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Inactivation of the tumor suppressor gene encoding the transcriptional regulator lkaros (IKZF1) is a hallmark of BCR-ABL1*
precursor B cell acute lymphoblastic leukemia (pre—B ALL). However, the mechanisms by which lkaros functions as a tumor
suppressor in pre-B ALL remain poorly understood. Here, we analyzed a mouse model of BCR-ABL1* pre-B ALL together with
a new model of inducible expression of wild-type lkaros in IKZF1 mutant human BCR-ABL1* pre-B ALL. We performed inte-
grated genome-wide chromatin and expression analyses and identified lkaros target genes in mouse and human BCR-ABL1*
pre-B ALL, revealing novel conserved gene pathways associated with Ikaros tumor suppressor function. Notably, genetic
depletion of different lkaros targets, including CTNND1 and the early hematopoietic cell surface marker CD34, resulted in
reduced leukemic growth. Our results suggest that Ikaros mediates tumor suppressor function by enforcing proper develop-
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mental stage—specific expression of multiple genes through chromatin compaction at its target genes.

INTRODUCTION

Acute lymphoblastic leukemia (ALL) is the most common
childhood malignancy and the leading cause of childhood
cancer—related mortality (Smith et al.,, 2010; Hunger and
Mullighan, 2015).The majority of childhood ALL cases are of
the precursor B cell subtype of acute leukemia (pre-B ALL),
which arise upon transformation of developing progenitor
B cells in the BM. pre-B ALL is characterized by genomic
lesions, including the Philadelphia chromosome, a transloca-
tion involving the breakpoint cluster region (BCR) and the
ABLI1 gene (Ph* or BCR-ABL1"; Wong and Witte, 2004). In
addition, loss-of-function mutations in hematopoietic tran-
scription factors occur in many pre—B ALL cases (Somasun-
daram et al., 2015). More than 80% of BCR-ABL1" pre—B

*S. Frietze and M Mischen contributed equally to this paper.

Correspondence to Hilde Schjerven: Hilde.Schjerven@ucsf.edu; or Seth Frietze: Seth.
Frietze@med.uvm.edu

Present address for Linn M. Eggesbe and Ida Lindeman is Department of Immunol-
ogy, University of Oslo, 0424 Oslo, Norway

Present address for Eugene Park is Dept. of Haematology, University of Cambridge,
UK

Abbreviations used: ALL, acute lymphoblastic leukemia; COG, Children's Oncology
Group; DN, dominant-negative; EMT, epithelial to mesenchymal transition; GMP,
granulocyte-macrophage progenitor; GSEA, gene set enrichment analysis; HSC,
hematopoietic stem cell; IPA, Ingenuity Pathway Analysis; MRD, minimal residual
disease; OS, overall survival; Ph, Philadelphia chromosome; pre-B ALL, progenitor
B-cell ALL; RFS, relapse-free survival; TKI, tyrosine kinase inhibitor; TSS, transcription
start sites; ZnF, zinc finger.

The Rockefeller University Press  $30.00 '.)
J. Exp. Med. 2017 Vol. 214 No. 3 793-814 Check for
https://doi.org/10.1084/jem.20160049 L

ALL harbor deletions or mutations in the IKZF1 gene, en-
coding the zinc finger (ZnF) transcription factor Ikaros (Mul-
lighan et al., 2008). The majority of Ikaros lesions in pre—B
ALL involve an aberrant Rag-mediated deletion of the exons
encoding the DNA-binding ZnFs, resulting in expression of’
a dominant-negative (DN) isoform called IK6 (Mullighan et
al., 2008). Furthermore, deletion or mutation of the IKZF1
gene correlate with poor prognosis in other subgroups of
pre—B ALL, providing evidence that Ikaros is an important
tumor suppressor in pre—B ALL (Mullighan et al., 2009; van
derVeer et al., 2013). Despite an established tumor suppressor
role for Ikaros, it remains unclear how Ikaros functions as
a tumor suppressor, and insight into the mechanism of ac-
tion and its downstream target genes might aid in the de-
velopment of targeted therapies for treatment of aggressive
IKZF1-mutated pre—B ALL.

Ikaros is an important regulator of hematopoiesis and
is required for B cell development, as demonstrated by the
lack of B cells in Ikzf1™" mice (Wang et al., 1996). Tkaros
tumor suppressor activity in the lymphoid lineage has been
demonstrated in mouse models, as Ikzf1 mutant mice develop
spontaneous thymic lymphoma caused by activating Notch1
mutations in the developing precursor T cells (Winandy et
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al., 1995; Papathanasiou et al., 2003; Dumortier et al., 2006).
Although the complete lack of B lymphoid lineage cells in
the original germline Ikzf1™" and Ikzf1”™ mice precluded
the use of these homozygote mutants as models for studies of
B cell malignancies, a heterozygote hypomorphic Ikzf1" mu-
tant was shown to collaborate with a BCR-ABL1-Tg mouse
model, indicating that the loss of Ikaros in human BCR-
ABL1" pre-B ALL can be modeled in mice (Georgopoulos
et al., 1994; Wang et al., 1996;Virely et al., 2010).

Recently, we reported the generation of two Ikzf] mu-
tant mice with targeted deletions of the exons encoding the
DNA-binding ZnF1 or ZnF4 (Ikzf1*f"F" and Ikzf1*"™4F,
respectively), and found that whereas the exon encoding
ZnF1 was expendable, the exon encoding ZnF4 was required
for Ikaros tumor suppressor function (Schjerven et al., 2013).
Furthermore, both mutant strains of mice retained B cell
lymphopoiesis, but displayed different partial defects in B cell
development associated with deregulation of distinct subsets
of genes, suggesting that they can be useful in elucidating
Ikaros function and target genes. Upon retroviral transduc-
tion of BCR-ABL1 in BM cells from these mice, Ikzf14"#A
mutant cells gave rise to a more aggressive growth pheno-
type than either WT or Ikzf1*""*F' BCR-ABL1-transformed
pre—B ALL cells.This demonstrated selective ZnF4-dependent
loss of Ikaros tumor suppressor function and presents a new
mouse model of BCR-ABL1" pre—B ALL.

Herein, we use the Ikzf1*™2™ mutant mouse strain to
gain insight into the functional consequence of loss of Tkaros
tumor suppression in BCR-ABL1" pre-B ALL. Further-
more, we present a new model of inducible expression of
WT Ikaros in IKZF1 mutant human patient—derived BCR -
ABL1" pre-B ALL. We have defined the Ikaros target genes
in human BCR-ABL1" pre-B ALL and compared this to
the Ikzf1*"*™ mouse model of BCR-ABL1" pre-B ALL to
uncover conserved functions of Ikaros. Our analysis reveals
new target genes and pathways not previously associated with
Ikaros function. Specifically, we found that repression of key
developmentally restricted cell surface receptors, as well as
the intracellular protein p120-catenin, are conserved func-
tions of Ikaros that restrict leukemic growth. Overall, these
results further our understanding of how Ikaros functions as
a tumor suppressor and define downstream targets of Ikaros
that promote leukemic growth.

RESULTS

Targeted deletion of the fourth Ikaros DNA-binding ZnF
domain in a mouse model of BCR-ABL1" pre-B ALL results
in enhanced cell proliferation

BCR-ABL1-transduced pre-B cells from Ikzf1*"™**™ mice
lacking the exon encoding the fourth Ikaros ZnF domain
(ZnF4) exhibited an increased growth rate relative to trans-
duced pre-B cells from WT or Tkzf1*F""**" mice lacking the
exon encoding the first ZnF domain (ZnF1; Schjerven et
al., 2013). To investigate the cellular process underlying the
increased growth rate, we examined cell cycle status and
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apoptosis by flow cytometry analysis and found that BCR-
ABL1-transduced Ikzf1*™*™ pre-B ALL cultures had a con-
sistently increased fraction of cells in S/G2-M as compared
with WT and Tkzf1*F""F" cultures (Fig. 1 A). However, we
did not see any evidence of increased growth caused by re-
duced apoptosis in Tkzf1*™*" cultures. The increased frac-
tion of cells engaged in active cell cycle corresponded to an
increase in the protein and mRNA levels of the cell cycle
regulators Cyclin D1 and Cdk6, and reduced levels of the
negative cell cycle regulator p21 (Fig. 1, B and C). In contrast,
the negative cell cycle regulator p16 was selectively induced
in Tkzf1*"4F" cultures (Fig. 1, B and C), corresponding to
the observed reduced rate of growth and senescence of the
Tkzf1AT7AF cultures.

Ikzf14F#2F4 BCR-ABL1* cells give more

aggressive leukemia in vivo

To examine the leukemic potential of the Ikzf14M*A"-
mutated model of BCR-ABL1" pre-B ALL, we performed
i.v. transplantation of BCR-ABL1" pre—B ALL cells into non-
irradiated immunocompetent WT-recipient mice (Williams
et al., 2006). Whole BM from WT or Tkzf1A72 mice were
transduced with BCR-ABL1, and cultured in vitro for 7 d to
allow for expansion of BCR-ABL1-transformed pre-B ALL
cells before i.v. injection (Fig. 1 D). Transplantation of 10°
BCR-ABL1-transformed cells was sufficient to give rise to
leukemia with both WT and Ikzf1*"*4* donor cells (Fig. 1 E,
left), but mice that received Ikzf1*™** BCR-ABL1" cells
developed a more aggressive leukemia and had a shorter lifes-
pan than those that received WT BCR-ABL1" cells. Further-
more, whereas 10*WT BCR-ABL1" cells were not sufficient
to induce leukemia, 10* Ikzf1*™4H BCR-ABL1" cells were
sufficient to induce aggressive leukemia at 100% penetrance
(Fig. 1 E, right). This indicates that loss of Ikaros tumor sup-
pression in the Tkzf1*F*"™ mutant leads to a higher frequency
of cells that can initiate leukemia upon transplantation to a
nonirradiated immunocompetent host.

