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SUMMARY

Hotspot mutation of IKZF3 (IKZF3-L162R) has been identified as a putative driver of chronic 

lymphocytic leukemia (CLL), but its function remains unknown. Here, we demonstrate its driving 

role in CLL through a B cell-restricted conditional knock-in mouse model. Mutant Ikzf3 alters 

DNA binding specificity and target selection, leading to hyperactivation of B cell receptor (BCR) 

signaling, overexpression of NF-κB target genes, and development of CLL-like disease in elderly 

mice with a penetrance of ~40%. Human CLL carrying either IKZF3 mutation or high IKZF3 
expression was associated with overexpression of BCR/NF-κB pathway members and reduced 

sensitivity to BCR signaling inhibition by ibrutinib. Our results thus highlight IKZF3 oncogenic 

function in CLL via transcriptional dysregulation and demonstrate that this pro-survival function 

can be achieved by either somatic mutation or overexpression of this CLL driver. This emphasizes 

the need for combinatorial approaches to overcome IKZF3-mediated BCR inhibitor resistance.

Graphical Abstract
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eTOC blurb

Lazarian et al. show that mutation in the transcription factor Ikzf3 drives CLL development in 

elderly mice with features reflective of human disease. In human and murine CLL, mutant IKZF3 

exerts its oncogenic function by activating BCR and NF-kB signaling, is phenocopied by IKZF3 

overexpression, and confers increased B cell fitness upon exposure to BCR signaling inhibitors.

INTRODUCTION

Recent large-scale DNA sequencing studies of chronic lymphocytic leukemia (CLL) have 

identified a vast array of genetic alterations recurrently mutated in this disease (Landau et 

al., 2015; Puente et al., 2015), but the functional impact of these lesions remains largely 

unknown. Included amongst the putative drivers is a hotspot mutation (L162R) in the 

IKAROS Family Zinc Finger 3 (IKZF3, or AIOLOS) gene, which encodes a lymphoid-

specific transcription factor essential to B cell development (Morgan et al., 1997). IKZF3 is 

mutated in ~3% CLLs and is associated with fludarabine refractoriness (Landau et al., 2015; 

Morgan et al., 1997). Moreover, the same hotspot mutation has been previously identified in 

diffuse large B cell lymphoma (DLBCL), mantle cell lymphoma and Waldenström’s 

macroglobulinemia, suggesting its critical role in the malignant transformation of B cells 

(Bea et al., 2013; Morin et al., 2011; Roos-Weil et al., 2019). In line with this notion, 

germline knockout of Ikzf3 in mice has been shown to generate B cell lymphomas (Wang et 

al., 1998).
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IKZF3 contains four zinc-finger domains at its N-terminus that are essential for its binding 

to a consensus DNA motif a/gGGAA (Georgopoulos et al., 1994; Hu et al., 2016; Molnar 

and Georgopoulos, 1994); the hotspot mutation is localized within the 2nd zinc-finger 

domain that makes sequence-specific contacts with DNA. Given the localization of this 

hotspot mutation at a critical functional domain for transcriptional regulation, we 

hypothesized that it might interfere with DNA sequence recognition and alter target 

selection of IKZF3.

Advances in genetic engineering have accelerated the functional interrogation of cancer-

associated alterations within in vivo models. We used the approach of conditionally 

knocking in our mutation of interest into the endogenous murine gene locus of Ikzf3 (Bichi 

et al., 2002; Klein et al., 2010; Taylor et al., 2019; Yin et al., 2019; Yoshimi et al., 2019). We 

here demonstrate that expression of Ikzf3 mutation skews B cell development, enhances B 

cell activation, and leads to leukemia development in elderly mice. Mechanistically, IKZF3 
mutation directly impacts transcriptional regulation in B cells through altered target DNA 

recognition, thereby causing deregulated expression of genes involved in key CLL-

associated pathways, including B cell receptor (BCR)/NF-κB signaling. Finally, we 

demonstrate that the insights gleaned from our in vivo models are relevant to primary human 

CLLs. We detect that increased BCR signaling is associated with both mutation or 

overexpression of IKZF3, and that IKZF3 overexpressing cells have survival advantage upon 

treatment with the BTK kinase inhibitor ibrutinib. These results demonstrate that IKZF3 

overexpression phenocopies the effects of IKZF3 mutation, and provides selective advantage 

in the face of BCR inhibition.

RESULTS

Generation of a conditional knock-in mouse model of Ikzf3 mutation

To investigate the consequences of IKZF3 mutation in vivo, we generated a conditional 

knock-in mouse model with B cell-restricted expression of the Ikzf3-L161R mutation 

(analogous to human IKZF3-L162R) using the Cd19-Cre/LoxP system (Figure1A–B, Figure 

S1A–B). Our breeding strategy yielded cohorts of wild-type (Cd19-Cre;Ikzf3+/+, hereafter 

Ikzf3WT), heterozygous (Cd19-Cre;Ikzf3fl/+, hereafter Ikzf3Het) and homozygous mutant 

(Cd19-Cre;Ikzf3fl/fl, hereafter Ikzf3Homo) mice. Presence of the floxed allele was confirmed 

by targeted PCR of genomic DNA (Figure 1C). We further confirmed that the mutant allele 

was specifically activated and expressed at ~50% and 100% allelic ratio in cDNA, 

respectively, in Ikzf3Het and Ikzf3Homo animals in CD19+ expressing cells, as detected by 

quantitative targeted cDNA pyrosequencing (Figure 1D). Although total protein and nuclear 

expression were unchanged between the wild-type and mutant Ikzf3-expressing lines (Figure 

1E, Figure S1C), immunofluorescence staining revealed that mutant IKZF3 forms more 

speckle-like foci within nuclei than WT-IKZF3 (p=0.02; Figure 1F), indicative of altered 

physiological properties (Wang et al., 1998).

Ikzf3 mutation alters B cell development and function

We asked whether the Ikzf3-L161R mutation alters lymphoid development and function. To 

this end, we examined B-cell subpopulations within the bone marrow, spleen and peritoneal 
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cavity in young mice (3 months of age) using multi-parameter flow cytometry (Figure S1D–

E). Despite the lack of differences in total splenic B cell counts (Figure S2A), we observed a 

dramatic decrease in proportions of splenic marginal zone B cells (defined as B220+ 

CD21high CD23−) in the Ikzf3Het (p=0.005) and Ikzf3Homo mice (p=0.002) compared to 

Ikzf3WT mice (Figure 2A, top, Figure 2B). This was further confirmed by 

immunohistochemical staining of spleen sections (Figure 2A, bottom). In parallel, we 

observed markedly increased proportions of splenic follicular B cells (B220+ CD21− 

CD23high) (p=0.02 and p=0.01 in Ikzf3Het and Ikzf3Homo mice, respectively) (Figure 2A–B). 

No differences were detected across mouse lines in the splenic T1/T2 subpopulations 

(Figure S2B), nor in B cell fractions within the bone marrow or peritoneal cavity (Figure 

S2C–F).

Previous studies have provided evidence for the role of Ikzf3 in the regulation of germinal 

center (GC) formation during immune responses (Wang et al., 1998). Upon immunization of 

3-month-old mice (n=6 per group) with the T-cell dependent antigen sheep red blood cells 

(SRBCs), we observed higher proportions of GC B cells in immunized Ikzf3Homo compared 

to Ikzf3WT and Ikzf3Het mice (p=0.002), suggesting enhanced immune response in the 

presence of the mutation (Figure 2C–D; Figure S2G). Indeed, higher numbers of BCL6+ 

GCs were detected by immunohistochemical staining of splenic sections from immunized 

Ikzf3Homo mice (Figure S2H). Consistent with the enhanced GC formation in mice with 

mutated Ikzf3, we observed increased plasma cell infiltration in the spleen (Figure 2E, 

Figure S2I). However, non-immunized mice with mutated Ikzf3 had decreased levels of 

serum IgA levels (p≤0.02) suggesting defective immunoglobulin class switching in presence 

of the mutation (Chaudhuri and Alt, 2004), and a trend towards increased serum level 

expression of IL-5 (Figure S2J–K), previously implicated in IgA production (Schoenbeck et 

al., 1989).

Since activation of B cell receptor (BCR) signaling is known to lead to enhanced generation 

of follicular rather than MZ B cells (Cariappa et al., 2001), we asked whether Ikzf3-L161R 

could alter BCR signal transduction. Indeed, immune stimulation of splenic B cells (with 

anti-IgM antibodies for 5 and 15 minutes) induced strong upregulation of phosphorylated 

SYK, AKT and ERK kinases in B cells from both Ikzf3Het and Ikzf3Homo mice compared to 

those from wild-type mice, with a more dramatic activation in Ikzf3Homo than in Ikzf3Het 

mice (Figure 2F; Figure S2L). Moreover, higher calcium flux following BCR crosslinking 

was detected in Ikzf3Het and Ikzf3Homo B cells compared to wildtype controls (p=0.05 and 

p=0.04, respectively, Figure 2G–H), consistent with enhanced responsiveness to anti-IgM.

Ikzf3 mutation induces CLL-like disease in elderly mice

To determine whether Ikzf3 mutation directly drives CLL generation, we monitored the 

peripheral blood of three cohorts of mice (Ikzf3WT, Ikzf3Het and Ikzf3Homo, n=30 each) by 

flow cytometry on a bi-monthly basis for the accumulation of B220+CD5+ CLL-like cells, 

starting from 6 months of age. No circulating CLL-like cells were observed in any Ikzf3WT 

mice up to 24 months of age (Figure 3A). However, for 11 of 30 (36%) Ikzf3Het mice and 

for 3 of 30 (10%) Ikzf3Homo mice, we detected clonal B220+CD5+Igκ+ CLL-like cells 

comprising up to 10–50% of total circulating cells between 18 and 24 months of age (Figure 
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3A–B; Figure S3A), confirming the role of mut-IKZF3 as a CLL driver. Mut-Ikzf3 CLL-like 

splenocytes also expressed CD23, to a greater extent than Eμ-TCL1- derived splenocytes 

(p=0.02, Figure S3B) (Efanov et al., 2010). CD23 is downregulated in more aggressive CLL 

cases (Woroniecka et al., 2015), and hence our findings are consistent with the indolent 

nature of our mouse model.

Mice with CLL-like disease consistently displayed enlarged spleens (Figure 3C) with high 

infiltration of the spleen (30–80%) and peritoneal cavity, but only minimal marrow 

involvement. This suggested a preferential homing of the Ikzf3 mutant B cells to the splenic 

microenvironment, which we confirmed by CD5/PAX5 IHC immunostaining of tissue 

sections (Figure 3D–E). Two of 30 (6%) Ikzf3Het mice displayed an enlarged spleen without 

evidence of circulating disease. By H&E staining of spleen sections from these mice, the 

cellular morphology of the infiltrated tumor cells was consistent with diffuse large B cell 

lymphoma (DLBCL). Moreover, immunostaining of these sections revealed the expression 

of BCL6 and a high Ki-67 index, consistent with DLBCL rather than CLL (Figure S3C–F). 

