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Abstract

The tumor suppressor IKAROS binds and represses multiple NOTCH target genes. For
their induction upon NOTCH signaling, IKAROS is removed and replaced by NOTCH Intra-
cellular Domain (NICD)-associated proteins. However, IKAROS remains associated to
other NOTCH activated genes upon signaling and induction. Whether IKAROS could partici-
pate to the induction of this second group of NOTCH activated genes is unknown. We ana-
lyzed the combined effect of IKAROS abrogation and NOTCH signaling on the expression
of NOTCH activated genes in erythroid cells. In IKAROS-deleted cells, we observed that
many of these genes were either overexpressed or no longer responsive to NOTCH signal-
ing. IKAROS is then required for the organization of bivalent chromatin and poised transcrip-
tion of NOTCH activated genes belonging to either of the aforementioned groups.
Furthermore, we show that IKAROS-dependent poised organization of the NOTCH target
Cdkn1ais also required for its adequate induction upon genotoxic insults. These results
highlight the critical role played by IKAROS in establishing bivalent chromatin and transcrip-
tional poised state at target genes for their activation by NOTCH or other stress signals.
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Author summary

NOTCHI1 deregulation can favor hematological malignancies. In addition to RBP-Jx/
NICD/MAMLL, other regulators are required for the measured activation of NOTCH tar-
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IKAROS could participate to the activation of specific NOTCH target genes. We are
reporting that upon NOTCH induction, the absence of IKAROS impairs the measured
activation of two groups of NOTCH target genes: (i) those overexpressed and character-
ized by an additive effect imposed by the absence of IKAROS and NOTCH induction; and
(i) those ‘desensitized” and no more activated by NOTCH. At genes of both groups,
IKAROS controls the timely recruitment of the chromatin remodelers CHD4 and BRGI.
IKAROS then influences the activation of these genes through the organization of chro-
matin and poised transcription or through transcriptional elongation control. The
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importance of the IKAROS controlled and measured activation of genes is not limited to
NOTCH signaling as it also characterizes Cdknla expression upon genotoxic stress. Thus,
these results provide a new perspective on the importance of IKAROS for the adequate
cellular response to stress, whether imposed by NOTCH or genotoxic insults.

Introduction

NOTCH signaling controls cell proliferation, differentiation, and apoptosis. It is required for
hematopoietic stem/progenitor cells (HS/PC) interactions with their environment [1,2]. Dis-
ruption or abnormal expression of NOTCH receptors (NOTCH 1 to 4), particularly NOTCH
1, affects hematopoietic cell homeostasis and is common in hematological malignancies
including T-cell Acute Lymphocytic Leukemia (T-ALL) [3,4]. NOTCH signaling/induction
triggers sequential proteolytic cleavage events that promote nuclear localization of the
NOTCH Intracellular Cleaved Domain (NICD). The nuclear NICD forms a ‘ternary complex’
with the transcription factor RBP-Jk (CBF1) and the coactivator Mastermind-like, thereby
favoring the activation of NOTCH target genes. In order to induce transcriptional activation,
this ternary complex also recruits co-activators like p300 [5]. Chromatin recruitment of NICD
and RBP-Jx to different target genes can be unstable and may require other transcription fac-
tors to be efficiently bound [6]. In mammalian cells different transcription factors including
members of the IKZF family such as IKAROS (IKZF1), HELIOS (IKZF2) and AIOLOS
(IKZF3) were reported to interact with NICD [7,8]. However, whether these interactions can
be functional and stabilize RBP-Jx/NICD at specific genes is not known.

IKAROS has been identified as an important repressor of NOTCH target genes in lym-
phoid, myeloid and erythroid cells [7,9-13]. NOTCH target genes downregulated by IKAROS
are marked by histone H3K27me3, which is a post-translational modification mainly catalyzed
by the Polycomb Repressive Complex 2 (PRC2) methyltransferase enzyme, EZH2. IKAROS,
in association with the Nucleosome Remodeling and Deacetylase (NuRD) complex, favors the
recruitment of PRC2 to the chromatin [7,13,14] and in erythroid cells, EZH?2 is required for
IKAROS-dependent repression of Notchl and HesI genes [13]. IKAROS can also repress acti-
vation of the NOTCH target genes pTo and Hesl by preventing the recruitment of RBP-Jx«
[13,15]. Thus, the repression of NOTCH target genes imposed by IKAROS is likely to be com-
plementary to the canonical mechanism of such repression, which is mediated by chromatin
recruitment of RBP-Jk along with various corepressors [16].

Interestingly, genome wide analyses of transcription factors binding to chromatin suggest
that IKAROS can be recruited with NICD to specific NOTCH target genes [7]. However, it
remains unclear whether IKAROS participates to the activation of these NOTCH targets upon
signaling. Indeed, IKAROS can also act as a transcriptional activator [17-19]. Unlike observed
for other transcription factors capable to participate to both transcriptional repression and
activation [20], proteomic analyses and target gene characterization have failed to fully clarify
how IKAROS can either inhibit or promote transcription, even though this duality may
depend on IKAROS ability to associate with several cofactors and complexes on chromatin
[21,22]. For instance, the interaction between IKAROS and the NuRD complex, which is criti-
cal for chromatin organization of multiple gene regulatory regions in hematopoietic cells
[22,23], can lead to either transcriptional repression [24,25] or activation when IKAROS con-
jointly associates with the NuRD and the Positive-Transcription Elongation Factor b (P-TEFb)
complexes [18,23]. P-TEFb must be activated to release CDK9 from the inactive 7SK snRNP
complex and promote transcription elongation. Once activated, CDK9 phosphorylates the Pol
IT C-terminal domain (CTD) at Ser-2, along with the negative elongation factors NELF and
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DSIF [26] and the conformational changes that follow allow Pol II to enter the productive
phase of transcription elongation [27]. IKAROS interacts with CDK9 and PP1 [23,28] and
thereby, facilitates their joined recruitment to specific genes [23]. IKAROS mutants with low
affinity for PP1 no longer favor proficient transcriptional elongation [23], suggesting that the
IKAROS-PP1 interaction promotes P-TEFb activation and, thereby, productive transcriptional
elongation. Hence, by associating with different cofactors IKAROS can activate or repress tar-
get genes and control the rate of transcriptional elongation [18,23,29].

Homozygous IKAROS knockout mice (IK™*") are characterized by severe lymphopoietic
defects [30] and succumb to leukemia or lymphoma with 100% penetrance [31]. IKAROS con-
trols gene expression in HS/PC and several hematopoietic lineage cells [12,29,32-37]. Overex-
pression of dominant negative IKAROS isoforms frequently characterizes childhood B- and
T-ALL [38]. IKAROS is also implicated in erythroid cell gene regulation [13,18,29,39,40] and
IKN" mice develop anemia due to impairment of erythroid cell homeostasis [41,42]. However,
it remains to be determined whether the Ik™"" effect on these cells is the consequence of the
absence of IKAROS regulation imposed on NOTCH target genes.

In this work, we define the crosstalk between IKAROS and NOTCH signaling in erythroid
cells. First, we compared the transcriptomes of IKAROS proficient (Ik™") vs IKAROS knock-
out (TN erythroid cells co-cultured with the bone marrow-derived stroma cell line OP9
(control) or OP9-DLI, which ectopically expresses the NOTCH ligand DELTA-like 1 (DL1)
[43]. We demonstrate that IKAROS is required for repression of multiple NOTCH target
genes and, unexpectedly, is required for activation of others. The molecular characterization of
several NOTCH regulated genes indicates that IKAROS and the ATP-dependent chromodo-
main helicase CHD4 of the NuRD complex are needed to establish bivalent chromatin and
poised transcription of NOTCH target genes. Finally, we show that IKAROS is critical for
poised transcription and for the controlled expression of the NOTCH target gene Cdknla
(which encodes the P21VAFYCIP! protein) upon genotoxic insults.

Results

Experimental design and gene expression profiles upon IKAROS ablation
and NOTCH induction

The main objective of this study was to define whether IKAROS could play a role in activation
and repression of NOTCH target genes upon signaling in erythroid cells. To this purpose,
embryonic day 14.5 (e14.5) mouse fetal livers were harvested from IKAROS wild type (k™7
or knockout (I embryos and co-cultured for 48h with murine bone marrow stromal OP9
or OP9-DL1 cells [43-45]. Since OP9-DL1 cells have been engineered to constitutively express
the NOTCH ligand Delta-like 1 (DL1; S1 Fig), they were used to trigger NOTCH signaling.
After co-culture, the erythroid cells were isolated by FACS using the erythroid-specific marker
Ter119 [46]. RNA was then extracted from Ik""/OP9; Ik""/OP9-DL1; Ik""/OP9; IK™""/
OP9-DL1 Ter119" cells and RNA-sequencing (RNA-seq) was performed in biological tripli-
cate. The RNA-seq results were normalized with the DESeq package [47]. Briefly, the read
count was normalized by size factor that was calculated by median ratio of gene counts relative
to geometric mean per gene. If not otherwise stated, we retained differentially expressed genes
displaying log2 fold change > 0.8 or < -0.8 and a False Discovery rate (FDR) < 0.05. A pilot
assay revealed that the profile of the Ter119" cells comprised within the P3 and P4 populations
(S2 Fig and [13]) does not show variation, regardless of IKAROS expression or co-culture with
OP9 or OP9-DL1 cells. Thus, like previously reported [48,49], the absence of IKAROS or
induction of the NOTCH pathway only have minor effect on the fetal liver Ter119" erythroid
cells population and hence, will allow us to perform comparative analyses.
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Although IKAROS is described as a repressor of NOTCH target genes [7,10,11,13,50], our
results revealed two opposing patterns of gene regulation imposed by the absence of IKAROS
in IKN"" cells upon the induction of the NOTCH pathway, i.e., overexpression and downregu-
lation. This outcome suggests that upon NOTCH induction, IKAROS can either repress or
activate NOTCH target genes (Fig 1A).

We first analyzed genes overexpressed upon the loss of IKAROS. Comparative analysis of
RNA-seq results of IKN"" and k™" cells co-cultured with either OP9 or OP9-DLI cells
revealed that 3130 genes were overexpressed in Ik Ter119" cells (Figs 1B and S3 and S1
File). As expected, and confirming the robustness of our experimental model, the expression
of multiple NOTCH target genes increased upon DL1 mediated activation, in Ik"'/OP9-DLI1
vs Tk T/OP9 (S3 Table). These differentially expressed genes were analyzed with the bioinfor-
matic software clustering DAVID [51,52] and regrouped according to cellular function (54
Table). Analysis of the transcriptome in IKN""/OP9 vs Ik"'*/OP9 indicated that 2286 genes
were overexpressed in IKN""/OP9 (x+B; Figs 1B and $3 and S1 File), whereas analysis of Ik
OP9-DL1 vs Ik""/OP9-DLI revealed that 2631 genes were overexpressed in Ik"'/OP9-DL1
(y+o; Figs 1B and S3 and S1 File). The majority of the overexpressed genes was common to
both comparative analyses (1787 genes: y; Figs 1B and S3 and S1 File), suggesting that their
expression is enhanced by the absence of IKAROS independently of extracellular NOTCH sig-
naling. Functional annotation analysis of these genes revealed that regardless of NOTCH
induction, IKAROS deletion has a dominant effect on the erythroid transcriptome and could
affect the formation and functionality of erythroid cells since genes associated with cellular dif-
ferentiation, homeostasis, signaling or iron transport are affected in Ik™"" cells (Fig 1C and
1D). The comparative analysis of gene expression profiles indicates that 499 genes are specifi-
cally overexpressed in IKN""/OP9 vs Ik"'/OP9 and 844 genes are uniquely overexpressed in
IKN"/OP9-DL1 vs Ik /OP9-DLI (respectively, p and o sets; Fig 1B and S1 File). Most of the
499 genes specifically overexpressed in IK™""/OP9 cells can be functionally annotated as cell
proliferation, homeostasis, cell-to-cell communication, signaling and metabolism (S5 Table).
Alternatively, IKN""/OP9-DL1 overexpressed genes are among others, annotated as regulators
of gene transcription, inflammation, lymphoid cell activity and cell death (S6 Table). Thus, it
can be assumed that the effect of IKAROS depletion and NOTCH induction further affects the
transcriptome and, most likely, the function of erythroid cells.

The role of IKAROS as a repressor of NOTCH target genes has been well described [7,9-
11,13]. Our RNA-seq analysis highlighted this repressive effect and, interestingly, allowed the
identification of 223 genes whose overexpression requires the conjoint removal of IKAROS
and induction of the NOTCH pathway (overexpression in IkN""/OP9-DL1 above all other con-
ditions; Fig 2A and S2 File). We named this phenomenon the ‘additive effect’. Overexpression
of two randomly selected genes (116 and Zfp446) in IKN"" e14.5 fetal liver erythroid cells was
confirmed by qRT-PCR (S4A Fig). The biological processes affected by the ‘additive effect’
include signaling, transcription control, metabolism, cellular growth, and proliferation (Fig
2B). Importantly, several genes characterized by the ‘additive effect’ encode tumor suppressors
or oncogenes (S7 Table). Their abnormal expression can perturb hematopoietic cell homeosta-
sis, contribute to malignant transformation, modify cell interactions with the niche, and/or
affect cellular capacity to provide an adaptive immune response.

RNA-seq analysis also suggests that IKAROS deletion can transcriptionally desensitize
NOTCH target genes to NOTCH induction (repressed genes; Fig 1A). Indeed, our data indi-
cate that among genes activated by NOTCH (Ik"'/OP9-DL1 vs Ik""/OP9), 21 are character-
ized by a significant decrease of their expression levels when IKAROS is missing (IK""/
OP9-DL1 vs Ik T/OP9-DL1), hence revealing that IKAROS can also contribute to NOTCH-
associated gene transcriptional activation (Fig 2C). We named this phenomenon the
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Fig 1. RNA-sequencing analysis of Ik" " and IK™"" Ter119" cells upon IKAROS ablation and NOTCH pathway activation. (A)
Circular diagram depicting repressed (red) or overexpressed (green) genes in Ik™""/OP9-DL1 compared to Ik""/OP9-DLI cells
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conditions is indicated by the overlap between the two circles (y; middle circle). (C, D) DAVID functional annotation clustering
analyses according to gene biological process; comparative RNA expression of IKN/OP9 vs Ik*'"/OP9 (panel C) or IKN""/OP9-DLI vs
1k""/OP9-DL1 (panel D) cells; bar graphs indicate the number of genes overexpressed in Ik™" cells (log2 > 0.8; FDR < 0.05; p < 0.05).

https://doi.org/10.1371/journal.pgen.1009478.9001

‘desensitize effect’. Functional annotation analysis of these genes was performed and indicated
that 3 of the genes affected by IKAROS deletion in the context of NOTCH induction are
involved in response to stimulus (Fig 2D). Oncogenes and tumor suppressor genes are also
among the 21 genes requiring IKAROS to be properly stimulated upon NOTCH induction (S8
Table). In summary, these results suggest that IKAROS is required to prime and favor the
physiological activation of different NOTCH target genes upon NOTCH induction.

IKAROS is required to attain a physiological response upon NOTCH
induction

To elucidate the mechanism(s) used by IKAROS to either repress or prime NOTCH target
genes, we studied the regulation of representative genes from either ‘groups’ i.e., those charac-
terized by the ‘additive effect’ or the ‘desensitize effect’.

Among the 223 genes repressed by IKAROS and overexpressed upon joint NOTCH induc-
tion and IKAROS ablation (additive effect: Fig 2A and S9 Table), we chose Cdknla and Tp53,
which encode respectively P21VAFVS™P! and TP53. TP53 and its downstream effector
P21 WAFVCIPL e critical factors in cancer biology (S7 Table). The expression levels of Cdknla
and Tp53 as well as P21"VATYCIPL byt not TP53, increase in IKN"" erythroid cells (Fig 3A and
3B). Unchanged TP53 level in Ik™"!! cells most likely relates to the fact that TP53 is highly regu-
lated by post-translational mechanisms [53,54] that can mask the contribution of IKAROS.

Cdknla and Tp53 genes were previously identified as NOTCH target genes [55-57]. To
determine whether IKAROS can directly regulate Cdknla and Tp53 genes, we performed
chromatin immunoprecipitation (ChIP) with antibodies directed against IKAROS or NICD.
IKAROS and NICD were detected at the Transcription Start Site (TSS) region and Open Read-
ing Frame (ORF) of both genes (Fig 3C and 3E) in Ik " erythroid cells, thus indicating their
recruitment to Cdknla and Tp53 NOTCH target genes in these cells. Since NICD binding to
chromatin in freshly isolated erythroid cells was unexpected, we investigated NICD recruit-
ment levels upon NOTCH induction in IkN"//OP9-DL1 cells (S4B Fig), whereby the expres-
sion of Cdknla and Tp53 is optimal. The results of ChIP performed in erythroid cells co-
cultured with OP9-DL1 indicate that the recruitment of NICD to the chromatin of target
genes dramatically increases, when compared to the 1-to-4-fold enrichment level observed in
fetal liver erythroid cells (Figs S4B and 3C and 3D). Therefore, the weak NICD recruitment
observed in fetal liver (Fig 3C and 3D) and in IK™""/OP9 (S4B Fig), might not be biologically
significant and might be related to background detection associated with this specific antibody
under our experimental conditions (i.e., double HCHO-EGS fixation; see Materials and Meth-
ods). Altogether, these results are reminiscent of those reported in thymocytes where IKAROS
and RBP-J« can be recruited to the same regulatory regions of NOTCH activated genes [7].
Whether IKAROS can be co-recruited with RBP-Jk and influence NICD recruitment to
Cdknla and Tp53 in erythroid cells remains to be determined.

