALL formation

To investigate the transcriptional role of Pax5-Etv6 in leukemia
development, we determined the transcriptome of three Cdkn2ab™/~
Pax5"V%* tumors by RNA-seq. Notably, the wild-type Cdkn2a and
Cdkn2b alleles were expressed in one tumor (Tu-8), giving rise to
p16™ 4 and low p15™“®> mRNA expression, respectively (Fig 6A).
Unexpectedly, however, no sequence reads could be detected at
exons 1 and 2 of Cdkn2a and Cdkn2b in two tumors (Tu-3 and Tu-
10), indicating that the respective wild-type sequences may have
been deleted in these leukemias (Fig 6A). Analysis of tumor DNA
by PCR genotyping indeed detected only the deleted Cdkn2ab™ allele
in Tu-3 and Tu-10 in contrast to the presence of both wild-type and
deleted Cdkn2ab alleles in Tu-8 (Fig 6B). Loss of the wild-type
Cdkn2ab allele was furthermore tumor-specific, as shown by PCR
comparison of tail and tumor DNA from three different mice
(Fig 6C). Moreover, the wild-type Cdkn2ab allele was lost in seven
(78%) of nine tumors analyzed (Fig 6B and C). Together, these data
demonstrated a frequent loss of heterozygosity in Cdkn2ab™’/~
Pax5EV* tumors, which revealed a strong selection pressure to
delete the wild-type Cdkn2a/b genes during leukemia development.

As shown by principal component analysis of RNA-seq data, the
Cdkn2ab™/~ Pax5¥V®* B-ALLs were related most closely to wild-
type large pre-B cells and only slightly more distantly to Pax5%v®/*

© 2017 The Authors
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Figure 5. Leukemia development in Cdkn2ab*/~ Pax mice.
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A, B Kaplan—Meier survival analysis of mice of the indicated genotypes. The number (n) of mice analyzed is shown.
C Percentage of B-cell leukemia (B-ALL) in mice of the indicated genotypes at the time of analysis of the tumor mice. B-ALL tumors were identified by the presence of
enlarged lymph nodes and/or their characteristic cell surface protein expression that was determined by flow cytometric analysis, as described in (G). Other tumors

refer to non-B-cell tumors, which were not further characterized.

D  Size comparison of the spleen and lymph nodes from a wild-type (WT) mouse and Cdkn2ab*'~ Pax55™%/* tumor mouse (Tu-50).
E Eosin—hematoxylin-stained sections of the lymph node, lung, and liver of a WT mouse and Cdkn2ab*'~ Pax55¢* tumor mice (Tu-29 lymph node; Tu-50 lung and
liver). Immunohistochemical staining of B cells with an anti-B220 antibody on adjacent liver sections from the wild-type and tumor mice is shown in the bottom

row. The infiltration pattern of all tumors is shown in Table EV3.

F Monoclonality of three Cdkn2ab*'~ Pax55%* tumors. The expression of each Vy; gene across the Igh locus was determined as TPM value by RNA-seq of three
Cdkn2ab*’~ Pax55™®* tumors (Tu-3, 8, 10) and is displayed as a percentage of the total expression of all Vi, genes. Ighv2-2 = V;Q52.2.4; Ighv3-8 = V;;36-60.8.74;

Ighv5-6 = V,,7183.7.10.

G Flow cytometric analysis of lymph node cells from a WT mouse and three Cdkn2ab*'~ Pax55%"* tumor mice (Tu-3, 8, 10). Cells within the forward and side scatter

(FCS/SSC) gates (red) were analyzed.

large pre-B cells in marked contrast to pro-B and small pre-B cells
(Fig 6D), which is consistent with the observed cell surface pheno-
type of these tumors (Fig 5G). For gene expression analyses, we
therefore compared the Cdkn2ab*/~ Pax55%%* B-ALL tumors with
wild-type large pre-B cells. By gene set enrichment analysis (GSEA),
we could demonstrate that the activated Pax5-Etv6 target genes
determined in pro-B cells (Fig 4E) were significantly enriched as
upregulated genes in Cdkn2ab*/~ Pax5™* B-ALL tumors
(Fig 6E), while the repressed Pax5-Etv6 target genes (Fig 4E) were
significantly enriched as expressed genes in large pre-B cells
(Fig 6F). These GSEA data therefore demonstrate that many regu-
lated Pax5-Etv6 target genes identified in pro-B cells were similarly
regulated in Cdkn2ab™ /™~ Pax5""®* B-ALL tumors.