IGHV sequence analysis of isolated B cell fractions from blood or spleen revealed that all 

CLL-like cells clonally expressed unmutated IGHV genes (100% homology with germline), 

similar to human mut-IKZF3 CLL, whereas the DLBCL cases carried somatically mutated 

IGHV. Remarkably, we noticed that CDR3 sequences of 2 of the CLL mice showed identical 

CDR3 length and 60–90% amino acid similarity with those of BCRs from the Em-TCL1 

(Yan et al., 2006) and the MDR CLL mouse models (Klein et al., 2010) (Table S1). In the 2 

DLBCL cases, the absence of prior detection of circulating clonal CD5+ B cells and the 

expression of IGHV somatically mutated genes, which typically occurs in de novo DLBCL, 

excluded Richter’s transformation. We further confirmed the ability of splenocytes derived 

from 5 CLL-Ikzf3Het mice to engraft into both congenic immunocompetent (CD45.1) and 

immunodeficient (NSG) secondary hosts. CLL-like cells were detectable in the peripheral 

blood of NSG and CD45.1 recipient mice, respectively 4 and 20 weeks following transplant 

(Figure S3G–J), with NSG transplants experiencing shorter overall survival than CD45.1 

recipients (p=0.0035, Figure S3K).

Ikzf3 mutation alters DNA binding and target selection in pre-leukemic mice

To determine transcriptional dysregulations already occurring at the pre-leukemic stage that 

could favor the generation of CLL, we performed RNA-seq analyses on purified splenic B 

cells from Ikzf3Homo compared to the Ikzf3WT mice (3-months old, n=3 per cohort). 

Altogether, we identified a total of 402 significantly upregulated and 742 significantly 

downregulated genes in the Ikzf3Homo compared to Ikzf3WT mice (Figure 4A, Fold-

change>2, False Discovery Rate FDR<0.05; Table S2). Gene Ontology (GO) of these 

differentially expressed signatures revealed enrichment in processes involved in immune 

regulation (i.e. innate and adaptive immune system, cytokine production, calcium 

homeostasis) and cell migration (i.e. leukocyte migration, MAPK signaling, angiogenesis) 

(Figure 4B, Table S2). In addition, gene set enrichment analysis (GSEA) revealed Ikzf3Homo 

B cells to have an expression signature typical of B cells residing within the light zone of 

germinal centers and downregulation of signatures related to BCR signaling inhibition by 

BTK knockout (Cancro et al., 2001), consistent with hyperactivation of BCR signaling in 

those cells (Figure 4C).
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Given the localization of the hotspot mutation within the DNA binding domain, we asked 

whether this mutation can alter the DNA binding specificity of IKZF3 protein. To this end, 

we performed chromatin immunoprecipitation followed by deep sequencing (ChIP-seq) of 

IKZF3 in Ikzf3Homo versus Ikzf3WT splenic B cells (n=5 mice pooled per genotype). As 

shown in Figure 4D, we detected a strong recruitment of both WT and mut-IKZF3 to 

transcription start sites (TSS), consistent with the critical role of IKZF3 in transcriptional 

regulation. In total, we identified 3794 and 2795 highly confident IKZF3 peaks from 

Ikzf3WT and Ikzf3Homo cells, respectively (>2-fold enrichment and FDR<0.001, Table S3). 

Only 910 of 2795 (33%) peaks associated with Ikzf3Homo cells were shared with the 

Ikzf3WT cells (Figure 4E-left), indicating altered DNA binding specificity in the presence of 

the mutation. Two dominant DNA binding motifs were found across the high confidence 

peaks identified for the Ikzf3WT cells, including the canonical IKAROS family motif 

[AGGAAGTG], as well as an [ACAGGA] motif, which accounted for a large fraction of the 

peaks (54% and 38% of all peaks, respectively). Notably, although the IKZF3 peaks in the 

Ikzf3Homo cells were mostly enriched for the same two dominant motifs, the DNA 

sequences of these motifs became degenerate (Figure 4E-right), suggesting that Ikzf3-
L161R can alter IKZF3 DNA sequence recognition and target selection.

KEGG pathway analysis revealed that the ChIP-seq targets of both Ikzf3WT and Ikzf3Homo 

cells were most significantly enriched for BCR signaling genes (covering 50–60% of direct 

targets) (Figure 4F; Table S3). Mut-IKZF3 targets were also enriched for several migration-

related pathways (e.g. focal adhesion, leukocyte migration), which might explain the specific 

homing property of the CLL-like cells. To identify targets directly affected by mut-IKZF3, 

we integrated the ChIP-seq and RNA-seq data using Cistrome-GO (Li et al., 2019), which 

ranks target genes by considering both mut-IKZF3 binding strength and the change in gene 

expression. Strikingly, our results revealed that genes with the highest likelihood to be true 

direct targets of mut-IKZF3 (i.e. high Cistrome-GO rank) were mostly upregulated (Figure 

4G–H), including 22 of the top 25 direct targets (Figure 4I; Table S3 for full list), supporting 

the role of mut-IKZF3 as a transcriptional activator. To investigate the potential of mut-

IKZF3 binding to alter local histone modifications or chromatin structure, we performed 

ChIP-seq of several histone marks (i.e., H3K4me2, H3K4me3 and H3K27ac) and ATAC-

seq. IGV tracks of the ChIP-seq, ATAC-seq and RNA-seq signals for the top three Cistrome-

GO targets are shown in Figure 4J. These included Nfkbid, a putative regulator of NF-

kappa-B signaling (Meijers et al., 2020; Touma et al., 2011), also known to be upregulated 

in the CLL Eμ-TCL1 mouse model (Zanesi et al., 2013); Tagap, a Rho GTPase-activating 

protein (Tamehiro et al., 2017); and Jun, an oncogenic transcription factor and a member of 

the BCR signaling pathway.(Foletta et al., 1998) In all three cases, mut-IKZF3 bound to the 

nucleosome-free regions, which were otherwise poorly recognized by WT-IKZF3, in the 

TSS of the target genes and activated their expression. Conversely, reduced mutant-IKZF3 

binding to TSS was in some instances associated with downregulation of target genes 

(Figure S4A). In contrast, the impact of mut-IKZF3 on histone modifications or chromatin 

structure around gene promoters was minor, both at the global level (Figure S4B) or when 

limited to the analysis of the top 100 Cistrome-GO targets (Figure S4C). These results 

indicate that the gene expression dysregulation associated with mut-IKZF3 is the result of 

the direct gene transactivation mediated by mut-IKZF3 binding at gene target promoter 
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regions rather than a broader epigenetic dysregulation. We confirmed the overexpression of 

Nfkbid, Tagap and other highly ranked targets in the mut-IKZF3 expressing mouse lines by 

quantitative real-time PCR (Figure S4D).

Included among the top targets was the chemokine receptor Cxcr4, which was recently 

shown to be regulated by IKZF3 in lung cancer (Li et al., 2014). Given the known critical 

role of the CXCR4/SDF1α axis in CLL for leukemic cell homing and interaction with the 

microenvironment (Burger et al., 1999), we tested the effects of mut-Ikzf3 on the in vitro 
chemotaxis of mouse B cell splenocytes using a transwell-based chemotaxis assay. From 

these studies, we observed increased migration of Ikzf3Homo cells toward SDF1α (the 

cognate ligand for CXCR4 receptor) compared to Ikzf3wt and Ikzf3Het (p<0.001, Figure 

S4E). Together, these data suggest that Ikzf3-L161R functions as a gain-of-function 

mutation that alters target selection and activates transcription, with an impact on core B cell 

functions including activation of BCR signaling and enhancement of cellular migration.

Ikzf3-L161R activates BCR and NF-κB signaling in CLL-like cells

To determine the molecular events contributing to CLL development, we performed 

transcriptome analysis of FACS-purified CLL-like cells (‘CLL’, n=5 [4 Ikzf3Het, 1 

Ikzf3Homo], collected at a median of 15 months of age) and non-CLL B cells from the same 

mice (‘non-CLL’, n=4 [3 Ikzf3Het, 1 Ikzf3Homo]), as well as normal B cells from age-

matched WT animals (‘WT’, n=3) (Figure 5A). Of note, we confirmed the presence of the 

Ikzf3 hotspot mutation in all CLL samples (Figure S5A). PCA analysis revealed strikingly 

distinct gene expression profiles amongst CLL-like cells, while non-CLL B cells with or 

without the mutation were relatively more similar (Figure 5B, Figure S5B). When focusing 

on the most commonly deregulated events in the CLL-like cells, we identified 598 

significantly upregulated genes and 267 downregulated genes compared to WT B cells 

(FC>2, FDR<0.05); these were assigned into 4 distinct clusters based on their expression 

levels in mut- and wild-type B cells (Figure 5C, Table S4). Cluster I genes were significantly 

upregulated in the CLL-like cells compared to both WT and non CLL-B cells, while Cluster 

II genes were upregulated in the non-CLL B cells collected from the mut-Ikzf3 animals 

compared to WT B cells and the CLL-like cells. Cluster III genes were consistently 

downregulated in CLL-like cells and non CLLB cells compared to WT B cells; Cluster IV 

genes were only downregulated in CLL-like cells. Of note, 29 of 30 (96%) genes 

significantly activated by Ikzf3-L161R in the pre-leukemic animals (3-month-old) were also 

significantly upregulated in CLL-like cells (Figure 5C, black lines on right), including 

Nfkbid and Myc. Cluster I genes were highly enriched for key regulators of B cell regulation 

(i.e. lymphocyte activation, proliferation, and calcium-mediated signaling), as we observed 

in the young pre-leukemic mice (Table S4). Downregulated genes in CLL (Cluster III/IV) 

were enriched for lymphocyte differentiation, adaptive immune response and autophagy, 

which may be also highly relevant to CLL generation.

We noted a general upregulation of BCR signaling genes in CLL-like cells (Figure 5D) 

compared to the non-CLL B cells from the same animals, including Lyn kinase, and the 

cytoskeletal modulators Vav2 and Rac2 (Figure 5E), supporting hyper-activation of BCR 

signaling as a pathogenic mechanism favoring leukemogenesis (Table S4). Moreover, 
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prediction of transcription factors (TFs) associated with Cluster I genes using Enrichr 

(Kuleshov et al., 2016) revealed a unique role for NFKB1, which putatively activates 

transcription of 23% of Cluster I genes (Figure 5F, p=0.002), supporting hyperactivation of 

the BCR/NF-κB signaling axis and the downstream transcriptional network in CLL-like 

cells. We confirmed upregulation of VAV2 and RAC2 at the protein level, and also LYN 

kinase (Figure S5C, p<0.05). In line with this notion, we also observed enhanced 

phosphorylation of BCR-associated kinases (LYN, SYK, ERK, AKT) and NF-κB signaling 

(P65) in response to anti-IgM in CLL-like cells by western blot (Figure 5G, Figure S5D).