We further analyzed the additive effect of IKAROS abrogation and NOTCH induction by
means of the OP9/OP9-DL1 co-culture system. In accordance with RNA-seq results, qRT-PCR
analysis indicated that the expression levels of Cdknla and Tp53 significantly increase in k™"
OP9-DL1 cells (Fig 4A and 4B), suggesting that the interplay between IKAROS and NOTCH is
biologically relevant and particularly important to control the expression of P21"VAF/CIP! (Figs
4C and 4D and S5), which is a critical regulator of cellular stress response [58,59].
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Fig 2. IKAROS deletion promotes deregulation of several genes related to different cellular functions upon NOTCH induction. (A, C) Model bar graphs and
heatmaps depicting the expression pattern of 223 overexpressed (panel A) or 21 repressed (panel C) genes upon IKAROS ablation and NOTCH induction (Ik™*" vs
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linkage) over the genes included in each group, is depicted on the left side of the heatmaps. (B, D) DAVID functional annotation clustering analyses of genes
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identified and corresponding to panel A or C according to gene biological process; bar graphs indicate the number of genes differentially expressed (log2 > 0.8;
FDR < 0.05; p < 0.05).

https://doi.org/10.1371/journal.pgen.1009478.9002

IKAROS can influence transcriptional activation and elongation at selected target genes
[17,36,60]. Hence, we employed ChIP assays to analyze the role of IKAROS for transcription
control of Cdknla and Tp53 genes, by studying the distribution of histone post-translational
modifications. IKAROS synergizes with the PRC2 enzyme EZH2 [13,14] and with the tran-
scription elongation licensing factor P-TEFD [18,61]. Thus, H3K27me3 (deposited by EZH2)
as well as H3K4me3 and H3K79me2, which are typical marks of productive elongation [62],
were studied to define the role of IKAROS as transcriptional repressor and/or activator. In
Ik"T/OP9 and Ik"'/OP9-DLI cells, Cdknla TSS and ORF are marked with H3K4me3,
H3K79me2 and H3K27me3 (Figs 5A and S6A). This chromatin state closely resembles bivalent
chromatin of hematopoietic stem/progenitor cells harboring H3K4me3 and H3K27me3 [63]
and marking genes poised or primed for rapid transcriptional activation [64]. Cdknla overex-
pression (Fig 4A), higher H3K79me2 and lower H3K27me3 levels at Cdknla regulatory
regions in Ik™"""/OP9 and IKN""/OP9-DLI cells, suggest that IKAROS is required for the biva-
lent organization of the chromatin and the poised state of this gene (Fig 5A). To test whether
IKAROS could be required for the establishment of a bivalent chromatin characterized by the
simultaneous co-occupancy of H3K4me3 and H3K27me3 to the Cdknla TSS, sequential ChIP
(re-ChIP) [65] assays were carried out. The results obtained indicate that these histone post-
translational modifications are simultaneously enriched at Cdknla TSS (S6B Fig), hence sug-
gesting that IKAROS favors bivalent chromatin organization of the Cdknla gene prior to its
induction by NOTCH. Finally, the peak of H3K79me?2 levels at Cdknla TSS and ORF in
IKM/OP9-DLI cells (Fig 5A), strengthened the additive effect imposed by IKAROS ablation
and NOTCH induction.

In Ik™7 cells, chromatin at Tp53 contains H3K4me3 and H3K79me2 but not H3K27me3
marks (Fig 5B). The latter suggests that IKAROS does not contribute to PRC2 recruitment,
bivalent chromatin organization (S6B Fig) or repression of this gene. Indeed, Tp53 is tran-
scriptionally active in erythroid cells and we have shown that conjoint IKAROS deletion and
NOTCH induction lead to Tp53 overexpression (Fig 4B). Thus, IKAROS may not trigger Tp53
repression, but the increase of H3K79 methylation and the ‘additive effect’ observed in IkN""/
OP9-DL1 suggest that, by controlling H3K79me2 levels, IKAROS prevents the NOTCH-
dependent induction of Tp53 transcriptional overexpression, which is likely linked to a varia-
tion in the control of transcriptional elongation.

To further investigate the importance of H3K79me2 deposition for occurrence of the addi-
tive effect, the cells were treated with EPZ004777, a known inhibitor of DOT1L (inhDOT1L),
which is the unique methyltransferase capable of H3K79 methylation in mammalian cells [62].
The erythroid model cell line G1E-ER4 was used to define the lowest concentration of
EPZ004777 (3uM) capable to decrease DOTIL activity and hence, H3K79me2 deposition
(S7A Fig). G1E-ER4 are ES-derived pro-erythroblast GATA-1"" cells expressing an inducible
GATA-1-estrogen receptor (GATA-1-ER) fusion protein, which accumulates in the nucleus
upon Tamoxifen induction and allows differentiation into erythroid cells [66-68]. Treatment
with 3uM EPZ004777 severely reduced the cellular levels (S7B Fig) as well as the deposition of
H3K79me2 to Cdknla and Tp53 TSS region (S7C Fig) in erythroid Ik"" and IK™"" Ter119*
cells co-cultured with OP9-DL1. The inhibition of DOTIL disrupts the additive effect imposed
by IKAROS deletion and NOTCH induction on Tp53 but does not significantly change the
additive effect detected at Cdknla (S7D Fig vs Fig 4A). This suggests that DOT1L activity is
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Fig 3. Characterization of Cdknla and Tp53 genes in IK" " and IK™"" erythroid cells. (A) Gene expression; the relative expression
levels of Cdknla and Tp53 genes in Ik™" or IKN"! erythroid cells were measured by qRT-PCR, calculated according to the Pfaffl
equation using Hprt as internal control and normalized to Ik"™"; y axis: relative RNA enrichment levels; ratios are represented by bars
and are plotted as the mean + Standard Deviation (SD) of the measurements; data shown are the results of three independent
experiments; *: p < 0.05 by Student’s t-test. (B) Western blot analysis of IKAROS, TP53, P21VAFYCIP1 and GAPDH (used as loading
control) expression in Ik or IKN"! erythroid cell lysates. (C, D, E) Chromatin immunoprecipitation assays in Ik"" or Ik Ter119*
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cells with IKAROS, NICD antibodies (blue) or isotype-matched IgG (grey); immunoprecipitated and unbound (input) chromatin
samples were used as templates in qPCR analysis with primers specific for Cdknla (C), Tp53 (D) or the minor satellite repeat control
region (E); y-axis: fold enrichment levels calculated according to the Pfaffl equation using the ThpI promoter region as internal
control, are represented by bars and plotted as the mean + SD of the measurements; a value of 1 indicates no enrichment; data shown
are the results of three independent experiments; TSS: transcription start site; ORF: open reading frame; NICD: NOTCH intracellular
domain; *: p < 0.05 by Student’s -test.

https://doi.org/10.1371/journal.pgen.1009478.9g003

requested for Tp53 overexpression imposed by the additive effect of IKAROS deletion and
NOTCH induction. Currently, it is unclear why DOTIL inhibition and H3K79 methylation
reduction do not correlate with a lower expression levels of Cdknla and Tp53 in the absence of
NOTCH induction. However, it is known that a direct link between H3K79 methylation and
expression levels is not common to all genes [69] and, herein, it might be influenced by specific
regulatory mechanisms occurring when IKAROS-CHD4 vs NICD or BRG1 complexes are
alternatively recruited to these genes.
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Fig 4. Cdknla and Tp53 gene and protein expression in Ik" " and IKN" Ter119* cells upon NOTCH induction.
(A, B) Gene expression; the relative expression levels of Cdknla and Tp53 genes in Ik"" and IKN"! Ter119* cells before
(OP9 co-culture) or after (OP9-DLI co-culture) NOTCH induction, were measured by qRT-PCR, calculated
according to the Pfaffl equation using Hprt as internal control and normalized to Ik""/OP9; y axis: relative RNA
enrichment levels, ratios are represented by bars and are plotted as the mean + Standard Deviation (SD) of the
measurements; data shown are the results of five independent experiments; *: p < 0.05 by Student’s -test. (C, D)
Western blot analysis of IKAROS (65 KDa), P21"AFV“P1 (21 KDa), TP53 (53 KDa) and ACTIN (42 KDa) or GAPDH
(38 KDa) [used as loading controls] expression in Ik and IKN"" Ter119* cells before (OP9 co-culture) or after
(OP9-DL1 co-culture) NOTCH induction; dot graphs: relative quantification of P21VAFS!P! (panel C; also refer to S5
Fig) or TP53 (panel D) proteins relative to ACTIN or GAPDH, respectively.

https://doi.org/10.1371/journal.pgen.1009478.9004
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Fig 5. Histone post-translational modifications at Cdknla and Tp53 genes in Ik " and IKN"" Ter119* cells upon NOTCH induction. (A, B)
ChIP assays with H3K4me3, H3K79me2, H3K27me3 antibodies (blue) or isotype-matched IgG (grey) were conducted in Ik"" or Ik™*" Ter119*
cells co-cultured with OP9 or OP9-DLI1 cells; immunoprecipitated and unbound (input) chromatin samples were used as templates in gPCR
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analysis with primers specific for Cdknla (A) or Tp53 (B) TSS region and ORF; qPCR analysis of the minor satellite repeat control region is
presented in S6A Fig; y-axis: fold enrichment levels calculated according to the Pfaffl equation using Thp1 promoter region as internal control, are
represented by bars and plotted as the mean + Standard Deviation of the measurements; a value of 1 indicates no enrichment; data shown are the
results of three independent experiments; *: p < 0.05 by Student’s ¢-test.

https://doi.org/10.1371/journal.pgen.1009478.g005

Disruption of IKAROS-dependent recruitment of the CHD4/NuRD
complex leads to the abnormal expression of NOTCH target genes

The implication of chromatin remodeling activities for the ‘additive’ and ‘desensitize’ effects of
IKAROS depletion and NOTCH induction was also explored. IKAROS can interact with
NuRD and BAF subunits in lymphoid and erythroid cells thereby, controlling gene expression
[19,23,70-72]. Interestingly, NICD was also reported to interact with NuRD and PBAF [8].
Therefore, we assessed the recruitment of the remodeling ATPases CHD4 and BRG1, respec-
tively included in NuRD and P/BAF (BAF or PBAF) complex, to genes characterized by the
‘additive’ (Cdknla and Tp53) or ‘desensitize’ (Prdm16 and Nrarp, as described below; S2 File)
effect in erythroid cells.

As expected, CHD4 of the NuRD complex, was recruited to Cdknla and Tp53 TSS and
ORF in Ik""/OP9 and Ik""/OP9-DL1 cells. CHD4 recruitment to these genes was IKAROS-
dependent and higher in Tk""/OP9-DL1 than Ik""/OP9 cells (Fig 6A and 6C), suggesting that
it is facilitated by conjoint NICD binding to these genes (Fig 3C-3E). Conversely, the BAF
component BRG1 was more efficiently recruited to Cdknla and Tp53 regions in k™"
OP9-DLI cells (Fig 6B and 6D). Thus, the ‘additive effect’ observed upon IKAROS ablation
and NOTCH induction might be due to lower CHD4/NuRD and higher BRG1-P/BAF recruit-
ment to chromatin.

Next, we assessed the recruitment of IKAROS, CHD4 and BRGL to genes characterized by
the ‘desensitize effect’, whereby IKAROS deletion impairs the NOTCH-associated gene activa-
tion. Prdm16 and Nrarp genes were selected for this analysis. PRDM16 is an important factor
involved in the homeostasis of hematopoietic stem/progenitor cells [73]. It has been identified
as a fusion partner in AML [74,75] and its oncogenic behavior seems to be highly dependent
of its N-terminal PR-domain [76]. NRARP is a negative feedback regulator of the NOTCH
pathway [77]. It also behaves as an oncogene, being overexpressed in breast, liver, thyroid and
non-small cell lung cancers [78-81] and in several T-ALL and CLL cell lines upon NOTCH
induction [82,83]. Interestingly, IKAROS and NICD can associate with Nrarp and Prdm16
TSS (S8A and S4B Figs). RNA-seq analysis revealed that Nrarp and Prdm16 belong to the
group of genes whose expression upon NOTCH induction is affected by IKAROS deletion
(Fig 7A). ChIP assays with CHD4 and BRG1 antibodies demonstrated that CHD4 is recruited
to Nrarp and Prdm16 TSS, and that this binding is enhanced in Ik"" cells upon NOTCH path-
way activation (IkWT/ OP9-DL1; Fig 7B), whereas BRG1 recruitment is higher in IKAROS-
deleted and NOTCH-activated cells (IK™"'/OP9-DLI; Fig 7C). These results suggest that
CHD4 and BRGI are needed to enhance Prdm16 and Nrarp gene expression upon NOTCH
induction in IkKW7 cells, but that in IK™"!! cells, the absence of IKAROS prevents CHD4 recruit-
ment to these genes and their expression upon NOTCH induction. The recruitment of IKAR-
0S-CHD4 to Prdm16 and Nrarp TSS in k"' Ter119* cells (Figs S8A and 7B) suggests that
IKAROS and CHD#4 are required to organize chromatin at regulatory regions for rapid tran-
scriptional activation. Bivalent chromatin characterized by H3K4me3 and H3K27me3 marks,
is associated to poised transcription and thereby, rapid transcriptional activation [64]. ChIP
assays showed H3K4me3 and H3K27me3 enrichment at Prdm16 and Nrarp chromatin, and
significant reduction of H3K4me3 (but not H3K27me3) levels in IKN/OP9 as well as Ik
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Fig 6. BRG1 and CHD4 recruitment to Cdknla and Tp53 genes in IK"" and IKN"" Ter119" cells upon NOTCH induction. (A-D) ChIP
assays with CHD4, BRG1 antibodies (blue) or isotype-matched IgG (grey) were conducted in Tk"" or Ik Ter119™" cells co-cultured with
OP9 or OP9-DLI cells; immunoprecipitated and unbound (input) chromatin samples were used as templates in qPCR analysis with primers
specific for Cdknla (A, B) or Tp53 (C, D) TSS and OREF; y-axis: fold enrichment levels calculated according to the Pfaffl equation using Thp1
promoter region as internal control, are represented by bars and plotted as the mean + Standard Deviation of the measurements; a value of 1
indicates no enrichment; data shown are the results of three independent experiments; *: p < 0.05 by Student’s ¢-test.

https://doi.org/10.1371/journal.pgen.1009478.9g006

OP9-DL1 cells (S8B Fig). Furthermore, sequential ChIP analysis indicates that IKAROS is
important for the organization of bivalent chromatin characterized by the co-occupancy of
H3K4me3 and H3K27me3 to the TSS region of these desensitized genes (S8C Fig).
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Fig 7. Characterization of Nrarp and Prdm16 genes in Ik" " and IK™"" Ter119* cells upon NOTCH induction. (A) Gene expression;
the relative expression levels of Nrarp and Prdm16 genes in k" " and Ik mouse fetal liver Ter119* cells before (OP9 co-culture) or
after (OP9-DL1 co-culture) NOTCH induction, as defined by RNA-sequencing analysis; y-axis: fold enrichment levels are represented
by bars (average mean expression normalized; from the RNA-seq results; N = 3); (B, C) ChIP assays with CHD4, BRG1 antibodies (blue)
or isotype-matched IgG (grey) were conducted in Ik or IKN"! Ter119* cells co-cultured with OP9 or OP9-DLI1 cells;
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https://doi.org/10.1371/journal.pgen.1009478.9007

Thus, based on our results we propose that, at genes characterized by the desensitize
effect, IKAROS favours the organization of a poised transcription structure marked by
bivalent chromatin and thereby, promotes rapid transcriptional activation upon NOTCH
signaling.
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IKAROS influences NOTCH targets genes in hematopoietic progenitors
and in erythroid cells

Bivalent chromatin and priming of transcriptional activation can be set in hematopoietic
stem/progenitor cells (HS/PC) and maintained during cellular differentiation [84-89].
IKAROS is expressed and is an important regulator of genes in HS/PC [37,41]. Accordingly,
we observed that IKAROS controls Cdknla and Prdm16 gene expression in fetal liver-derived
hematopoietic progenitor (lin") cells (SOA Fig). Thus, we tested whether the additive and
desensitize effects observed in the Ik""! erythroid cells originate from the absence of IKAROS
in HS/PC or can be triggered by the ablation of IKAROS at later stages of erythroid differentia-
tion. To address this issue, non-target siRNA (IKN": expressing IKAROS at wild type level) or
IKAROS knock-down (IKXP) e14.5 fetal liver erythroid cells were co-cultured for 48h on OP9
or OP9-DL1 cells. Less than 40% of Tkaros mRNA remains in the Ik?/OP9 or Ik“"/OP9-DL1
vs TIKNT/OP9 or TKNT/OP9-DLI cells (S9B Fig). Next, we performed a comparative analysis of
the expression levels of Cdknla, Tp53, Nrarp and Prdm16 genes in Ik“"/OP9 or K/
OP9-DL1 vs Ik"/OP9 or IKN"/OP9-DLI cells. The results obtained indicate that, as observed
in erythroid cells derived from IKN"" mice, IKAROS knock-down induced by siRNA transfec-
tion in erythroid cells favors the additive (Cdknla and Tp53 genes) or the desensitize (Nrarp
and Prdm16 genes) effect upon NOTCH induction (S9C Fig).