To identify novel tumor-specific Pax5-Etv6 target genes, we deter-
mined the genome-wide Pax5-Etv6 binding pattern in Cdkn2ab™/~
Pax5™V " Rosa26®™* tumor cells by Bio-ChIP-seq, which identi-
fied 24,662 Pax5-Etv6-binding sites defining 11,541 Pax5-Etv6 target
genes (Fig 6G). Notably, the overlap of Pax5-Etv6 binding sites and
target genes was very high between the Pax5™** pro-B cells and
Cdkn2ab*/~ Pax5™%* B-ALLs (Fig 6G). In support of this, the
Pax5-Etv6 binding pattern at individual genes was similar in both
cell types (Appendix Fig S6A). Of all Pax5-Etv6e-bound genes, only
376 genes were > threefold upregulated and 203 genes were > three-
fold downregulated in Cdkn2ab™/~ Pax5™®* B-ALLs compared to
large pre-B cells (Fig 6H and I). For functional annotation of these
potentially directly regulated Pax5-Etv6 target genes, we selected the
genes with a > fivefold gene expression difference, which resulted in
185 activated and 87 repressed Pax5-Etv6 target genes identified in
Cdkn2ab*’~ Pax5™®* B-ALLs (Fig 61, Appendix Fig S6B and
Table EV4). These regulated Pax5-Etv6 target genes coded for
proteins of different functions (Appendix Fig S6C). Interestingly, the
two most prominent functional classes encoded by activated target
genes consisted of 29 cell surface receptors and 43 signal transduc-
ers, while eight cell surface proteins and nine signal transducers
were encoded by repressed target genes (Appendix Fig S6C and D).
Hence, these data suggest that gene regulation by Pax5-Etvé6 likely
contributes to altered cell signaling in Cdkn2ab*/~ Pax5™v®/*
B-ALLs.

By categorizing the regulated target genes according to pathways,
we identified activated (act) and repressed (rep) target genes coding
for proteins implicated in the following processes and pathways;
adhesion and migration (22 act, 6 rep), (pre-)BCR signaling (5 act, 2
rep), PI3K-TOR signaling (6 act), cytokine signaling (5 act), innate
receptor signaling (5 act), and angiogenesis (4 act, 1 rep) (Fig 6J).
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Most of these pathway genes were not only strongly deregulated in
Cdkn2ab*/~ Pax5™®* B-ALLs compared to large pre-B cells, but
also compared to an alternative murine B-ALL model driven by Myc,
Nras®'?P, and loss of Trp53 (Fig 6J), which further supported the
notion that these genes are directly regulated by Pax5-Etv6 in B-cell
leukemia. Notably, these regulated target genes were similarly
expressed in the non-leukemic Pax5™* and wild-type large pre-B
cells (Fig 6J), indicating that Pax5-Etv6 regulated these genes only in
the oncogenic environment of the Cdkn2ab™/~ Pax5™** tumors.
In conclusion, we have identified regulated Pax5-Etv6 target genes
with important functions in several signaling pathways that likely
contribute to B-ALL development in Cdkn2ab ™/~ Pax55%* mice.

Expression of Pax5-Etv6-regulated genes in human B-ALLs

We next investigated whether the activated and repressed Pax5-Etv6
target genes identified in mouse Cdkn2ab™*’/~ Pax5™V®* B-ALLs are
similarly regulated in human PAX5-ETV6™" B-ALLs. To this end, we
analyzed nine human B-ALL samples by RNA-seq. The presence of
the PAX5-ETV6 translocation in all nine B-ALL samples was deter-
mined by DNA-FISH analysis as well as by expression of the PAXS5-
ETV6 fusion transcript (Appendix Fig S7A, data not shown).
Although the ratio between the full-length PAXS and PAXS-ETV6
fusion transcripts varied for individual B-ALL samples, the average
ratio of all nine human B-ALLs was close to 1 (48.7%/51.3%;
Appendix Fig S7B). A similar average ratio (46.6%/53.4%) was
determined for three mouse Cdkn2ab*/~ Pax5™®" B-ALLs
(Appendix Fig S7C), which further validated this mouse tumor as a
model for the human disease. Analogous to the gene expression
analysis of the mouse B-ALLs, we compared the RNA-seq data of
the nine human PAXS5-ETV6" B-ALL samples with RNA-seq data of
CD34°CD10"CD19" pre-B cells, which were isolated from bone
marrow samples of healthy donors. As shown by GSEA analysis, a
large fraction of the activated Pax5-Etv6 target genes identified in
mouse Cdkn2ab™’/~ Pax5"%* B-ALLs (Fig 6I) were significantly
enriched as upregulated genes in the human PAXS5-ETV6™ B-ALLs
compared to human pre-B cells (Fig 7A and B), whereas no signifi-
cant enrichment was observed for repressed Pax5-Etv6 target genes
(data not shown).

