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Abstract

IKZF1 (IKAROS) is essential for normal lymphopoiesis in both humans and mice. Previous Ikzf1 
mouse models have demonstrated the dual role for IKZF1 in both B and T cell development and 

have indicated differential requirements of each zinc finger. Furthermore, mutations in IKZF1 are 

known to cause common variable immunodeficiency (CVID) in patients characterized by a loss of 

B cells and reduced antibody production. Through ENU mutagenesis, we have discovered a novel 

Ikzf1 mutant mouse with a missense mutation (L132P) in zinc finger 1 (ZF1) located in the DNA 

binding domain. Unlike other previously reported murine Ikzf1 mutations, this L132P point 

mutation (Ikzf1L132P) conserves overall protein expression, and has a B cell-specific phenotype 

with no effect on T cell development indicating that ZF1 is not required for T cells. Mice have 

reduced antibody responses to immunization and show a progressive loss of serum 

immunoglobulins compared to wildtype littermates. IKZF1L132P overexpressed in NIH3T3 or 

HEK293T cells failed to localize to pericentromeric heterochromatin (PC-HC) and bind target 

DNA sequences. Co-expression of wildtype and mutant IKZF1 however, allows for localization to 
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PC-HC and binding to DNA indicating a haploinsufficient mechanism of action for IKZF1L132P. 

Furthermore, Ikzf1+/L132P mice have late onset defective immunoglobulin production, similar to 

what is observed in CVID patients. RNAseq revealed a total loss of Hsf1 expression in follicular B 

cells suggesting a possible functional link for the humoral immune response defects observed in 

Ikzf1L132P/L132P mice.

Introduction

IKZF1, encoding for IKAROS, is a zinc finger transcription factor essential for immune cell 

development, homeostasis, and function (1). It was discovered to be of importance for both 

T and B cell development through the generation of an IKZF1 deficient mouse (Ikzf1−/−). 

Ikzf1−/− mice have a complete block of lymphocyte development in the fetal liver, resulting 

in the absence of mature B and NK cells, yet surprisingly, some T cells develop postnatally 

(2) but show defects in TCR signaling in the thymus (3). Homozygous Ikzf1−/− mice are 

born at the expected frequency and survive into adulthood (2).

IKZF1 regulates transcriptional programs through the coordination of six zinc finger (ZF) 

domains; the first four are essential for regulating gene transcription through DNA binding, 

and the last two facilitate multimer formation as both a homodimer and as a heterodimer 

with IKZF1 and other family members (4). IKZF1 is able to regulate gene expression 

through both activation (4-6) and repression of gene transcription (6-10). In B cells, once 

lineage commitment has been established, IKZF1 regulates B cell-specific genes that are 

important for further development and B cell function (6, 11-16). Specifically, IKZF1 

regulates the BCR-signaling cascade during pro- to pre-B cell development (6, 17, 18), 

thereby ensuring correct progression through the early phases of commitment to the B cell 

lineage and without which, B cells fail to develop. Additionally, germline IKZF1 mutations 

in cohorts of common variable immunodeficiency (CVID) patients with low or absent B 

cells identified a crucial role for correct IKZF1 expression in maintaining normal B cell 

development and antibody production (19), as well as for self-tolerance of peripheral B cells 

(20) in humans.

The specific mechanism of action for IKZF1 however, is not fully understood. In mice, the 

second and third zinc finger domains (ZF2 and ZF3) bind to core GGGAA motifs (5) in both 

traditional DNA sequences, as well as in γ satellite regions in pericentromeric 

heterochromatin (PC-HC), thereby facilitating chromatin remodeling and changes in gene 

transcription (6, 7, 9, 21). In contrast, murine studies have shown that ZF1 and ZF4 are 

responsible for facilitating specificity by binding to flanking DNA sequences (22).

Our understanding of IKZF1 biology has been greatly enhanced through the analysis of 

many Ikzf1 mouse models (summarized in Heizmann, et al. (23)). A dominant negative 

mutation removing ZF1, ZF2, and ZF3 in the IKZF1 DNA binding domain (Ikzf1DN/DN) 

highlights how IKZF1 is important for hematopoietic stem cell commitment to the lymphoid 

lineage (24). Ikzf1DN/DN mice have a complete absence of all B and T cells and the majority 

die at a very young age due to increased opportunistic infections and septicemia (24). Mice 

heterozygous for this mutation (Ikzf1+/DN) show no obvious B cell defects, yet lose the 

expression of wildtype IKZF1 in the thymus and spontaneously develop T cell-derived 
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leukemia and lymphoma (25). Recently, using CD23-CRE to conditionally delete IKZF1 in 

mature B cells, a conditional knock-out of IKZF1 was described (Ikzf1B−) (26). Ikzf1B− 

mice develop splenomegaly and autoimmunity due to the attenuation of anergy induction in 

follicular B cells (FoB) cells (26). A single point mutation in ZF3 (H191R, Ikzf1Plst/Plst) 

specifically disrupts the DNA binding ability of IKZF1 whilst still maintaining protein 

scaffold structure and expression (27). This mutation however, is embryonically lethal, but 

analysis of the fetal liver shows a complete loss of B and T cell development (27). 