To confirm that the NOTCH induction worked as expected in the siRNA ‘nucleofected’
erythroid cells, the expression levels of Cxcll and Mmp23, two gene responding to NOTCH
pathway induction but not to variation of IKAROS expression levels (RNA-seq analysis; GEO
accession ID: GSE122951), were investigated. The expression of these two genes does not vary
between IKNT (wild type IKAROS expression levels) and IKAROS knock-down cells, and their
overexpression solely depends on NOTCH induction upon OP9-DL1 co-culture (S9D and
SOE Fig).

Together, these results suggest that IAROS provides the adequate regulation of NOTCH
target genes in hematopoietic progenitor as well erythroid cells.

IKAROS is required to prevent the overexpression of P21WAFVCIP1 ypop

DNA damage induction

Having established the role of IKAROS as regulator of Tp53 and Cdknla genes, we then ques-
tioned the biological relevance of such regulation upon induction of DNA damage signaling
that induces TP53 and P21WVAFVCIPL o tivation [90]. The levels of IKRAROS, TP53 and
P21WVAFVCIPL yyere analyzed in k™" and IKN"" Ter119" cells co-cultured with OP9 or
OP9-DLI cells exposed to ionizing radiation (IR; 3.5 Gy). P21"AF/“I"! Jevels increased in
IKAROS depleted cells whether or not exposed to IR, although IR exposure and NOTCH sig-
naling induced the highest protein levels (Figs 3B and 8A). To address the importance of TP53
for IKAROS-induced P21VAFVCIP! gyerexpression, we knocked down Tp53 or Tp53 together
with Ikaros in the erythroid model cell line G1E-ER4 (Fig 8B and 8C). As in IKN"! Ter119*
cells, Ikaros knock-down in G1E-ER4 cells results in overexpression of p21 WAFV/CIPL particu-
larly upon cell irradiation (Fig 8C). Though to a lesser extent, Tp53 and Ikaros double knock-
down induced P21VAFVC™P! gverexpression, when compared with Tp53 knock-down only.
Thus, TP53 is required for maximal P21"VAF/<P! gverexpression after irradiation, but
IKAROS has an effect by itself on P21VAFY<!! yegylation in TP53 depleted cells (Fig 8C). To
assess the potential clinical importance of IKAROS for P21VAFVCIPL expression, we tested the
effect of lenalidomide on P21WA/“™"! Jevels. Lenalidomide is a thalidomide homologue that
promotes ubiquitination and proteasomal degradation of IKAROS as well as other IKZF fam-
ily members [91,92], and is used for the treatment of patients with myelodysplastic syndrome
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p < 0.05 by Student’s t-test; IK1: IKAROS splicing isoform 1; IK2: IKAROS splicing isoform 2.

https://doi.org/10.1371/journal.pgen.1009478.9008

or multiple myeloma [93,94]. As presented in Fig 8D, lenalidomide treatment of our erythroid
cell models (G1E-ER4 and erythroid cells) led to IKAROS depletion and P21VAFY<IP! gyerex-
pression, suggesting that the induction of apoptosis imposed by lenalidomide treatment of
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hematopoietic cells [81] is likely related to the regulation of Cdkn1a/P21WAFY“™P! forced by
IKAROS.

Thus, IKAROS regulation of Cdknla/ P21 WAFVCIPL () can occur in association with TP53
or be mediated by IKAROS alone; (ii) is important upon NOTCH induction but is also highly
relevant to control Cdknla induction upon genotoxic insults, e.g., IR exposure.

Discussion

The IKAROS-mediated repression of NOTCH target genes is critical at early stages of lympho-
poiesis. In here, we demonstrate that IKAROS, not only represses NOTCH target genes in the
absence of NOTCH signaling, it can also restrain their activation upon NOTCH induction.
This phenomenon was termed the ‘additive effect’ since the absence of IKAROS added to
NOTCH induction results in the atypical overexpression of these genes. Our study also
revealed the existence of another group of NOTCH target genes, which require IKAROS for
transcriptional activation upon NOTCH signaling. These genes, which are not responsive to
NOTCH induction in IKAROS depleted cells, are characterized by what we named the ‘desen-
sitize effect’. To both groups of genes IKAROS is required for efficient recruitment of the
remodeling ATPase CHD4 and bivalent chromatin organization associated with priming of
transcriptional activation. Thus, IKAROS controls NOTCH target gene expression and pro-
motes an adequate response to stress imposed by NOTCH induction or genotoxic insults.

IKAROS influences the recruitment of chromatin remodelers to NOTCH
target genes

Gene expression is precisely regulated to maintain cell functions, specificity, and viability. Cel-
lular stress, imposed by modification of cell homeostasis, infection, or genotoxic agents, acti-
vates intracellular signaling pathways including NOTCH, and provides the adequate response
to protect the cell. Nonetheless, uncontrolled activation of NOTCH target genes, especially
oncogenes, can disrupt cell functions and favor carcinogenesis. IKAROS is known to downre-
gulate or silence many NOTCH target genes. It then prevents their activation in the absence of
signaling. Moreover, the additive effect described in here and detected at multiple NOTCH
targets, indicates that IKAROS controls the extent of the activation/expression levels of these
genes upon NOTCH induction. This view is supported by ChIP-seq data, which indicate that
recruitment of IKAROS to multiple NOTCH target genes can be maintained upon NOTCH
signaling and gene activation [7]. The mechanism(s) used by IKAROS to control the expres-
sion levels of NOTCH target genes upon signaling remains to be fully elucidated. Nonetheless,
the fluctuation of CHD4 and BRG1 recruitment to the NOTCH target genes studied suggests
that: (i) IKAROS largely controls recruitment of these chromatin remodelers; and (ii) the
timely recruitment of both remodelers is required for gene-controlled activation and expres-
sion. Indeed, the overexpression imposed by the additive effect of IKAROS depletion and
NOTCH signaling is linked to variations in the recruitment of chromatin remodeling activities
to NOTCH target genes. According to this view, IKAROS and CHD4 are required to prevent
atypical gene overexpression upon NOTCH induction by restraining BRG1 recruitment to
genes characterized by the additive effect. However, to Nrarp and Prdm16 genes, which are
characterized by the desensitize effect, IFAROS and CHD4 recruitment precedes and is main-
tained upon BRG1 recruitment and gene activation. Then, the simultaneous presence of
CHD4 and BRG1 is associated to full transcriptional activation upon NOTCH induction.
Together with chromatin studies, these results reinforce the importance of IKAROS-mediated
CHD#4 activity for chromatin remodeling and promoter organization, which cannot be com-
pensated by BRG1 recruitment. Hence, for both classes of genes, chromatin remodeling and
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transcriptional priming imposed by IKAROS and CHD4 are required for the physiological
transcriptional activation of target genes upon induction of the NOTCH pathway.

The proximity between the nucleosome remodeling ATPases CHD4 and BRG1, which are
best described as components of the NuRD and P/BAF complexes, has been demonstrated in
osteosarcoma and hematopoietic cells [95,96]. Furthermore, genome wide analysis of CHD4
and BRG1 chromatin binding suggests their potential co-recruitment to genes repressed in
embryonic stem cells [97-99]. However, in other cells, their sequential recruitment is required
for the timely regulation of multiple genes [100]. For instance, the epithelial-mesenchymal
transition in oral cancer cells is regulated by the sequential recruitment of these remodeling
complexes to common genes, which facilitates the switching of their transcriptional state
[101]. Similar to what we observed at Cdknla and Tp53 genes (Fig 6), NuRD was reported to
antagonize recruitment and activation of the BAF complex [101]. The opposing activities of
CHD4/NuRD and BRG1/BAF could therefore contribute to fine-tune gene expression in
response to external signals [97,102]. However, the co-recruitment of CHD4 and BRG1 to
genes displaying the desensitize effect does not corroborate with these observations whereby
CHD4/NuRD acts as a transcriptional repressor and prevents the recruitment/activity of
BRG1/BAF. The proximity and co-localization of these remodelers to transcriptionally active
genes rather suggest that they might exert complementary actions to regulate gene expression.
The cooperation between remodelers is required for proper chromatin organization and is
best described during DNA repair (reviewed in [103]). Different remodelers including
CHD4, BRG1 and SNF2H are recruited to DNA double strand breaks (DSBs) and participate
to DSB detection and repair by homologous recombination. The joint recruitment of remode-
lers has also been described to transcriptionally active genes, such as hsp70 gene in Drosophila
whereby the SWI/SNF complex and an ISWI-related complex are simultaneously located at
the active promoter [104]. The complementary activity of remodelers can indeed be required
for recruitment of different transcription factors or to control specific steps of transcription
including poised organization, transcriptional initiation, elongation and/or termination [105-
107].

IKAROS establishes bivalent chromatin and poised transcription of
NOTCH target genes

Histone post-translational modifications were tested to define the mechanism(s) used by
IKAROS to influence the chromatin organization and regulation of the NOTCH target genes
of both above-mentioned groups. With the exception of the transcriptionally active Tp53 gene,
Cdknla, Nrarp and Prdm16 genes were characterized by H3K4me3 and H3K27me3, which are
histone post-translational modifications that usually characterize bivalent chromatin and
mark genes primed/poised for transcriptional activation [64]. According to the canonical
model, NOTCH activation leads to NICD translocation to the nucleus where the binding to
NOTCH target genes is dynamic and frequently influenced by IKAROS [7,11,13,14,108]. In
the absence of IKAROS, NOTCH activation per se associates with increased H3K79me?2 levels
at Cdknla and Tp53 TSS and ORF. However, NOTCH activation does not perturb the levels of
H3K4me3 or H3K27me3 marks, which require the additional effect of IKAROS deletion to
significantly change. According with this observation, Cdknla and Tp53 gene expression
increases upon NOTCH pathway activation, although their overexpression is more important
in cells that also lack IKAROS protein. Of note, sequential ChIP analyses demonstrate the
importance of IKAROS for the establishment of bivalent chromatin domains characterized by
the co-occupancy of H3K4me3 and H3K27me3 to Cdknla, Nrarp and Prdm16 genes, prior to
their activation upon NOTCH induction. Previous reports suggested that IKAROS could be
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associated to bivalent chromatin at the CD8 locus in CD8/CD4" double negative thymocytes,
hence before transcriptional activation of the CD8 gene [109]. IKAROS then remains associ-
ated with chromatin during thymocyte differentiation to CD8"/CD4" double positive stage,
when CD8 is transcriptionally activated. Furthermore, Ding et al. [110] proposed that IKAROS
can have a pioneering activity by favoring chromatin organization granting accessibility of
other regulators to enhancers and gene promoters during lymphoid cell differentiation.
Whether IKAROS could influence the timely recruitment of CHD4 and BRG1 to these genes
remains unclear.

Unlike the other NOTCH target genes that we have characterized, Tp53 has a transcrip-
tional activity that is further enhanced by NOTCH induction. The overexpression of Tp53
related to the additive effect is characterized by an increase of H3K79 methylation, which is
associated with productive transcriptional elongation [69,111,112]. H3K79 methylation is
mediated by DOTIL, a methyltransferase important for transcription elongation [113]. The
importance of DOT1L for the additive effect was demonstrated upon treatment with the
DOTIL inhibitor EPZ004777. DOTIL inhibition affects Tp53 and also Cdknla overexpression
in NOTCH-activated cells whereby IKAROS had been deleted, thus suggesting that IKAROS
can restrain DOTIL activity and productive transcription elongation of these genes. In support
of this finding, it has been shown that DOTIL activity can correlate with high-level gene
expression and the DOT1L yeast homolog, Dotl, genetically and physically interacts with
PAFI, a potent regulator of transcription elongation [113]. How IKAROS can provide a rate
limiting DOT1L activity to NOTCH targets is presently unknown, but could be related to the
composition of the Pol II transcriptional elongation complex or to the chromatin organization
at transcribed region of target genes. Indeed, IKAROS modulation of CHD4/NuRD and
BRG1/BAF recruitment to chromatin could be pivotal since in addition to their well
described function in regulating gene activation and repression, both remodeling complexes
are reported to directly influence transcriptional elongation [17,23,104,114]. In fact, the
CHD4/NuRD complex can interact with P-TEFb, which enhances the release of promoter-
proximal paused Pol II [18,23] and BRG1/BAF, which promotes chromatin remodeling associ-
ated with Pol II transcription elongation of the HSF1 target gene Hsp70 in mammalian fibro-
blasts [104,114].

In summary, our results support a model whereby the IKAROS-CHD4 association does not
account for individual gene activation or repression, but rather assures appropriate chromatin
conformation and poised transcriptional organization required for transcriptional activation
upon NOTCH induction (Fig 9). Without the dominant contribution of IKAROS, chromatin
‘pre-setting’ either before NOTCH induction or genotoxic insults, will be abnormal and most
likely influenced by other regulatory elements that can: (i) promote BRG1 recruitment and
atypical overexpression (additive effect); or (ii) preclude BRGI recruitment and transcriptional
activation (desensitize effect) of the NOTCH target genes. At NOTCH target genes, IKAROS
largely controls the timely recruitment of the chromatin remodelers CHD4 and BRG1, and
thereby, gene activation/expression levels. The results presented here provide a new perspec-
tive on the critical role played by IKAROS to promote adequate and controlled cell response to
stress, whether imposed by NOTCH induction or genotoxic insults.

Materials and methods
Ethics statement

Animal experiments were conducted in accordance with the Canadian Council on Animal
Care (CCAC) guidelines and approved by the Maisonneuve-Rosemont Hospital animal care
committee (protocol number: 2015-15).
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Fig 9. Proposed model of IKAROS measured response of NOTCH target genes upon NOTCH signaling in erythroid cells. This model summarizes the
contribution of IKAROS in the regulation of NOTCH target genes. Two groups of genes were identified and investigated: genes overexpressed when IKAROS is
absent and the NOTCH pathway is induced (‘additive effect’, left panel); and genes downregulated by the absence of IKAROS combined to the NOTCH pathway
induction (‘desensitize effect’, right panel). Based on the results presented in here, IKAROS and NuRD are first and foremost required for priming and
transcriptional poised chromatin organization of these genes. Both, additive as well as desensitize genes share common regulation when IKAROS is present and
the NOTCH pathway is not induced (A1, D1). IKAROS then binds chromatin and establishes competence for CHD4/NuRD (CHD4) and EZH2/PRC2 (EZH2)
recruitment. H3K27me3, which is produced by the methyltransferase EZH2, marks the chromatin of Cdknla, Prdm16 and Nrarp, but not the chromatin of the
transcriptionally active Tp53 gene. Whether EZH2 is recruited or the H3K27me3 mark removed rapidly from this transcriptionally active gene, is not known.
H3K4me3, which results from the activity of MLL/SETD1 methyltransferases, also characterizes the four target genes when IKAROS is present and the NOTCH
pathway is not induced. Together, H3K27me3 with H3K4me3 typify bivalent chromatin associated to many primed genes and transcription poised organization.
In the absence of IKAROS and/or induction of NOTCH (A2-A4 and D2-D4), the chromatin association of IKAROS and CHD4/NuRD can hinder efficient/
optimal recruitment of BRG1/BAF and restrict transcriptional enhancement; the substantial recruitment of CHD4/NuRD to chromatin requires IKAROS but
can be further enhanced upon NOTCH activation (NICD might also interact with NuRD [8]); the high expression or overexpression of additive and desensitize
genes is associated with increasing H3K79me2, which is deposited by DOT1L and is associated to the transcriptional elongation machinery. The regulation of
additive and desensitized gene differs in the ratio between the H3K27me3 and H3K4me3 that characterizes their chromatin upon NOTCH pathway induction
and/or the absence of IKAROS. In summary, the regulation of these genes is similar in IKAROS expressing cells prior to NOTCH pathway induction. After
NOTCH induction, the regulation of additive genes and desensitize genes diverge. Thus, we propose that IKAROS is a pioneer transcription factor granting
chromatin organisation and competence for gene expression, which are critical for rapid and physiological transcription induction upon signaling. Grey line:
gene TSS (transcriptional start site); Ik: IKAROS; green arrows: active transcription, which is proportional to the size of the arrow; orange filled dot; histone
H3K27me3; light green filled dot histone H3K4me3; dark green filled dot: histone H3K79me2;?: unknown additional factors.

https://doi.org/10.1371/journal.pgen.1009478.9009

Mouse line

The k™! mouse model is characterized by the deletion of the last translated exon of the Ikaros
(Ikzf1) gene, which results in protein instability and the absence of IKAROS protein in all tis-
sues [30]. Heterozygous male and female were bred, embryonic day 14.5 (e14.5) homozygote
Ik"" (IKAROS wild-type) or IKN"! embryos were harvested and fetal livers were isolated.
Since at this developmental stage the fetal liver contains nearly exclusively (~80%) erythroid
cells [115,116], e14.5 fetal liver-derived cells are referred to as erythroid cells throughout the
paper. Animals were sacrificed by cervical dislocation. All mutant embryos were compared
with wild type littermates, to reduce difference in genetic background or developmental stage.
Fetal liver DNA was extracted with DNAzol reagent (ThermoFisher) and samples were geno-
typed by PCR as described [30]. Animal experiments were conducted in accordance with the
Canadian Council on Animal Care (CCAC) guidelines and approved by the Maisonneuve-
Rosemont Hospital animal care committee.
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RNA-sequencing and analysis

IV or IKN"! e14.5 fetal liver cells were co-cultured for 48h on OP9 or OP9-DLI stromal cell
lines. Cells were then washed, resuspended in PBS-5% heat-inactivated FBS and Ter119" cells
were sorted by high-speed fluorescence-activated cell sorting (FACS). RNA from Ik"/OP9,
1k"T/0P9-DL1, IKN"/OP9 and IKN"!/OP9-DL1 Ter119* cells was isolated by Trizol (Thermo-
Fisher) extraction and purified with the RNeasy column kit (Qiagen) according to manufac-
turer instructions. RNA was further purified with mRNA enrichment with oligodT beads. The
library was performed with the TruSeq RNA Sample Preparation kit (Illumina). Samples were
sequenced on the HiSeq2000 Illumina sequencer following standard procedures. mRNA pro-
files were generated in biological triplicate, using Illumina cBot 2 System. The quality of the
raw reads was assessed with FASTQC. Reports show no pool imbalance. After examining the
quality of the raw reads, no trimming was deemed necessary. The reads were aligned to the
GRCm38/mm10 genome with TopHat. The raw alignment counts were calculated with htseq-
count. The RNA-seq results were normalized with the DESeq package [47]. Briefly, the read
count was normalized by size factor that was calculated by median ratio of gene counts relative
to geometric mean per gene. The log2 fold change is an estimate of the fold change between
the conditions, based on the distribution of the reads. qRT-PCR validation was performed
using specific primer sets in real-time PCR with SYBR Green.