Notably, 2,373 genes were > threefold upregulated and 2,137
genes were > threefold downregulated in the human PAX5-ETVG6*
B-ALL samples compared to human pre-B cells (Fig 7C). The consid-
erably higher (fivefold-sixfold) number of differentially expressed
genes identified in human PAX5-ETV6™ B-ALLs compared to the

© 2017 The Authors
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Figure 6.

mouse Cdkn2ab™/~ Pax5¥V®* B-ALLs could have been explained
by the fact that we used the quiescent small pre-B cells as a refer-
ence cell type in the human comparison in contrast to the cycling
large pre-B cells in the mouse comparison. However, when we
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-10.

analyzed the expression differences between mouse Cdkn2ab
Pax5™V%* B-ALLs and wild-type small pre-B cells, the number of
differentially expressed genes was only 1.7-fold increased (data not
shown). Consequently, the larger number of differentially expressed
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Figure 6. ldentification of regulated Pax5-Etv6 target genes in mouse B-ALL.
A Expression of Cdkn2a and Cdkn2b in three Cdkn2ab*/~ Pax55®/* tumors (Tu-3, 8, 10), as revealed by RNA-seq. The exon—intron structure of both genes is indicated
together with the promoters giving rise to mRNA encoding p15'™*®, p16'™*? and p19"™. The Cre-mediated deletion of the Cdkn2ab™ allele is shown together with

the positions of the PCR primer pairs A-D and the genotyping PCR primer pair G.

B Genotyping PCR analysis of DNA isolated from the indicated Cdkn2ab*'~ Pax5£®"* tumors. The PCR fragments corresponding to the deleted (A) and wild-type (WT)
Cdkn2ab alleles are indicated to the left of the gel image.

C PCR analysis of DNA isolated from the tail and tumor of the indicated Cdkn2ab*’= Pax55"* tumor mice by using the primer pairs indicated to the left of the gel image.

D Principal component analysis based on two or three RNA-seq experiments for each of the indicated cell types and Cdkn2ab*’~ Pax55“®"* B-ALL tumors.

E, F GSEA analysis of the 68 activated (E) or 62 repressed (F) Pax5-Etv6 target genes identified in pro-B cells (Fig 4E), as compared to the ranked log,-fold gene
expression changes in Cdkn2ab*'~ Pax55* B-ALLs versus wild-type large pre-B cells (left). The expression of selected genes is shown for the four indicated cell
types (right) and is presented as normalized expression value (TPM) with SEM, based on at least two independent RNA-seq experiments for each cell type. NES,
normalized enrichment score; FDR, false discovery rate.

G Overlap of Pax5-Etvé peaks and Pax5-Etvé target genes between Pax5™®* Rosa26®™* pro-B cells and Cdkn2ab™~ Pax5™"* Rosa26®™* B-ALL cells (Tu-43), as
determined by Bio-ChIP-seq. Peaks were called by MACS with a stringent P-value of < 107,

H  Scatter plot of gene expression differences between Cdkn2ab*'~ Pax55**/* B-ALL tumors and wild-type large pre-B cells, based on three (B-ALL) and two (pre-B)

independent RNA-seq experiments. The normalized expression data of individual genes (indicated by dots) were plotted as RPM values. Pax5-Etv6-bound genes
with an expression difference of > threefold, an adjusted P-value of < 0.05 (DESeq2), and a TPM value of > 5 (in one of the two cell types) are colored in blue or red,
corresponding to activated or repressed Pax5-Etv6 target genes, respectively.

Identification of activated and repressed Pax5-Etv6 target genes in Cdkn2ab*’~ Pax55®/* B-ALLs. The number and percentage of Pax5-Etv6 target genes are shown
for the indicated fold gene expression differences between Cdkn2ab*’~ Pax55*%* tumors and wild-type large pre-B cells.