Loss of Ikaros tumor suppressor function corresponds

to a less mature cell surface phenotype, but does not block
successful IgH V(D)J recombination

Previous phenotypic analysis had revealed an aberrant ex-
pression of c¢-Kit and lack of CD25 expression on BCR-
ABL1-transformed Ikzf1*"4 cells (Schjerven et al., 2013).
We found that this was also accompanied by a higher ex-
pression level of CD43 than on WT and Ikzf1*"A"" cells
(Fig. 2 A). Together, this suggests that the BCR-ABL1-
transformed Tkzf1*"*2" cells are at a less mature stage of
B cell development than WT and Ikzf1*""" (Hardy et al.,
1991; Rolink et al., 1994). Because Ikaros has been reported
to be required for Rag! and Rag2 expression as well as IgH
recombination (Reynaud et al., 2008), we tested the ex-
pression of Ragl and Rag2 by RT-qPCR and found that
Tkzf1AF7AF and Tkzf14727 cells expressed Ragl and Rag2
mRNA at higher levels than WT cells (Fig. 2 B). We also
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Figure 1. Loss of lkaros tumor suppression in
Ikzf 142 mutant mice results in an increase
in active cell cycle and aggressive leukemia
in a nonirradiated in vivo model. (A-C) BM
from WT, Ikzf14F4F1 and Ikzf 127 mutant mice
were transduced with BCR-ABL1-p185-IRES-YFP
and grown in vitro on BM stroma-derived feeder
layers. (A) Cell cycle flow cytometry analysis was
performed by Hoechst incorporation, and one rep-
resentative experiment (at day 14 of cell culture) is
shown. (B) Cells were harvested on different days
of in vitro cell culture and protein was extracted
for Western blot analysis of Cyclin D1, Cdk6, p16,
and p21, with ERK as loading control. Space in-
dicates that intervening lanes have been spliced
out. (C) RNA was isolated from the in vitro cul-
tures, cDNA was prepared, and mRNA for Cend1,
Cdké, p16, and p21 was analyzed by quantitative
real-time PCR. Ubc was used as a reference gene.
(D) Schematic of the experimental set up for the in
vivo transplantation assay. BM cells from WT and
Ikzf 147 mutant mice were transduced and cul-
tured in vitro as in A-C for 7 d before i.v. injection
into nonirradiated immunocompetent WT ¢57BL/6
recipient mice. Animals were monitored and eu-
thanized upon signs of leukemia development.
(E) Kaplan-Meyer curve of cohorts receiving 10°
(left) or 10* (right) BCR-ABL1-transformed cells.
(A-C) are representative of three independent ex-
periments and (E) represents one experiment with
five recipient mice for each of the four cohorts.
The result in right panel was repeated in a separate
independent experiment displayed in Fig. 6 F.

found that BCR-ABL1—transformed Ikzf1*™4" cells were
able to undergo IgH V(D)] recombination to the same ex-
tent as BCR-ABL1—transformed WT and Tkzf1*""**" cells
(Fig. 2 C), thus demonstrating that the cells are not defective
in Rag-mediated recombination of IgH. Furthermore, we
analyzed the levels of intracellular p chain by flow cytom-

JEM Vol. 214, No. 3

etry analysis, and found that WT, as well as both mutants,

were able to express cytoplasmic p (Fig. 2, D and E). These
results indicate that Tkzf1*"*4" pre-B ALL cells can develop
to the stage of successful IgH recombination and expression
of cytoplasmic W, but fail to down-regulate c-Kit and in-

duce expression of CD25.
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Ikzf12F/*Fmutant BCR-ABL1* cells display immature cell surface phenotype but undergo successful IgH V(D)J recombination, and

increased cell cycle correlates with CD43 expression. (A) Flow cytometry analysis of CD43 on in vitro grown BCR-ABL1-transformed WT, /kzf 147" and
Ikzf 147 pre-B ALL cells. (B) Quantitative RT-PCR analysis of Rag7and Rag2 mRNA expression on in vitro grown BCR-ABL1-transformed WT, [kzf 14F/AF1
and lkzf 124" pre_B ALL cells. UBC was used as a reference gene. (C) IgH V(D)) recombination was analyzed by PCR (Schlissel et al., 1991) with genomic DNA
from BCR-ABL1-transformed WT, lkzf 1427 and Ikzf 1A cells, and genomic DNA from WT tail and spleen was used as negative and positive controls,
respectively. (D and E) Expression of cytoplasmic p chain was analyzed by flow cytometry. Whole mouse BM was used as positive control. One representative
is shown in (D) and results from multiple samples analyzed in independent experiments are summarized in E as fraction of cells expressing cytoplasmic
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Correlation between cell cycle profile and the
developmentally requlated cell surface marker CD43
Given the less mature cell surface phenotype of the Tkzf1*"*4F
pre—B ALL cells, we hypothesized that BCR-ABL1-trans-
formed Ikzf1*™4" cells are maintained at a highly prolifer-
ative stage of B cell development (C' or transitional pre—Bl/
large pre—BIIL; Hardy et al., 1991; Rolink et al., 1994; Mirtens-
son et al., 2010), with the failure of repressing key genes from
the earlier progenitor stages (such as c-Kit). In contrast, WT
and Ikzf14T7A1 cells are able (at a certain rate) to mature be-
yond this proliferative stage, express CD25, and exit cell cycle,
thus limiting the aggressiveness of growth. This model is in
agreement with reports that Ikaros is required for the nor-
mal progenitor B cell differentiation at this point and pre—
BCR-mediated cell cycle exit, as well as earlier reports that
Ikaros is required to turn off the gene expression programs
for self-renewal and multipotency (Ng et al., 2009; Trageser et
al., 2009; Ferreirds-Vidal et al., 2013; Heizmann et al., 2013).
To test if proliferation is linked to developmental cell
surface markers, we analyzed the cell cycle profile of vari-
ous sub-populations in the BCR-ABL1-transformed in vitro
cultures. We found that CD43 expression correlated well
with cell cycle in all three genetic backgrounds (Fig. 2 F).
CD43"&" cells had a higher percentage of cells in S/G2-M
phase, whereas cells with CD43™°" expression had the lowest
percentage of cells in S/G2-M phase (Fig. 2 F). Although
CD43 could merely be a marker for these more highly pro-
liferative cells, this observation is also consistent with the re-
ported growth-promoting function of CD43 (Balikova et al.,
2012). Collectively, the loss of tumor suppressor function in
Tkzf1*"2™ Jeukemia cells correlated with a failure to repress
the expression of progenitor cell surface markers, resulting in

a less mature cell surface phenotype as compared with WT
and Tkzf14F/4F! Jeukemia cells.

Expression profiling of Ikzf1°"F* BCR-ABL1-transformed
cells reveals lkaros target genes relevant

for tumor suppressor function

To investigate the changes in gene expression associated with
the increased proliferative growth and loss of tumor sup-
pression, we compared global expression profiles of replicate
BCR-ABLI1—transduced WT, Ikzf1*T"A" and Ikzf1A™AM
mutant cell cultures from independent experiments at 14 d
after transduction. Clustering of differentially expressed genes
demonstrated that the Ikzf1*"" mutant pre-B ALL expres-
sion patterns were distinct from the WT and ITkzf1*""**" pro-
files, and also revealed a cluster of genes that were selectively
up-regulated in Tkzf1*"""*F' cells compared with either WT or
Tkzf1*"2™ mutant cells (Fig. 3 A; cluster 1).As the Tkzf1*""A"

cells retain tumor suppressor function, the cluster of dif-

ferentially expressed genes specific for Ikzf1*f'"! mutant
cells are not expected to be tumor suppressor target genes,
whereas clusters of genes deregulated in ITkzf1*"™* mutant
cells represent candidate genes regulated by Ikaros tumor sup-
pressor function. This selective ZnF-dependent gene regula-
tion underscores the utility of ZnF mutant mice to define
the subset of Ikaros-regulated genes associated with Ikaros
tumor suppressor function.

To investigate the tumor suppressor function of Ikaros,
we examined genes that were differentially expressed in
Tkzf1AFA™ mutant cells as compared with WT cells, and
found that 365 and 414 genes were up- and down-regulated,
respectively (P < 0.005; fold change > 2; Fig. 3, B and C).
To identify potential direct regulatory target genes of a tran-
scription factor, a common analysis is to evaluate the binding
sites within a given distance to gene transcription start sites
(TSS; Wang et al., 2013). We found that 68 and 62% of the
Tkzf1*72™ down- and up-regulated genes, respectively, were
bound by Ikaros in mouse BM progenitor B cells within 100
kb of the gene TSS (Bossen et al., 2015; Fig. 3 C). We noted
that Ikaros was not enriched at deregulated genes compared
with all expressed genes, and this was the case whether ana-
lyzing the aforementioned dataset in isolation, or when using
a high-confidence dataset of Ikaros peaks obtained by analy-
sis of datasets from three different laboratories (Fig. 3 D and
Fig. S1; Ferreirds-Vidal et al., 2013; Schwickert et al., 2014;
Bossen et al., 2015). However, further analysis by integrat-
ing differential gene expression between the Ikzf14"“ and
WT pre—B ALL cells with Ikaros ChIP-Seq data using BETA
(Wang et al., 2013), predicted a significant repressive function
for WT Tkaros for genes that were up-regulated in Tkzf14F*4"
BCR-ABL1" cells compared with WT BCR-ABL1" cells (P
= 0.0003; Fig. 3 E).This supports the transcriptional repressor
function of Ikaros, and although it still remains difficult to
distinguish direct from indirect Ikaros targets, we nevertheless
note that several of the Ikaros-dependent genes defined in
this study contain Ikaros binding sites in proximity of the
gene loci, including at gene promoters (Fig. 3 F).