Cell culture

G1E-ER4 (GATA-1 knockout ES-derived pro-erythroblast cell line expressing an inducible
GATA-1-ER protein) cells [66-68] were cultured in Iscove’s modified Dulbecco’s medium
(IMDM; ThermoFisher) containing 13% fetal bovine serum (FBS; Sigma), 1.7% penicillin-
streptomycin (Wisent), 1.8 U/ml erythropoietin (Eprex), 1.1 mM 1-thioglycerol (Sigma), and
0.5% conditioned medium from a Kit ligand-producing CHO cell line.

To produce IKAROS knock-down clones, G1E-ER4 cells were infected with MISSION
pLKO.1-puro vector (Sigma) containing short hairpin RNA (shRNA) specific to Ikaros mRNA
(shIK) or a nonspecific scrambled shRNA (scrCTL). Positive cells were selected with Puromy-
cin (2 pg/ml). OP9-DL1 cells are murine bone marrow stromal OP9 cells engineered to express
constitutively the NOTCH ligand DELTA-like 1 (DL1). These cells were used in a co-culture
system to activate the NOTCH signaling in e14.5 mouse fetal liver erythroid cells. OP9 and
OP9-DL1 cells were seeded in a-Minimum Essential Medium (o-MEM; ThermoFisher) for
four days. Then, Ik or IK™N" fetal liver cells were layered onto OP9 and OP9-DL1 in o-
MEM added with 2 U/ml erythropoietin (Eprex) and cultured for 48h. Where indicated, cells
were treated with the DOTIL inhibitor EPZ004777 (Calbiochem), at a concentration of 3 pM
for 48h or with equal volume of DMSO (diluent control).

siRNA nucleofection

Knock-down experiments with small interfering RNA (siRNA) were performed in G1E-ER4
cells or e14.5 fetal liver erythroid cells (IKP cells). The non-target control siRNA (siNT) and
Tp53 siRNA (siP53) were purchased from Dharmacon (siGENOME SMARTpool siRNA);
Ikaros pre-designed siRNA (siIK) (SASI_MmO01_00065776; SASI_MmO01_00065777;
SASI_Mm02_00287954) were purchased from MilliporeSigma. For each nucleofection, 3x10°
GI1E-ER4 cells or 10° erythroid cells were washed PBS and resuspended in 100 ul of Ingenio
Solution (Mirus). Next, 25 pl (20 uM) of either siNT or siP53 (for G1E-ER4 cells) or 5 pg of
siNT or silK (for erythroid cells) were added to the cell suspension, which was immediately
nucleofected (Amaxa Nucleofector II, Lonza) with program G-016 (G1E-ER4 cells) or X-001
(erythroid cells) according to the literature [117] and manufacturer’ instructions.
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Cell irradiation

E14.5 fetal liver or G1E-ER4 cells were irradiated with a dose of 3.5 Gy, using a gamma cell
irradiator. Cells were maintained at 37°C and 5% CO2 and harvested after 3h-incubation.

Protein analysis

For Western blot assays, cells were lysed in Laemmli buffer (1 mM PMSF, 150 mM NaCl, 50
mM Tris HCI pH 6.8, 10% glycerol, 2% sodium dodecyl sulfate, 0.1% bromophenol blue, 2.5%
B-mercaptoethanol), then sonicated, boiled for 10 minutes, migrated on SDS-polyacrylamide
gel and transferred to nitrocellulose membrane (Bio-Rad). IKAROS (Cell signaling #D6N9Y),
P21WAF1/CIP1 (BD Biosciences #556431), TP53 (Santa Cruz #393031), GAPDH (Millipore-
Sigma) or ACTIN (NeoMarkers) and horseradish peroxidase (HRP)-conjugated antibody
(Jackson) were used for immunoblotting. Proteins were detected with Clarity Western
enhanced chemiluminescence substrate (ECL; Bio-Rad) with a Fujifilm LAS-4000 luminescent
image analyzer (GE Healthcare).

Quantitative reverse transcription PCR (qRT-PCR)

One to three million cells were washed in PBS and total RNA was isolated with TRIzol reagent
(ThermoFisher). cDNA was generated using the All-in-One cDNA Synthesis SuperMix
according to manufacturer’s instructions (Bimake). Quantitative PCR was carried out on an
Applied Biosystems machine (Thermo-Fisher) using SYBR Green qPCR Master Mix (Biotool).
Relative transcript levels were calculated using Hprt or Actin as control. To compare gene
expression levels between conditions, results are presented as the ratio of the expression of
each gene relative to the control expression. Where indicated, results were expressed as a fold
change relative to the control. Quantitative analysis was performed according to Pfaffl’s
method [118]. Primer sequences are detailed in S1 Table.

ChIP-qPCR assay

Cells were fixed in PBS/1.5 mM Ethylene glycol bis(succinimidyl succinate) (EGS) for 30 min-
utes, at room temperature, with gentle agitation and protected from light. Cells were comple-
mentary cross-linked for 5 minutes with 1% formaldehyde (Sigma) and fixation was stopped
with Glycine (20 mM final) for 10 minutes. Cells were resuspended in SDS lysis buffer (1%
SDS; 10 mM EDTA; 50 mM Tris-HCI pH 8.1) for 10 minutes and sonicated (Branson-Digital
Sonifier) in order to obtain chromatin shear ranging 300 to 500 bp. Samples were then centri-
fuged, diluted in dilution buffer (0.01% SDS; 1.1% Triton; 1.2 mM EDTA; 16.7 mM Tris-HCl
pH 8.0; 165 mM NaCl), pre-cleared with protein A Sepharose beads (MilliporeSigma) and
incubated overnight with H3K4me3 (Abcam#8580), H3K27me3 (Milipore#17-622),
H3K36me3 (Milipore#17100-32), H3K79me2 (Cell Signaling#5427), IKAROS (Santa-
Cruz#13039), NOTCH/NICD (Abcam#8925) antibodies or isotype-matched immunoglobu-
lins. Protein-DNA complexes were retrieved with protein A Sepharose beads (MilliporeSigma)
and sequentially washed with the following buffers: low salt (0.1% SDS; 1% Triton; 2 mM
EDTA; 20 mM Tris HCI pH 8; 150 mM NacCl), high salt (0.1% SDS; 1% Triton; 2 mM EDTA;
20 mM Tris HCI pH 8.0; 500 mM NaCl), LiCl (0.25 M LiCl; 1% NP-40; 1% Sodium Deoxycho-
late; 1 mM EDTA; 10 mM Tris-HCl pH 8.0) and TE (1 mM EDTA; 10 mM Tris HCI pH 8.0).
After de-crosslinking and proteinase K digestion, the genomic DNA was purified and used as
template in qPCR reactions.

Quantitative PCR (qPCR) were carried out as reported in Bottardi et al. [119] with minor
modifications. About 1/30 of immunoprecipitated and 1/10 of unbound (input) material was
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used as a template for QPCR using SYBR Green (Bimake) on an ABI 7300 Fast real-time PCR
system (Applied Biosystem). Quantification was performed according to the 2"**“* method
[120] where AACt = ACt (test)—ACt (reference); ACt (test) = Ct (ChIP test)-Ct (input test);
ACt (reference) = Ct (ChIP reference); test corresponds to the gene of interest; reference, to
Thp promoter. All data showed are the results of at least four independent ChIP experiments
with qPCR from each ChIP performed in triplicate and averaged (standard deviation). To cor-
rectly interpret the amplification values obtained by qPCR, the efficiency of all primer sets was
carefully checked and primer pairs displaying an amplification efficiency ranging from 95 to
102% were chosen. Primer sequences are detailed in S2 Table.

Ter119/CD71 fetal liver cell sorting

IKY" or IKN"" e14.5 fetal liver cells were washed and resuspended in PBS-5% heat-inactivated

FBS. Cells were sequentially incubated for 30 minutes on ice with rat anti-Ter119 hybridoma,

anti-rat Fluorescein Isothiocyanate (FITC)-conjugated (BD-Pharmingen) and Phycoerythrin

(PE)-conjugated anti-CD71 (BioLegends) antibodies. Cells were sorted by high-speed fluores-
cence-activated cell sorting (FACS Vantage; Becton, Dickinson).

Lineage negative hematopoietic progenitor (lin) cell purification

k™" or IKN"" e14.5 embryos were harvested, and fetal livers were collected and mechani-
cally dissociated in 1X PBS, 5% FBS to generate a single-cell suspension and then centri-
fuged. Mature erythrocytes were lysed as follows: cell pellet was resuspended in 10 ml of
0.2% NaCl and after 40 second, 10 ml of 1.6% NaCl was added to re-establish osmolarity.
Cells were centrifuged at 400g for 10 minutes, resuspended in 1X PBS, 5% FBS, passed
through a 40 pum strainer to remove debris and then centrifuged for 5 minutes at 250g at
4°C. Lin’ cells were obtained using the easySep mouse hematopoietic progenitor enrichment
kit (StemCell Technology). RNA extraction and gRT-PCR analysis were carried out as
described above (‘Quantitative reverse transcription PCR (qQRT-PCR)’). Lin" cell purity and
composition was assessed by ex-vivo clonogenic assays in complete methylcellulose medium
(MethoCult M3434 StemCell Technology) and scored under contrast microscopy at day 14
[23].

Sequential ChIP (re-ChIP)

YT or TkKN"!! e14.5 embryos were harvested, and fetal livers were isolated. Erythroid cells (20
X 10° cells per re-ChIP) were fixed in PBS, 1% formaldehyde (MilliporeSigma) for 10 minutes
at room temperature with gentle agitation and fixation was quenched with Glycine (20 mM
final) for 10 minutes. The first round of precipitation was carried out as described above
(‘ChIP-qPCR assay’). After the second wash in TE buffer, immunoprecipitated complexes
were eluted twice in buffer E (50 mM Tris-HCI pH 8.0; 10 mM EDTA; 1% SDS) by gentle
shacking at 42°C for 20 min. Eluates were pooled, diluted 1:10 in ChIP dilution buffer and sub-
ject to the second round of immunoprecipitation. After an overnight incubation at 4°C,
washes, chromatin elution, de-crosslinking, proteinase K digestion and qPCR were carried out
as described above (‘ChIP-qPCR assay’). Re-ChIP assays were carried out with H3K4me3,
H3K27me3 antibodies or isotype-matched IgG. Fold enrichment levels were calculated
according to the “percentage input method” (https://www.thermofisher.com/ca/en/home/life-
science/epigenetics-noncoding-rnaresearch/chromatin-remodeling/chromatin-immunopreci
pitation-chip/chip-analysis.html).
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S2 Fig. Distribution of the erythroid populations in IK™"" and Ik"" e14.5 mouse fetal liv-

ers co-cultured with OP9 or OP9-DLI cells. KN and k™" e14.5 fetal livers were isolated
and single-cell suspensions were co-cultured with OP9 or OP9-DL1 cells; cells were collected
after 48h and analyzed by flow cytometry on the basis of Ter119 and CD71 expression levels:
P1, CD71™Y/Ter119"¥'°"; P2, CD71"'8"/Ter119™¢'*"; P3, CD71"#"/Ter119™¢"; P4,
CD71™/Ter119™€% P1 is enriched in erythroid precursors (BFU-E: burst-forming unit-ery-
throid and CFU-E: colony-forming unit erythroid), P2 is enriched in proerythroblasts and
early basophilic erythroblasts, P3 is enriched in basophilic and chromatophilic erythroblasts,
and P4 is enriched in orthochromatic erythroblasts; x-axis: cell populations; y-axis: percentage
of positive cells.

(TIF)

S3 Fig. Heatmaps corresponding to the genes overexpressed in IKN/OP9 or OP9-DL1 vs
1K""/OP9 or OP9-DL1. These heatmaps are complementary to Fig 1B. Colors on the heat-
maps (depicted in the color key) represent the relative expression levels of individual genes in
the four conditions used for this study (indicated at the bottom of the heatmaps). Unsuper-
vised hierarchical clustering (Pearson correlation, average linkage) over the genes included in
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each group is presented on the left side of the heatmaps.
(TIF)

$4 Fig. Gene expression and NICD recruitment in Ik" " and IK™"" Ter119" cells upon
NOTCH induction. (A) Gene expression; the relative expression levels of Il6 and Zfp446
genes were measured by qRT-PCR, calculated according to the Pfaffl equation using Hprt as
internal control and normalized to Ik '/OPY; y axis: relative RNA enrichment levels, ratios
are represented by bars and are plotted as the mean * Standard Deviation (SD) of the measure-
ments; data shown are the results of three independent experiments; *: p < 0.05 by Student’s ¢-
test. (B) Chromatin immunoprecipitation assays in Ik™"'//OP9 or Ik""/OP9-DL1 cell with
NICD antibodies; immunoprecipitated and unbound (input) chromatin samples were used as
templates in qPCR analysis with primers specific for Cdknla, Tp53, Prmdl16, Nrarp or Hesl
transcription start site (TSS) regions; y-axis: fold enrichment levels calculated according to the
Pfaffl equation using the Thpl promoter region as internal control, are represented by bars
and plotted as the mean + SD of the measurements; a value of 1 indicates no enrichment; data
shown are the results of three independent experiments; T'SS: transcription start site; *:

p < 0.05 by Student’s ¢-test.

(TTF)

S5 Fig. Western blot quantification presented in Fig 4C. This figure provides further infor-
mation regarding the quantification of the Western blot results presented in Fig 4C. The red
boxes indicate selected areas subject to quantification. After background subtraction, the ratio
of P21WAFVCIP/ ACTIN was calculated and depicted as graph (bottom part of Fig 4C). The
same procedure was used for the quantification of the Western blot results presented in Fig
4D.

(TIF)

S6 Fig. Determination of histone post-translational modifications and sequential ChIP
analysis carried out to test the co-occupancy of H3K4me3 and H3K27me3 at Cdknla and
Tp53 TSS. (A) ChIP assays with H3K4me3, H3K79me2, H3K27me3 antibodies (blue) or iso-
type-matched IgG (grey) were conducted in Ik or Ik Ter119* cells co-cultured with OP9
or OP9-DL1 cells; immunoprecipitated and unbound (input) chromatin samples were used as
templates in qPCR analyses with primers specific for the minor satellite repeat sequence,
which is used as the control region for the ChIP results presented in Fig 5; y-axis: fold enrich-
ment levels calculated according to the Pfaffl equation using ThpI promoter region as internal
control, are represented by bars and plotted as the mean + Standard Deviation of the measure-
ments; a value of 1 indicates no enrichment; data shown are the results of three independent
experiments. (B) Sequential ChIP (re-ChIP) assays carried out on erythroid cells isolated from
e14.5 Ik™" or IKN"" fetal livers with antibodies directed against H3K4me3, H3K27me3 or iso-
type-matched IgG. K4/K27 bars: H3K4me3 antibodies were used for the first round of precipi-
tation and H3K27me3 antibodies for the second ChIP; K27/K4 bars: H3K27me3 antibodies
were used for the first round of precipitation and H3K4me3 antibodies for the second ChIP.
Top panels: immunoprecipitated and unbound (input, I) chromatin samples were used as tem-
plates in qPCR analysis with primers specific for Cdknla or Tp53 TSS; y-axis: fold enrichment
levels calculated according to the “percentage input method” (https://www.thermofisher.com/
ca/en/home/life-science/epigenetics-noncoding-rnaresearch/chromatin-remodeling/
chromatin-immunoprecipitation-chip/chip-analysis.html) are represented by bars and plotted
as the mean + Standard Deviation of the measurements; in the re-ChIP samples, no amplifica-
tion for Thpl promoter region (used as internal control) could be observed; similarly, no
amplification for Cdknla or Tp53 TSS regions was observed when isotype-matched IgG were
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used for the second round of precipitation; data shown are the results of three independent
experiments; *: p < 0.05 by Student’s t-test. Bottom panels: PCR samples were resolved on 2%
agarose gel. Abl: antibodies used for the first round of precipitation; Ab2: antibodies or iso-
type-matched IgG used for the second round of precipitation; I: input.