Heat map displaying the differential expression of activated (blue) and repressed (red) Pax5-Etvé target genes in wild-type large pre-B cells (n = 2) and Cdkn2ab™~
Pax55“®"* B-ALLs (n = 3), which were analyzed by hierarchical clustering. The 54 target genes shown were selected for an expression difference of > fivefold and for
encoding a protein implicated in one of the indicated pathways. The expression of the indicated genes is also shown for Pax5Eve/* large pre-B cells (n = 2) and

control B-ALLs (n = 2) driven by Myc, Nras“**®

, and loss of Trp53 (for details, see Appendix Supplementary Methods). The log, [TPM+1] expression value of each

gene is visualized according to the indicated scale. The pathway annotation is shown to the left.

Source data are available online for this figure.

genes in human PAX5-ETV6™ B-ALLs indicates that these tumors
differ more substantially from pre-B cells than the mouse
Cdkn2ab™/~ Pax5™V/* B-ALLs. Of the 376 activated and 203
repressed target genes identified in mouse Cdkn2ab™/~ Pax5™V®/*
B-ALLs (Fig 6I), 71 genes were also activated and 19 genes were
repressed in human PAX5-ETV6™ B-ALLs (Fig 7D, Appendix Fig
S7D and Table EVS). Among these genes, 26 activated and nine
repressed genes code for proteins involved in pre-BCR signaling (4),
cytokine signaling (5), PI3K-TOR signaling (4), cell proliferation (8),
and adhesion-migration (14) (Fig 7E and Appendix Fig S7E). We
next analyzed the expression of the different components of the pre-
BCR in all nine PAX5-ETV6® B-ALLs. As shown in Fig 7F, the
mRNAs coding for the extracellular components (IGHM [Igu], IGLL
[A5], VPREB1, VPREB3) and the signal-transducing chains (CD79A
[Iga], CD79B [IgB]) of the pre-BCR were on average highly
expressed (> 1,000 TPM) in these B-ALLs, which therefore likely
express the pre-BCR on their surface. This conclusion was further
supported by GSEA analysis, as genes, that are upregulated in
human pre-BCR™ B-ALLs relative to pre-BCR™ B-ALLs (Geng et al,
2015), were also significantly enriched as upregulated genes in
human PAX5-ETV6" B-ALLs compared to control PAXS5-JAK2™"
B-ALLs, while downregulated genes in pre-BCR* B-ALLs were also
downregulated in PAX5-ETV6" B-ALLs (Appendix Fig S7F). In
summary, the establishment of a faithful mouse B-ALL model facili-
tated the identification of Pax5-Etv6 target genes, some of which are
similarly regulated in human PAXS-ETV6" B-ALLs, are involved in
pre-BCR signaling and may thus contribute to leukemia develop-
ment in both species.

Discussion

Due to its frequent association with loss-of-function mutations,
PAXS is known to function as a haploinsufficient tumor suppressor
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gene in human B-ALL (Mullighan et al, 2007). Less is known about
the smaller subset of PAX5 mutations that result in the expression
of different PAXS fusion proteins with novel transcriptional activi-
ties (Nebral et al, 2009; Coyaud et al, 2010). The function of two
PAXS fusion proteins, PAX5-ETV6 and PAXS5-PML, has so far been
studied by retroviral overexpression in mouse B-cell progenitors,
which revealed little insight into the gene regulation by these tran-
scription factors (Fazio et al, 2008, 2013; Qiu et al, 2011; Cazzaniga
et al, 2015). Moreover, analysis of primary human PAX5-ETVG6*
B-ALLs can also provide only limited information about the role of
PAX5-ETV6 in B-ALL development. To bypass these limitations, we
have generated a physiological mouse model expressing the human
PAXS5-ETVG6 protein, which allowed us to gain detailed insight into
the developmental function, genome-wide binding pattern, regulated
target gene profile, cooperating mutations, and oncogenic role of
PAXS-ETV6 in B-ALL formation.

As Pax5 is an essential regulator of B-cell development (Nutt
et al, 1999; Cobaleda et al, 2007), it has been assumed that PAXS
heterozygosity contributes to B-ALL formation in human patients
(Mullighan et al, 2007) and mouse models (Heltemes-Harris et al,
2011; Liu et al, 2014) by arresting B-lymphopoiesis at the large pre-
B-cell stage. Here, we have shown, however, that the loss of one
Pax$5 allele alone does not affect B-cell development in heterozygous
Pax5*/~ mice as well as in competitive bone marrow chimeras that
usually reveal even minor developmental defects of mutant
hematopoietic cells. It remains though a possibility that Pax5
heterozygosity contributes, together with other cooperating
mutations, to the B-cell developmental arrest in the oncogenic envi-
ronment of B-ALLs. In contrast, expression of the Pax5-Etv6 and
Pax5-Foxpl fusion proteins under the control of the Pax5 locus
severely affected B-cell development already at the pro-B to pre-B-
cell transition in Pax5%¥%* and Pax57°*'/* mice. Importantly, the
severity of the B-cell developmental defect was determined by the
fusion partner and not by the Pax5 paired domain polypeptide,