Notably, our ChIP-seq data generated from pre-leukemic mice provided evidence of a new 

binding site for mut-IKZF3 at the LYN promoter, potentially explaining the increased 

expression of LYN in Ikzf3-mutant cells (Figure 5H). In support of the idea that LYN 

activity might be essential for cell survival through activation of BCR signaling, we 

observed increased cell death of mut-Ikzf3 CLL cells following exposure to the dual LYN/

BCR-ABL inhibitor bafetinib (p=0.02) compared to ibrutinib or rapamycin (p=0.001) (BTK 

kinase and mTOR inhibitors, respectively). We also observed a trend towards decreased 

viability following exposure to the gamma-secretase inhibitor PF308414, which targets 

NOTCH signaling (Figure 5I). Of note, increased sensitivity to bafetinib was exclusive to the 

Ikzf3 mouse model, as cells from other CLL mouse models (i.e., Eμ-TCL1, MDR) showed 

lower sensitivity to the drug (Figure S5E). We thus suggest a model in which mut-Ikzf3 
transcriptionally upregulates the early kinase LYN that in turn supports the hyperactivation 

of the oncogenic BCR/NF-κB signaling axis to drive CLL generation and sustain leukemic 

cell survival.

The long latency of our mouse model led us to query whether CLL-like cells carried 

additional genetic alterations. We therefore performed whole-genome sequencing of DNA 

isolated from 5 CLL mice (4 Ikzf3Het, 1 Ikzf3Hom) and 2 DLBCLs, as well as matched 

germline DNA (Table S5). Across all 5 mice with CLL, we observed consistent 

amplification of chromosome (Chr) 15 (Fig. 5J). In line with this copy number change, most 

of the genes on Chr15 were upregulated in CLL cells compared to normal B cells (Figure 

5K), including the Myc oncogene (Figure 5L, Figure S5F). Additional alterations included 

Chr17, amplified in 3 of 5 CLL mice, and a partial amplification of Chr2 in a region that 

encompasses Notch1, a recurrent CLL driver (Landau et al., 2015). Copy number variations 

were more diverse in the 2 mice with DLBCL (Figure S5G), confirming the distinct 

evolutionary trajectories of the CLL vs. DLBCL disease entities.

IKZF3 mutation upregulates BCR signaling genes in human CLL

To determine the influence of mut-IKZF3 on global gene expression in human CLLs, we 

evaluated 10 CLL samples by RNA-seq (mut-IKZF3 [n=4], WT-IKZF3 [n=6]). All patients 

were IGHV unmutated and carrying clonal IKZF3 mutations (IKZF3 mutant allele 

frequency >40%) (Table S6). Altogether, we observed 279 significantly upregulated and 317 

downregulated genes in CLLs with mut-IKZF3 versus WT (Figure 6A, FC>2 and 

FDR<0.05, Table S6). We identified 6 consistently upregulated genes and 3 consistently 

downregulated genes between mouse and human CLLs carrying the IKZF3 mutation using 

stringent cut-offs (FC>2, FDR<0.05). Using a less stringent cutoff for differential gene 
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expression (p<0.05), we could find 204 consistently upregulated genes and 31 consistently 

downregulated genes, in line with the role of mut-IKZF3 as a transcriptional activator (Table 

S6). Notably, consistent with the murine data, we found mut-IKZF3 to be associated with an 

increased BCR signaling gene expression signature in human CLLs (Figure 6B), and 

upregulation of key regulators, including the co-receptor CD79A, and the AKT2 and 

PIK3CA kinases (Figure 6C).

We previously reported that CLLs with IKZF3 mutation appeared to increase in cancer cell 

fraction (CCF) with resistance to fludarabine-based chemotherapy (Landau et al., 2015). 

Others have shown an instance of increase in mut-IKZF3 CCF upon treatment with the BCR 

signaling inhibitor ibrutinib (Ahn et al., 2019). These studies together suggest an association 

of IKZF3 mutation (and increased BCR signaling) with increased cellular survival following 

either chemotherapy or targeted treatment. Since somatic mutation represents but one 

mechanism by which a driver cellular pathway can be altered (Wang et al., 2016; Yin et al., 

2019), we examined whether aberrant expression of IKZF3 could also yield differences in 

BCR signaling. We noted that prior investigations revealed the expression of IKZF3 to be 

variable across CLL samples (Billot et al., 2011; Duhamel et al., 2008; Nuckel et al., 2009); 

we thus examined IKZF3 expression and BCR signaling gene expression, or the ‘BCR 

score’ (calculated as the mean expression of 75 BCR signaling-associate genes) (Yin et al., 

2019) in two independent human CLL cohorts characterized by RNA-seq (DFCI cohort, 

n=107; ICGC cohort, n=274) (Ferreira et al., 2014; Landau et al., 2014). IKZF3 expression 

was positively correlated with BCR score (Figure S6A), and CLLs with high IKZF3 
expression had higher BCR scores than those with low IKZF3 expression (p≤0.0015; Figure 

6D). These findings were consistent with the idea that IKZF3 may act as a broad regulator of 

BCR signaling genes, and that IKZF3 overexpression, like IKZF3 mutation, can putatively 

provide selective advantage to CLL. In support of this notion, our re-analysis of a gene 

expression dataset of 107 newly diagnosed CLL samples (Herold et al., 2011) revealed that 

high IKZF3 expression is associated with worse overall survival (p=0.035; Figure 6E).

To determine whether high expression of IKZF3 is associated with altered sensitivity to 

ibrutinib, we performed scRNA-seq analysis of 2 previously treatment-naïve patients 

undergoing ibrutinib therapy (paired samples, baseline vs. Day 200) (Fig. 6F, Table S6). As 

shown in Figure S6B, amongst the various categories of mononuclear cells identified within 

the peripheral blood, IKZF3 was mainly expressed in CLL cells and T cells. Consistently, 

after ibrutinib treatment, residual CLL cells in both patients showed elevated IKZF3 
expression compared to Day 0 (both p<0.0001, Figure 6G), whereas no such change was 

observed in T cells, indicating selection of CLLs with high IKZF3 expression upon ibrutinib 

exposure. Expression levels of several key regulators of BCR signaling (including CD79B, 
LYN, FOS, RAC1 and the NF-κB regulators PRKCB and NFKBIA) were likewise 

upregulated (Figure 6H), in line with the notion that IKZF3 is a master regulator of BCR 

signaling gene expression. Some of these genes, including LYN and FOS, also appeared to 

be amongst the most upregulated in presence of mut-IKZF3 (Figure 6C). Altogether, these 

data implicate that increased BCR signaling, associated with either IKZF3 mutation or 

overexpression, may facilitate increased cellular fitness in the face of exposure to BCR 

signaling inhibitors.
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Given the enhanced BCR signaling in patients with high IKZF3 expression or with mutated 

IKZF3, we asked whether these featured were linked to differential sensitivity of primary 

CLL cells to BCR inhibition by ibrutinib. In fact, we observed poorer viability after in vitro 
exposure to ibrutinib in CLL cells with either high IKZF3 expression or mutated IKZF3 
compared to cells expressing IKZF3 at lower levels (p=0.005), irrespective of IGHV 

mutation status (Figure 6I).

DISCUSSION

Herein, we report the generation of a CLL mouse line modeled upon a hotspot mutation 

found in human CLL that recapitulates the cardinal features of this leukemia. Mut-Ikzf3 
CLL mice display pathologic features consistent with human disease, exhibit relatively 

indolent growth (~15–18 months onset), and express the heterozygous mutation; altogether, 

these data provide functional evidence that mut-IKZF3 is a CLL driver. Whereas IKZF3 is 

mostly known to act as a transcriptional repressor through recruitment of HDACs to target 

genes via its C-term protein interaction domains (Koipally et al., 1999), we here uncover a 

mechanism linking altered gain-of-function by IKZF3 via mutation within its N-term DNA 

binding region. In particular, we demonstrate that this mutation results in altered DNA 

binding to BCR signaling-related target genes, leading to their transactivation, and to 

enhanced BCR responsiveness. Our findings thus complement older studies demonstrating 

that IKZF3 germline knock-out mice exhibit increased BCR-mediated proliferative 

responses (Wang et al., 1998), again highlighting the likely negative regulatory function of 

IKZF3 in normal B cell development. One paradox observed in this study is the more 

pronounced phenotype observed in heterozygous mutant rather than homozygous mutant 

mice. In human disease, IKZF3 mutation is solely observed as heterozygous events. We 

speculate that homozygous Ikzf3 mutation may cause decreased B cell fitness. A potential 

explanation includes a dose effect of mut-Ikzf3-associated hyperactivation of the BCR 

signaling above maximum thresholds of signaling strength, which may facilitate negative B 

cell selection, rather than lymphomagenesis, as previously postulated (Muschen, 2018).

Our findings underscore a key role of IKZF3 in BCR-associated oncogenesis. BCR 

signaling has been extensively described as a cardinal pathway contributing to CLL 

leukemogenesis, both in in vitro primary CLL-based model systems (Burger et al., 2000), 

and in vivo, in the Eμ-TCL1 mouse model (Iacovelli et al., 2015). One of the strongest 

prognostic markers of CLL, unmutated immunoglobulin gene usage, is associated with 

greater BCR signaling proficiency (Lanham et al., 2003) and links increased BCR signaling 

responsiveness with a more dismal clinical outcome of patients (Damle et al., 1999; 

Hamblin et al., 1999). In our in vivo model, we observed enrichment in BCR signaling gene 

expression at the pre-leukemic stage, suggesting that dysregulation in the BCR signaling 

circuitry may be an early event favoring transformation of mut-Ikzf3 normal B cells into 

CLL. We found evidence of LYN kinase, one of the earliest kinases within the BCR 

signaling pathway (Yamanashi et al., 1991), as a target of mut-Ikzf3 and the essentiality of 

LYN kinase activity for survival of mut-Ikzf3 CLL cells. All of our mut-Ikzf3 CLL-mice 

carried unmutated immunoglobulins and enhanced responsiveness to BCR stimulation 

compared to non-CLL mut-Ikzf3 B cells, again highlighting BCR signaling competence as a 

key feature underlying transformation and progression. Remarkably, we found CDR3 
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regions of mutant-Ikzf3 BCRs to be near-identical to those of BCRs from Eμ-TCL1 mice 

also previously described to show high BCR competence (Yan et al., 2006), and from MDR 

mice (Klein et al., 2010), suggesting similar mechanisms of BCR ontogeny and clonal 

selection in these independent mouse models. Amongst the most significantly altered genes, 

we identified members of the BCR signaling and migration pathways. Of note, WGS 

analysis revealed the presence of additional oncogenic hits in Ikzf3-mutant CLLs, namely 

amplification of chromosome 15, which was also detected in our previously reported double 

mutant Sf3b1/Atm CLL mice (Yin et al., 2019) and associated with upregulation of MYC, 

suggesting commonalities of mechanisms driving disease evolution in independent models.