(TTF)

S7 Fig. Effect of DOT1L inhibition on Cdknla and Tp53 gene expression in G1E-ER4 cells
or IKWT and IK™! Ter119* cells upon NOTCH induction. (A) Western blot analysis of
H3K79me2 and ACTIN (loading control) in total lysates of G1E-ER4 cells treated for 24h or
48h with 3 uM, 10 uM or 20 uM DOTIL inhibitor (inhDOT1L: EPZ004777) or equal volume
of DMSO diluent. (B) Western blot analysis of H3K79me2 and ACTIN (loading control) in
total lysates of IKN"" and Ik Ter119* cells treated with 3 uM DOTI1L inhibitor or equal vol-
ume of DMSO and co-cultured with OP9 or OP9-DL1 cells for 48h. (C) ChIP assays with
H3K79me?2 antibodies or isotype-matched IgG conducted in Ik or IKN"! Ter119* cells after
48h of co-culture with OP9-DL1 cells and treatment with 3 pM DOT1L inhibitor or equal vol-
ume of DMSO diluent; immunoprecipitated and unbound (input) chromatin samples were
used as templates in qPCR analysis with primers specific for Cdknla or Tp53 TSS; y-axis: fold
enrichment levels calculated according to the Pfaffl equation using the Thpl promoter region
as internal control, are represented by bars and plotted as the mean + Standard Deviation (SD)
of the measurements; a value of 1 indicates no enrichment; data shown are the results of three
independent experiments; *: p < 0.05 by Student’s #-test. (D) Gene expression; the relative ex-
pression levels of Cdknla and Tp53 genes in IK" " or IKN"! Ter119" cells after 48h of co-culture
with OP9-DL1 cells and treatment with 3 uM DOTIL inhibitor or equal volume of DMSO dilu-
ent, were measured by qRT-qPCR, calculated according to the Pfaffl equation using Hprt as
internal control and normalized to Ik"*/OP9 DMSO-treated; y-axis: relative fold enrichment
levels are represented by bars and plotted as the mean + SD of the measurements; data shown
are the results of three independent experiments; *: p < 0.05 by Student’s ¢-test.

(TIF)

S8 Fig. Histone post-translational modifications at Nrarp and Prdm16 genes in Ik" " and
IKN"! Ter119* cells upon NOTCH induction. (A-B) ChIP assays with IKAROS, H3K4me3,
H3K79me2, H3K27me3 antibodies (blue) or isotype-matched IgG (grey) were conducted in
KT or KN fetal liver erythroid cells (panel A) or KV or IKN"" Ter119* cells co-cultured
with OP9 or OP9-DL1 cells (panel B); immunoprecipitated and unbound (input) chromatin
samples were used as templates in qPCR analysis with primers specific for Nrarp, Prdm16 TSS,
Hesl promoter (IKAROS positive control in panel A); the minor satellite region was the nega-
tive control for IKAROS ChIP assay (presented in Fig 3E), and for the H3K4me3, H3K79me2,
H3K27me3 ChIP assays (presented in S6A Fig); y-axis: fold enrichment levels calculated accord-
ing to the Pfaffl equation using the ThpI promoter region as internal control, are represented by
bars and plotted as the mean + Standard Deviation of the measurements; a value of 1 indicates
no enrichment; data shown are the results of three independent experiments; *: p < 0.05 by Stu-
dent’s t-test. (C) Sequential ChIP (re-ChlIP) assays carried out on erythroid cells isolated from
e14.5 Ik"" or Ik™"! fetal livers with antibodies against H3K4me3 or H3K27me3. K4/K27:
H3K4me3 antibodies were used for the first round of precipitation and H3K27me3 antibodies
for the second ChIP; K27/K4: H3K27me3 antibodies were used for the first round of precipita-
tion and H3K4me3 antibodies for the second ChIP. Immunoprecipitated and unbound (input)
chromatin samples were used as templates in qPCR analysis with primers specific for Prdm16
or Nrarp TSS; y-axis: fold enrichment levels calculated according to the “percentage input
method” (https://www.thermofisher.com/ca/en/home/life-science/epigenetics-noncoding-
rnaresearch/chromatin-remodeling/chromatin-immunoprecipitation-chip/chip-analysis.html)

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1009478 March 26, 2021 26/34


http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1009478.s016
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1009478.s017
https://www.thermofisher.com/ca/en/home/life-science/epigenetics-noncoding-rnaresearch/chromatin-remodeling/chromatin-immunoprecipitation-chip/chip-analysis.html
https://www.thermofisher.com/ca/en/home/life-science/epigenetics-noncoding-rnaresearch/chromatin-remodeling/chromatin-immunoprecipitation-chip/chip-analysis.html
https://doi.org/10.1371/journal.pgen.1009478

PLOS GENETICS

IKAROS influences the cellular response to stress signals

are represented by bars and plotted as the mean + Standard Deviation of the measurements; in
the re-ChIP samples, no amplification for ThpI promoter region (used as internal control)
could be observed; as well, no amplification for Prdm16 or Nrarp TSS was observed when iso-
type-matched IgG were used for the second round of precipitation; data shown are the results
of three independent experiments; *: p < 0.05 by Student’s ¢-test.

(TIF)

S9 Fig. Effect of IKAROS abrogation on Cdknla, Tp53, Nrarp and Prdm16 gene expression
in lineage negative hematopoietic progenitor (lin") and erythroid cells. The relative expres-
sion level of Cdknla, Tp53, Nrarp, Prdm16, Cxcll and Mmp23 genes in KN i (A) as well as
in Tkaros knock-down (siIK) erythroid cells (B-E) was measured by qRT-PCR, calculated
according to the Pfaffl equation using Actin as internal control. (A) Ikaros target gene expres-
sion values in IKN"!' lin~ cells were normalized to the values obtained in Ik"" lin™ cells. (B, C,
D) Ikaros (B) or target gene (C, D) expression values in silK-transfected erythroid cells (IKXP
in the main text) were normalized to the values obtained in siNT (non-target siRNA)-trans-
fected erythroid cells; (E) expression values in silK-transfected (left panel) or siNT-transfected
(right panel) erythroid cells co-cultured with OP9 or OP9-DL1 cells; gene expression values in
silK/OP9-DL1 or siNT/OP9-DL1 were normalized to the values obtained in silK/OP9 or
siNT/OP9 cells respectively; y axis: relative RNA enrichment levels, ratios are represented by
bars and are plotted as the mean + Standard Deviation (SD) of the measurements; data shown
are the results of three independent experiments; *: p < 0.05 by Student’s t-test.

(TIF)

S1 File. Genes overexpressed in IkNull/OP9 or OP9-DL1 vs IKWT/OP9 or OP9-DL1. The
genes composing the group o, B and y of Figs 1B and S3 are listed in the excel file. The average
mean expression of the RNA-sequencing results obtained from biological triplicate is indicated
for each gene in the 4 conditions used for this study.

(XLSX)

S2 File. Genes characterized by the additive or the desensitize effect imposed by the
absence of IKAROS and the induction of NOTCH. Excel file presenting the list of genes of
the two groups. The average mean expression of the RNA-sequencing results obtained from
biological triplicate is indicated for each gene in the 4 conditions used for this study.

(XLSX)

Acknowledgments

We thank Dr. K. Georgopoulos for the Ik™" mice; Dr. M.J. Weiss for the G1E-ER4 cells; Dr. J.
C. Zuaiiga-Pfliicker for the OP9/OP9-DLI cells; Dr Yoshiaki Tanaka for useful discussions.
We also thank the HMR-Research Center animal facility, the IRCM Bioinformatics and
Molecular Biology & Functional Genomics core facilities, and Heatmapper (www.heatmapper.
ca/expression).

Author Contributions

Conceptualization: Eric Milot.

Data curation: Maud Lemarié, Stefania Bottardi, Lionel Mavoungou.

Formal analysis: Maud Lemarié, Stefania Bottardi, Lionel Mavoungou, Helen Pak, Eric Milot.
Funding acquisition: Eric Milot.

Investigation: Maud Lemarié, Stefania Bottardi, Lionel Mavoungou, Helen Pak, Eric Milot.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1009478 March 26, 2021 27/34


http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1009478.s018
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1009478.s019
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1009478.s020
http://www.heatmapper.ca/expression
http://www.heatmapper.ca/expression
https://doi.org/10.1371/journal.pgen.1009478

PLOS GENETICS

IKAROS influences the cellular response to stress signals

Methodology: Maud Lemarié, Stefania Bottardi, Lionel Mavoungou.

Project administration: Eric Milot.

Resources: Eric Milot.

Supervision: Eric Milot.

Validation: Maud Lemarié, Stefania Bottardi, Helen Pak.

Visualization: Maud Lemarié, Stefania Bottardi, Helen Pak.

Writing - original draft: Maud Lemarié, Eric Milot.

Writing - review & editing: Maud Lemarié, Stefania Bottardi, Eric Milot.

References

1.

10.

11.

12.

13.

de Bruijn M. Turning it down a Notch. Blood. 2016; 128(12):1541-2. Epub 2016/09/24. https://doi.org/
10.1182/blood-2016-08-729483 PMID: 27658698.

Pajcini KV, Speck NA, Pear WS. Notch signaling in mammalian hematopoietic stem cells. Leukemia.
2011; 25(10):1525-32. Epub 2011/06/08. https://doi.org/10.1038/leu.2011.127 PMID: 21647159;
PubMed Central PMCID: PMC5924479.

Jeannet R, Mastio J, Macias-Garcia A, Oravecz A, Ashworth T, Geimer Le Lay AS, et al. Oncogenic
activation of the Notch1 gene by deletion of its promoter in Ikaros-deficient T-ALL. Blood. 2010; 116
(25):5443-54. Epub 2010/09/11. https://doi.org/10.1182/blood-2010-05-286658 PMID: 20829372;
PubMed Central PMCID: PMC3100247.

Weng AP, Ferrando AA, Lee W, Morris JPt, Silverman LB, Sanchez-Irizarry C, et al. Activating muta-
tions of NOTCH1 in human T cell acute lymphoblastic leukemia. Science. 2004; 306(5694):269—-71.
Epub 2004/10/09. https://doi.org/10.1126/science.1102160 PMID: 15472075.

Oswald F, Tauber B, Dobner T, Bourteele S, Kostezka U, Adler G, et al. p300 acts as a transcriptional
coactivator for mammalian Notch-1. Mol Cell Biol. 2001; 21(22):7761-74. Epub 2001/10/18. https://
doi.org/10.1128/MCB.21.22.7761-7774.2001 PMID: 11604511; PubMed Central PMCID: PMC99946.

Krejci A, Bray S. Notch activation stimulates transient and selective binding of Su(H)/CSL to target
enhancers. Genes Dev. 2007; 21(11):1322-7. Epub 2007/06/05. https://doi.org/10.1101/gad.424607
PMID: 17545467; PubMed Central PMCID: PMC1877745.

Geimer Le Lay AS, Oravecz A, Mastio J, Jung C, Marchal P, Ebel C, et al. The tumor suppressor
Ikaros shapes the repertoire of notch target genes in T cells. Sci Signal. 2014; 7(317):ra28. Epub
2014/03/20. https://doi.org/10.1126/scisignal.2004545 PMID: 24643801.

Yatim A, Benne C, Sobhian B, Laurent-Chabalier S, Deas O, Judde JG, et al. NOTCH1 nuclear inter-
actome reveals key regulators of its transcriptional activity and oncogenic function. Mol Cell. 2012; 48
(3):445-58. Epub 2012/10/02. https://doi.org/10.1016/j.molcel.2012.08.022 PMID: 23022380;
PubMed Central PMCID: PMC3595990.

Chari S, Winandy S. Ikaros regulates Notch target gene expression in developing thymocytes. J
Immunol. 2008; 181(9):6265—74. Epub 2008/10/23. 181/9/6265 [pii]. https://doi.org/10.4049/jimmunol.
181.9.6265 PMID: 18941217.

Kathrein KL, Chari S, Winandy S. Ikaros directly represses the notch target gene Hes1 in a leukemia T
cell line: implications for CD4 regulation. J Biol Chem. 2008; 283(16):10476—84. Epub 2008/02/22.
M709643200 [pii] https://doi.org/10.1074/jbc.M709643200 PMID: 18287091.

Kleinmann E, Geimer Le Lay AS, Sellars M, Kastner P, Chan S. lkaros represses the transcriptional
response to Notch signaling in T-cell development. Mol Cell Biol. 2008; 28(24):7465—75. Epub 2008/
10/15. MCB.00715-08 [pii] https://doi.org/10.1128/MCB.00715-08 PMID: 18852286.

Malinge S, Thiollier C, Chlon TM, Dore LC, Diebold L, Bluteau O, et al. Ikaros inhibits megakaryopoi-
esis through functional interaction with GATA-1 and NOTCH signaling. Blood. 2013. https://doi.org/10.
1182/blood-2012-08-450627 PMID: 23335373.

Ross J, Mavoungou L, Bresnick EH, Milot E. GATA-1 utilizes Ikaros and polycomb repressive complex
2 to suppress Hes1 and to promote erythropoiesis. Mol Cell Biol. 2012; 32(18):3624—38. https://doi.
org/10.1128/MCB.00163-12 PMID: 22778136; PubMed Central PMCID: PMC3430200.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1009478 March 26, 2021 28/34


https://doi.org/10.1182/blood-2016-08-729483
https://doi.org/10.1182/blood-2016-08-729483
http://www.ncbi.nlm.nih.gov/pubmed/27658698
https://doi.org/10.1038/leu.2011.127
http://www.ncbi.nlm.nih.gov/pubmed/21647159
https://doi.org/10.1182/blood-2010-05-286658
http://www.ncbi.nlm.nih.gov/pubmed/20829372
https://doi.org/10.1126/science.1102160
http://www.ncbi.nlm.nih.gov/pubmed/15472075
https://doi.org/10.1128/MCB.21.22.7761-7774.2001
https://doi.org/10.1128/MCB.21.22.7761-7774.2001
http://www.ncbi.nlm.nih.gov/pubmed/11604511
https://doi.org/10.1101/gad.424607
http://www.ncbi.nlm.nih.gov/pubmed/17545467
https://doi.org/10.1126/scisignal.2004545
http://www.ncbi.nlm.nih.gov/pubmed/24643801
https://doi.org/10.1016/j.molcel.2012.08.022
http://www.ncbi.nlm.nih.gov/pubmed/23022380
https://doi.org/10.4049/jimmunol.181.9.6265
https://doi.org/10.4049/jimmunol.181.9.6265
http://www.ncbi.nlm.nih.gov/pubmed/18941217
https://doi.org/10.1074/jbc.M709643200
http://www.ncbi.nlm.nih.gov/pubmed/18287091
https://doi.org/10.1128/MCB.00715-08
http://www.ncbi.nlm.nih.gov/pubmed/18852286
https://doi.org/10.1182/blood-2012-08-450627
https://doi.org/10.1182/blood-2012-08-450627
http://www.ncbi.nlm.nih.gov/pubmed/23335373
https://doi.org/10.1128/MCB.00163-12
https://doi.org/10.1128/MCB.00163-12
http://www.ncbi.nlm.nih.gov/pubmed/22778136
https://doi.org/10.1371/journal.pgen.1009478

PLOS GENETICS

IKAROS influences the cellular response to stress signals

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Oravecz A, Apostolov A, Polak K, Jost B, Le Gras S, Chan S, et al. Ikaros mediates gene silencingin T
cells through Polycomb repressive complex 2. Nat Commun. 2015; 6:8823. Epub 2015/11/10. https://
doi.org/10.1038/ncomms9823 PMID: 26549758; PubMed Central PMCID: PMC4667618.

Bellavia D, Mecarozzi M, Campese AF, Grazioli P, Gulino A, Screpanti . Notch and Ikaros: not only
converging players in T cell leukemia. Cell Cycle. 2007; 6(22):2730—4. Epub 2007/11/23. 4894 [pii].
https://doi.org/10.4161/cc.6.22.4894 PMID: 18032925.

Bray SJ. Notch signalling: a simple pathway becomes complex. Nat Rev Mol Cell Biol. 2006; 7
(9):678-89. Epub 2006/08/22. nrm20089 [pii] https://doi.org/10.1038/nrm2009 PMID: 16921404.

Bottardi S, Mavoungou L, Milot E. IKAROS: a multifunctional regulator of the polymerase Il transcrip-
tion cycle. Trends Genet. 2015; 31(9):500-8. Epub 2015/06/08. https://doi.org/10.1016/j.tig.2015.05.
003 PMID: 26049627.