© 2017 The Authors
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A GSEA analysis of the 185 (> fivefold) activated Pax5-Etv6 target genes identified in mouse Cdkn2ab*’~ Pax55%*"* B-ALLs (Fig 6l), as compared to the ranked log,-fold
gene expression changes in human PAX5-ETV6* B-ALLs (n = 9) versus CD34 CD10*CD19* pre-B cells of healthy donors (n = 2). NES, normalized enrichment score;

FDR, false discovery rate.

B The expression of selected genes of the core GSEA signature is shown for mouse Cdkn2ab*/~ Pax55“®/* (Pax5-Etv6*) B-ALLs and wild-type large pre-B cells as well as
for human PAX5-ETV6"* B-ALLs and normal pre-B cells. The gene expression data are presented as normalized expression values (TPM) with SEM, based on two (WT
large pre-B and human normal pre-B cells), three (Cdkn2ab*’~ Pax5%""** B-ALL) and nine (human PAX5-ETV6* B-ALL) independent RNA-seq experiments.

C Scatter plot of gene expression differences between human PAX5-ETV6" B-ALLs and normal human pre-B cells. The normalized expression data of individual genes
(indicated by dots) were plotted as RPM values. Genes with an expression difference of > threefold, an adjusted P-value of < 0.05 (DESeq2), and a TPM value of > 5 (in
one of the two cell types) are colored in blue or red, corresponding to gene upregulation (activation) or downregulation (repression) in the B-ALL tumors, respectively.

D Expression of the 71 commonly activated (blue) and 19 commonly repressed (red) Pax5-Etv6 target genes in mouse Cdkn2ab*'~ Pax55%"* B-ALLs and human PAX5-
ETV6" B-ALLs. The log,-fold expression change observed between the mouse Cdkn2ab*’~ Pax55%/* B-ALLs and wild-type large pre-B cells (horizontal axis) as well as
between human PAX5-ETV6" B-ALLs and normal pre-B cells (vertical axis) is plotted for each gene.

E Heat map displaying differentially expressed genes in normal human pre-B cells (n = 2) and human PAX5-ETV6" B-ALLs (n = 9), which were analyzed by hierarchical
clustering. The indicated genes code for proteins implicated in the pathways shown to the left and were identified as activated (26, blue) or repressed (9, red) Pax5-
Etv6 target genes with an expression difference of > threefold in Cdkn2ab*'~ Pax5EV%* B-ALLs (Fig 6l). The log, [TPM+1] expression value of each gene is visualized
according to the indicated scale. SIGLECI0 (human) corresponds to Siglecg (mouse).

F  Expression of the genes encoding pre-BCR components in the nine human PAX5-ETV6" B-ALLs. The expression value of each B-ALL sample is shown as a dot. The data
are presented as average expression value with SEM.
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whose expression on its own did not interfere with B-lympho-
poiesis. Gene expression analysis in pro-B cells failed to identify a
signature of Pax5-Etve- or Pax5-Foxpl-regulated genes that code
for proteins with functions in pre-BCR signaling. However, several
regulated genes encoded proteins implicated in the control of cell
migration and/or adhesion and, consistent with this finding,
Pax5™%* and Pax5"*** pro-B cells showed diminished migra-
tion. Hence, deregulation of these genes by Pax5-Etv6 or Pax5-
Foxpl could explain, at least in part, the observed developmental
phenotype, given the recent evidence that decreased migration
combined with increased adhesion is associated with impaired tran-
sition from the pro-B to the pre-B-cell stage (Joshi et al, 2014;
Schwickert et al, 2014).