Insights from prior studies have suggested that core cancer pathways can be impacted via 

different mechanisms of deregulation (Wang et al., 2016). We already noted that IKZF3 
mutation is selected in fludarabine-based regimens (Landau et al., 2015) and was reported to 

be selected in one patient experiencing ibrutinib resistance (Ahn et al., 2019). Although 

IKZF3 mutation has been identified in patients’ samples at a relatively low frequency (~3%), 

(Landau et al., 2015) we have observed expression of the IKZF3 gene to be variably 

dysregulated amongst CLL patients. Through re-analysis of transcriptomic data from 2 

cohorts of human CLL (DFCI and ICGC) (Ferreira et al., 2014; Landau et al., 2014), we 

have here shown a strong positive correlation between IKZF3 and BCR signaling gene 

expression, suggesting that deregulated IKZF3 expression phenocopies IKZF3 mutation in 

relation to BCR signaling regulation in human CLL. In support of this notion, we identified 

the association between increased IKZF3 expression and reduced overall survival of 

previously untreated CLL patients (in the pre-novel agent era), and furthermore, evidence of 

increased cellular fitness following ibrutinib exposure. In the context of ibrutinib treatment, 

we not only observed increased expression of IKZF3 and of genes found to be upregulated 

in IKZF3-mutant samples (i.e. FOS and RAC1), but also reduced sensitivity to BCR 

inhibition by ibrutinib in either IKZF3 high expressors or IKZF3-mut samples. These results 

again suggest that IKZF3 expression can to some extent phenocopy IKZF3 mutation.

IKZF3 overexpression has similarly been proven essential for multiple myeloma cell growth 

(Lu et al., 2014), and has been implicated in mantle cell lymphoma resistance to ibrutinib 

(Dobrovolsky et al., 2019). Altogether, these studies support the oncogenic functions of 

IKZF3 in CLL and across a range of B cell malignancies. As a strategy to overcome IKZF3-

driven drug resistance, efforts have been made to develop novel small molecule inhibitors 

simultaneously targeting IKZF3 and BTK, with promising activity in MCL (Dobrovolsky et 

al., 2019). The BH3 mimetic venetoclax could also be an alternative strategy to overcome 

IKZF3 driven drug resistance. Identification of mutation or overexpression of IKZF3 could 

therefore identify patients who can benefit of combination or venetoclax-based therapy.

STAR METHODS

RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources and reagents should be 

directed to and will be fulfilled by the Lead Contact, Catherine J. Wu (cwu@partners.org).
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Materials Availability—The mouse strain will be available at the Jackson Laboratory 

Repository with the JAX Stock no. 035514 (http://jaxmice.jax.org/query)

Data Software Availability—The raw and processed RNA-seq and ATAC-seq data 

described in this publication have been deposited in NCBI’s Gene Expression Omnibus 

(GEO) -- Accession number: GSE143711. Human RNA-seq and gene expression data have 

been submitted to NCBI’s Database of Genotypes and Phenotypes (dbGaP; https://

www.ncbi.nlm.nih.gov/gap) under study number phs2335.v1.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Primary Human Samples—All primary CLL samples were obtained from Avicenne 

Hospital (Assistance Publique-Hôpitaux de Paris, Bobigny, France), from the University of 

Texas M.D. Anderson Cancer Center (MDACC) or from the CLL Research Consortium 

(CRC). All specimens were collected following informed consent from patients in 

accordance with the principles of the Declaration of Helsinki and with the approval of the 

Institutional Review Boards (IRB) of Avicenne Hospital, MDACC and CRC. Clinical 

characteristics of patients from whom samples were collected are reported in Table S6. CLL 

cells were isolated from peripheral blood using the Ficoll method, and flow cytometry 

analysis confirmed leukemia purity of >80% in all cases. Cells were either used fresh or 

cryopreserved in 10% DMSO until the time of analysis.

Mouse model—All animal protocols were approved by the Institutional Care and Use 

Committee of the Dana-Farber Cancer Institute (DFCI). Based on the homology between the 

human and murine IKZF3 amino acid sequences and given the high conservation of the 

DNA binding domain across the two species, Ikzf3 L161R floxed mice (Ikzf3fl/+) on 

C57BL/6 background were generated to model the human L162R mutated site (Biocytogen, 

MA). The floxed allele was designed so that the cDNA sequence of the exons 5 to 8 and a 

stop codon were flanked by two LoxP sequences and inserted after the fourth exon of the 

endogenous Ikzf3 locus. Exon 5 containing the L161R mutation followed by the exons 6 to 

8 were placed downstream of the 2nd LoxP sequence. In the presence of the Cre 

recombinase, the sequence between the LoxP sequences is removed, allowing the expression 

of the Ikzf3 mutant allele. To obtain B-cell-specific Ikzf3- L161R mutation expression, 

Cd19-Cre/Cre mice were crossed with the Ikzf3fl/+ mice. The offspring from this breeding 

gave wild-type mice Cd19-Cre;Ikzf3+/+ (Ikzf3WT) and heterozygous mutant mice Cd19-
Cre;Ikzf3fl/+ (Ikzf3Het) simultaneously. We then bred the heterozygous mutant mice with 

Ikzf3fl/fl mice to obtain homozygous mutant mice Cd19-Cre;Ikzf3fl/fl (Ikzf3Homo).

METHOD DETAILS

Mouse genotyping—Genotypes were confirmed by PCR of genomic DNA from tail 

using a set of primers targeting the floxed allele (Forward A1-LoxP: 5’-

CTTGACTCTGTGAGTCCGTTTTGC and Reverse A2-LoxP: 5’-

CAGTGACACAGATCGCTTGGGAAC). This reaction amplifies a wild-type product of 217 

bp and a second PCR product of 281 bp corresponding to the floxed allele. Activation of the 

floxed allele by the Cre recombinase was confirmed by PCR on genomic DNA from purified 

B cells and non-B cell fractions using a set of primers that amplifies the activated allele 
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(Forward B2: 5’TGCTGCTCTCCAGACACAAGGC and Reverse mFl1: 

5’TCATGATGAGTCCCATGCCACGC Reverse). This reaction amplifies a wild-type 

product of 880 bp and a second PCR product of 907 bp corresponding to the activated allele. 

The PCR products were run on a 2% gel with a 100 bp ladder as reference. Presence of the 

activated allele was detected only in the purified B cell fraction.

Pyrosequencing—Relative transcript expression of the mutant allele compared to the 

wild-type was quantified by cDNA pyrosequencing, as previously described(Yin et al., 

2019). Biotinylated amplicons generated by PCR of transcripts surrounding Ikzf3 L161R 

mutation were generated. Immobilized biotinylated single stranded DNA fragments were 

isolated per the manufacturer’s protocol (PyroMark Gold Q96, Qiagen, Valencia, CA) and 

sequencing undertaken using an automated pyrosequencing instrument (PSQ96; Qiagen, 

Valencia, CA), followed by quantitative analysis using Pyrosequencing software (Qiagen). 

Forward (5’ATCAGTGTGGGGCATCTTT) and reverse (5’Bio-

TTTTCCCCTGTGTGCAGTTTAA) primers were used to amplify the region across the 

L161R mutation site from the cDNA; the probe sequence was 

5’TACTCAGAAAGGTAACCTC.

Disease blood monitoring in mouse cohorts—Mice were monitored monthly from 

the age of 3 to 24 months of age. 100 μl of blood was collected from mice into EDTA-

containing tubes via submandibular bleed. Erythrocyte lysis was carried out by incubating 

the blood in 1 ml of ACK buffer for 5 min and then washing with PBS supplemented with 

2% FCS and 2 mM EDTA. The cells were then stained with a cocktail of antibodies against 

CD5-FITC, B220-Pacific Blue, CD11b-APC-Cy7, CD3-APC and Igκ-PE for 15 min at 4°C. 

Cells were then washed and analyzed using flow cytometry.

B cell purification—Mice were euthanized in a CO2 chamber and harvested spleens or 

femurs were mechanically dissociated to form a single cell suspension. Erythrocyte lysis 

was carried out using ACK buffer and B cells were immunomagnetically selected from the 

resulting cell suspension using the MACS mouse B cell Isolation Kit (Miltenyi Biotec, 

Bergish Gladbach, Germany). B cell purity was confirmed post-sorting on a FACS Canto I 

instrument using the flow cytometry staining procedures described above, and were at least 

85% pure, but typically >90%.

Immunohistochemistry and Immunofluorescence—All spleens were fixed in 10% 

buffered neutral formalin overnight (Fisher Scientific, Waltham, MA), followed by 70% 

ethanol until the tissues were processed. Spleens were then paraffin-embedded and sectioned 

into 20μm for IHC staining. Hematoxylin and Eosin staining, BCL6, BCL2, KI-67, CD19, 

IgM, B220, and CD5 immunostaining were performed on the section using standard 

procedures. Purified B cells from mouse spleens were cytospun on glass slides at a density 

of 1 × 106 cells/ml in 200μl PBS+ 10% FCS, fixed in 4% paraformaldehyde at room 

temperature for 15min, wash 3 times in PBS+ 0.1% Tween-20, permeabilized 5 min in PBS

+ 0.1% TritonX-100 and blocked 1h in PBS+0.1% Tween-20 supplemented with 5% FCS. 

Cells were incubated overnight at 4°C with the primary murine antibody anti-IKZF3 (clone: 

8B2, Ebioscience). The following day, the slides were washed 3 times in PBS+ 0.1% 
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Tween-20, incubated with the secondary antibody anti-mouse conjugated to Alexa488 for 1h 

at room temperature, washed 3 times and the nuclei were counterstained with DAPI. 

Coverslips were mounted onto glass slides in Vectashield (Vectorlabs, Clinisciences, 

Montrouge, France) and visualized on a confocal microscope Leica. ImageJ software was 

used for foci quantification per nuclei. 100 nuclei were analyzed per condition from 10 

different fields.

B cell subpopulation analysis—The proportion of the cell subpopulations from the 

bone marrow, the spleen and the peritoneal cavity was analyzed by flow cytometry based on 

the expression of surface markers. Cells from the bone marrow or the spleen were extracted 

by mechanic dissociation, and erythrocytes lysis was carried out with ACK lysis buffer. 

Cells were washed in with PBS supplemented with 2% FCS and 2mM EDTA and incubated 

with antibodies cocktail for 15minutes at 4°C. Cell suspensions prepared from spleen were 

stained with the following antibodies (all purchased from BioLegend, San Diego, CA): 

antibodies anti-B220-BV421, CD93-BV650, anti-CD23-BV786, anti-CD21-BV510, anti-

IgD-APC.Cy7 and anti-IgM-PE.Cy7 for marginal zone B cells, follicular B cells and 

transitional B cells quantification; marrow cell suspensions were stained with anti-CD43-PE, 

anti-IL-7R-BV711, anti-CD93-BV650, anti-B220-BV421, anti-CD11b-PerCP.C5.5, anti-

TER-119-PerCP.C5.5, anti-CD3e PerCP.C5.5, anti-Ly6G/Ly6C PerCP.C5.5, anti-IgD-

APC.Cy7 and anti-IgM-PE.Cy7 for pro-B cells, pre-B cells, immature, transitional and 

mature B cells quantification; and peritoneal cavity cells with anti-CD5-FITC, anti-B220-

PacificBlue and anti-CD11b-APC.Cy7 antibodies for B1a cells quantification.