Bottardi S, Zmiri FA, Bourgoin V, Ross J, Mavoungou L, Milot E. lkaros interacts with P-TEFb and
cooperates with GATA-1 to enhance transcription elongation. Nucleic Acids Res. 2011; 39(9):3505—
19. Epub 2011/01/20. gkq1271 [pii] 10.1093/nar/gkq1271. https://doi.org/10.1093/nar/gkq1271 PMID:
21245044; PubMed Central PMCID: PMC3089448.

Georgopoulos K. Haematopoietic cell-fate decisions, chromatin regulation and ikaros. Nat Rev Immu-
nol. 2002; 2(3):162—74. https://doi.org/10.1038/nri747 PMID: 11913067.

Rodriguez P, Bonte E, Krijgsveld J, Kolodziej KE, Guyot B, Heck AJ, et al. GATA-1 forms distinct acti-
vating and repressive complexes in erythroid cells. Embo J. 2005; 24(13):2354—66. https://doi.org/10.
1038/sj.emboj.7600702 PMID: 15920471.

Brown KE, Guest SS, Smale ST, Hahm K, Merkenschlager M, Fisher AG. Association of transcription-
ally silent genes with lkaros complexes at centromeric heterochromatin. Cell. 1997; 91(6):845-54.
https://doi.org/10.1016/s0092-8674(00)80472-9 PMID: 9413993.

Zhang J, Jackson AF, Naito T, Dose M, Seavitt J, Liu F, et al. Harnessing of the nucleosome-remodel-
ing-deacetylase complex controls lymphocyte development and prevents leukemogenesis. Nat Immu-
nol. 2011; 13(1):86-94. Epub 2011/11/15. https://doi.org/10.1038/ni.2150 PMID: 22080921; PubMed
Central PMCID: PMC3868219.

Bottardi S, Mavoungou L, Pak H, Daou S, Bourgoin V, Lakehal YA, et al. The IKAROS interaction with
a complex including chromatin remodeling and transcription elongation activities is required for hema-
topoiesis. PLoS Genet. 2014; 10(12):e1004827. Epub 2014/12/05. https://doi.org/10.1371/journal.
pgen.1004827 PMID: 25474253; PubMed Central PMCID: PMC4256266.

Miccio A, Wang Y, Hong W, Gregory GD, Wang H, Yu X, et al. NuRD mediates activating and repres-
sive functions of GATA-1 and FOG-1 during blood development. EMBO J. 2010; 29(2):442-56. Epub
2009/11/21. https://doi.org/10.1038/emb0oj.2009.336 PMID: 19927129; PubMed Central PMCID:
PMC2824460.

Yoshida T, Hazan |, Zhang J, Ng SY, Naito T, Snippert HJ, et al. The role of the chromatin remodeler
Mi-2beta in hematopoietic stem cell self-renewal and multilineage differentiation. Genes Dev. 2008; 22
(9):1174-89. Epub 2008/05/03. https://doi.org/10.1101/gad. 1642808 PMID: 18451107; PubMed Cen-
tral PMCID: PMC2335314.

Wada T, Takagi T, Yamaguchi Y, Watanabe D, Handa H. Evidence that P-TEFb alleviates the nega-
tive effect of DSIF on RNA polymerase II-dependent transcription in vitro. EMBO J. 1998; 17
(24):7395-403. Epub 1998/12/19. https://doi.org/10.1093/emboj/17.24.7395 PMID: 9857195;
PubMed Central PMCID: PMC1171084.

Peterlin BM, Price DH. Controlling the elongation phase of transcription with P-TEFb. Mol Cell. 2006;
23(3):297-305. Epub 2006/08/04. https://doi.org/10.1016/j.molcel.2006.06.014 PMID: 16885020.

Popescu M, Gurel Z, Ronni T, Song C, Hung KY, Payne KJ, et al. Ikaros stability and pericentromeric
localization are regulated by protein phosphatase 1. J Biol Chem. 2009; 284(20):13869-80. Epub
2009/03/14. M900209200 [pii] https://doi.org/10.1074/jbc.M900209200 PMID: 19282287.

Bottardi S, Ross J, Bourgoin V, Fotouhi-Ardakani N, Affar el B, Trudel M, et al. Ikaros and GATA-1
combinatorial effect is required for silencing of human gamma-globin genes. Mol Cell Biol. 2009; 29
(6):1526-37. Epub 2008/12/31. MCB.01523-08 [pii] https://doi.org/10.1128/MCB.01523-08 PMID:
19114560.

Wang JH, Nichogiannopoulou A, Wu L, Sun L, Sharpe AH, Bigby M, et al. Selective defects in the
development of the fetal and adult lymphoid system in mice with an Ikaros null mutation. Immunity.
1996; 5(6):537-49. https:/doi.org/10.1016/s1074-7613(00)80269-1 PMID: 8986714,

Winandy S, Wu P, Georgopoulos K. A dominant mutation in the Ikaros gene leads to rapid develop-
ment of leukemia and lymphoma. Cell. 1995; 83(2):289-99. https://doi.org/10.1016/0092-8674(95)
90170-1 PMID: 7585946.

Dumortier A, Kirstetter P, Kastner P, Chan S. Ikaros regulates neutrophil differentiation. Blood. 2003;
101(6):2219-26. https://doi.org/10.1182/blood-2002-05-1336 PMID: 12406904.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1009478 March 26, 2021 29/34


https://doi.org/10.1038/ncomms9823
https://doi.org/10.1038/ncomms9823
http://www.ncbi.nlm.nih.gov/pubmed/26549758
https://doi.org/10.4161/cc.6.22.4894
http://www.ncbi.nlm.nih.gov/pubmed/18032925
https://doi.org/10.1038/nrm2009
http://www.ncbi.nlm.nih.gov/pubmed/16921404
https://doi.org/10.1016/j.tig.2015.05.003
https://doi.org/10.1016/j.tig.2015.05.003
http://www.ncbi.nlm.nih.gov/pubmed/26049627
https://doi.org/10.1093/nar/gkq1271
http://www.ncbi.nlm.nih.gov/pubmed/21245044
https://doi.org/10.1038/nri747
http://www.ncbi.nlm.nih.gov/pubmed/11913067
https://doi.org/10.1038/sj.emboj.7600702
https://doi.org/10.1038/sj.emboj.7600702
http://www.ncbi.nlm.nih.gov/pubmed/15920471
https://doi.org/10.1016/s0092-8674%2800%2980472-9
http://www.ncbi.nlm.nih.gov/pubmed/9413993
https://doi.org/10.1038/ni.2150
http://www.ncbi.nlm.nih.gov/pubmed/22080921
https://doi.org/10.1371/journal.pgen.1004827
https://doi.org/10.1371/journal.pgen.1004827
http://www.ncbi.nlm.nih.gov/pubmed/25474253
https://doi.org/10.1038/emboj.2009.336
http://www.ncbi.nlm.nih.gov/pubmed/19927129
https://doi.org/10.1101/gad.1642808
http://www.ncbi.nlm.nih.gov/pubmed/18451107
https://doi.org/10.1093/emboj/17.24.7395
http://www.ncbi.nlm.nih.gov/pubmed/9857195
https://doi.org/10.1016/j.molcel.2006.06.014
http://www.ncbi.nlm.nih.gov/pubmed/16885020
https://doi.org/10.1074/jbc.M900209200
http://www.ncbi.nlm.nih.gov/pubmed/19282287
https://doi.org/10.1128/MCB.01523-08
http://www.ncbi.nlm.nih.gov/pubmed/19114560
https://doi.org/10.1016/s1074-7613%2800%2980269-1
http://www.ncbi.nlm.nih.gov/pubmed/8986714
https://doi.org/10.1016/0092-8674%2895%2990170-1
https://doi.org/10.1016/0092-8674%2895%2990170-1
http://www.ncbi.nlm.nih.gov/pubmed/7585946
https://doi.org/10.1182/blood-2002-05-1336
http://www.ncbi.nlm.nih.gov/pubmed/12406904
https://doi.org/10.1371/journal.pgen.1009478

PLOS GENETICS

IKAROS influences the cellular response to stress signals

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

Ferreiros-Vidal I, Carroll T, Taylor B, Terry A, Liang Z, Bruno L, et al. Genome-wide identification of
Ikaros targets elucidates its contribution to mouse B-cell lineage specification and pre-B-cell differenti-
ation. Blood. 2013; 121(10):1769-82. Epub 2013/01/11. https://doi.org/10.1182/blood-2012-08-
450114 PMID: 23303821.

Francis OL, Payne JL, Su RJ, Payne KJ. Regulator of myeloid differentiation and function: The secret
life of Ikaros. World J Biol Chem. 2011; 2(6):119-25. Epub 2011/07/19. https://doi.org/10.4331/wjbc.
v2.i6.119 PMID: 21765977; PubMed Central PMCID: PMC3135858.

Georgopoulos K, Moore DD, Derfler B. lkaros, an early lymphoid-specific transcription factor and a
putative mediator for T cell commitment. Science. 1992; 258(5083):808—12. https://doi.org/10.1126/
science.1439790 PMID: 1439790.

Schwickert TA, Tagoh H, Gultekin S, Dakic A, Axelsson E, Minnich M, et al. Stage-specific control of
early B cell development by the transcription factor Ikaros. Nat Immunol. 2014; 15(3):283-93. Epub
2014/02/11. https://doi.org/10.1038/ni.2828 PMID: 24509509; PubMed Central PMCID:
PMC5790181.

Yoshida T, Ng SY, Georgopoulos K. Awakening lineage potential by lkaros-mediated transcriptional
priming. Curr Opin Immunol. 2010; 22(2):154—60. https://doi.org/10.1016/j.c0i.2010.02.011 PMID:
20299195.

Sun L, Goodman PA, Wood CM, Crotty ML, Sensel M, Sather H, et al. Expression of aberrantly spliced
oncogenic ikaros isoforms in childhood acute lymphoblastic leukemia. J Clin Oncol. 1999; 17
(12):3753-66. https://doi.org/10.1200/JC0O.1999.17.12.3753 PMID: 10577847.

Bank A. Regulation of human fetal hemoglobin: new players, new complexities. Blood. 2006; 107
(2):435-43. https://doi.org/10.1182/blood-2005-05-2113 PMID: 16109777; PubMed Central PMCID:
PMC1895603.

Keys JR, Tallack MR, Zhan Y, Papathanasiou P, Goodnow CC, Gaensler KM, et al. A mechanism for
Ikaros regulation of human globin gene switching. Br J Haematol. 2008; 141(3):398—406. Epub 2008/
03/06. BJH7065 [pii] https://doi.org/10.1111/j.1365-2141.2008.07065.x PMID: 18318763.

Nichogiannopoulou A, Trevisan M, Neben S, Friedrich C, Georgopoulos K. Defects in hemopoietic
stem cell activity in Ikaros mutant mice. J Exp Med. 1999; 190(9):1201-14. https://doi.org/10.1084/
jem.190.9.1201 PMID: 10544193.

Lopez RA, Schoetz S, DeAngelis K, O’Neill D, Bank A. Multiple hematopoietic defects and delayed
globin switching in lkaros null mice. Proc Natl Acad Sci U S A. 2002; 99(2):602—7. https://doi.org/10.
1073/pnas.022412699 PMID: 11805317.

Schmitt TM, Zuniga-Pflucker JC. Induction of T cell development from hematopoietic progenitor cells
by delta-like-1 in vitro. Immunity. 2002; 17(6):749-56. Epub 2002/12/14. https://doi.org/10.1016/
$1074-7613(02)00474-0 PMID: 12479821.

de Pooter R, Zuniga-Pflucker JC. T-cell potential and development in vitro: the OP9-DL1 approach.
Curr Opin Immunol. 2007; 19(2):163-8. https://doi.org/10.1016/j.coi.2007.02.011 PMID: 17303399.

Kutlesa S, Zayas J, Valle A, Levy RB, Jurecic R. T-cell differentiation of multipotent hematopoietic cell
line EML in the OP9-DL1 coculture system. Exp Hematol. 2009; 37(8):909-23. Epub 2009/05/19.
https://doi.org/10.1016/j.exphem.2009.05.002 PMID: 19447159; PubMed Central PMCID:
PMC3072798.

Kina T, Ikuta K, Takayama E, Wada K, Majumdar AS, Weissman IL, et al. The monoclonal antibody
TER-119 recognizes a molecule associated with glycophorin A and specifically marks the late stages
of murine erythroid lineage. Br J Haematol. 2000; 109(2):280-7. Epub 2000/06/10. https://doi.org/10.
1046/j.1365-2141.2000.02037.x PMID: 10848813.

Anders S, Huber W. Differential expression analysis for sequence count data. Genome Biol. 2010; 11
(10):R106. Epub 2010/10/29. https://doi.org/10.1186/gb-2010-11-10-r106 PMID: 20979621; PubMed
Central PMCID: PMC3218662.

Bigas A, Espinosa L. Hematopoietic stem cells: to be or Notch to be. Blood. 2012; 119(14):3226-35.
https://doi.org/10.1182/blood-2011-10-355826 PMID: 22308291.

Georgopoulos K, Winandy S, Avitahl N. The role of the Ikaros gene in lymphocyte development and
homeostasis. Annu Rev Immunol. 1997; 15:155—76. Epub 1997/01/01. https://doi.org/10.1146/
annurev.immunol.15.1.155 PMID: 9143685.

Dumortier A, Jeannet R, Kirstetter P, Kleinmann E, Sellars M, dos Santos NR, et al. Notch activation is
an early and critical event during T-Cell leukemogenesis in Ikaros-deficient mice. Mol Cell Biol. 2006;
26(1):209-20. Epub 2005/12/16. 26/1/209 [pii] https://doi.org/10.1128/MCB.26.1.209-220.2006
PMID: 16354692.

Huang da W, Sherman BT, Lempicki RA. Systematic and integrative analysis of large gene lists using
DAVID bioinformatics resources. Nat Protoc. 2009; 4(1):44-57. Epub 2009/01/10. https://doi.org/10.
1038/nprot.2008.211 PMID: 19131956.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1009478 March 26, 2021 30/34


https://doi.org/10.1182/blood-2012-08-450114
https://doi.org/10.1182/blood-2012-08-450114
http://www.ncbi.nlm.nih.gov/pubmed/23303821
https://doi.org/10.4331/wjbc.v2.i6.119
https://doi.org/10.4331/wjbc.v2.i6.119
http://www.ncbi.nlm.nih.gov/pubmed/21765977
https://doi.org/10.1126/science.1439790
https://doi.org/10.1126/science.1439790
http://www.ncbi.nlm.nih.gov/pubmed/1439790
https://doi.org/10.1038/ni.2828
http://www.ncbi.nlm.nih.gov/pubmed/24509509
https://doi.org/10.1016/j.coi.2010.02.011
http://www.ncbi.nlm.nih.gov/pubmed/20299195
https://doi.org/10.1200/JCO.1999.17.12.3753
http://www.ncbi.nlm.nih.gov/pubmed/10577847
https://doi.org/10.1182/blood-2005-05-2113
http://www.ncbi.nlm.nih.gov/pubmed/16109777
https://doi.org/10.1111/j.1365-2141.2008.07065.x
http://www.ncbi.nlm.nih.gov/pubmed/18318763
https://doi.org/10.1084/jem.190.9.1201
https://doi.org/10.1084/jem.190.9.1201
http://www.ncbi.nlm.nih.gov/pubmed/10544193
https://doi.org/10.1073/pnas.022412699
https://doi.org/10.1073/pnas.022412699
http://www.ncbi.nlm.nih.gov/pubmed/11805317
https://doi.org/10.1016/s1074-7613%2802%2900474-0
https://doi.org/10.1016/s1074-7613%2802%2900474-0
http://www.ncbi.nlm.nih.gov/pubmed/12479821
https://doi.org/10.1016/j.coi.2007.02.011
http://www.ncbi.nlm.nih.gov/pubmed/17303399
https://doi.org/10.1016/j.exphem.2009.05.002
http://www.ncbi.nlm.nih.gov/pubmed/19447159
https://doi.org/10.1046/j.1365-2141.2000.02037.x
https://doi.org/10.1046/j.1365-2141.2000.02037.x
http://www.ncbi.nlm.nih.gov/pubmed/10848813
https://doi.org/10.1186/gb-2010-11-10-r106
http://www.ncbi.nlm.nih.gov/pubmed/20979621
https://doi.org/10.1182/blood-2011-10-355826
http://www.ncbi.nlm.nih.gov/pubmed/22308291
https://doi.org/10.1146/annurev.immunol.15.1.155
https://doi.org/10.1146/annurev.immunol.15.1.155
http://www.ncbi.nlm.nih.gov/pubmed/9143685
https://doi.org/10.1128/MCB.26.1.209-220.2006
http://www.ncbi.nlm.nih.gov/pubmed/16354692
https://doi.org/10.1038/nprot.2008.211
https://doi.org/10.1038/nprot.2008.211
http://www.ncbi.nlm.nih.gov/pubmed/19131956
https://doi.org/10.1371/journal.pgen.1009478

PLOS GENETICS

IKAROS influences the cellular response to stress signals

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Huang da W, Sherman BT, Lempicki RA. Bioinformatics enrichment tools: paths toward the compre-
hensive functional analysis of large gene lists. Nucleic Acids Res. 2009; 37(1):1-13. Epub 2008/11/27.
https://doi.org/10.1093/nar/gkn923 PMID: 19033363; PubMed Central PMCID: PMC2615629.