PAXS fusion proteins are thought to function as competitive inhi-
bitors by interfering with the transcriptional activity of the wild-type
PAXS protein that is simultaneously expressed in the leukemic cells.
This model is primarily based on transient transfection assays in
non-B cells, whereby increasing amounts of a PAXS fusion protein
prevent the activation of a Pax5-dependent reporter gene by wild-
type PAXS (Bousquet et al, 2007; Mullighan et al, 2007; Kurahashi
et al, 2011; Kawamata et al, 2012). Interestingly, several fusion
partner proteins contain an oligomerization domain (Kawamata
et al, 2012; Fortschegger et al, 2014). Moreover, the oligomerization
motif of the PAX5-C200rf112 protein is known to strongly increase
the DNA-binding affinity of this fusion protein, which likely results
from the interaction of multiple PAXS paired domains with the same
DNA-binding region (Kawamata et al, 2012). Hence, PAX5 fusion
proteins could act as dominant-negative proteins by preventing
wild-type PAXS from interacting with its genomic binding sites
(Kawamata et al, 2012). Both, the PAX5-ETV6 and PAX5-FOXP1
proteins also function as dominant-negative proteins in transient
transfection assays (Mullighan et al, 2007) and contain, in addition
to the PAXS paired domain, a second DNA-binding region (Ets
[ETV6] or forkhead [FOXP1] domain) as well as a dimerization
motif (pointed [ETV6] or coiled-coil [FOXP1] domain) (Cazzaniga
et al, 2001; Mullighan et al, 2007). However, contrary to the exist-
ing model, we have shown here that Pax5-Etv6 and Pax5-Foxpl
were able to repress only a small fraction of the activated Pax5
target genes in pro-B cells, while they activated an equally small
subset of the repressed Pax5 target genes. Interestingly, the two
Pax5 fusion proteins predominantly regulated different genes,
demonstrating that the partner protein determines the transcrip-
tional activity of the Pax5 fusion protein. Moreover, both Pax5 and
Pax5-Etv6 interacted with a large set of common binding sites in the
genome, thus demonstrating efficient competition of both proteins
for the same binding sites in Pax5™** pro-B cells. Detailed analy-
sis of the binding pattern furthermore indicated that Pax5-Etv6
simultaneously uses both the paired domain of Pax5 and the Ets
domain of Etv6 for DNA sequence recognition. Hence, our data do
not support the prevailing model of a common dominant-negative
mechanism for Pax5 fusion proteins, but rather indicate that dif-
ferent Pax5 fusion proteins have distinct transcriptional activities
dictated by their partner proteins.

Tumor development did not occur in heterozygous Pax5™v®/™*,
Pax5™1/* " and Pax5*/~ mice, which revealed an additional
requirement for cooperating mutations. The tumor suppression
function of Pax5 was previously identified by the cooperation of
Pax5 heterozygosity with constitutive activation of STATS, JAK1, or
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JAK3, leading to B-ALL development in Pax5 */~ mice (Heltemes-
Harris et al, 2011; Liu et al, 2014; Dang et al, 2015). Notably, tumor
development was not further accelerated in caStat5a Pax5*"®* or
caStatSa Pax5™**Y* mice, indicating that only the loss of one wild-
type Pax$ allele, but not the expression of the Pax5 fusion proteins,
is essential for leukemia formation in this mouse model. Due to the
non-reciprocal nature of the PAX5-ETV6 translocation, all PAXS-
ETV6" B-ALLs lack one allele of the CDKN2A/B tumor suppressor
locus (Cazzaniga et al, 2001; Strehl et al, 2003), which encodes two
cyclin-dependent kinase inhibitors restricting G1/S phase progres-
sion as well as the Arf protein preventing Trp53 degradation (Gil &
Peters, 2006). Consistent with this finding, heterozygous
Cdkn2ab*’~ Pax5™¥%* mice developed, with a high penetrance of
98%, B-ALL tumors that were arrested at the large pre-B-cell stage
and infiltrated many different organs. The monoclonal nature of the
Cdkn2ab*/~ Pax5"™¥** B-ALLs points to additional cooperating
mutations that contribute to tumor development. One of these coop-
erating events was the observed loss of heterozygosity at the
Cdkn2ab locus, as the wild-type Cdkn2ab allele was absent in ~80%
of all Cdkn2ab*/~ Pax5™¥®* B-ALLs. Importantly, the generation
of B-cell leukemia was significantly accelerated in homozygous
Cdkn2ab~’~ Pax5™** mice, thus indicating that loss of heterozy-
gosity provides a strong selective advantage for B-ALL development.
In agreement with this observation, homozygous deletion of the
CDKN2A/B locus is also detected in half of all human PAX5-ETV6*
B-ALL cases analyzed (Schinnerl et al, 2015). Hence, the
Cdkn2ab™/~ PaxS™®* tumors recapitulate many of the salient
features of human PAX5-ETV6" B-ALL and thus constitute a faithful
mouse model for this human disease.