For germinal centers generation analysis, mice of 8–12 weeks were immunized 

intraperitoneally with 109 sheep red blood cells (Immunoresearch) in 150 microliters PBS. 

Spleens were collected 10 days after immunization and analyzed by flow cytometry to 

quantify germinal center B-cells using a combination of anti-B220-BV421, anti-CD95-PE 

and anti-CD38-APC antibodies and plasma cells with anti-CD138-BV421, anti-TACI-PE, 

anti-B220-PerCP.Cy5.5 and anti-CD19-APC.Cy. Spleen sections were analyzed by 

immunohistochemistry and stained with anti-BCL6 antibody for germinal centers and with 

anti-CD138 for plasma cells detection.

BCR stimulation and Western Blot analysis—For analysis of BCR signaling 

transduction, purified splenic B-cells (3 × 106) were stimulated in 1ml RPMI 1640 medium 

(Life Technologies, Woburn, MA) supplemented with 10% FCS, and 1% penicillin/

streptomycin in the presence of 10μg/ml goat anti-mouse IgM (Southern Biotech, 

Birmingham, AL) for 5 or 15 min at 37°C. Cells were harvested, washed twice with cold 

phosphate-buffered saline (PBS), and lysed for 30 minutes on ice with RIPA buffer (Boston 

Bioproducts, Boston, MA) supplemented with a protease inhibitor mix (1 tablet in 10 ml 

RIPA buffer, Roche, San Francisco, CA). Cell lysate was clarified by centrifugation at 

10,000×g for 5 minutes, and cell extracts were fractionated by SDS-PAGE and transferred to 

Immun-Blot PVDF membranes (Bio-Rad laboratories, Hercules, CA). Membranes were 

stained with the following primary antibodies: mouse anti-IKZF3 (8B2, Ebioscience), rabbit 

anti-AKT antibody (40D4), anti-p-AKT (Ser473) antibody (D9E), anti-ERK1/2 antibody 

(137F5), anti-p-ERK1/2 antibody (Tyr202/204) (D13.14.4E), anti-p-SYK (Tyr 525/526), 
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anti-SYK, anti-p-NFkB P65, anti NFkB P65, anti-β-ACTIN and polyclonal anti-HSP90. 

Except IKZF3, all antibodies were purchased from Cell Signaling Technology (Danvers, 

MA). Horseradish peroxidase-coupled goat anti- rabbit or goat anti-mouse antibodies were 

then added (Rockland Immunochemicals Inc, Limerick, PA). The bands were visualized by 

using the ECL chemiluminescence Western blotting detection system (GE Healthcare, 

Boston, MA).

For cell fractionation experiments, nuclear and cytoplasmic extracts were obtained with the 

Subcellular Protein Fractionation Kit (Thermo Scientific) before western blot analysis.

Cell migration assay—For chemotaxis assays, 5 × 105 purified splenic B cells from each 

genotype were seeded on the upper chamber of a transwell (6.5-mm diameter, 5.0-μm pore 

size, Corning). 200 ng/mL CXC chemokine ligand CXCL12 (SDF-1α) (ref.250–20A, 

PeproTech) were next added to the lower chamber. After 3 hours of incubation at 37°C, the 

cells migrated to the lower part of the chamber, were flow cytometer counted for 30 seconds. 

The migration index was calculated as (number of cells migrated toward CXCL12 − number 

of cells migrated spontaneously) × 100/(total number of cells).

Intracellular calcium mobilization—Intracellular calcium flux was measured by use of 

the fluorogenic probe Fluo3AM (Invitrogen). 107 cells/mL in complete RPMI 1640 medium 

(Life Technologies, Woburn, MA) purified splenic B cells were incubated with 4μM Fluo3-

AM and 0.02% (v/v) of Pluronic F-127 (Sigma-Aldrich) for 30 minutes at 37°C. Cells were 

then washed and resuspended at 5 × 106 cells/mL in complete RPMI 1640 at room 

temperature. Cells were kept at 37°C for 5 minutes before the acquisition of background 

fluorescence for 30 seconds, followed by addition of 10 μg/mL goat F(ab′)2 antihuman IgM 

(Southern Biotechnology) or 2 μM Ionomycin and data acquisition for a further 5 minutes. 

Calcium flux readings were analyzed using the Kinetics platform in FlowJo software 

(TreeStar). Fluo3AM intensity values were normalized to the average signal intensity of the 

30 s baseline.

Quantitative PCR—Total RNA was extracted from mouse splenic B-cells using the 

Qiagen RNA purification kit (Venlo, Limburg) following manufacture’s instruction. 500ng 

of RNA was transcribed into cDNA using the SuperscriptII reverse transcription kit (Life 

Technologies). The expression of mRNAs was analyzed in splenic B cells from Ikzf3 WT, 

heterozygous or homozygous mutant mice using the TaqMan Gene Expression Assays 

probes (ThermoFischer): Nfkbid (Mm00549082), Cxcr4 (Mm00516431), Myc 
(Mm00487804_m1), Irf4 (Mm00516431_m1), Jun (Mm07296811_s1), Tagap 
(Mm01304651_m1). Quantitative real-time PCR was performed on a 7500 Real-time PCR 

system (Life Technologies). Target gene expression was normalized to the mean Ct values of 

the housekeeping gene Gapdh (Mm99999915_g1). IKZF3 expression in human primary 

CLL cells was assessed by qPCR from RNA extracted from PBMC using Qiagen RNA 

purification kit following manufacture’s instruction. 500ng of RNA was transcribed into 

cDNA using the SuperscriptII reverse transcription kit (Life Technologies). The expression 

of IKZF3 mRNAs was analyzed using the TaqMan Gene Expression Assays probes 

(Hs05037772_s1, ThermoFischer) and gene expression was normalized to the mean Ct 
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values of the housekeeping gene Gapdh (Hs02786624_g1). Patients were divided in high 

and low expressors based on median IKZF3 expression values.

BCR sequencing—Genomic DNA was isolated using the QIAGEN DNeasy Blood & 

Tissue Kit (Qiagen, Valencia, CA) either from PBMC or FACS sorted CLL-like 

(CD5+B220+) cells from the spleen of leukemic mice and 0.5–1 μg of genomic DNA per 

sample was used for sequencing. Sample data was generated using the immunoSEQ Assay 

(Adaptive Biotechnologies, Seattle, WA). The somatically rearranged mouse IGH CDR3 

was amplified from genomic DNA using a two-step, amplification bias-controlled multiplex 

PCR approach (Carlson et al., 2013; Robins et al., 2009). The first PCR consists of forward 

and reverse amplification primers specific for every V and J gene segment and amplifies the 

hypervariable complementarity-determining region 3 (CDR3) of the immune receptor locus. 

The second PCR adds a proprietary barcode sequence and Illumina adapter sequences. BCR 

repertoire analyses were performed using the immunoSEQ Analyzer 3.0 (Adaptive 

Biotechnologies). Sequences were subjected to analysis using IMGT/Vquest software to 

define all V, D and J genes as well as CDR3 sequences.

Mouse CLL transplantation—Transplantations were performed on 8–12 weeks old 

immunocompetent CD45.1 C57BL/6 mice (pre-conditioned with 400 rads split dose 

irradiation) or immunodeficient recipient NSG mice using viably cryopreserved splenocytes 

or peritoneal cells from donor CLL Ikzf3 mutant heterozygous animals. Ten million total 

cells suspension/recipient were resuspended in 100 microliters PBS and injected 

intravenously into CD45.1 C57BL/6 or NSG. Disease burden in the peripheral blood, spleen 

and bone marrow were evaluated by flow cytometry and spleen and liver sections were 

examined by IHC at euthanasia.

In vitro drug treatments—CLL cells from Ikzf3Het, Eμ-TCL1 or MDR mice were 

resuspended in RPMI 1640 medium supplemented with 10% FBS and cultured in 96-well 

tissue culture plates (50,000 cells/100 μL). Cells were treated with either 5 μM Bafetinib, 5 

μM Ibrutinib, 5 μM rapamycin or 5 μM gamma secretase inhibitor PF-308401. After 

incubation for 24 h at 37° with 5% CO2, cell viability was measured by CellTiter-Glo® 

Luminescent Assay and normalized by cells treated with the DMSO vehicle control.

CLL samples were resuspended in RPMI1640 medium supplemented with 10% FBS and 

cultured in 48-well tissue culture plates (5 ×106/500 μL). Cells were stimulated using 

soluble F(ab’)2 fragment of donkey anti-human IgM antibody (10 μg/mL; Jackson 

ImmunoResearch, Interchim, France) with or without ibrutinib (Selleckchem, Houston, TX) 

at final concentration 1μM. After incubation for 24 h at 37°C with 5% CO2, cell viability 

was measured by Annexin V-FITC and propidium iodide (PI) staining. The percentage of 

response of the BCR stimulation was calculated as the difference of viable cells (Annexin V 

and PI negative) between the condition “anti-IgM” and the condition “anti-IgM + ibrutinib”.

RNA-sequencing data generation—RNA-seq was performed on purified splenic B 

cells (1×106) from 2–3 months and 15–18 months old Ikzf3 wild-type, heterozygous and 

homozygous mutant mice as well as FACS sorted B220+CD5+ CLL cells from leukemic 

mice or from human primary CLL samples. Cells were washed in cold PBS and total RNA 
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was extracted using Qiagen RNAeasy kit. For cDNA libraries construction, total RNA was 

quantified using the Quant-iT RiboGreen RNA Assay Kit and normalized to 5 ng/μl. 

Following plating, 2 μL of ERCC controls (using a 1:1000 dilution) were spiked into each 

sample. An aliquot of 200 ng for each sample was transferred into library preparation which 

uses an automated variant of the Illumina TruSeq Stranded mRNA Sample Preparation Kit. 

This method preserves strand orientation of the RNA transcript. It uses oligo dT beads to 

select mRNA from the total RNA sample, followed by heat fragmentation and cDNA 

synthesis from the RNA template. The resultant 400 bp cDNA then goes through dual-

indexed library preparation: ‘A’ base addition, adapter ligation using P7 adapters, and PCR 

enrichment using P5 adapters. After enrichment, the libraries were quantified using Quant-

iT PicoGreen (1:200 dilution). After normalizing samples to 5 ng/μL, the set was pooled and 

quantified using the KAPA Library Quantification Kit for Illumina Sequencing Platforms. 