Brooks CL, Gu W. p53 regulation by ubiquitin. FEBS Lett. 2011; 585(18):2803—-9. Epub 2011/06/01.
https://doi.org/10.1016/j.febslet.2011.05.022 PMID: 21624367; PubMed Central PMCID:
PMC3172401.

Maclaine NJ, Hupp TR. The regulation of p53 by phosphorylation: a model for how distinct signals inte-
grate into the p53 pathway. Aging (Albany NY). 2009; 1(5):490-502. Epub 2010/02/17. https://doi.org/
10.18632/aging.100047 PMID: 20157532; PubMed Central PMCID: PMC2806026.

Li Y, Hibbs MA, Gard AL, Shylo NA, Yun K. Genome-wide analysis of N1ICD/RBPJ targets in vivo
reveals direct transcriptional regulation of Wnt, SHH, and hippo pathway effectors by Notch1. Stem
Cells. 2012; 30(4):741-52. Epub 2012/01/11. https://doi.org/10.1002/stem.1030 PMID: 22232070;
PubMed Central PMCID: PMC3734558.

Liu H, Zhou P, Lan H, Chen J, Zhang YX. Comparative analysis of Notch1 and Notch2 binding sites in
the genome of BxPC3 pancreatic cancer cells. J Cancer. 2017; 8(1):65—73. Epub 2017/01/27. https://
doi.org/10.7150/jca. 16739 PMID: 28123599; PubMed Central PMCID: PMC5264041.

Rangarajan A, Talora C, Okuyama R, Nicolas M, Mammucari C, Oh H, et al. Notch signaling is a direct
determinant of keratinocyte growth arrest and entry into differentiation. EMBO J. 2001; 20(13):3427—-
36. Epub 2001/07/04. https://doi.org/10.1093/emboj/20.13.3427 PMID: 11432830; PubMed Central
PMCID: PMC125257.

Gorospe M, Wang X, Holbrook NJ. Functional role of p21 during the cellular response to stress. Gene
Expr. 1999; 7(4—6):377-85. Epub 1999/08/10. PMID: 10440238; PubMed Central PMCID:
PMC6174658.

Karimian A, Ahmadi Y, Yousefi B. Multiple functions of p21 in cell cycle, apoptosis and transcriptional
regulation after DNA damage. DNA Repair (Amst). 2016; 42:63—71. Epub 2016/05/09. https://doi.org/
10.1016/j.dnarep.2016.04.008 PMID: 27156098.

Ng SY, Yoshida T, Zhang J, Georgopoulos K. Genome-wide lineage-specific transcriptional networks
underscore lkaros-dependent lymphoid priming in hematopoietic stem cells. Immunity. 2009; 30
(4):493-507. https://doi.org/10.1016/j.immuni.2009.01.014 PMID: 19345118; PubMed Central
PMCID: PMC3012962.

Zhou Z, Li X, Deng C, Ney PA, Huang S, Bungert J. USF and NF-E2 cooperate to regulate the recruit-
ment and activity of RNA polymerase Il in the beta-globin gene locus. J Biol Chem. 285(21):15894—
905. Epub 2010/03/20. M109.098376 [pii] https://doi.org/10.1074/jbc.M109.098376 PMID: 20236933.

Gates LA, Foulds CE, O’Malley BW. Histone Marks in the 'Driver's Seat’: Functional Roles in Steering
the Transcription Cycle. Trends Biochem Sci. 2017; 42(12):977-89. Epub 2017/11/11. https://doi.org/
10.1016/j.tibs.2017.10.004 PMID: 29122461; PubMed Central PMCID: PMC5701853.

Bernstein BE, Mikkelsen TS, Xie X, Kamal M, Huebert DJ, Cuff J, et al. A bivalent chromatin structure
marks key developmental genes in embryonic stem cells. Cell. 2006; 125(2):315-26. https://doi.org/
10.1016/j.cell.2006.02.041 PMID: 16630819.

Voigt P, Tee WW, Reinberg D. A double take on bivalent promoters. Genes Dev. 2013; 27(12):1318-
38. Epub 2013/06/22. https://doi.org/10.1101/gad.219626.113 PMID: 23788621; PubMed Central
PMCID: PMC3701188.

Deng C, LiY, Liang S, Cui K, Salz T, Yang H, et al. USF1 and hSET 1A mediated epigenetic modifica-
tions regulate lineage differentiation and HoxB4 transcription. PLoS Genet. 2013; 9(6):e1003524.
Epub 2013/06/12. https://doi.org/10.1371/journal.pgen.1003524 PMID: 23754954; PubMed Central
PMCID: PMC3675019.

Rylski M, Welch JJ, Chen YY, Letting DL, Diehl JA, Chodosh LA, et al. GATA-1-mediated proliferation
arrest during erythroid maturation. Mol Cell Biol. 2003; 23(14):5031-42. Epub 2003/07/02. https://doi.
org/10.1128/mcb.23.14.5031-5042.2003 PMID: 12832487.

Simon MC, Pevny L, Wiles MV, Keller G, Costantini F, Orkin SH. Rescue of erythroid development in
gene targeted GATA-1- mouse embryonic stem cells. Nat Genet. 1992; 1(2):92—8. Epub 1992/05/01.
https://doi.org/10.1038/ng0592-92 PMID: 1302015.

Weiss MJ, Yu C, Orkin SH. Erythroid-cell-specific properties of transcription factor GATA-1 revealed
by phenotypic rescue of a gene-targeted cell line. Mol Cell Biol. 1997; 17(3):1642-51. Epub 1997/03/
01. https://doi.org/10.1128/mcb.17.3.1642 PMID: 9032291.

Steger DJ, Lefterova MI, Ying L, Stonestrom AJ, Schupp M, Zhuo D, et al. DOT1L/KMT4 recruitment
and H3K79 methylation are ubiquitously coupled with gene transcription in mammalian cells. Mol Cell
Biol. 2008; 28(8):2825-39. Epub 2008/02/21. https://doi.org/10.1128/MCB.02076-07 PMID:
18285465; PubMed Central PMCID: PMC2293113.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1009478 March 26, 2021 31/34


https://doi.org/10.1093/nar/gkn923
http://www.ncbi.nlm.nih.gov/pubmed/19033363
https://doi.org/10.1016/j.febslet.2011.05.022
http://www.ncbi.nlm.nih.gov/pubmed/21624367
https://doi.org/10.18632/aging.100047
https://doi.org/10.18632/aging.100047
http://www.ncbi.nlm.nih.gov/pubmed/20157532
https://doi.org/10.1002/stem.1030
http://www.ncbi.nlm.nih.gov/pubmed/22232070
https://doi.org/10.7150/jca.16739
https://doi.org/10.7150/jca.16739
http://www.ncbi.nlm.nih.gov/pubmed/28123599
https://doi.org/10.1093/emboj/20.13.3427
http://www.ncbi.nlm.nih.gov/pubmed/11432830
http://www.ncbi.nlm.nih.gov/pubmed/10440238
https://doi.org/10.1016/j.dnarep.2016.04.008
https://doi.org/10.1016/j.dnarep.2016.04.008
http://www.ncbi.nlm.nih.gov/pubmed/27156098
https://doi.org/10.1016/j.immuni.2009.01.014
http://www.ncbi.nlm.nih.gov/pubmed/19345118
https://doi.org/10.1074/jbc.M109.098376
http://www.ncbi.nlm.nih.gov/pubmed/20236933
https://doi.org/10.1016/j.tibs.2017.10.004
https://doi.org/10.1016/j.tibs.2017.10.004
http://www.ncbi.nlm.nih.gov/pubmed/29122461
https://doi.org/10.1016/j.cell.2006.02.041
https://doi.org/10.1016/j.cell.2006.02.041
http://www.ncbi.nlm.nih.gov/pubmed/16630819
https://doi.org/10.1101/gad.219626.113
http://www.ncbi.nlm.nih.gov/pubmed/23788621
https://doi.org/10.1371/journal.pgen.1003524
http://www.ncbi.nlm.nih.gov/pubmed/23754954
https://doi.org/10.1128/mcb.23.14.5031-5042.2003
https://doi.org/10.1128/mcb.23.14.5031-5042.2003
http://www.ncbi.nlm.nih.gov/pubmed/12832487
https://doi.org/10.1038/ng0592-92
http://www.ncbi.nlm.nih.gov/pubmed/1302015
https://doi.org/10.1128/mcb.17.3.1642
http://www.ncbi.nlm.nih.gov/pubmed/9032291
https://doi.org/10.1128/MCB.02076-07
http://www.ncbi.nlm.nih.gov/pubmed/18285465
https://doi.org/10.1371/journal.pgen.1009478

PLOS GENETICS

IKAROS influences the cellular response to stress signals

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Georgopoulos K. The making of a lymphocyte: the choice among disparate cell fates and the IKAROS
enigma. Genes Dev. 2017; 31(5):439-50. Epub 2017/04/08. https://doi.org/10.1101/gad.297002.117
PMID: 28385788; PubMed Central PMCID: PMC5393059.

Kim J, Sif S, Jones B, Jackson A, Koipally J, Heller E, et al. Ikaros DNA-binding proteins direct forma-
tion of chromatin remodeling complexes in lymphocytes. Immunity. 1999; 10(3):345-55. https://doi.
org/10.1016/s1074-7613(00)80034-5 PMID: 10204490.

O’Neill DW, Schoetz SS, Lopez RA, Castle M, Rabinowitz L, Shor E, et al. An ikaros-containing chro-
matin-remodeling complex in adult-type erythroid cells. Mol Cell Biol. 2000; 20(20):7572—82. https://
doi.org/10.1128/mcb.20.20.7572-7582.2000 PMID: 11003653.

Aguilo F, Avagyan S, Labar A, Sevilla A, Lee DF, Kumar P, et al. Prdm16 is a physiologic regulator of
hematopoietic stem cells. Blood. 2011; 117(19):5057-66. Epub 2011/02/24. https://doi.org/10.1182/
blood-2010-08-300145 PMID: 21343612; PubMed Central PMCID: PMC3109532.

Nishikata I, Sasaki H, Iga M, Tateno Y, Imayoshi S, Asou N, et al. A novel EVI1 gene family, MEL1,
lacking a PR domain (MEL1S) is expressed mainly in t(1;3)(p36;921)-positive AML and blocks G-
CSF-induced myeloid differentiation. Blood. 2003; 102(9):3323-32. Epub 2003/06/21. https://doi.org/
10.1182/blood-2002-12-3944 PMID: 12816872.

Sakai |, Tamura T, Narumi H, Uchida N, Yakushijin Y, Hato T, et al. Novel RUNX1-PRDM16 fusion
transcripts in a patient with acute myeloid leukemia showing t(1;21)(p36;922). Genes Chromosomes
Cancer. 2005; 44(3):265-70. Epub 2005/07/15. https://doi.org/10.1002/gcc.20241 PMID: 16015645.

Corrigan DJ, Luchsinger LL, Justino de Almeida M, Williams LJ, Strikoudis A, Snoeck HW. PRDM16
isoforms differentially regulate normal and leukemic hematopoiesis and inflammatory gene signature.
J Clin Invest. 2018; 128(8):3250—64. Epub 2018/06/08. https://doi.org/10.1172/JCI99862 PMID:
29878897; PubMed Central PMCID: PMC6063481.

Krebs LT, Deftos ML, Bevan MJ, Gridley T. The Nrarp gene encodes an ankyrin-repeat protein that is
transcriptionally regulated by the notch signaling pathway. Dev Biol. 2001; 238(1):110-9. Epub 2002/
01/11. https://doi.org/10.1006/dbio.2001.0408 PMID: 11783997.

Chu BF, Qin YY, Zhang SL, Quan ZW, Zhang MD, Bi JW. Downregulation of Notch-regulated Ankyrin
Repeat Protein Exerts Antitumor Activities against Growth of Thyroid Cancer. Chin Med J (Engl).
2016; 129(13):1544-52. Epub 2016/07/02. https://doi.org/10.4103/0366-6999.184465 PMID:
27364790; PubMed Central PMCID: PMC4931260.

Imaoka T, Okutani T, Daino K, lizuka D, Nishimura M, Shimada Y. Overexpression of NOTCH-regu-
lated ankyrin repeat protein is associated with breast cancer cell proliferation. Anticancer Res. 2014;
34(5):2165-71. Epub 2014/04/30. PMID: 24778018.

Liao Y, Chen J, Ma J, Mao Q, Wei R, Zheng J. Notch-regulated ankyrin-repeat protein is a novel tissue
biomarker that predicts poor prognosis in non-small cell lung cancer. Oncol Lett. 2018; 16(2):1885-91.
Epub 2018/07/17. https://doi.org/10.3892/01.2018.8826 PMID: 30008880; PubMed Central PMCID:
PMC6036336.

Zhu Y, Wang W, Wang X. Roles of transcriptional factor 7 in production of inflammatory factors for
lung diseases. J Transl Med. 2015; 13:273. Epub 2015/08/21. https://doi.org/10.1186/s12967-015-
0617-7 PMID: 26289446; PubMed Central PMCID: PMC4543455.

Durinck K, Wallaert A, Van de Walle |, Van Loocke W, Volders PJ, Vanhauwaert S, et al. The Notch
driven long non-coding RNA repertoire in T-cell acute lymphoblastic leukemia. Haematologica. 2014;
99(12):1808—16. Epub 2014/10/26. https://doi.org/10.3324/haematol.2014.115683 PMID: 25344525;
PubMed Central PMCID: PMC4258754.

Fabbri G, Holmes AB, Viganotti M, Scuoppo C, Belver L, Herranz D, et al. Common nonmutational
NOTCH?1 activation in chronic lymphocytic leukemia. Proc Natl Acad Sci U S A. 2017; 114(14):E2911—
E9. Epub 2017/03/21. hitps://doi.org/10.1073/pnas.1702564114 PMID: 28314854; PubMed Central
PMCID: PMC5389283.

Ashley RJ, Yan H, Wang N, Hale J, Dulmovits BM, Papoin J, et al. Steroid resistance in Diamond
Blackfan anemia associates with p57Kip2 dysregulation in erythroid progenitors. J Clin Invest. 2020;
130(4):2097-110. Epub 2020/01/22. https://doi.org/10.1172/JCI132284 PMID: 31961825; PubMed
Central PMCID: PMC7108903.

Bottardi S, Aumont A, Grosveld F, Milot E. Developmental stage-specific epigenetic control of human
beta-globin gene expression is potentiated in hematopoietic progenitor cells prior to their transcrip-
tional activation. Blood. 2003; 102(12):3989-97. https://doi.org/10.1182/blood-2003-05-1540 PMID:
12920025.

Bottardi S, Bourgoin V, Pierre-Charles N, Milot E. Onset and inheritance of abnormal epigenetic regu-
lation in hematopoietic cells. Hum Mol Genet. 2005; 14(4):493-502. https://doi.org/10.1093/hmg/
ddio46 PMID: 15615768.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1009478 March 26, 2021 32/34


https://doi.org/10.1101/gad.297002.117
http://www.ncbi.nlm.nih.gov/pubmed/28385788
https://doi.org/10.1016/s1074-7613%2800%2980034-5
https://doi.org/10.1016/s1074-7613%2800%2980034-5
http://www.ncbi.nlm.nih.gov/pubmed/10204490
https://doi.org/10.1128/mcb.20.20.7572-7582.2000
https://doi.org/10.1128/mcb.20.20.7572-7582.2000
http://www.ncbi.nlm.nih.gov/pubmed/11003653
https://doi.org/10.1182/blood-2010-08-300145
https://doi.org/10.1182/blood-2010-08-300145
http://www.ncbi.nlm.nih.gov/pubmed/21343612
https://doi.org/10.1182/blood-2002-12-3944
https://doi.org/10.1182/blood-2002-12-3944
http://www.ncbi.nlm.nih.gov/pubmed/12816872
https://doi.org/10.1002/gcc.20241
http://www.ncbi.nlm.nih.gov/pubmed/16015645
https://doi.org/10.1172/JCI99862
http://www.ncbi.nlm.nih.gov/pubmed/29878897
https://doi.org/10.1006/dbio.2001.0408
http://www.ncbi.nlm.nih.gov/pubmed/11783997
https://doi.org/10.4103/0366-6999.184465
http://www.ncbi.nlm.nih.gov/pubmed/27364790
http://www.ncbi.nlm.nih.gov/pubmed/24778018
https://doi.org/10.3892/ol.2018.8826
http://www.ncbi.nlm.nih.gov/pubmed/30008880
https://doi.org/10.1186/s12967-015-0617-7
https://doi.org/10.1186/s12967-015-0617-7
http://www.ncbi.nlm.nih.gov/pubmed/26289446
https://doi.org/10.3324/haematol.2014.115683
http://www.ncbi.nlm.nih.gov/pubmed/25344525
https://doi.org/10.1073/pnas.1702564114
http://www.ncbi.nlm.nih.gov/pubmed/28314854
https://doi.org/10.1172/JCI132284
http://www.ncbi.nlm.nih.gov/pubmed/31961825
https://doi.org/10.1182/blood-2003-05-1540
http://www.ncbi.nlm.nih.gov/pubmed/12920025
https://doi.org/10.1093/hmg/ddi046
https://doi.org/10.1093/hmg/ddi046
http://www.ncbi.nlm.nih.gov/pubmed/15615768
https://doi.org/10.1371/journal.pgen.1009478

PLOS GENETICS

IKAROS influences the cellular response to stress signals

87.