Tumor development was strongly delayed and mainly driven by
the Cdkn2ab heterozygosity in Cdkn2ab*’/~ Pax5*/~ and
Cdkn2ab*’~ Pax5"™* mice. Only 11-13% of these tumors had a
B-ALL phenotype, demonstrating that heterozygous loss of Cdkn2ab
can only inefficiently cooperate with PaxS heterozygosity in B-ALL
development. Surprisingly, Cdkn2ab*’~ Pax5"™**Y" mice also
failed to generate B-cell leukemia, indicating that Cdkn2ab hetero-
zygosity is not sufficient to cooperate with Pax5-Foxpl in driving
B-ALL development. Although Pax5-Foxpl induces a more
pronounced B-cell developmental arrest than Pax5-Etv6, it appears
that the nature of the cooperating mutation is more decisive than
the developmental arrest in driving B-ALL development by Pax5
fusion proteins. Finally, tumor development occurred with a simi-
larly short latency in Cdkn2ab™/~ mice and Cdkn2ab™/~ Pax5¥*
mice, although the tumor spectrum is known to be very broad in
Cdkn2ab™/~ mice (Krimpenfort et al, 2007) in contrast to the
predominant development of B-ALLs in Cdkn2ab~/~ Pax5™V®/™*
mice. Hence, the expression of Pax5-Etv6 can efficiently drive tumor
development in the B-cell lineage of Cdkn2ab™'~ mice, which
unequivocally identifies Pax5-Etv6 as a potent B-cell-specific onco-
protein.

The large pre-B cell was identified as the likely cell of origin for
the development of Cdkn2ab*’/~ PaxS™®* B-ALLs based on
global gene expression analysis and cell surface phenotyping.
Regulated Pax5-Etv6 target genes in B-ALL were identified by
RNA-seq comparison of Cdkn2ab™’/~ Pax5¥®* tumors and large
pre-B cells combined with genome-wide Pax5-Etv6 binding. One
large functional class of regulated target genes codes for proteins
implicated in cell migration and/or adhesion, which include
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chemokine and cell adhesion receptors (activated: Cxcr5, SemaZa,
Epcam, Gpr97, Lrrn4, Itgb4, Itgb5, S1pr2; repressed: Erma, Bstl)
as well as intracellular signal transducers involved in controlling
rearrangements of the actin cytoskeleton (activated: Fdg2, Cass4,
Srgap3, Arhgefl2, Marveld2, Gbp2, Rhof, Farpl, Chn2, Rapgef3;
repressed: Cdc42ep4, Eps8). It is therefore conceivable that the
Pax5-Etv6-mediated regulation of these genes contributes to the
observed tissue infiltration of Cdkn2ab™/~ Pax5™V** tumor cells.
Three highly activated Pax5-Etv6 target genes, Cish, Socs2, and
Socs3, code for negative regulators of the JAK-STAT signaling path-
way (Alexander & Hilton, 2004) and may thus actively suppress
cytokine signaling in Cdkn2ab*/~ Pax5™®* B-ALL cells. Pax5-
Etv6-mediated gene regulation furthermore strengthens pre-BCR
signaling, as three activated genes code for the surrogate light
chain Vpreb2, the receptor-proximal Zap70 kinase, and the signal-
ing adaptor Bankl, whereas two repressed genes code for the inhi-
bitory co-receptor Siglecg (Hoffmann et al, 2007) and the central
adaptor Blnk (SIp65). Importantly, Blnk has been identified as a
tumor suppressor in B-ALL, as its deficiency prevents calcium
signaling and further differentiation to small pre-B cells, while
promoting cell proliferation and survival through the PI3K-AKT
pathway of pre-BCR signaling (Jumaa et al, 2003). Hence, the
strong repression of Blnk by Pax5-Etv6 likely contributes to B-ALL
development in Cdkn2ab*’/~ Pax5*V%* mice.