Originally, it was postulated that the postnatal survival of Ikzf1−/− but not Ikzf1Plst/Plst mice, 

was because of a niche filling trait shared among Ikaros family members, that allows for 

compensation for the loss of total protein expression (27). In the case of a null mutation, 

Ikaros family members can step in and prevent total loss of function, but in the case of 

Ikzf1Plst/Plst mice, as IKZF1 protein expression has not been lost, there is no compensatory 

effects by other Ikaros family proteins. Interestingly, it was noted in Schjerven et al. (22) 

that Ikzf1−/− mice, originally bred from a mixed 129SV background, were attempted to be 

crossed to a pure C57/B6 background but failed likely due to embryonic lethality. This 

somewhat contradicts the idea that Ikzf1−/− can survive into adulthood due to compensation 

mechanisms employed by Ikaros family members when there is an absence of IKZF1 

expression, but merely suggests that embryonic lethality is due to genetic differences across 

background strains.

Through these mouse models, it has become clear that IKZF1 is an essential transcription 

factor for both T and B cell development, yet the direct mechanism of how IKZF1 discerns 

between regulating either T or B cell transcriptional programs remains unknown. In attempts 

to address this question, multiple IKZF1 mouse models have isolated regulatory functions of 

IKZF1 that are exclusively important for either T or B lymphopoiesis. Removing Ikzf1 exon 

2 (Ikzf1L/L), which is present in all IKZF1 isoforms, results in a B cell-specific block in 

development throughout multiple stages in the bone marrow (28). This mutation removes the 

amino acids expressed upstream of the N-terminal ZFs and results in the absence of 

expression of full-length IKZF1 but causes low level expression of a truncated form of 

IKZF1. Removing either ZF1 (Ikzf1ZF1/ZF1) or ZF4 (Ikzf1ZF4/ZF4) in mice demonstrated 

that these two ZFs are responsible for site-directed DNA binding and can selectively control 

T and B lymphopoiesis (22). Specifically, ZF1 seems to be responsible for controlling events 

leading to B cell development as Ikzf1ZF1/ZF1 mice have a partial block of B cell 

development at the pro-B cell stage with very minimal T cell development defects (22). 

Conversely, Ikzf1ZF4/ZF4 mice have a severe defect in T cell development in the thymus and 

a partial block of large pre-B cells in the bone marrow (22). This suggests that ZF4 is largely 

responsible for the development of T cells but is also required for normal B cell 

development, whilst ZF1 is dispensable for T cell development. Furthermore, Ikzf1ZF4/ZF4 

mice spontaneously develop thymic lymphomas, indicating a role for tumor suppression in 

ZF4. Because the authors were not able to identify a DNA motif specifically recognized by 

ZF1/ZF4 it is unclear whether the ZF1-specific role seen in Ikzf1ZF1/ZF1 mice is solely 

caused by the loss of the respective ZF, or by the loss of the regulatory functions encoded by 

the upstream region of flanking sequences around ZF1 that are missing in these mice (22).

Whilst these mice demonstrate the plasticity of IKZF1 and clearly show that regulation of 

either B or T cell development can be associated with selective expression of ZF1 or ZF4, 
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these studies have generated Ikzf1 mutations that also remove important regulatory regions 

of the protein. In the case of IKZF1, the removal of whole regulatory regions such as ZF1 or 

ZF4 can alter protein stability and result in reduced expression (22), potentially permitting 

compensation from other family members (27) and thereby obscuring any specific role of an 

individual zinc finger.

Through ENU-mutagenesis, we identified a mutant mouse with a novel point mutation in 

ZF1 located in the DNA binding domain of IKZF1. This L132P mutation does not abolish 

protein expression and still allows for dimerization, thus maintaining important structural 

integrity and avoids any need for niche-filling mechanisms from Ikaros family members. 

IKZF1L132P mutant protein is unable to localize to PC-HC and bind target DNA sequences. 