Deregulated signaling pathways in Ikzf1*F* |eukemic cells
Consistent with recent findings from both progenitor T cells
(thymocytes) and progenitor B cells in Ikzf] mutant mouse
models (Schjerven et al., 2013; Joshi et al., 2014; Schwickert
et al., 2014; Churchman et al., 2015), adhesion was one of the
most significantly enriched pathways in Ikzf1**" compared
with WT pre-B ALL cells (Fig. 3 G). In agreement with our
phenotypic analysis of Tkzf1*™F mutant cells demonstrating
the failure to down-regulate the cell surface markers c-Kit
and CD43, the deregulated genes in Ikzf1*™*" mutant cells
were enriched for genetic pathways involving cell surface re-

1 (% of live; E). (F) Flow cytometry analysis of CD43 and cell cycle analysis on in vitro cultures of BCR-ABL1-transformed WT, Ikzf1AF/AF1 and Ikzf 14744
cells (gated on YFP*), displaying cell cycle activity of cells gated on low, medium, or high expression of CD43, respectively. All results are reproduced in two

or more independent experiments.
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Figure 3. BCR-ABL1-transformed [kzf1
mutant cells show distinct sets of de-
regulated genes and display altered ex-
pression of canonical signaling pathways.
(A) RNA-Seq libraries were prepared from two
biological replicates of day 14 in vitro cultures
of BCR-ABL1-transformed WT, /kzf1*7"Af" and
Ikzf1AFA cells from independent experiments.
Heat map based on k-means clustering ofdif-
ferentially expressed genes (fold change > 2;
P < 0.005) across kzf1AAFT and [kzf 1AF4AR
compared with WT. (B) MA-plot showing the
distribution of differentially expressed genes
between kzf 1472 and WT. Up-regulated and
down-regulated genes in /kzf1*#2" compared
with WT samples are indicated in red and blue,
respectively. (C) lkaros ChIP-Seq data from
mouse BM-derived progenitor B cells (Bossen
et al, 2015) were analyzed and the number
of differentially expressed genes with lkaros
binding annotated within 100 kb is displayed
in gray, whereas genes without any annotated
Ikaros peaks are displayed in white (open) col-
umns. (D) MACS2 peak calling was performed
on the Bossen dataset using default (FDR of 1
x 107%) or a stringent cutoff (FDR of 1 x 1079,
resulting in 33,959 or 7,656 peaks, respectively.
All genes within 100 kb of a peak were then
annotated and the percentage of differentially
expressed genes (DEGs) between [kzf74MAM
versus WT cells was determined. The percent-
age of expressed genes bound by lkaros was
determined by dividing the number of genes
bound by lkaros by the number of genes in
our mouse RNA-Seq data that have a mean
reqularized log normalized count > 5 across
all kzf1AF4% and WT samples. The percent-
age of total genes bound by lkaros was deter-
mined by dividing the total number of genes
bound by lkaros by the total 34,588 RefSeq
genes. (E) Activating/repressive function pre-
diction of Ikaros by ChIP BETA. The purple and
the red lines represent the up-regulated and
down-regulated genes in [kzf1*F A% (versus
WT) cells, respectively. The dashed line indi-
cates the nondifferentially expressed genes as
background. Genes are cumulated by the rank
on the basis of the regulatory potential score
from high to low. P values that represent the

significance of the up-regulated (P = 0.000302) or down-regulated (P = 0.983) group distributions are compared with the nondifferentially expressed group
by the Kolmogorov-Smirnov test. (F) Relative distribution of Ikaros enrichment peaks of the shared 1,704 pro-B lkaros peaks (as defined in Fig. S1) or control
genomic regions relative to RefSeq gene features. (G) IPA revealed several enriched deregulated pathways. Several representative pathways and biological
processes are shown, with -log10 P values in heat map. (H) Heatmap of deregulated genes that fall into the Wnt gene pathway list.

ceptor linked signaling (Fig. 3 G).In addition, genes associated ~ riched in WT cells (i.e., down-regulated in Ikzf1*"™*™ cells),

with cell movement, migration, invasion of cells, and chemo- in agreement with the more immature cell surface phenotype
taxis were also enriched, suggesting an increased potential of ~ and aggressive leukemic properties of the Ikzf1*"2F* cells.

Ikzf1-mutated leukemia to leave the blood stream and invade Comparative Ingenuity Pathway Analysis (IPA) of genes
tissues (Fig. 3 G). In contrast, genes involved in differentiation deregulated in Ikzf1*™*"™ and WT cells revealed alterations
of B lymphocytes and contact growth inhibition were en- in the expression patterns of different cellular signaling path-
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ways (Fig. 3 G).The signaling pathways that were enriched in
the Ikzf1*™2™ expression profiles and not in the WT profiles
included the Rho, STAT3, and FXR-RXR pathways. Sig-
naling pathways decreased in Tkzf1*"**** compared with WT
included the NF-kB and Ca*' signaling pathways. Adhesion,
cAMP and Wnt—f-catenin pathways were enriched in both
BCR-ABLI1-transduced WT and ITkzf1*F*"* expression sets.
The Wnt—p-catenin pathway functions in normal hemato-
poiesis and has been linked to leukemia development (Staal
and Clevers, 2005; Misaghian et al., 2009; Luis et al., 2012;
McCubrey et al., 2014). The Rho signaling pathway is part of
the noncanonical Wnt pathway and has been reported to be
involved in BCR-ABL1-mediated leukemogenesis (Thomas
et al., 2008). When we further examined the differential gene
expression patterns of the Wnt—fB-catenin pathway, we found
that several members were indeed differentially expressed be-
tween WT, Ikzf1*FA1 and Ikzf1™4™ datasets (Fig. 3 H).

Inducible restoration of lkaros tumor suppressor function

in human pre-B ALL cells

To relate our findings of Ikaros tumor suppressor function to
human pre—B ALL cells, we established inducible Ikaros ex-
pression in human patient-derived BCR-ABL1" pre-B ALL
cells that naturally express the DN-IK6 isoform. Doxycy-
cline-inducible (DOX) expression was monitored by (IRES-)
GFP, and induced cells were gated or sorted for analysis based
on GFP expression (Fig. 4 A). Upon expression of WT Ikaros,
the IKZF1 mutant pre—B ALL cells exited cell cycle with
a significantly reduced fraction in active S-phase and in-
creased fraction in GO/G1 (Fig. 4 B; P < 0.005), resulting in
reduced growth rate and out-competition by GFP-negative
cells (Fig. 4 C). We reproducibly observed Ikaros-induced
reduced growth rate and out-competition by GFP-negative
cells when performing the same experiment in another
IKZF1-mutated patient-derived BCR-ABL1" pre-B ALL
(unpublished data), indicating that the tumor suppressor role
of Ikaros is restored in this system.

Expression profiling after restoration of Ikaros tumor
suppression in human BCR-ABL1* pre-B ALL reveals Ikaros-
regulated target genes and pathways

To elucidate the Ikaros target genes associated with restored
TIkaros tumor suppressor function in human pre—B ALL, we
analyzed the gene expression changes that occurred after in-
duction of WT Ikaros in human BCR-ABL1" pre-B ALL.
We compared global expression profiles of induced WT
Ikaros expressing cells to control cells at 12, 24, and 48 h
post-induction in duplicate (Fig. 4 A). Principal component
analysis showed high concordance between the replicates
from independent experiments and highlighted the kinet-
ics of the differential expression response following induc-
tion of WT Ikaros (Fig. 4 D). Gene set enrichment analysis
(GSEA) demonstrated that adhesion was one of the most sig-
nificantly enriched biological processes regulated by Ikaros
in pre—B ALL (Fig. 4 E), consistent with findings from the
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mouse model of pre-B ALL (Fig. 3 G) as well as prior studies
of mouse IkzfI-mutated developing lymphoid B and T cells
(Schjerven et al., 2013; Joshi et al., 2014; Schwickert et al.,
2014; Churchman et al., 2015). Furthermore, there was an
enrichment of Ikaros-repressed genes associated with the epi-
thelial to mesenchymal transition (EMT) pathway, suggesting
that Ikaros is important for repression of invasion-promoting
gene programs (Fig. 4 E).

Based on the observation that Ikzf1*™“"_mutated
BCR-ABL1" pre-B ALL cells failed to down-regulate pro-
genitor cell surface markers (Fig. 2; Schjerven et al., 2013), we
performed GSEA analysis using gene sets that correspond to
hematopoiesis and associated signatures (Laurenti et al., 2013).
Induction of WT Ikarosaltered the expression ofhuman he-
matopoietic progenitor, early myeloid and progenitor B cell
population gene sets.As early as 12 h after induction, we found
that the pro—B gene set was enriched, whereas the granu-
locyte-macrophage progenitor (GMP) gene set was down-
regulated. After 48 h of Ikaros induction, these two gene sets
were further enriched (Fig. 4 F), and the hematopoietic stem
cell (HSC) and myeloid progenitor gene sets were down-
regulated, whereas genes reported to be down in CD133"
stem cells were up-regulated by Ikaros (Fig. 4 F).This indicates
that IKZF1-mutated human pre—B ALL cells display lineage
infidelity/plasticity, with failure to down-regulate genes from
the earlier progenitor programs, as well as promiscuous ex-
pression of early myeloid lineage progenitor gene signatures.

Conserved lkaros-regulated pathways and target genes
To determine the Ikaros-regulated pathways conserved be-
tween the mouse and human models of Ikaros-mutated
pre-B ALL, we performed comparative IPA analysis be-
tween the Ikzf1*™*™ mutant pre-B ALL and the human
IKZF1-mutated pre—B ALL expression profiles (Fig. 4 G). In
line with a tumor suppressor function for Ikaros, prolifera-
tion of cells, cancer, and neoplasia pathways were predicted
to be repressed (a negative activation Z-score) in cells with
WT Ikaros compared with cells with mutated Ikaros in both
mouse and human models (Fig. 4 G, left). In addition, cell
migration, invasion, and organization of cytoskeleton were
among the conserved pathways that were repressed by WT
Ikaros, indicating a role for Ikaros in control of extravasa-
tion/invasion-promoting properties of cells. Analysis of ca-
nonical signaling pathways in both human and mouse pre—B
ALL models, revealed that repression of carcinoma, metas-
tasis signaling and leukocyte extravasation signaling path-
ways are repressed by Ikaros (Fig. 4 G, right). In addition,
the Wnt pathways (including PCP, calcium, and p-catenin),
as well as pathways that are known to be connected with
Wnt signaling (integrin, actin cytoskeletal, and Rac/Rho sig-
naling), were repressed by Ikaros in both mouse and human
models (Fig. 4 G; right).