Human PAX5-ETV6" B-ALLs also appear to express the pre-BCR
together with a gene expression signature that is characteristic of
pre-BCR* B-ALLs (Geng et al, 2015). Hence, PAX5-ETV6™ B-ALLs
may belong to the recently identified class of pre-BCR™ B-ALLs
(Geng et al, 2015). Notably, the tumor suppressor gene BLNK was
repressed in four of nine human PAX5-ETV6" B-ALLs (data not
shown). In addition, one-sixth of the regulated Pax5-Etv6 target
genes identified in mouse Cdkn2ab*’~ Pax5"™*" tumors were
similarly activated or repressed in human PAXS5-ETV6" B-ALLs,
indicating that some of these genes may contribute to leukemia
development in both species. In summary, the establishment of a
faithful mouse model for a specific subset of human B-ALLs has
provided novel insight into the molecular mechanisms, by which
the oncoprotein PAX5-ETV6 contributes to leukemogenesis. Hence,
our data demonstrate for the first time that PAX5 can function not
only as a haploinsufficient tumor suppressor, but also as a potent
oncoprotein as part of PAXS fusion proteins in the same tumor
entity, B-ALL.

Materials and Methods

Detailed methods can be found in the Appendix Supplementary
Methods available online.

Mice

The following mice were maintained on the C57BL/6 genetic
background: Pax5*/~ (Urbanek et al, 1994), Cdkn2ab*/~
(Krimpenfort et al, 2007), Rosa26™™/®™* (Driegen et al, 2005), and
transgenic EpSRo-Stat5a(S711F) mouse strain (Joliot et al, 2006).
All animal experiments carried according to
valid project licenses, which were approved and regularly controlled
by the Austrian Veterinary Authorities.

were out
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Generation of Pax55™®*, Pax5F°*"Y/* and Pax5°"/* mice

All three alleles were generated by homologous recombination in ES
cells using targeting vectors that were cloned as shown in
Appendix Fig S2A-C and described in detail in the corresponding
figure legend.

Flow cytometric definition of mouse hematopoietic cell types

The different hematopoietic cell types were identified by flow
cytometry as follows: pro-B (CD19*B220*c-Kit" CD2 [or CD25]
IgM IgD"), large pre-B cells (CD19"B220"CD2 " c-Kit IgM™~
IgD FSC™), small pre-B  (CD19¥B2207CD2*[or CD25%]c-
Kit IgM IgD FSC!°), immature B (CD19*B220 " IgM"IgD"), transi-
tional B (CD19*B220" IgM™IgD™), mature B (CD19"B220"IgM"
IgD™), recirculating B (CD19*B220"IgM!° IgD™), total B cells
(CD197B220%), granulocytes (Gr1™Mac1™), and macrophages
(Macl"M-CSFR™).

Transplantations

Lymph node cells from tumor mice (0.1-1 x 10° donor cells per
mouse) were injected into sublethally irradiated C57BL/6 mice
(4.5-6 Gy). Tumor development was monitored, and mice were
sacrificed when losing more than 10% of body weight or show-
ing signs of terminal illness.

Patient samples and human cells

Normal human pre-B cells were sorted as CD34 CD19"CD10" cells
from the bone marrow of healthy donors. Informed consent for all
patient samples was obtained from all subjects.

Bio-ChlIP-sequencing

Pro-B cells isolated from the bone marrow of Rosa26"™/* pax5tve/*
or Rosa26®™/* 57" mice were cultured for 4-5 days on OP9
cells in the presence of IL-7. These pro-B cells or Cdkn2ab*’/~
PaxS5V%* Rosa26"™/* B-ALL cells were used for Bio-ChIP-seq
analysis (Table EV6) as described (Schwickert et al, 2014).

Pax

RNA-sequencing

RNA from ex vivo sorted B cells was isolated with the RNeasy
Plus Mini Kit (Qiagen). mRNA was obtained by two rounds of
poly(A) selection and used for library preparation and Illumina
deep sequencing (Table EV6) as described (Minnich et al, 2016).

Bioinformatic analysis of RNA- and ChiP-seq data

The bioinformatic analysis of RNA- and ChIP-seq data (Table EV6)
was performed as described in detail (Minnich et al, 2016).

De novo motif discovery
For de novo motif discovery, we used the MEME-ChIP suite (version

4.9.1) (Machanick & Bailey, 2011) to predict the most significant
motifs present in the 300 base pairs centered at the peak summit of
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the top 300 sequences, as sorted by the fold enrichment score of the
MACS program.

Gene set enrichment analysis

Gene set enrichment analysis was performed using the GSEA soft-
ware from the Broad Institute (Subramanian et al, 2005).

Accession numbers

The mouse RNA-seq and ChIP-seq data are available at the Gene
Expression Omnibus (GEO) repository under the accession numbers
GSE84987. The human RNA-seq data are available upon request.

Expanded View for this article is available online.
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