The entire process was performed in a 96-well format and all pipetting is executed by either 

Agilent Bravo or Hamilton Starlet.

ChIP-sequencing data generation—Chromatin immunoprecipitation (ChIP) was 

performed on splenic B cells (80×106) from 2–3 months old Ikzf3 wild-type and 

homozygous mutant mice. Cells were washed in cold PBS, fixed in 1% formaldehyde at 

room temperature for 10 min and the fixation reaction was quenched with 0.125M glycine 

for 5 min at room temperature. The cells were resuspended and lysed in 500 μl of shearing 

buffer containing 0.5% SDS, 10mM EDTA pH8, 50mM Tris-HCl pH8, 5mM sodium 

butyrate and protease inhibitor. The chromatin was sheared on the Covaris E220 sonicator, 

according to the following program: PIP70, 5% duty factor, 200 cycles per burst, 25 min. 

The sheared chromatin was diluted in 1% Triton, 2mM EDTA, 150 Mm NaCL, 20Mm Tris-

HCl pH8 plus protease inhibitor. A small portion of the sheared chromatin was set aside as 

total input, reverse crosslinked with 1 μl of 10mg/ml RNAase for 30 min at 37°C and 5 μl of 

20 mg/ml Proteinase K at 65°C overnight, purified using the Qiagen PCR purification Kit 

and DNA is quantify on Qubit 3.0 fluorimeter. For immunoprecipitation reaction, 25μl of 

Dynals magnetic beads were washed in blocking buffer (PBS plus 0.5% BSA) on a magnetic 

rack and incubated with 5 μg of anti-IKZF3 antibodies anti-H3K4me2, anti-H3K4me3, anti-

H3K27ac, at 4°C end over end for 4 h. Conjugated beads were incubated with 25μg of 

diluted sheared chromatin end over end overnight at 4°C. The following day, beads were 

washed twice with 1ml of cold RIPA buffer, 1 ml of cold RIPA 0.3M NaCl, and with 1 ml of 

cold LiCl buffer. The enriched fraction of chromatin was eluted and decrosslinked from the 

beads by incubating with elution buffer (1% SDS, 0.1M NaHCO3), 1 μl of 10 mg/ml RNAse 

for 30 min at 37°C and 5 μl of 20mg/ml Proteinase K at 65°C overnight. The 

immunoprecipitated DNA was cleaned up using the Qiagen PCR purification Kit. Input and 

ChIP Libraries were prepared with the Rubicon ThruPLEX FD kit (ref. R400429, Takara 

Bio USA) and sequenced on Illumina NextSeq instrument to generate 75 bp single-end 

sequencing reads.

ATAC-seq data generation—Chromatin accessibility was assessed as previously 

described (Corces et al, Nat Med, 2017), without the initial DNAse digestion. Briefly, 

100,000 cells were resuspended in 1 mL of cold ATAC-seq resuspension buffer (RSB; 10 

mM Tris-HCl pH 7.4, 10 mM NaCl, and 3 mM MgCl2 in water). Cells were centrifuged at 
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maximum speed for 5 min in a pre-chilled (4°C) fixed-angle centrifuge and supernatant was 

carefully aspirated. Cell pellets were then resuspended in 50 μL of ATAC-seq RSB 

containing 0.1% NP40, 0.1% Tween-20, and 0.01% digitonin by pipetting up and down 

three times and incubated on ice for 3 min. After lysis, 1 mL of ATAC-seq RSB containing 

0.1% Tween-20 was added, and the tubes were inverted to mix. Nuclei were then centrifuged 

for 5 min at maximum speed in a pre-chilled (4°C) fixed-angle centrifuge. Supernatant was 

removed and nuclei were resuspended in 50 μL of transposition mix (25 ul 2x TD buffer, 2.5 

μL transposase (100 nM final), 16.5 μL PBS, 0.5 μL 1% digitonin, 0.5 μL 10% Tween-20, 

and 5 μL water) by pipetting. Samples were transposed for 30 min at 37 °C, purified with 

Qiagen columns, and libraries were prepared as previously described (Buenrostro et al., 

2015).

Whole genome sequencing data generation—Genome sequencing was performed 

on flow cytometry-sorted leukemia cells from animals with CLL and matched T cells. 350 

ng genomic DNA was used for library preparation. Shearing was performed acoustically 

using a Covaris focused-ultrasonicator, targeting 385 bp fragments. Following 

fragmentation, additional size selection is performed using a SPRI cleanup. DNA libraries 

were constructed using the KAPA Library Prep Kits (KAPA Biosystems) using palindromic 

forked adapters with unique 8 base index sequences embedded within the adapter (IDT). 

Following sample preparation, libraries were quantified using quantitative PCR (KAPA 

Biosystems), with probes specific to the ends of the adapters. Based on qPCR quantification, 

libraries were normalized to 2.2 nM and pooled into 24-plexes. Sample pools were 

combined with NovaSeq Cluster Amp Reagents DPX1, DPX2 and DPX3 and loaded into 

single lanes of a NovaSeq 6000 S4 flowcell cell using the Hamilton Starlet Liquid Handling 

system. Cluster amplification and sequencing were performed on NovaSeq 6000 Instruments 

utilizing sequencing-by-synthesis kits to produce 151 bp paired-end reads. Output from 

Illumina software was processed by the Picard data-processing pipeline to yield CRAM or 

BAM files containing demultiplexed, aggregated aligned reads.

Single Cell RNA sequencing—The sample processed for scRNA-seq was obtained from 

the CLL Research Consortium from a patient consented to an IRB approved research 

protocol. Cells were thawed and washed twice in RPMI and 10% FCS before undergoing 

dead cell depletion (Miltenyi Biotec; 130-090-101). CLL/B cells were purified using CD19 

negative selection kit (Biolegend; 480082) and CD19 negative immune cells were purified 

using CD19 positive magnetic beads (Biolegend; 480106) and viable cells mixed before 

being washed in PBS with 0.04% BSA twice and re-suspended in PBS with 0.04% BSA 

(Life Technologies; AM2616) at the cell concentration of 1000 cells/μL. 17,000 cells were 

loaded onto a 10x Genomics Chromium instrument (10x Genomics) according to the 

manufacturer’s instructions. The single cell RNA-seq libraries were processed using 

Chromium single cell 5’ library & gel bead kit (10x Genomics). Quality controls for 

amplified cDNA libraries and final sequencing libraries were performed using Bioanalyzer 

High Sensitivity DNA Kit (Agilent). The libraries were normalized to 4 nM concentration 

and pooled in a volume ratio of 4:1. The pooled libraries were sequenced on Illumina 

NovaSeq S2 100 cycle platform. The sequencing parameters were: Read 1 of 28 bp, Read 2 

of 91 bp and Index 1 of 8 bp.
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Sequencing Data analysis—RNA-seq reads were aligned to the mouse reference 

genome mm10 using STAR (v2.4.0.1) (Dobin et al., 2013) and TPM (Transcripts Per 

Kilobase Million) value was used to measure gene expression. Differentially expressed 

genes were assessed using DESeq2 (Love et al., 2014) and pathway analysis is performed 

using Metascape (v3.0) (Zhou et al., 2019) and GSEA (v3.0) (Subramanian et al., 2005).

ChIP-seq reads were aligned to mm10 using using Bowtie2 (v2.3.4.1) (Subramanian et al., 

2005) and peak detection was performed with MACS2 (v2.2.0) (Liu et al., 2008). Motif 

analysis was performed using RSAT motif (Nguyen et al., 2018); heatmaps and metagene 

plots were made using deeptools (v3.3.0) (Ramirez et al., 2016). Peak annotation was 

performed using GREAT (v4.0.4)(McLean et al., 2010). Integrative analysis of RNA-seq and 

ChIP-seq data was performed using Cistrome-GO (Li et al., 2019). Briefly, a differential 

expression (DE) rank RDE is derived based on the FDR representing the significance of 

differential expression as a result of the Ikzf3-L161R mutation. Secondly, a regulatory 

potential (RP) rank RRP is defined based on the weighted sum of mut-IKZF3 peak 

contributions around transcription start site (TSS). The two ranks were integrated by rank 

product (RDE × RRP), and the genes at the top of the list tend to have robust mut-IKZF3 

binding together with significant gene expression changes, thus are more likely to be true 

direct targets. IGV(Robinson et al., 2011) was used to display the genomic tracks. The list of 

75 BCR signaling genes was obtained from GSEA 

KEGG_B_CELL_RECEPTOR_SIGNALING_PATHWAY.

Whole genome sequencing raw FASTQ files were aligned to Genome Reference Consortium 

Mouse Build 38 (mm10) and the resulting BAM files were further processed by marking 

duplicated reads and recalibrating base qualities. Somatic short variant discovery of SNVs 

and Indels was performed using Mutect2. To perform the copy number analysis, the genomic 

interval list was prepared from the reference genome and read coverage counts were 

calculated across the intervals for all samples. A CNV panel of normal (PoN) was created 

using all seven of the normal samples. The tumor read coverage data was normalized using 

the PoN. All of the analysis was performed following the recommendation of the GATK 

Best Practices Workflows using GATK4 toolkit (Van der Auwera et al., 2013).

Single cell RNA sequencing data were processed using cell ranger pipeline (10x Genomics) 

which was analyzed using the Seurat R package (v3) (Stuart et al., 2019). Cells were filtered 

to have between 200 and 3000 genes/cells and less than 20,000 UMI/cell. Cells with greater 

than 10% mitochondrial reads were excluded. The standard processing pipeline was used 

including log-normalization and data-scaling. The first 30 principal components were used 

for downstream assays and a resolution of 0.5 for clustering. Data was visualized using 

UMAP. Immune cell populations were identified by cluster expression of key lineage 

specific markers using the FindAllMarkers function.

Luminex assay—Multiplexed measurement of individual mouse immunoglobulin 

isotypes (IgG1, IgG2a, IgG2b, IgG3, IgA, IgE and IgM) from sera was performed using 

Luminex magnetic beads technology according to the manufacturer’s protocol (Antibody 

Isotyping 7-Plex Mouse ProcartaPlex Panel, ref. EPX070-20815-901, ThermoFisher). 