Next, we compared the deregulated genes from the
mouse model to the human pre—B ALL cells to determine
the degree of direct conservation at the level of individual
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Figure 4. Profiling the lkaros target genes upon inducible expression of WT lkaros in patient-derived IKZF7-mutated BCR-ABL1* pre-B
ALL reveals conserved lkaros target genes and genetic pathways in BCR-ABL1* pre-B ALL. (A) Schematic representation of experimental setup.
Patient-derived BCR-ABL1* pre-B ALL expressing DN-IK6 were stably transduced with TET-inducible expression of either WT Ikaros (IK1-WT-IRES-GFP) or
GFP control. Cells were induced with DOX, and harvested at different time points for analysis. GFP* cells were sorted for RNA-Seq analysis and protein
analysis by Western blotting, and gated for flow cytometry analysis. (B) The bar graph representation of results from cell cycle analysis by flow cytometry
from two independent experiments demonstrate that induction of WT Ikaros (3 d DOX treatment) leads to cell-cycle exit (¥, P < 0.005; **, P < 0.006; multiple
Student's t test). The same result was obtained in a third independent experiment at day 2 after DOX. (C) Growth curve analysis after GFP* cells over time
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genes. We found a set of 83 genes up-regulated in the mouse
Tkzf1*™ 2™ mutant pre-B ALL cells and down-regulated
upon expression of WT Ikaros in the human pre-B ALL
cells, and a set of 47 genes that were down-regulated in the
mouse Tkzf1*™*" mutant pre-B ALL cells and up-regulated
upon expression of WT Ikaros in the human pre—B ALL cells
(Fig. 4 H; P < 0.01; fold change > 2). Together, this reveals
conserved Ikaros-regulated target genes and pathways con-
nected to the observed Ikaros tumor suppressor function in
mouse and human BCR-ABL1" pre-B ALL.

Genome-wide analysis of lkaros binding

in human pre-B ALL cells

To further our understanding of Ikaros gene targets in human
pre—B ALL cells, we performed Ikaros ChIP-Seq analysis in
two different human patient—derived BCR-ABL1" pre-B
ALL samples that naturally express WT Ikaros (Fig. 5 A). We
used two different Ikaros antibodies that recognize N-ter-
minal (IkH) and C-terminal (IkC) epitopes, respectively, and
performed duplicate independent experiments for one an-
tibody (IkH). We then compared the significantly enriched
binding sites across these six datasets (Fig. 5 B and Fig. S2).
The result was a high-confidence set of 3,496 Ikaros binding
sites in human pre—B ALL common to all six experimental
datasets (Fig. 5 B). Although location analysis revealed a rel-
ative enrichment of Ikaros binding at gene promoters (13%
compared with a random distribution of 2.4%; Fig. 5 C), the
majority of Ikaros binding sites were located in intragenic or
distal regions. Similar to what was observed in mouse pro-
genitor B cells, a high proportion of the WT Ikaros-respon-
sive genes were also bound by Ikaros (56% of differentially
expressed genes at 12 h; Fig. 5, D and E). Notably, Tkaros
binding was enriched at genes responsive to WT Ikaros ex-
pression, relative to all expressed genes (Fig. 5, D and E).

Genome-wide analysis of lkaros-induced chromatin changes
in human pre-B ALL cells

To evaluate the mechanisms by which Ikaros regulates gene
expression, we analyzed chromatin accessibility by ATAC-Seq
(Buenrostro et al., 2015) after 24 h of WT Ikaros induction,
as well as the genome-wide enrichment of histone modi-
fications H3K4me3 and K3K27ac by ChIP-Seq. Induction
of WT Ikaros resulted in a reduction in ATAC-Seq signal at
Ikaros-enriched ChIP-Seq regions (Fig. 5 F). This suggests
that Ikaros regulates target gene expression through local-
ized alterations in chromatin accessibility, resulting in chro-
matin compaction upon Ikaros binding, and supports a role

for Ikaros in gene repression. Although a significant subset of
differentially expressed genes were up-regulated upon Ikaros
induction, analysis of active chromatin marks surrounding
Ikaros-binding sites displayed only modest changes upon in-
duction of WT Ikaros (Fig. 5 F). To further investigate the
regulation of Ikaros-responsive genes, we performed cluster-
ing analysis of differentially expressed genes after induction of
WT Ikaros and evaluated the corresponding changes of chro-
matin structure surrounding the TSS of differentially regulated
genes. This analysis uncovered a cluster of down-regulated
genes that displayed decreases in chromatin accessibility and
H3K4me3 levels (Fig. 5 G; cluster 1, on top). Additionally,
two clusters of genes that were up-regulated upon Ikaros in-
duction displayed enhanced H3K4me3 signal centered at the
gene TSS (Fig. 5 G; clusters 5 and 6, bottom). In contrast,
other clusters of genes had significant changes in gene expres-
sion but displayed little or no changes in chromatin accessibil-
ity or in the enrichment of active histone marks, suggesting
that Ikaros regulates gene expression also through alternative
molecular mechanisms (Fig. 5 G; clusters 2—4, middle).

Developmental down-regulation of c-Kit on pro-B cells

is dependent on lkaros ZnF4

Both Ikaros mutant pre-B ALL models exhibited aberrant
expression of early hematopoietic programs, including genes
involved in developmental and adhesion-mediated receptor
signaling. Among these was the gene encoding c-Kit (Kit),
which is expressed on HSC and early B cell progenitors,
but is normally down-regulated as cells progress through
B cell development (Fig. 6 A). c-Kit was aberrantly expressed
in Tkzf1*f*"_mutated mouse pre—B ALL (Schjerven et al.,
2013), and WT Ikaros binds to the Kit promoter in mouse
progenitor B cells (Fig. 6 B; data from Bossen et al., 2015).
To test if ZnF4 of Ikaros is required for the down-regulation
of ¢-Kit in progenitor B cells, EBF1-rescued Ikzf1"™" pro—B
cells (Reynaud et al., 2008) were transduced with retrovi-
ral vectors expressing either full-length Ikaros (Ik1, WT) or
Ikaros missing the exon encoding ZnF1, ZnF4, or both. As
a positive control, c-Kit was down-regulated in cells upon
re-expression of full-length Ikaros, as indicated by GFP*s"
cells (Fig. 6 C, left). We found that the Ikaros isoform lack-
ing ZnF1 was also sufficient for down-regulation of c-Kit. In
contrast, Ikaros lacking ZnF4 or Ikaros lacking both ZnF1
and ZnF4, were unable to down-regulate c-Kit expression
(Fig. 6 C, two rightmost panels). This indicates that Ikaros
ZnF4 is required for the developmental down-regulation of
c-Kit in progenitor B cells, and aberrant c-Kit expression cor-

demonstrate growth disadvantage of cells expressing WT Ikaros in liquid culture (n = 4). (D) The experimental variation between two independent RNA-
Seq experiments with IK1-WT or GFP-control for each time point was compared by Principle Component Analysis (PCA) using the DESeq2 regularized log
transformation for each individual dataset (Love et al., 2014). (E and F) GSEA preranked analysis of WT Ikaros-responsive genes are (E) negatively correlated
with adhesion and EMT genesets, (F) enriched with B cell development gene signatures, and negatively correlated with HSC gene sets. (G) IPA comparison
of lkaros-requlated genes in BCR-ABL1* pre-B ALL in the mouse and human system revealed common deregulated disease and functions pathways and
canonical signaling pathways. The heat map is based on IPA activation z-scores. (H) Directly conserved Ikaros-regulated genes (P < 0.01; fold change > 2).
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relates with the observed loss of tumor suppressor function in
Tkzf 172" mutant BCR-ABL1" pre—B ALL.

c-Kit confers partial growth advantage and

marks the lkzf1*FF* leukemic cells that are able

to give in vivo leukemia

c-Kit is a potent growth factor receptor known to provide a
proliferative signal and has been recognized as an oncogene in
several cancers (Lennartsson and Ronnstrand, 2012).To test if
the sustained expression of c-Kit on Tkzf1*F/4%
uted to the increased growth rate and leukemogenesis, we first
used a blocking antibody (Ab) against c-Kit (ACK45).We ob-

served a partial, but reproducible reduction in growth rate of

cells contrib-

802

10 kb of the TSS are shown on the left.

the c-Kit" BCR-ABL1—transformed Ikzf1*"/ 2™ cells, and as
expected, the c-Kit blocking Ab had no effect on the c-Kit™
WT cells (Fig. 6 D). This indicates that the derepressed ex-
pression of c-Kit on the BCR-ABL1-transformed Ikzf14"4"
cells confers some growth advantage; however, it is not the
only factor contributing to the increased growth rate in this in
vitro model of Tkzf1*"*™_mutated BCR-ABL1" pre-B ALL.

We observed that the BCR-ABL1-transformed BM
cells started as a mixed population of c-Kit™ and c-Kit" cells.
Over time, the c-Kit" cells disappeared in the WT cultures
and the dominating cell population was c-Kit™. In contrast,
the c-Kit" cell population was predominant over time in the
BCR-ABL1-transformed Tkzf1*F*" cell cultures. To test if
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Figure 6. Kit is a ZnF4-dependent lkaros target gene that confers growth advantage and correlates with aggressive leukemia. (A) Schematic
diagram of relevant cell surface markers expressed on developing B cells. (B) ChIP-seq tracks of lkaros and input from mouse pro-B cells (Bossen et al., 2015)
demonstrates binding of lkaros at the Kit promoter. (C) Retroviral overexpression of Ikaros isoforms containing different subsets of the DNA-binding zinc
fingers (IRES-GFP) in Jkzf1™" EBF1-rescued noncommitted pro-B cells (Reynaud et al., 2008). GFP and c-Kit expression was analyzed by flow cytometry.
(D) Mouse pre-B ALL cells from WT and /kzf 142 mutant mice were created and cultured as described in Fig. 1 A. Cell growth with and without c-Kit block-
ing Ab (ACK45; 10 ug/ml) was measured by daily cell count. (C and D) One representative of two independent experiments. (E) Day 7 cultures of mouse pre-B
ALL cells from WT and /kzf 1472 mutant mice were sorted as indicated based on c-Kit expression. (F) Sorted cells from E or bulk unsorted day 7 cultures
were i.v. injected into nonirradiated, immunocompetent WT C57BL/6 mice. Mice were monitored and euthanized upon development of leukemia. Leukemia

was confirmed by necropsy and flow cytometry analysis, and survival of indicated cohorts is represented by Kaplan-Meyer curve.

expression of c-Kit marked the BCR-ABL1" Ikzf1*"2™ cells
able to confer leukemia upon in vivo transplantation, we sorted
c-Kit" and c-Kit™ BCR-ABL1-transformed Ikzf1*"A"
cells at day 7 of in vitro culture, for injection into nonirradi-
ated immunocompetent mice (Fig. 6, E and F). Bulk WT and
Tkzf1AT¥2F cells were used as control, as well as sorted c-Kit™
WT cells (there were not sufficient numbers of WT c-Kit" cells
to sort for in vivo injections). Although transplantation of 10"
cells was sufficient for Ikzf1*"*4™ cells to lead to pre-B ALL in
vivo, 10* WT cells were not able to initiate disease (Fig. 1 E).
We therefore injected 10 c-Kit" or c-Kit™ Ikzf1*F4"
BCR-ABL™ cells, as well as sorted c-Kit™ WT and bulk un-
sorted WT and Ikzf1*™2 cells as controls. We found that
10* c-Kit" Tkzf1*F2™ cells were sufficient to induce disease,

JEM Vol. 214, No. 3

comparable to the total unsorted ITkzf1*™*" cells. However,
the c-Kit™ Tkzf1*™4 cells were not able to initiate disease
(Fig. 6 F).This demonstrated that the c-Kit" population con-
tains the cells in the Ikzf1*"™“" BCR-ABL1" pre-B ALL cell
culture that confer in vivo leukemia. Collectively, these results
indicate that Tkaros tumor suppressor function is linked to the
developmental stage-specific regulation of the c-Kit hemato-
poietic growth factor receptor.