88.

89.

90.

91.

92,

93.

94,

95.

96.

97.

98.

99.

100.

101.

102.

Bottardi S, Ross J, Pierre-Charles N, Blank V, Milot E. Lineage-specific activators affect beta-globin
locus chromatin in multipotent hematopoietic progenitors. Embo J. 2006; 25(15):3586—-95. https://doi.
org/10.1038/sj.emb0j.7601232 PMID: 16858401.

Kontaraki J, Chen HH, Riggs A, Bonifer C. Chromatin fine structure profiles for a developmentally reg-
ulated gene: reorganization of the lysozyme locus before trans-activator binding and gene expression.
Genes Dev. 2000; 14(16):2106—22. PMID: 10950873.

Ludwig LS, Lareau CA, Bao EL, Nandakumar SK, Muus C, Ulirsch JC, et al. Transcriptional States
and Chromatin Accessibility Underlying Human Erythropoiesis. Cell Rep. 2019; 27(11):3228—-40 e7.
Epub 2019/06/13. https://doi.org/10.1016/j.celrep.2019.05.046 PMID: 31189107; PubMed Central
PMCID: PMC6579117.

Williams AB, Schumacher B. p53 in the DNA-Damage-Repair Process. Cold Spring Harb Perspect
Med. 2016; 6(5). Epub 2016/04/07. https://doi.org/10.1101/cshperspect.a026070 PMID: 27048304;
PubMed Central PMCID: PMC4852800.

Kronke J, Udeshi ND, Narla A, Grauman P, Hurst SN, McConkey M, et al. Lenalidomide causes selec-
tive degradation of IKZF1 and IKZF3 in multiple myeloma cells. Science. 2014; 343(6168):301-5.
Epub 2013/12/03. https://doi.org/10.1126/science. 1244851 PMID: 24292625; PubMed Central
PMCID: PMC4077049.

Lu G, Middleton RE, Sun H, Naniong M, Ott CJ, Mitsiades CS, et al. The myeloma drug lenalidomide
promotes the cereblon-dependent destruction of Ikaros proteins. Science. 2014; 343(6168):305-9.
Epub 2013/12/03. https://doi.org/10.1126/science. 1244917 PMID: 24292623; PubMed Central
PMCID: PMC4070318.

Merz M, Dechow T, Scheytt M, Schmidt C, Hackanson B, Knop S. The clinical management of lenali-
domide-based therapy in patients with newly diagnosed multiple myeloma. Ann Hematol. 2020; 99
(8):1709-25. Epub 2020/04/17. https://doi.org/10.1007/s00277-020-04023-4 PMID: 32296915;
PubMed Central PMCID: PMC7340649.

Stahl M, Zeidan AM. Lenalidomide use in myelodysplastic syndromes: Insights into the biologic mech-
anisms and clinical applications. Cancer. 2017; 123(10):1703—13. Epub 2017/02/14. https://doi.org/
10.1002/cncr.30585 PMID: 28192601.

Darracq A, Pak H, Bourgoin V, Zmiri F, Dellaire G, Affar EB, et al. NPM and NPM-MLF1 interact with
chromatin remodeling complexes and influence their recruitment to specific genes. PLoS Genet.
2019; 15(11):e1008463. Epub 2019/11/02. https://doi.org/10.1371/journal.pgen.1008463 PMID:
31675375; PubMed Central PMCID: PMC6853375.

Hoffmeister H, Fuchs A, Erdel F, Pinz S, Grobner-Ferreira R, Bruckmann A, et al. CHD3 and CHD4
form distinct NuRD complexes with different yet overlapping functionality. Nucleic Acids Res. 2017; 45
(18):10534-54. Epub 2017/10/05. https://doi.org/10.1093/nar/gkx711 PMID: 28977666; PubMed Cen-
tral PMCID: PMC5737555.

Bornelov S, Reynolds N, Xenophontos M, Gharbi S, Johnstone E, Floyd R, et al. The Nucleosome
Remodeling and Deacetylation Complex Modulates Chromatin Structure at Sites of Active Transcrip-
tion to Fine-Tune Gene Expression. Mol Cell. 2018; 71(1):56—72 e4. Epub 2018/07/17. https://doi.org/
10.1016/j.molcel.2018.06.003 PMID: 30008319; PubMed Central PMCID: PMC6039721.

Ho L, Miller EL, Ronan JL, Ho WQ, Jothi R, Crabtree GR. esBAF facilitates pluripotency by condition-
ing the genome for LIF/STATS3 signalling and by regulating polycomb function. Nat Cell Biol. 2011; 13
(8):903—13. Epub 2011/07/26. https://doi.org/10.1038/ncb2285 PMID: 21785422; PubMed Central
PMCID: PMC3155811.

King HW, Klose RJ. The pioneer factor OCT4 requires the chromatin remodeller BRG1 to support
gene regulatory element function in mouse embryonic stem cells. Elife. 2017;6. Epub 2017/03/14.
https://doi.org/10.7554/eLife.22631 PMID: 28287392; PubMed Central PMCID: PMC5400504.

Bracken AP, Brien GL, Verrijzer CP. Dangerous liaisons: interplay between SWI/SNF, NuRD, and
Polycomb in chromatin regulation and cancer. Genes Dev. 2019; 33(15-16):936-59. Epub 2019/05/
28. https://doi.org/10.1101/gad.326066.119 PMID: 31123059; PubMed Central PMCID:
PMC6672049.

Mohd-Sarip A, Teeuwssen M, Bot AG, De Herdt MJ, Willems SM, Baatenburg de Jong RJ, et al.
DOC1-Dependent Recruitment of NURD Reveals Antagonism with SWI/SNF during Epithelial-Mesen-
chymal Transition in Oral Cancer Cells. Cell Rep. 2017; 20(1):61-75. Epub 2017/07/07. https://doi.
org/10.1016/j.celrep.2017.06.020 PMID: 28683324.

Li Y, Schulz VP, Deng C, Li G, Shen Y, Tusi BK, et al. Setd1a and NURF mediate chromatin dynamics
and gene regulation during erythroid lineage commitment and differentiation. Nucleic Acids Res. 2016;
44(15):7173-88. Epub 2016/05/05. https://doi.org/10.1093/nar/gkw327 PMID: 27141965; PubMed
Central PMCID: PMC5009724.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1009478 March 26, 2021 33/34


https://doi.org/10.1038/sj.emboj.7601232
https://doi.org/10.1038/sj.emboj.7601232
http://www.ncbi.nlm.nih.gov/pubmed/16858401
http://www.ncbi.nlm.nih.gov/pubmed/10950873
https://doi.org/10.1016/j.celrep.2019.05.046
http://www.ncbi.nlm.nih.gov/pubmed/31189107
https://doi.org/10.1101/cshperspect.a026070
http://www.ncbi.nlm.nih.gov/pubmed/27048304
https://doi.org/10.1126/science.1244851
http://www.ncbi.nlm.nih.gov/pubmed/24292625
https://doi.org/10.1126/science.1244917
http://www.ncbi.nlm.nih.gov/pubmed/24292623
https://doi.org/10.1007/s00277-020-04023-4
http://www.ncbi.nlm.nih.gov/pubmed/32296915
https://doi.org/10.1002/cncr.30585
https://doi.org/10.1002/cncr.30585
http://www.ncbi.nlm.nih.gov/pubmed/28192601
https://doi.org/10.1371/journal.pgen.1008463
http://www.ncbi.nlm.nih.gov/pubmed/31675375
https://doi.org/10.1093/nar/gkx711
http://www.ncbi.nlm.nih.gov/pubmed/28977666
https://doi.org/10.1016/j.molcel.2018.06.003
https://doi.org/10.1016/j.molcel.2018.06.003
http://www.ncbi.nlm.nih.gov/pubmed/30008319
https://doi.org/10.1038/ncb2285
http://www.ncbi.nlm.nih.gov/pubmed/21785422
https://doi.org/10.7554/eLife.22631
http://www.ncbi.nlm.nih.gov/pubmed/28287392
https://doi.org/10.1101/gad.326066.119
http://www.ncbi.nlm.nih.gov/pubmed/31123059
https://doi.org/10.1016/j.celrep.2017.06.020
https://doi.org/10.1016/j.celrep.2017.06.020
http://www.ncbi.nlm.nih.gov/pubmed/28683324
https://doi.org/10.1093/nar/gkw327
http://www.ncbi.nlm.nih.gov/pubmed/27141965
https://doi.org/10.1371/journal.pgen.1009478

PLOS GENETICS

IKAROS influences the cellular response to stress signals

103.

104.

105.

106.

107.

108.

109.

110.

111.

112,

113.

114.

115.

116.

117.

118.

119.

120.

Rother MB, van Attikum H. DNA repair goes hip-hop: SMARCA and CHD chromatin remodellers join
the break dance. Philos Trans R Soc Lond B Biol Sci. 2017; 372(1731). Epub 2017/08/30. https://doi.
org/10.1098/rstb.2016.0285 PMID: 28847822; PubMed Central PMCID: PMC5577463.

Corey LL, Weirich CS, Benjamin IJ, Kingston RE. Localized recruitment of a chromatin-remodeling
activity by an activator in vivo drives transcriptional elongation. Genes Dev. 2003; 17(11):1392—401.
https://doi.org/10.1101/gad.1071803 PMID: 12782657.

Barisic D, Stadler MB, lurlaro M, Schubeler D. Mammalian ISWI and SWI/SNF selectively mediate
binding of distinct transcription factors. Nature. 2019; 569(7754):136—40. Epub 2019/04/19. https:/
doi.org/10.1038/s41586-019-1115-5 PMID: 30996347; PubMed Central PMCID: PMC6522387.

Murawska M, Brehm A. CHD chromatin remodelers and the transcription cycle. Transcription. 2011; 2
(6):244-53. Epub 2012/01/10. https://doi.org/10.4161/trns.2.6.17840 PMID: 22223048; PubMed Cen-
tral PMCID: PMC3265784.

Tyagi M, Imam N, Verma K, Patel AK. Chromatin remodelers: We are the drivers!! Nucleus. 2016; 7
(4):388—-404. Epub 2016/07/19. https://doi.org/10.1080/19491034.2016.1211217 PMID: 27429206;
PubMed Central PMCID: PMC5039004.

Chari S, Umetsu SE, Winandy S. Notch target gene deregulation and maintenance of the leukemo-
genic phenotype do not require RBP-J kappa in lkaros null mice. J Immunol. 185(1):410-7. Epub
2010/06/01. jimmunol.0903688 [pii] https://doi.org/10.4049/jimmunol.0903688 PMID: 20511547.

Harker N, Naito T, Cortes M, Hostert A, Hirschberg S, Tolaini M, et al. The CD8alpha gene locus is reg-
ulated by the lkaros family of proteins. Mol Cell. 2002; 10(6):1403—15. Epub 2002/12/31.
S1097276502007116 [pii]. https://doi.org/10.1016/s1097-2765(02)00711-6 PMID: 12504015.

Ding Y, Zhang B, Payne JL, Song C, Ge Z, Gowda C, et al. Ikaros tumor suppressor function includes
induction of active enhancers and super-enhancers along with pioneering activity. Leukemia. 2019; 33
(11):2720-31. Epub 2019/05/11. https://doi.org/10.1038/s41375-019-0474-0 PMID: 31073152;
PubMed Central PMCID: PMC6842075.

Kim SK, Jung |, Lee H, Kang K, Kim M, Jeong K, et al. Human histone H3K79 methyltransferase
DOT1L protein [corrected] binds actively transcribing RNA polymerase Il to regulate gene expression.
J Biol Chem. 2012; 287(47):39698-709. Epub 2012/09/27. https://doi.org/10.1074/jbc.M112.384057
PMID: 23012353; PubMed Central PMCID: PMC3501035.

Schubeler D, MacAlpine DM, Scalzo D, Wirbelauer C, Kooperberg C, van Leeuwen F, et al. The his-
tone modification pattern of active genes revealed through genome-wide chromatin analysis of a
higher eukaryote. Genes Dev. 2004; 18(11):1263—71. Epub 2004/06/04. https://doi.org/10.1101/gad.
1198204 PMID: 15175259; PubMed Central PMCID: PMC420352.

Nguyen AT, Zhang Y. The diverse functions of Dot1 and H3K79 methylation. Genes Dev. 2011; 25
(13):1345-58. Epub 2011/07/05. https://doi.org/10.1101/gad.2057811 PMID: 21724828; PubMed
Central PMCID: PMC3134078.

Brown SA, Weirich CS, Newton EM, Kingston RE. Transcriptional activation domains stimulate initia-
tion and elongation at different times and via different residues. EMBO J. 1998; 17(11):3146-54. Epub
1998/06/26. https://doi.org/10.1093/emboj/17.11.3146 PMID: 9606196; PubMed Central PMCID:
PMC1170653.

Tan KS, Kulkeaw K, Nakanishi Y, Sugiyama D. Expression of cytokine and extracellular matrix
mRNAs in fetal hepatic stellate cells. Genes Cells. 2017; 22(9):836—44. Epub 2017/08/05. https://doi.
org/10.1111/gtc.12517 PMID: 28776905.

Zhaol,MeiY, SunQ, GuoL, WuY, YuX, et al. Autologous tumor vaccine modified with recombinant
new castle disease virus expressing IL-7 promotes antitumor immune response. J Immunol. 2014;
193(2):735-45. Epub 2014/06/20. https://doi.org/10.4049/jimmunol. 1400004 PMID: 24943214.

Pope NJ, Bresnick EH. Differential coregulator requirements for function of the hematopoietic tran-
scription factor GATA-1 at endogenous loci. Nucleic Acids Res. 38(7):2190-200. Epub 2010/01/06.
gkp1159 [pii] https://doi.org/10.1093/nar/gkp1159 PMID: 20047963.

Pfaffl MW. A new mathematical model for relative quantification in real-time RT-PCR. Nucleic Acids
Res. 2001; 29(9):e45. https://doi.org/10.1093/nar/29.9.e45 PMID: 11328886.

Bottardi S, Guieze R, Bourgoin V, Fotouhi-Ardakani N, Douge A, Darracq A, et al. MNDA controls the
expression of MCL-1 and BCL-2 in chronic lymphocytic leukemia cells. Exp Hematol. 2020; 88:68—82
e5. Epub 2020/07/19. https://doi.org/10.1016/j.exphem.2020.07.004 PMID: 32682001.

Rao X, Huang X, Zhou Z, Lin X. An improvement of the 2/(-delta delta CT) method for quantitative
real-time polymerase chain reaction data analysis. Biostat Bioinforma Biomath. 2013; 3(3):71-85.
Epub 2013/08/01. PMID: 25558171; PubMed Central PMCID: PMC4280562.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1009478 March 26, 2021 34/34


https://doi.org/10.1098/rstb.2016.0285
https://doi.org/10.1098/rstb.2016.0285
http://www.ncbi.nlm.nih.gov/pubmed/28847822
https://doi.org/10.1101/gad.1071803
http://www.ncbi.nlm.nih.gov/pubmed/12782657
https://doi.org/10.1038/s41586-019-1115-5
https://doi.org/10.1038/s41586-019-1115-5
http://www.ncbi.nlm.nih.gov/pubmed/30996347
https://doi.org/10.4161/trns.2.6.17840
http://www.ncbi.nlm.nih.gov/pubmed/22223048
https://doi.org/10.1080/19491034.2016.1211217
http://www.ncbi.nlm.nih.gov/pubmed/27429206
https://doi.org/10.4049/jimmunol.0903688
http://www.ncbi.nlm.nih.gov/pubmed/20511547
https://doi.org/10.1016/s1097-2765%2802%2900711-6
http://www.ncbi.nlm.nih.gov/pubmed/12504015
https://doi.org/10.1038/s41375-019-0474-0
http://www.ncbi.nlm.nih.gov/pubmed/31073152
https://doi.org/10.1074/jbc.M112.384057
http://www.ncbi.nlm.nih.gov/pubmed/23012353
https://doi.org/10.1101/gad.1198204
https://doi.org/10.1101/gad.1198204
http://www.ncbi.nlm.nih.gov/pubmed/15175259
https://doi.org/10.1101/gad.2057811
http://www.ncbi.nlm.nih.gov/pubmed/21724828
https://doi.org/10.1093/emboj/17.11.3146
http://www.ncbi.nlm.nih.gov/pubmed/9606196
https://doi.org/10.1111/gtc.12517
https://doi.org/10.1111/gtc.12517
http://www.ncbi.nlm.nih.gov/pubmed/28776905
https://doi.org/10.4049/jimmunol.1400004
http://www.ncbi.nlm.nih.gov/pubmed/24943214
https://doi.org/10.1093/nar/gkp1159
http://www.ncbi.nlm.nih.gov/pubmed/20047963
https://doi.org/10.1093/nar/29.9.e45
http://www.ncbi.nlm.nih.gov/pubmed/11328886
https://doi.org/10.1016/j.exphem.2020.07.004
http://www.ncbi.nlm.nih.gov/pubmed/32682001
http://www.ncbi.nlm.nih.gov/pubmed/25558171
https://doi.org/10.1371/journal.pgen.1009478