Cytokines and chemokines quantification from sera was performed using 26-Plex Mouse 
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ProcartaPlex kit (EXP260-26088-901, ThermoFisher) including: IFN-gamma; IL-12p70; 

IL-13; IL-1 beta; IL-2; IL-4; IL-5; IL-6; TNF-alpha; GM-CSF; IL-18; IL-10; IL-17A; IL-22; 

IL-23; IL-27; IL-9; GRO alpha; IP-10; MCP-1; MCP-3; MIP-1 alpha; MIP-1 beta; MIP-2; 

RANTES; Eotaxin.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses—Statistical analysis was performed using GraphPad Prism 6. For 

comparison of 3 groups, p-values were calculated with a one-way ANOVA test followed by 

Tukey’s multiple comparison test after confirming homogeneity of standard deviation. When 

the standard deviations were significantly different, p-values were calculated for 2 groups at 

a time using a Mann-Whitney comparison test with a Bonferroni correction (nominal p-

value adjusted by multiplying by the number of groups compared). Kaplan-Meier survival 

curves were analyzed using a log rank-test.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• Ikzf3 mutation leads to CLL-like development with 40% penetrance in elderly 

mice

• Mutant IKZF3 acts as a transcriptional activator of BCR/NF-κB signaling 

genes

• Mutant IKZF3 leads to hyperactive BCR signaling and BCR inhibitor 

resistance

• IKZF3 L162R phenocopies IKZF3 overexpression in primary CLL cells

Lazarian et al. Page 26

Cancer Cell. Author manuscript; available in PMC 2022 March 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1: Conditional expression of Ikzf3-L161R mutation in a mouse model.
(A) Schematic representation of human and murine IKZF3 gene with the exons, the 

corresponding zinc finger domains (Zf) and the position of the homologous mutation.

(B) Allele knock-in strategy.

(C) Schema of the breeding strategy. Presence of the activated Ikzf3-L161R allele was 

restricted in B-cell DNA as detected by DNA PCR.

(D) The percentage of WT and mutant Ikzf3 alleles from pyrosequencing profiles are shown.

(E) Western blot of IKZF3 protein in Ikzf3WT, Ikzf3Het and Ikzf3Homo B cells.

(F) Left, immunofluorescence staining of IKZF3 WT in Ikzf3WT B cells and of IKZF3 

L161R in Ikzf3Homo B cells. Right, nuclear dot density in Ikzf3WT and Ikzf3Homo B cells. 

The nuclear dots density was quantified using ImageJ software. Data represent the mean 

number of dots per nucleus counted on 100 cells in 3 Ikzf3WT and 3 Ikzf3Homo mice. Scale 

bar: 10μm.

See also Figure S1.
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Figure 2: Ikzf3 mutant mice have an abnormal splenic B cell development and function
(A) Top, representative FACS plot analysis of marginal zone B cells (MZ) and follicular B 

cells (FO) from the total splenocytes suspension. Bottom, representative 

immunohistochemical staining of spleen sections from Ikzf3WT, Ikzf3Het and Ikzf3Homo 

mice (3 months of age). Red dash lines indicate marginal zone. Scale bar: 200μm.

(B) Boxplot with an inter-quartile range represent the percentages of B cells per spleens and 

different B-cell populations in the spleens are shown. FO: follicular B-cells, MZ: marginal 

zone B-cells. Median (line inside the box), 25th (bottom line) and the 75th quartile (upper 

line) are indicated; whiskers mark the full range of measurements. Data were compaired 

using one-way ANOVA followed by Tukey’s multiple comparison test.
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(C) Representative FACS plot analysis of germinal center B cells (GC) from the total 

splenocytes suspension 10 days after immunization with sheep red blood cells (SRBC) or 

with the vehicle.

(D) The percentage of germinal centers B cells per spleen 10 days after immunization with 

SRBC or with the vehicle. Data are represented and compared as per panel (B).

(E) Representative immunohistochemical staining of spleen sections from immunized mice 

(3 months of age). Scale bars, black: 500 μm, white: 50 μm.

(F) top left, BCR signaling pathway schema. Right, Representative Western Blot of BCR 

signaling components in splenic B cells 5 min following BCR stimulation with anti-IgM. 

Data represent Mean±SEM and were compaired using one-way ANOVA followed by 

Tukey’s multiple comparison test.

(G) Calcium flux measurements following anti-IgM stimulation (top) and with ionomycin 

(bottom) of splenic B cells.

(H) Area under the curve (AUC) of the calcium flux in B cells stimulated with anti-IgM. 

Data represent Mean±SEM and were compaired using one-way ANOVA followed by 

Tukey’s multiple comparison test.

See also Figure S1 and S2.
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Figure 3: Conditional expression of Ikzf3-L161R mutation is sufficient to generate murine CLL-
like disease.
(A) Top, Detection of B220+CD5+ cells in peripheral blood. Bottom, number of cases of 

CLL and diffuse large B cell lymphoma (DLBCL) in each group.

(B) Flow cytometry analysis of B220+ CD5+ cells within peripheral blood (PB), spleen (SP) 

and bone marrow (BM) of Ikzf3WT, Ikzf3Het-CLL and Ikzf3Homo-CLL mice.

(C) Left, size of the spleens of leukemic and non-leukemic mice. Right, representative 

pictures of spleens of the indicated genotypes. Median values are indicated by horizontal 

lines; p value, unpaired t test.

(D) HE staining and immunohistochemical staining of CD5+PAX5+ cells in the spleen and 

the bone marrow tissues. Representative spleens are shown for each group of mice. Scale 

bars, black: 500 μm, white: 50μm.
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(E) Percentage (Mean ± SEM) of CLL cells in bone marrow (BM), spleen (SP) and 

peritoneum cavity (PC) of CLL mice.

See also Figure S3 and Table S1.
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Figure 4 : Ikzf3 mutation alters DNA binding and target selection.
(A) Heatmap shows normalized expression of significantly deregulated genes between 

Ikzf3Homo and Ikzf3WT B cells (n = 3 per group).

(B) Network enrichment analysis of the differentially expressed genes using Metascape. 

Functional categories are represented by different colors, and each circle denotes an enriched 

term (see Table S3).

(C) GSEA for enrichment of light zone B cell genes and Btk pathway targets in Ikzf3Homo 

versus Ikzf3WT B cells.

(D) Heatmap of IKZF3 ChIP-seq signals around all genes in the genome. TSS: transcription 

start site; TES: transcription end site.
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(E) Venn diagram of the overlap of IKZF3 peaks between Ikzf3Homo and Ikzf3WT B cells. 

The DNA sequence motifs of the peaks, and the number of peaks containing the motif are 

shown.

(F) Top KEGG pathways significantly enriched for genes with WT- or mut-IKZF3 peaks.

(G) Significantly changed genes, ranked by Cistrome-GO ranks (red - upregulated genes, 

blue-downregulated genes).

(H) Cumulative distribution of up- or down-regulated genes based on Cistrome-GO ranks. 

Genes were equally divided into 19 bins, with the top most-ranked genes in Bin 1.

(I) Log2 fold change versus logFDR of all differentially expressed genes. Red dots - topmost 

ranked genes per Cistrome-GO.

(J) IGV tracks of ChIP-seq, ATAC-seq and RNA-seq coverage of the top three target genes 

in Ikzf3WT and Ikzf3Homo B cells. Red arrows - the novel/enhanced binding sites of mut-

IKZF3.

See also Figure S4 and Table S2–S3.
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Figure 5 : Ikzf3 mutation activates BCR signaling in CLL-like cells.
(A) Representative gating strategies for flow cytometric sorting of non-CLL B cells (B220+ 

CD5−) and CLL-like cells (B220+ CD5+) from splenocytes, used for RNA-seq analysis.

(B) PCA analysis of gene expression profiles from the collected cells.

(C) Normalized expression of significantly deregulated genes between CLL-like cells and 

Ikzf3WT B cells (n=3–5 per group). Genes were divided into four groups based on K-means 

cluster. Black lines-significantly upregulated genes in Ikzf3Homo versus Ikzf3WT B cells 

from 3 months old mice.

(D) GSEA analysis for enrichment of BCR signaling genes in CLL-like cells versus non-

CLL cells from the same mice.

(E) Log2FC change versus logFDR of all BCR signaling genes. FC, fold change.
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(F) Scatterplot of transcription factors predicted to regulate cluster I genes (% of cluster I 

genes regulated by certain transcription factor and the logP-value of enrichment). Line 

indicates p-value of 0.05.

(G) Western Blot analysis of BCR signaling activity B cells from Ikzf3WT, Ikzf3Het mice 

(without CLL) or from Ikzf3Het CLL cells, 5 min following BCR stimulation with anti-IgM. 

β-ACTIN was probed as a loading control.

(H) IGV tracks of ChIP-seq and ATAC-seq coverage of the Lyn gene in Ikzf3WT and 

Ikzf3Homo B cells.

(I) Viability of cells treated for 24 h with bafetinib (5 μM), ibrutinib (5 μM), rapamycin (5 

μM) or γ-secretase inhibitor (5 μM). Data were compared using a one-sided paired t test 

followed by Bonferroni correction.

(J) Chromosomal copy-number variants in mut-Ikzf3 CLL cells detected using whole-

genome sequencing. The copy-number ratios to normal tissue are shown.

(K) Changes in gene expression of Chr15 genes between CLL and normal B cells. Genes 

were sorted by CLL/normal expression fold change (FC).

(L) Expression of Myc in normal B cells and CLL cells by RNA-seq.

See also Figure S5 and Table S4–S5.
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Figure 6: IKZF3 as a key regulator of BCR signaling and drug response in human CLLs
(A) Heatmap shows normalized expression of significantly changed genes between IKZF3 
WT (n=6) and mut (n=4) CLLs.

(B) GSEA analysis for enrichment of BCR signaling genes in IKZF3 WT versus IKZF3 
mutant human primary CLL cells.

(C) Log2 fold change versus logFDR of differential gene expression between WT and mut 

CLLs; BCR signaling genes are labelled.

(D) Boxplot with an inter-quartile range (IQR) indicate BCR scores (defined by mean 

expression (TPM) of 75 BCR signaling genes) in CLL patients with high or low IKZF3 
expression (defined by median) in two independent cohorts are shown. Median is 
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represented as a line inside the box, and the 25th and the 75th quartiles are indicated by lines 

at the bottom and top of the box; and whiskers indicate the range of 1.5*IQR.

(E) Kaplan-Meier survival curve of CLL patients with high or low IKZF3 expression. Data 

were obtained from GSE22762.

(F) Schematic of scRNA-seq experiment of patients undergoing ibrutinib treatment.

(G) IKZF3 expression in different cell types pre- and post-treatment are shown. “%zeroes” 

represents the percent of total cells samples with zero expression within the population. Cell 

# indicates the number of cells with signals of the particular gene and are included in the box 

plot.

(H) Expression of different BCR signaling genes in CLL cells pre- and post-treatment are 

shown.

(I) Boxplot with an interquartile range (IQR) indicate response of primary CLL cells with 

either low, high or mutant IKZF3 expression to ibrutinib in vitro following BCR stimulation 

with anti-IgM for 24h. Median is represented as a line inside the box, and the 25th and the 

75th quartile are indicated by lines at the bottom and top of the box; whiskers indicate the 

full range of measurements. Data were compaired using one-way ANOVA followed by 

Tukey’s multiple comparison test.