Ikaros regulates the developmental stage-specific
expression of CD34 and CD43 in human pre-B ALL

Among the early hematopoietic progenitor cell surface re-
ceptors down-regulated during B cell development, we
found CD34 and SPN (encoding CD43) to be deregulated
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in human IKZFI-mutated pre—B ALL cells. CD34 is com-
monly used for sorting or enrichment of human hematopoi-
etic progenitor cells, and is proposed to be a common marker
for progenitors of different lineages (Fig. 6 A; van Zelm et
al., 2005; Sidney et al., 2014). In spite of its widespread use
as a marker, the function of CD34 on hematopoietic cells
is poorly understood. However, it is thought to be involved
in adhesion to stromal cells, and similar to c-Kit, CD34 is
reported to be associated with CRKL and is thus likely to
transmit intracellular signaling (Felschow et al., 2001). We
found that a high fraction of the IKZFI-mutated pre—B ALL
cells expressed CD34, and both the fraction of CD34" cells
and the cell surface expression level of CD34 were reduced
upon induction of WT Ikaros (Fig. 7 A). Similarly, expres-
sion of WT Ikaros in human IKZFI-mutated pre-B ALL
cells decreased the levels of CD43 cell surface expression
(Fig. 7 B). ChIP-Seq analysis revealed that Ikaros bound to
both the CD34 and the SPN gene loci, and induction of
Ikaros in IKZFI-mutated pre—B ALL resulted in a reduction
in chromatin accessibility and H3K4me3 signal at these loci
(Fig. 7 C). Together, this suggests that both CD34 and SPN
are direct regulatory targets of Ikaros.

Analysis of a panel of BCR-ABL1" pre-B ALL cells
showed that samples that express DN-IK6 displayed high lev-
els of CD34, whereas samples that express full-length Ikaros
(IK1) had low levels of CD34 (Fig. 7 D, top). The expression
of CD43 was high in IKZF1-mutated (DN-IK6") samples and
also in the tyrosine kinase inhibitor (TKI) treatment-relapse
samples (T3151 or F359V-mutated BCR-ABL1; Fig. 7 D,
bottom). These findings parallel the observed increased cell
surface expression of CD43 and c-Kit on Ikzf1*™ 4% mu-
tant mouse pre—B ALL cells (Figs. 2 F and 6 E). Together, this
supports our findings that a conserved function of Ikaros is to
regulate the proper developmental stage-specific expression
of cell surface proteins.

Deregulated expression of CD43 and CD34 on IKZF1-
mutated pre-B ALL confers leukemic growth advantage

To determine if CD34 or SPN gene expression has a func-
tional effect on leukemic growth, we performed Cas9/
CRISPR -mediated depletion of CD34 or SPN in human
IKZF1-mutated BCR-ABL1" pre—B ALL cells.We found that
depletion of either of these cell surface receptors (Fig. 7 E) re-
sulted in a growth disadvantage in a growth competition assay
(Fig. 7 F). Furthermore, analysis of clinical expression data
from the Childrens Oncology Group (COG) Clinical Trial
P9906 (available from GEO under accession no. GSE11877;
Harvey et al., 2010; Kang et al., 2010) showed that presence
of minimal residual disease (MRD) after 29 d of treatment
correlated with higher expression of CD34 or SPN (P = 7 X
107 and P < 0.007, respectively; Fig. 7 G). When comparing
patient samples based on CD34 or SPN expression above or
below the median expression level, high expression of either
gene correlated with reduced probability of overall survival
(OS; P < 0.07 and P < 0.02, respectively; Fig. 7 H). Over-
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all, this indicates that the aberrant expression of CD34 and
CD43 on IKZF1-mutated pre—B ALL represent biologically
relevant targets of Ikaros tumor suppressor function.

CTNND1 is a conserved lkaros target gene that confers
leukemic growth advantage

Restoration of WT Ikaros in IKZF1-mutated human pre—B
ALL resulted in a growth arrest and outcompetition within
4 d (Fig. 4 C), and individual depletion of SPN and CD34
resulted in significant but only partial growth inhibition in
these cells (Fig. 7 F). From the list of conserved Ikaros target
genes, CTNND1 was among the most highly deregulated
genes (Fig. 4 H). CTNND1 expression is reported to be high
in human BCR-ABL1" compared with other types of pre—B
ALL (Juric et al., 2007), and higher in IKZF1-mutated than
in Ikaros WT pre-B ALL (Mullighan et al., 2009). CTNND1
encodes p120-catenin (also known as p120 or p120-ctn), a
multifunctional protein that regulates cadherin stability at
the cell membrane, Rac—-Rho—cdc42 pathway in the cyto-
plasm and Wnt/B-catenin target genes in the nucleus (Reyn-
olds, 2007; Kourtidis et al., 2013; Schackmann et al., 2013;
McCrea and Gottardi, 2016). We found that Ikaros bound to
the CTNND1 promoter and intronic regions and that in-
duction of WT Ikaros resulted in partial reduction of chro-
matin accessibility and H3K4me3 enrichment at this locus
(Fig. 8 A). Furthermore, we found that p120-catenin protein
levels were reduced upon induction of WT Ikaros expres-
sion (Fig. 8 B). Interestingly, CCND1 (encoding Cyclin D1),
which is reported to be an indirect target of p120-catenin
through relief of Kaiso-mediated repression (Park et al., 2005;
Donaldson et al., 2012; Liu et al., 2014), was also among
the list of conserved genes regulated by Ikaros (Fig. 4 H).
CCND?2 (encoding Cyclin D2) was more highly expressed
than CCND1 in the human cells, and it was also repressed by
WT Ikaros in the human pre-B ALL cells. Consistent with
this, the protein level of Cyclin D2 was greatly reduced upon
expression of WT Ikaros (Fig. 8 B). Screening a panel of pa-
tient-derived pre—B ALL samples, we found that expression
of DN-IK6, as well as TKI-treatment relapse of BCR-ABL1"
pre—B ALL, correlated with both p120-catenin and Cyclin
D2 expression (Fig. 8 C). Although a small sample size, this
suggests that the selection for high p120-catenin expression
in relapsed clones might provide a growth or survival advan-
tage to leukemic cells.

We then tested whether p120-catenin provides a growth
advantage to cells by performing loss-of-function experi-
ments through retroviral cre-mediated deletion of Ctnndl
exon 7 (Elia et al., 2006) in mouse BCR-ABL1-transduced
pre—B ALL cells. Upon cre-mediated inactivation of Ctnnd1
and loss of p120-catenin protein expression (Fig. 8 D), we
observed decreased growth rates of p120-catenin depleted
cells in GFP growth-competition assays (Fig. 8 E). Com-
pared with the cre-expressing mTmG control cells, both WT
Tkaros cells and Tkzf1*™2™ cells displayed reduced growth
upon deletion of p120-catenin (P < 0.0001 and P < 0.0008,

Ikaros tumor suppressor function in Ph* pre-B ALL | Schjerven et al.

920z Arenigad g0 uo 1senb Aq Jpd 61009102 Wel/L869G . L/€6./E/v 1L Z/pd-ajo1e/wal/Bio sseidny//:dpy wouy pepeojumoq


GSE11877

GFP IK1-WT B GFP-ctrl IK1-WT Fi 7 Ik lates devel tall
GFP-Neg  GFP+High  GFP-Neg  GFP+High U (GFP-) U (GFP-) lgure 7. Ikaros regulates developmentally
- + - + +DOX (GFP+) restricted signaling-competent cell surface

+DOX (GFP+)

receptors that confer leukemic growth ad-
vantage. (A and B) Inducible expression of WT
Ikaros in human patient-derived BCR-ABL1*

pre-B ALL results in down-regulation of CD34
(A) and CD43 (B). (C) Ikaros binds to the CD34

C aros 2 Ll IKAROS "2 and SPN (CD43) loci in human patient-derived
CONTR0L§3§ i CONTROL‘"SS A BCR-ABL1* pre-B ALL cells, and chromatin
K1 % P . ’ KEWT &l o accessibility (ATAC-Seq) and histone modifica-
C?K,\:T:\/OTL - il - C?K':T:v?f 1g s tion ChIP-Seq (H3K4me3 and H3K27ac) signals
CONTROL§33MM~MMMM- CONTROL‘”" S are shown for control (GFP) and lkaros-in-

Elol b o ok ] ] . —
o . E duced cells (Ik-WT). (D) Flow cytometry anal-
= NEE =0 is of CD34 and CD43 in a panel of human

CcD34 5 kb SPN ysIs 0 p

10K e O patient-derived BCR-ABL1* pre-B ALL cells.
D 1K1 C147R K6 /KZEI sFatus and BCR-ABL1 relapse mutations
e — RF35V) LRT315) ) n N N are indicated on .top and bo.ttom. (E and F)
- Cas9/CRISPR-mediated depletion of CD34 and
Lo LY g . , CD43 was confirmed by flow cytometry of cell
@ 3 | CD34  surface expression of the respective proteins,

as demonstrated by both reduced mean fluo-

ot 0 0 0 0
g o 0 0 0 0 0
CD34

0 rescence intensity (MFI) and fraction of CD34*

(bottom) and CD43" (top) cells, respectively
(E), and resulted in reduced growth in liquid
culture (P = 0.0032 for CD34; P = 0.0010 for
CD43; unpaired Student's t test; F). (G) Analysis