See also Figure S6 and Table S6.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-CD5 (FITC) - Flow cytometry Biolegend Cat# 100606; RRID: AB_312734

anti-CD11b (APC-Cy7) - Flow cytometry Biolegend Cat# 101212; RRID: AB_312794

anti-B220 (Pacific Blue) - Flow cytometry Biolegend Cat# 103227; RRID: AB_492876

anti-CD3 (APC) - Flow cytometry Biolegend Cat# 100236; RRID: AB_2561456

anti-Igκ (PE) - Flow cytometry Biolegend Cat# 409506; RRID: AB_2563581

anti-CD43 (PE) - Flow cytometry BD Pharmingen Cat# 560663; RRID: AB_1727479

anti-IL-7R (BV711) - Flow cytometry Biolegend Cat# 135035; RRID: AB_2564577

anti-CD93 (BV650) - Flow cytometry Biolegend Cat# 136509; RRID: AB_2275879

anti-IgM (PeCy7) - Flow cytometry Biolegend Cat# 408610; RRID: AB_2728434

anti-IgD (APC-C7) - Flow cytometry Biolegend Cat# 405716; RRID: AB_10662544

anti-B220 (BV421) - Flow cytometry Biolegend Cat# 103239; RRID: AB_10933424

anti-CD21 (BV510) - Flow cytometry BD Biosciences Cat# 747764

anti-CD23 (BV786) - Flow cytometry BD Biosciences Cat# 563988; RRID:AB_2738526

anti-CD11b (PerCP-Cy5.5) - Flow cytometry BioLegend Cat# 101227; RRID: AB_893233

anti-CD95 (PE) - Flow cytometry BioLegend Cat# 152607; RRID: AB_2632903

anti-CD38 (APC) - Flow cytometry BioLegend Cat# 102711; RRID: AB_312932

anti-CD138 (BV421) - Flow cytometry BioLegend Cat# 142507; RRID: AB_11204257

anti-TACI (PE) - Flow cytometry ebioscience Cat# 12-5942-81; RRID: 
AB_837121

anti-B220 (PerCP-Cy5.5) - Flow cytometry ebioscience Cat# 45-0452-82; RRID: 
AB_1107006

anti-CD19 (APC-Cy) - Flow cytometry BD Pharmingen Cat# 553783; RRID:AB_395047

anti-Annexin V (FITC) - Flow cytometry BD Biosciences Cat# 556420

anti-IKZF3 (9D10) - ChIP seq Milipore Cat# MABE911

anti-H3K4me2 - ChIP seq Milipore Cat# 07–030; RRID:AB_310342

anti-H3K4me3 - ChIP seq Abcam Cat# 8580

anti-H3K27me3 - ChIP seq Cell signaling technologies Cat# 9733S; RRID:AB_2616029

anti-H3K27ac - ChIP seq Diagenode Cat# C15410196; 
RRID:AB_2637079

anti-IKZF3 (8B2) - Western Blot, Immunofluorescence Ebioscience Cat# 14-5789-82; RRID: 
AB_10734227

anti-AKT (40D4) - Western Blot Cell Signaling Technology Cat# 2920; RRID: AB_1147620

anti-p-AKT S473 (D9E) - Western Blot Cell Signaling Technology Cat# 4060; RRID: AB_2315049

anti-ERK1/2 (137F5) - Western Blot Cell Signaling Technology Cat# 4695; RRID: AB_390779

anti-p-ERK1/2 (D13.14.4E) - Western Blot Cell Signaling Technology Cat# 4094S; RRID: AB_10694057

anti-p-SYK (Tyr 525/526) - Western Blot Cell Signaling Technology Cat# 2711; RRID:AB_2197215

anti-SYK - Western Blot Cell Signaling Technology Cat# 2712; RRID:AB_2197223

anti NFkB P65 - Western Blot Cell Signaling Technology Cat# 8242; RRID:AB_10859369

anti-β-ACTIN - Western Blot Cell Signaling Technology Cat# 4967; RRID:AB_330288
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REAGENT or RESOURCE SOURCE IDENTIFIER

anti-HSP90 - Western Blot Cell Signaling Technology Cat# 4874; RRID:AB_2121214

anti-p- NFkB P65 - Western Blot Cell Signaling Technology Cat# 3033; RRID:AB_331284

anti-LYN - Western Blot Cell Signaling Technology Cat# 2796S; RRID:AB_2138391

anti-p-LYN - Western Blot Abcam Cat# ab226778

anti-BCL6 - Immunohistochemistry Santa Cruz Cat# sc-858; RRID:AB_2063450

anti-BCL2 - Immunohistochemistry Abcam Cat# ab182858; RRID:AB_2715467

anti-Ki-67 - Immunohistochemistry Vector Lab Cat# VP-K451; RRID:AB_2314701

anti-CD19 - Immunohistochemistry Cell Signaling Technology Cat# 90176; RRID:AB_2800152

anti-CD5 - Immunohistochemistry Sino Biological Cat# 50403-RP02

anti-PAX5 - Immunohistochemistry Cell Signaling Technology Cat# 12709; RRID:AB_2798001

anti-HnRNAP1 (8B2) - Western Blot ebioscience Cat# 14-5789-82

Biological Samples

Human CLL Primary Peripheral Blood Avicenne Hospital, DFCI, 
MDACC

N/A

Chemicals, Peptides, and Recombinant Proteins

ACK buffer Life Technologie Cat# A10492–01

recombinant murine CXCL12(SDF1α) PeproTech Cat# 250–20A

Fluoro3AM probe Invitrogen Cat# F1241

Pluronic F-127 Sigma Aldrich Cat# P2443

Fresh sheep red blood cells Innovative Research Cat# IC100–0210

goat F(ab’)2 anti-mouse IgM Southern biotech Cat# 1023–01

donkey F(ab’)2 anti-Human IgM Jackson Immunoresearch Cat# 709-006-073

Ibrutinib Selleckchem Cat# S2680

Bafetinib Selleckchem Cat# S1369

Rapamycin MedChem express Cat# AY-22989

PF-3084014 MedChem express Cat# HY-15185

Annexin V 10X Binding Buffer BD Biosciences Cat# 556454

Propidium iodide BD Biosciences Cat # 556463

Critical Commercial Assays

RNAeasy Kit Qiagen Cat# 74104

DNeasy Blood & Tissue Kit Qiagen Cat# 69504

PyroMark Gold Q96 Qiagen Cat# 972804

MACS mouse B cell Isolation Kit Miltenyi Biotec Cat# 130-090-862

ThruPLEX FD kit Takara Bio Cat# R400429

Antibody Isotyping 7-Plex Mouse ProcartaPlex panel ThermoFisher Cat# EXP070-20815-901

26-Plex Mouse ProcartaPlex Kit ThermoFisher Cat# EXP26088–901

Dead cell removal kit Miltenyi Biotec Cat# 130-090-101

MojoSort™ Human Pan B Cell Isolation Kit Biolegend Cat# 480082

Chromium single cell 5’ library and gel bead kit 10X genomics Cat# NC1738507

Bioanalyzer High Sensitivity DNA kit Aligent Cat# 5067–4627
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REAGENT or RESOURCE SOURCE IDENTIFIER

Cell titer Glo Promega Cat# G7571

KAPA Hyper Prep Kit Roche Cat# KK8505

NovaSeq 6000 SP Reagent Kit Illumina Cat# 20027464

TDE1 tagmentation enzyme Illumina Cat# FC-121–1030

Deposited Data

Murine RNA-seq, ChIP-seq and ATAC-seq data This paper GEO: GSE143711

Human RNA-seq data This paper dbGAP : phs2335.v1

Experimental Models: Organisms/Strains

Mouse: Cd19cre (B6.129P2(C)- Cd19tm1(cre)Cgn) The Jackson Laboratory Ref 6785

Mouse: CD45.1 (B6.SJL-Ptprc a Pepcb/BoyJ) The Jackson Laboratory Ref 2014

Mouse: NSG (NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ) The Jackson Laboratory Ref 5557

Mouse: Ikzf3 fl/+ (C57BL/6 background) The Jackson Laboratory Ref 35514

Oligonucleotides

Nfkbid (murine) (commercial Taqman probes) Thermo Fisher Mm00549082_m1

Cxcr4 (murine) (commercial Taqman probes) Thermo Fisher Mm00516431_m1

Myc (murine) (commercial Taqman probes) Thermo Fisher Mm00487804_m1

Irf4 (murine) (commercial Taqman probes) Thermo Fisher Mm00516431_m1

Jun (murine) (commercial Taqman probes) Thermo Fisher Mm07296811_s1

Tagap (murine) (commercial Taqman probes) Thermo Fisher Mm01304651_m1

Ikzf3 (murine) (commercial Taqman probes) Thermo Fisher Mm01306721_m1

Gapdh (murine) (commercial Taqman probes) Thermo Fisher Mm99999915_g1

Gapdh (human) (commercial Taqman probes) Thermo Fisher Hs02786624_g1

Ikzf3 (human) (commercial Taqman probes) Thermo Fisher Hs05037772_s1

Genotyping primer for floxed allele in Ikzf3 mutant mice : Forward 5’-
CTTGACTCTGTGAGTCCGTTTTGC

This paper N/A

Genotyping primer for floxed allele in Ikzf3 mutant mice: Forward 5’-
CAGTGACACAGATCGCTTGGGAAC

This paper N/A

Genotyping primer for activated allele in Ikzf3 mutant mice : Reverse 
5’TGCTGCTCTCCAGACACAAGGC

This paper N/A

Genotyping primer for activated allele in Ikzf3 mutant mice : Reverse 
5’TCATGATGAGTCCCATGCCACGC

This paper N/A

Pyrosequencing primer for murine Ikzf3 : Forward 
5’ATCAGTGTGGGGCATCTTT

This paper N/A

Pyrosequencing primer for murine Ikzf3 : Reverse 5’Bio-
TTTTCCCCTGTGTGCAGTTTAA

This paper N/A

Pyrosequencing probe for murine Ikzf3: 
5’TACTCAGAAAGGTAACCTC.

This paper N/A

Software and Algorithms

FlowJo TreeStar N/A

GraphPad Prism version 7 GraphPad https://www.graphpad.com/
scientific-software/prism/

DESeq2 Love et al., 2014 https://bioconductor.org/packages/
release/bioc/html/DESeq2.html
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REAGENT or RESOURCE SOURCE IDENTIFIER

GSEA (v3.0) Subramanian et al., 2005 http://software.broadinstitute.org/
gsea/index.jsp

Metascape (v3.0) Zhou et al.,2019 https://metascape.org/gp/
index.html#/main/step1

Bowtie2 (v2.3.4.1) Langmead and Salzberg, 
2012

http://bowtie-bio.sourceforge.net/
bowtie2/index.shtml

deepTools (v3.3.0) Ramírez et al., 2016 https://deeptools.readthedocs.io/en/
develop/

RSAT motif Van Helden et al., 2003 http://rsat.sb-roscoff.fr

GREAT (v4.0.4) McLean et al., 2010 http://great.stanford.edu/public/html/

Cistrome-GO Li et al., 2019 http://go.cistrome.org

IGV Robinson et al., 2011 http://software.broadinstitute.org/
software/igv/

GATK4 Poplin et al. 2017 https://gatk.broadinstitute.org/hc/en-
us
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