CD43

& 0 0
: o' o 5 0 0
°Ccpa3

0 . -
0 0 0 0 of published clinical data (COG, P9906) showed
+R = relapse that presence of MRD after 29 d of treatment
CONTROL SPN 120 SPN correlated with higher expression of CD34
scramble1 scrambIeZ gRNA1 ~ gRNA2 gRNA 3 g 100 and SPN (encoding CD43; P = 7 x 107° and
o @ ﬁ:” 1 & % 23 -scr;,mme; 1 I I— P < 0.007, reSpeFtiver; two-tailed Wilcoxon
] N £ 4of T iamte test; H) OS of patients (COG, P9906) separated
o ‘ 0 } q of | o | = 28 A above or below median mRNA expression level
8FSOC 0 0 0 0 13 456 7 9 of CD34 and SPN (encoding CD43; P < 0.07
days after DOX . .
and P < 0.02, r ctively; Log-rank LA
CONTROL CD34 CD34 DD et espectively; tgt. : test?] :
scramble 1 scramble 2 gRNA 1 qRNA2 gRNA 3 o 100 '@—_'_'_'_'Q;,,,,Li ¥ . »an ISplay or?e representative from three
we] > 80 ~=1 independent experiments performed. For E and
60 scramble 1 F, data from three repeats from two indepen-
S 40 -=-scramble 2 X X R
8 Lol ToRNA dent experiments are displayed (F) with one
4 5 6 ploraRNAS representative flow cytometry plot (E).
13 4586 79
days after DOX
G SPN_1568964_x_at CD34_209543_s_at H SPN_1568964_x_at CD34_209543_s_at
12 H N 1.0 Bottom 50% 1.0 Bottom 50%
c : c 12 é i > low expression >, low expression
g i 2.l ¥ g Fos Fos
g 10 ,;_‘55‘ 1%‘_ g ::53 ";a‘ %06 -rlg?g%seoxg,ression -‘é 0.6 E‘i)g%\seoxg/;ression
5 9 ~§ 38 B H 1 &
2 K3 e :'3 - o 04 %) 04
e 8 ¥ R Y O o2 O o2
T . . o0 o0
MRD - MRD + MRD - MRD + 0 1 2 3 4 5 6 0 1 2 3 4 5 6

(n=124) (n=67) (n=124) (n=67) time (years)

respectively; Fig. 8 E). Of note, the effect was stronger in the
Tkaros-WT cells than in the Ikzf1*"2™ cells (P < 0.0001),
indicating that the Ikzf1*™4" cells may harbor additional
Ctnndl-independent growth-promoting alterations. More-
over, Cas9/CRISPR-mediated depletion of p120-catenin in
human IKZF1-mutated BCR-ABL1" pre—B ALL resulted in
reduced growth (Fig. 8, F and G). Finally, analysis of expres-
sion data from the COG Clinical Trial P9906 (available from

GEO under accession no. GSE11877; Harvey et al., 2010;

JEM Vol. 214, No. 3

time (years)

Kang et al., 2010) showed that presence of MRD after 29 d
of treatment correlated with higher expression of CTNND1
(P < 0.002; Fig. 8 H).When comparing patient samples based
on CTNND1 expression above the top or below the bottom
first quartile, high CTNND1 expression correlated with re-
duced probability of OS (P < 0.005; Fig. 8 I) and relapse-free
survival (RES; P < 0.02; Fig. 8 J). Collectively, these results
indicate that CTNND1 is a direct target of Ikaros that con-
fers oncogenic growth properties. Collectively, our analysis
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Figure 8. CTNNDT1 is a conserved lkaros target gene that confers leukemic growth advantage. (A) Ikaros binding to the CTNNDT gene locus in
human patient-derived BCR-ABL1* pre-B ALL cells. ATAC-Seq and ChIP-Seq signals are shown for control (GFP) and Ikaros-induced cells (Ik-WT). (B) Ex-
pression of WT Ikaros in DN-IK6* BCR-ABL1* pre-B ALL resulted in reduced p120-catenin and Cyclin D2protein levels. -Actin was used for loading control.
(C) Expression of Ikaros, p120-catenin, and Cyclin D2 protein was evaluated in a panel of human patient-derived pre-B ALL samples. (D) Cre-mediated
inactivation by deletion ofCtnnd1 exon 7 (Elia et al., 2006) was confirmed at the protein level in sorted GFP* BCR-ABL1-transduced murine pre-B ALL
cells. (E) Growth competition assay displayed growth disadvantage of BCR-ABL1* pre-B ALL cells upon cre-mediated (GFP*) inactivation of Ctnnd1. mTmG
cells that lose Red fluorescence (Tomato) upon cre-mediated deletion were used as controls (Muzumdar et al., 2007). Statistical analysis used 2-way ANO
VA on mean values. Data in A-E are summaries or representative of two or more independent experiments. (F and G) Cas9/CRISPR-mediated depletion of
p120-catenin (encoded by CTNND1) was confirmed by Western blotting for p120-catenin (F) and resulted in reduced growth in liquid culture (P = 0.0011;
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of conserved Ikaros tumor suppressor function indicate that
IKZF1 mutations lead to deregulation of multiple cellular
functions that, together, confer increased leukemogenesis.

DISCUSSION

We have investigated the mechanisms of Ikaros tumor sup-
pressor function using our mouse model of Ikzf1*™4F
mutated BCR-ABL1" pre-B ALL combined with a new
model of inducible expression of WT Ikaros in human
IKZF1-mutated BCR-ABL1" pre-B ALL. We have defined
the Ikaros target genes associated with tumor suppression in
both mouse and human BCR-ABL1" pre-B ALL, and have
demonstrated conserved Ikaros target genes and a converg-
ing network of genetic pathways. In particular, Ikaros mutant
BCR-ABL1"* pre-B ALL cells display lineage plasticity and
fail to down-regulate developmentally restricted cell surface
receptors, including c-Kit, CD34 and CD43, likely retaining
the functions and signaling abilities of these receptors. Ge-
netic loss-of-function experiments demonstrated that these
cell surface receptors confer part of the observed growth ad-
vantage in Ikaros-mutated pre—B ALL. Although CD34 has
been widely studied as a cell surface marker, it was not known
whether this receptor has any functional activity on pre—B
ALL. Here we present the novel finding that the aberrant
expression of CD34 on IKZFI-mutated pre—B ALL not only
represents a biomarker, but also functionally influences the
aggressiveness of the disease. CD43 is reported to interact and
cooperate with B-catenin and promote cell growth in nonhe-
matopoietic cancer cells (Andersson et al., 2004; Balikova et
al.,2012), and its expression has been shown to correlate with
poor prognosis also in other cancers (Mitrovic et al., 2013; Ma
et al., 2015). In addition to the identified hematopoietic cell
surface receptors, the intracellular protein p120-catenin was
found to be a conserved Ikaros target, and conferred a growth
advantage to the leukemic cells. Although p120-catenin is ex-
tensively studied in other tissues, very little is known about
pl120-catenin in hematopoietic cells. However, microar-
ray data from the Immgen consortium indicates that CTN
ND1 is expressed in early hematopoietic progenitor cells and
is normally down-regulated as cells differentiate down the
B cell lineage (Heng et al., 2008). Collectively, a conserved
function of Ikaros is to restrict expression of developmental
stage-specific genes that promote growth.

An increasing body of work from mouse models sup-
ports the model that Ikaros is required for proper regula-
tion of various developmentally regulated genes in primary
lymphocytes (Schwickert et al., 2014; Arenzana et al., 2015),
including the silencing of genes involved in stem-ness and
self-renewal (Ng et al., 2009). Its many and critical roles in

normal early B cell development are extensively studied
(Wang et al., 1996; Reynaud et al., 2008; Ferreiros-Vidal et
al., 2013; Heizmann et al., 2013; Schjerven et al., 2013; Joshi
et al., 2014; Schwickert et al., 2014), but the mechanism un-
derlying the tumor suppressor role in pre—B ALL remains
incompletely understood. In the present study, we find that
Tkaros exerts its tumor suppressor function in part by promot-
ing differentiation of the pro-B cells past the highly prolifer-
ative fraction C' or large pre—BII cell stage, and importantly,
by turning off the progenitor cell gene expression program.
Our results are in support of a recent report highlighting the
stem-cell like properties of ITkzfl-mutated mouse pre—B ALL
(Churchman et al., 2015). In addition, our results uncovered
novel Ikaros target genes not previously associated with Ikaros
function. We have directly investigated the tumor suppressor
role of Ikaros in human patient-derived BCR-ABL1" pre-B
ALL and we describe new Ikaros targets that confer growth
advantage in functional assays and that correlate with poor
outcome in clinical data.

Like many Ikaros-regulated genes defined in this study,
the CD34, SPN, and CTNND1 genes were bound by Ikaros
in human pre-B ALL cells. Although our Ikaros ChIP-
Seq analysis in human pre—B ALL resulted in thousands of
high-confidence Ikaros-binding sites, it 1s difficult to deter-
mine whether individual binding events represent functional
or opportunistic interactions at accessible chromatin. To ad-
dress this, we performed genome-wide analysis of chromatin
structure after WT Ikaros induction to evaluate the functional
consequence of Ikaros binding, and the mechanism by which
Ikaros regulates genes. We found that Ikaros expression was as-
sociated with loss of chromatin accessibility at Ikaros-binding
sites, supporting a direct repressive role at its down-regulated
target genes. Surprisingly, although several genes were ac-
tivated upon expression of WT Ikaros, our current analysis
only revealed a modest effect on the active chromatin marks
H3K4me3 and H3K27ac. Although Ikaros is known to in-
teract with chromatin-modifying complexes, the mechanism
by which Ikaros regulates gene expression is not fully un-
derstood, and several reports indicate that Ikaros might have
an atypical mode of action (Kim et al., 1999; Sridharan and
Smale, 2007; Zhang et al.,2011; Arenzana et al., 2015).Thus, it
is likely that induction of WT Ikaros results in gene regulation
also through other mechanisms, such as the modulation of
other transcription factors and possibly higher-order chro-
matin structure. Nevertheless, our current analysis does not
rely on defining the direct targets, but seeks to determine
the gene expression changes leading to the observed biologi-
cal phenotype of loss of Tkaros tumor suppressor function. As
such, we present genome-wide data that can also be used for

unpaired Student's t test; G). Data from three repeats from two independent experiments are displayed (G) with one representative Western blot in (F).
(H) Analysis of published clinical data (COG, P9906) showed that presence of MRD after 29 d of treatment correlated with higher expression of CTNND1 (P <
0.002, two-tailed Wilcoxon test; | and J) OS (1) and RSF (J) of patients (COG, P9906) separated on above the top or below the bottom first quartile of mRNA
expression level of CTNNDT (P < 0.005 and P < 0.02, respectively; Log-rank test).
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future analysis of Ikaros function in pre—B ALL and we pro-
vide examples of Ikaros-responsive genes with Ikaros-induced
changes in chromatin as candidate direct Ikaros target genes
associated with pathways of Ikaros tumor suppressor function.

We combined two different approaches, in two different
species, each with a single variable parameter of Ikaros-per-
turbation. The mouse model used a small deletion of Ikaros
DNA-binding zinc finger 4 that selectively leads to loss of
tumor suppressor function, while retaining some of Ikaros’
other functions, and thus helps filter the list of target genes
relevant for tumor suppression. In the human patient—derived
BCR-ABL1" pre-B ALL cells with endogenous expression of
DN-IK6, we inducibly expressed WT Ikaros, resulting in cell
cycle exit, and analyzed the resulting changes in chromatin
and gene expression. Together, these approaches gave a robust
and comprehensive analysis indicating conserved Ikaros-reg-
ulated pathways and genes in BCR-ABL1" pre-B ALL.

Deregulated Tkaros target genes show several points
of convergence on a cellular network coupling cell surface
protein expression with intracellular Wnt and Rho signaling,
and catenin-regulated gene regulation in the nucleus. Re-
cently, it was proposed that members of the catenin family
also mediate a network of gene regulation in the nucleus,
similar to its well-studied network of interactions in regards
to cadherin interactions at the cell membrane (McCrea and
Gottardi, 2016). These deregulated pathways can in turn be
linked to several aspects of oncogenesis, such as proliferation,
loss of contact inhibition and adhesion-mediated drug resis-
tance. CD43 has been linked to loss of contact inhibition of
growth (Camacho-Concha et al., 2013) and we observed in-
creased expression levels of CD43 in both mouse and human
IKZF1-mutated pre-B ALL. The observed increased ex-
pression of p120-catenin could also contribute to increased
growth and loss of contact inhibition through regulation of
B-catenin signaling (Zhu et al., 2012). Indeed, the Wnt—f-
catenin pathway has been implicated in drug resistance and
suggested as a new target for therapy in pre—B ALL (Yang et
al., 2013; Dandekar et al., 2014; Gang et al., 2014).

An interesting question that remains unanswered is the
biological reason for the high occurrence of IKZF1 mutations
in BCR-ABL1" (Ph") and Ph-like pre-B ALL. BCR-ABL1
interacts with and phosphorylates the adaptor protein CRKL,
which also binds ¢-Kit and CD34, two cell surface receptors
expressed on HSC that we here found to be specifically dereg-
ulated in Ikaros mutant BCR-ABL1" pre—B ALL.AbDl tyrosine
kinases are reported to be involved in the cadherin-associated
Rho signaling pathway, and BCR-ABL1 is found to inter-
act with and activate Rho family GTPases (Harnois et al.,
2003; Zandy and Pendergast, 2008), and to confer mobility,
and potentially increased invasiveness, in leukemia cells in a
Rho signaling—dependent process (Daubon et al., 2012). In
BCR-ABL1" chronic myelogenous leukemia (CML), cadher-
in-dependent adhesion to BM stroma is reported to provide
protection against imatinib treatment through stromal-derived
noncanonical Wnt—fB-catenin signaling (Zhang et al., 2013;
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Chen et al., 2014). Furthermore, CTNND1, a key Ikaros tar-
get gene identified in this study, was found to be more highly
expressed in human BCR-ABL1" compared with other pre-B
ALL (Juric et al., 2007). p120-catenin regulates cadherin sta-
bility at the cell membrane, as well as the Rac—Rho—cdc42
pathway in the cytoplasm and Wnt—p-catenin target genes in
the nucleus (Kourtidis et al., 2013; Schackmann et al., 2013;
McCrea and Gottardi, 2016). In addition to regulating CTN
ND1, Ikaros was found to regulate several genes involved in
these integrated pathways. Collectively, Ikaros regulates several
interacting partners of BCR-ABL1 that have been linked to
growth advantage, protection against drug through stromal
adherence, and enhanced invasiveness. This might explain
the strong association of loss of Ikaros function in BCR-
ABL1" pre-B ALL, and the correlation of IKZFI-mutations
with poor prognosis. Hence, understanding the network of
Ikaros-regulated target genes and pathways may provide new
insight to guide the development of new targeted therapies.
Although therapies have improved, relapse as well as sec-
ondary malignancies caused by initial cancer treatment still
constitute major clinical problems. For these reasons, additional
targeted therapies with reduced side-effects are needed. Collec-
tively, our results presented herein suggest that Ikaros mediates
tumor suppression, at least in part, by enforcing proper develop-
mental stage-specific expression of multiple genes that each con-
tribute to the aggressiveness of growth. This provides a rationale
for exploring these new Ikaros target genes and pathways for de-
velopment of targeted therapies for IKZF1-mutated pre—B ALL.

MATERIALS AND METHODS

Mice

The Crnd1fed (p120 ™), GHROSA)26S o MHACTB-d Tonato-EGFP)Luo
(herein referred to as mTmG), Ikzf1*"A and Ikzf1AF+AH
mice were described earlier (Elia et al.,2006; Muzumdar et al.,
2007; Schjerven et al., 2013). The ITkzf1*"""*F" and Ikzf14F*4"
mice were backcrossed onto C57BL/6 (n > 12). The
Ctnnd1™*! mice were on a mixed background, but back-
crossed to C57BL/6 through in-cross with Ikzf1*™*" mice
at least three generations, and littermate controls were used for
Al WT-Ikzf1 or Tkzf1*"™* Ctnnd1™*? mice. Two indepen-
dent experiments were performed with two or more biolog-
ical replicates for each experimental sample. mTmG control
cells were obtained from a separate litter. WT C57BL/6 mice
were obtained from The Jackson Laboratory. Animals were
housed by the Division of Laboratory Animal Medicine
(DLAM) at UCLA or by Laboratory Animal Resource Cen-
ter (LARC) at UCSE All experiments were approved by the
UCLA and UCSF Animal Research Committees (AR C) and
were performed according to UCLA and UCSF Institutional
Animal Care and Use Committee (IACUC) guidelines.

Retroviral transduction, mouse cell

culture, and BM transplantation

Retroviral supernatants for expression of BCR-ABL1 were
produced with the plasmid pMSCV-YFP-IRES-p185 (Figs.
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1-3 and 6, D-F) or pMSCV-p210-IRES-NEO (Fig. 8,D and
E), and pMSCV-Ikaros-IRES-GFP for expression of Ikaros
isoforms (Fig. 6 C). BM cells were harvested from the indi-
cated mice and either transduced directly and plated on top
of preestablished feeder cells from WT C57BL/6 BM stroma
at 5 x 10° transduced cells/6-well (Figs. 1-3 and 6, D-F), or
cultured for 4-5 d in vitro at 4 X 10°/ml with IL-7 (10 ng/
ml) for enrichment of progenitor B cells before transduc-
tion with BCR-ABL-p210-NEO (Fig. 8, D and E). Upon
establishment of IL-7-independent BCR-ABL1" pre-B ALL
cells, the cells were subsequently transduced with retroviral
MIG-CRE or empty vector MIG control for in vitro inac-
tivation of Ctnndl by deletion of the floxed exon 7 in the
Cennd1 gene (Fig. 8, D and E; Elia et al., 2006). For in vivo
experiments, 10° or 10* of day 7 in vitro expanded BCR-
ABL1" pre—B ALL cells were injected i.v. into nonirradiated
WT C57BL/6 recipient mice (Figs. 1 E and 6 F). Mice were
monitored for development of B-ALL, and euthanized upon
endpoint as evaluated by paralysis of hind legs or a mori-
bund condition. EBF-rescued IkzfI™" pro-B cells were cul-
tured on OP9 stromal cell support with recombinant IL-7,
as previously described (Fig. 6 C; Reynaud et al., 2008). For
in vitro ¢-Kit inhibition assay (Fig. 6 D), BCR-ABL1-p185-
IRES-YFP" cells were seeded at 5 X 10° cells/ml, counted
and split every day, and c-Kit blocking Ab (ACK45) was
added daily at 10 pg/ml.

Cloning of human lkaros expression vectors, lentiviral
transduction, and in vitro cell culture of human patient-
derived BCR-ABL1* pre-B ALL cells

Patient-derived, xenograft-expanded human BCR-ABL1"
pre—B ALL cells were cultured in vitro with or without ir-
radiated OP9 cells as stromal support. Human full-length
WT Ikaros (IK1) and the leukemia-derived DN IK6 isoform
created by Rag-mediated intragenic deletion (Mullighan et
al., 2008), were cloned from above patient-derived pre—B
ALL cells and verified by Sanger sequencing. The two Ikaros
isoforms and GFP were cloned into the TET-inducible ex-
pression vector pLVX-TRE3G-IRES (Takara Bio Inc.) with
In-Fusion cloning reagents (Takara Bio Inc.). Lentiviral su-
pernatants for expression of pLVX-EF1a-Tet3G (Takara Bio
Inc.) and aforementioned cloned Ikaros and GFP-control
pLVX-TRE3G-IRES were produced with the packaging
vector pPCDNLBH and EM140 envelope vector. Expression
was induced with doxycycline, a tetracycline (TET) ana-
logue. For Cas9/CRISPR-mediated depletion experiments,
scrambled or gene-targeting gRNA sequences (Table S5)
were purchased from Transomic technologies (cloned into
the pCLIP-grNA-hCMV-RFP vector) and transduced into
parental cells that had been stably transduced and selected for
DOX-inducible expression of Cas9-IRES-ZsGreen.

Flow cytometry and cell sorting

Antibodies used for flow cytometry were from BioLegend,
BD, or eBioscience, except for the antibody used to detect
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cytoplasmic immunoglobulin-p, which was from Southern
Biotech (Table S1). Cell cycle analysis was performed with
Hoechst dye incorporation (Figs. 1 A and 2 F) or with BrdU
(BD; BioLegend) and 7AAD incorporation (BioLegend;
Fig. 4 B). GFP, ZsGreen, and RFP expression was monitored
by flow cytometry and GFP™" cells were sorted for mRNA,
protein analysis, ATAC-Seq and ChIP-Seq. A FACSCalibur,
LSR I, LSR Fortessa, or FACSAria IT SOP (BD) were used
for flow cytometry or sorting, and data were analyzed with
FlowJo and FACSDiva software.

Western blot, gDNA, IgH V(D)J

recombination, and genotyping PCR

Cells were harvested and washed in PBS, and whole-cell lysate
was prepared for Western blot analysis. Antibodies used are
listed in Table S2. Cell pellets were snap frozen for subsequent
gDNA extraction by genomic DNA isolation kit (QIAGEN
and Macherey-Nagel) and PCR for analysis of IgHV(D)] re-
combination was performed as previously described (Schlissel
et al., 1991) with primers listed in Table S3. For genotyping
of mice, genotyping PCR was performed on either genomic
DNA isolated with genomic DNA isolation kit (QIAGEN)
or crude tissue lysis, or performed by direct use of Phusion
Blood Direct PCR Master Mix (Thermo Fisher Scientific).
Primers for genotyping PCR are listed in Table S3.

RNA isolation, qRT-PCR, and library

preparation for RNA-Seq

RNA was isolated using TRI Reagent (Molecular Research
Center, Inc.), followed by purification with an RNeasy kit
(QIAGEN), or direct isolation by RNA-isolation kit (QIA
GEN and Macherey-Nagel), with on-column RNase-free
DNase I treatment. Isolated RINA was either reverse tran-
scribed to cDNA (for gqRT-PCR) or processed for RNA-Seq.
Primers used for quantitative real-time RT-PCR of mouse
mRNA are listed in Table S4. Ubc was used as reference
gene, with Gapdh and f-Actin as additional control prim-
ers. For mouse RNA-Seq experiments, the Tru-Seq RNA
Sample Prep kit (Illumina) was used to prepare sequencing
libraries according to the manufacturer's protocol. For the
human RINA-Seq experiments, rRINA was depleted using
1 pg of total RNA with the RiboErase kit (KAPA Biosys-
tems). Strand-specific Illumina cDNA libraries were prepared
using the KAPA Stranded RNA-Seq library preparation kit
with nine cycles of PCR (KAPA Biosystems). Libraries with
unique indexes were pooled and sequencing was performed
on the Mlumina HiSeq2000 instrument to generate 50-bp
(mouse) or 100-bp single-end sequencing reads (human).

RNA sequencing analysis

Quality scores across sequenced reads were assessed using
FASTQC v0.9.2. All samples were high quality. The average
score (mean and median) at each base across reads in each
sample was Q > 30. For alignment and transcript assembly,
the sequencing reads were mapped to the mouse or human
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reference genomes (mm10 or hg38, respectively) using To-
pHat2 (Kim et al., 2013) with the vM7 and v23 releases of
the comprehensive Gencode GTF transcript annotation files
for either reference genome, respectively. The BAM files were
sorted and converted to SAM files using SAMTOOLS (L1
et al., 2009) and reads were counted using HTSEQ-count
against the corresponding Gencode GTF file (Anders et al.,
2015). Differential expression analysis was performed using
the DESeq2 package (Love et al., 2014). Genes with a false
discovery rate of <0.5% (i.e., FDR < 0.005) and a fold change
> 2 were considered significantly differentially expressed
(Figs.3 A and B;and 4 D). For the mouse to human conserva-
tion analysis, P < 0.01 and fold change > 2 was used to filter
the DESeq?2 differentially expressed genes before comparison
(Fig. 4 H). Heat maps were generated using the lists of differ-
entially expressed genes unique to each comparison and the
amount by which each of those genes deviate in each sample
from the gene’s average across all samples. Clustering was per-
formed using k-means method and Euclidian distance met-
rics using Cluster3 (de Hoon et al., 2004) and visualized using
Java Treeview (Saldanha, 2004) or with custom R scripts.

Gene ontology, gene set enrichment and IPA

Genes differentially expressed (FDR < 0.005) between WT
and mutant (mouse) or between IK1-WT and GFP-control
(human) were included in pathway and functional analysis
using IPA (Ingenuity Systems). The functional and canonical
pathway analysis was used to identify the significant biolog-
ical functions and pathways. Functions and pathways with
P < 0.05 (Fischer’s exact test) were considered to be statistically
significant. The activation z-score was used to predict activation
or inhibition of pathways based on published findings accessible
through the Ingenuity knowledge base. Canonical pathways or
disease and function categories with z-score >1 or <—1 were
considered to be significantly activated or inhibited, respec-
tively. The IPA comparative analysis function was performed
to relate mouse and human pathways. Gene ontology analysis
was performed using DAVID (Huang et al., 2009). Pre-ranked
GSEA was performed by ranking the differentially expressed
genes (FDR < 0.005; fold change > 2) according to decreasing
fold change (IK1-WT compared with GFP-control; Subrama-
nian et al., 2005). The gene sets used for this analysis were the
C2 Curated Molecular Signatures Database (MSigDB) gene-
sets and the Dick laboratory human hematopoietic stem and
progenitor cells genesets (Laurenti et al., 2013).

Patient outcome, gene expression microarray

data, and survival analysis

Patient gene expression microarray and outcome data
were obtained from the GEO database under accession no.
GSE11877 (Harvey et al., 2010; Kang et al., 2010) of the
COG Clinical Trial P9906.The end points of the clinical data
include MRD after 29 d of treatment (for 207 COG sam-
ples), OS, and RFS. Kaplan-Meier survival analysis was used
to estimate OS and RFS. Log-rank test was used to compare
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survival differences between patient groups. Patients with
ALL in the clinical trial were segregated into two groups ac-
cording to whether they had above or below the median ex-
pression level of a gene or above the top or below the bottom
first quartile. For comparisons of MRD" vs. MRD™, two-
tailed Wilcoxon test was used to calculate P values. R package
“survival” version 2.35-8 was used for the survival analysis
(R Development Core Team, 2009).

Chromatin immunoprecipitation and ChIP-Seq analysis
Patient-derived, xenograft-expanded human BCR-ABL1"
pre—B ALL cells were expanded in vitro with or without
irradiated OP9 cells. lkaros and histone-modification spe-
cific ChIP was performed and ChIP-Seq libraries prepared
(O’Geen et al., 2010) as previously described (Schjerven et
al., 2013). In brief, cells were fixed in 1% formaldehyde for
10 min at room temperature, quenched with freshly prepared
glycine, washed on ice with ice-cold PBS, and snap-frozen
in liquid nitrogen as fixed cell pellets. Ikaros ChIP was per-
formed on two different patient-derived pre—B ALL samples,
and with antibodies against Tkaros N-terminal (clone H-100,
Santa Cruz, cat # sc-13039-X; named IkH in figures) and
C-terminal (Smale laboratory in-house Ab; Hahm et al., 1998;
named IkC in figures). For the histone modification ChIP-
Seq samples, WT Ikaros or control GFP cells were induced
for >24 h and sorted for GFP signal before cross-linking. Two
independent culture and sorting runs were used to generate
independent replicates. The antibodies used were H3K4me3
and H3K27ac (Abcam ab8580 and ab4729). Libraries were
sequenced at both the University of Southern California
Epigenome Data Production Facility and the University of
Vermont Advanced Genome Technologies Core on the II-
lumina HiSeq2000 instrument to generate 50-bp single-end
sequencing reads. Mouse progenitor B cells Ikaros ChIP-Seq
and corresponding input datasets were obtained from NCBI
Gene Expression Omnibus accession GSE66978 (Bossen et al.,
2015). Sequencing reads were mapped using Bowtie2 using
the mm10 or hgl9 reference genomes for mouse or human
datasets, respectively (Langmead and Salzberg, 2012). R esulting
SAM alignment files were used for peak calling using MACS2
against control input samples (Zhang et al., 2008). Pooled rep-
licates were used to generate profile plots using ngs.plot (Shen
et al., 2014). Target genes were annotated using significantly
enriched peak datasets using ChIP BETA minus after lifting
over ChIP-seq peaks from hg19 to hg38 genome coordinates
(Wang et al., 2013). ChIP-Seq data were visualized using the
Integrated Genome Browser (Nicol et al., 2009).The binding
and expression target analysis (BETA) software package BETA
tool was used to predict activating and repressive Ikaros ChIP-
Seq targets (Wang et al.,2013), whereby significantly enriched
ChIP-Seq peaks are associated to a differential expression data-
set considering all genes having a peak within 100 kb of the
gene TSS. For Ikaros we used pre—B Ikaros ChIP-Seq data
(Bossen et al.,2015) and differential expression data comparing
WT to Tkzt1*™/2% pre-B ALL datasets.
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ATAC-Seq
ATAC-Seq was performed as previously described (Buenrostro et
al., 2015) on 50,000 WT Ikaros or GFP control FACS sorted cells.
Libraries were generated using custom Nextera barcoded primers
(Buenrostro et al., 2015) and were amplified for a total of 10
cycles. Libraries were purified with AMPure beads (Agencourt)
and library quality was assessed using the Agilent Bioanalyzer
High-Sensitivity DNA kit. Libraries were quantitated using Qubit
(Life Technologies). ATAC-Seq libraries were sequenced on
the Nlumina HiSeq 2000 with 50 bp single-end reads. lllumina
adapters were trimmed by Trimmomatic (Bolger et al., 2014), and
the 50 bp reads were shortened by 10 bp with fastx_trimmer (http
://hannonlab.cshl.edu/fastx_toolkit/). All reads for each sample
were combined and aligned to hgl9 with Bowtie2 (Langmead
and Salzberg, 2012) using default settings.

The mouse and human RNA-Seq and human ATAC-
Seq and histone ChIP-Seq and Ikaros ChIP-Seq datasets
are deposited in the GEO database under accession nos.
GSE39160, GSE90670, and GSE58825, respectively.

Online supplemental material

Table ST and S2 list the antibodies used for flow cytome-
try and Western blotting, respectively. Table S3 shows the se-
quences of primers used for analysis of V(D)] recombination
and mouse genotyping, whereas Table S4 shows the primers
used for gqRT-PCR of mouse RNA. Table S5 gives the se-
quence of the guide RNA for Cas9/CRISPR experiments.
Fig. S1 shows the analysis of genes bound by Ikaros in mouse
pro-B cells based on an overlap analysis of published Ikaros
ChIP-Seq datasets from three independent laboratories. Fig.
S2 shows the overlap analysis of the herein presented Ikaros
ChIP-Seq experiments in human Ph* pre—B ALL cells.
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