This mutation therefore allows for the isolation of the role of IKZF1 ZF1 independently of 

any regulation by surrounding regions and compensation through other family members.

Materials and methods

The Ikzf1L132P mice are available through the Australian phenome bank (https://

pb.apf.edu.au).

DNA vectors are available upon request.

Mice

The Ikzf1 L132P mutant strain was identified by flow cytometric screening of blood 

lymphocytes in third generation offspring of C57BL/6 mice treated with 3 × 90-100 mg/kg 

N-ethyl-N-nitrosourea (ENU). Variant calling from whole exome sequencing data was 

performed as previously described (29). All mice were generated and maintained on a 

C57BL/6NCrl background. For all mouse experiments, littermate controls were used. All 

mice were housed in specific pathogen–free conditions at the Australian National University 

Bioscience Research Services facility, and all animal procedures were approved by the 

Australian National University Animal Ethics and Experimentation Committee on protocols 

A2014/61, A2014/62 and A2017/54.

Flow cytometry

Analysis of peripheral blood was performed on 6-8 week old male and female mice as 

previously described (30). For analysis of lymphocyte development, 9-10 week old naïve 

male and female mice were sacrificed through CO2 inhalation and organs collected in FACS 

buffer (1X PBS, 2.5% HI-BS, 0.1% NaN3). Bone marrow was flushed out from the femur 

and tibia of one hind leg per mouse using a 26G needle. Single-cell suspensions for all 

organs were filtered through a 70μm cell strainer. Spleens were treated with red blood cell 

lysis buffer (8.99% w/v NH4Cl, 1% w/v KHCO3, 0.037% w/v EDTA, pH = 7.3) and then 

washed with FACS buffer. Cells were counted using a Beckman and Coulter Vi-CELL™ XR 

Cell Counter. 2x106 cells were plated and stained for flow cytometry. Samples were 

acquired using a LSRFortessa™, or LSRFortessa™ X-20 (BD Bioscience) and analyzed 

using FlowJo software version 10.4.1 (FlowJo LLC).
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For all samples, single cells (SSC-W vs SSC-H, FSC-W vs FSC-H) and live cells (7AAD−) 

were selected for, followed by a lymphocyte gate (SSC-A and FSC-A). Cell subsets were 

gated as follows: total B cells (B220+), pre-pro-B (bone marrow; B220+IgM−IgD
−CD43+CD24−), pro-B (bone marrow; B220+IgM−IgD−CD43+CD24low), pre-B (bone 

marrow; B220+IgM−IgD−CD43−CD24hi), immature B (bone marrow; B220+IgM+IgD−, 

spleen; B220+CD93+), mature B (bone marrow; B220+IgM+IgD+, spleen; B220+CD93−), 

follicular B (spleen; B220+CD93−CD23+CD21/35low), marginal zone B (spleen; 

B220+CD93−CD23−CD21/35hi), double negative (thymus; CD19−CD4−CD8−), double 

positive (thymus; CD19−CD4+CD8+), CD4 single positive (thymus; CD19−CD4+CD8−, 

spleen; CD3+CD19−CD4+CD8−), CD8 single positive (thymus; CD19−CD4−CD8+, spleen; 

CD3+CD19−CD4−CD8+), total T cells (spleen; CD3+), germinal center B cells (spleen; 

B220+CD4−Fas+GL7+), T follicular helper cells (spleen; TCRβ
+CD19−CD4+CD8−CXCR5hiPD1hi) and memory B cells (spleen; B220+GL7−Fas−IgD
−CD38midCXCR5mid).

Total cell numbers were determined by calculating the percentage of each population as a 

fraction of live cells, and then multiplying this by the total viable cell count for each sample.

Immunoglobulin isotyping

Naïve male and female mice were bled at 6, 14, and 22 weeks of age. 200μl of blood was 

collected via retro-orbital bleed into tubes containing 10μl of 0.5M EDTA. Plasma was 

collected and stored at −20°C. Quantification of immunoglobulin isotypes were determined 

using the Mouse Isotyping Panel 1 kit from Meso Scale Discovery System and read using an 

MSD SECTOR instrument according to the manufacturer’s instructions.

Immunizations and ELISA

Antibody responses to chicken gamma globulin (CGG) and Bordetella pertussis in 13-15 

week old male and female mice were determined as described previously (31), except for the 

use of non-haptenated CGG. Antibody responses were determined 14 days post 

immunization. Long-lived memory responses to the recombinant circumsporozoite protein 

from Plasmodium falciparum (PfCSP) was analyzed in 15-23 week old mice as previously 

described (32), except only two immunizations of PfCSP in Alum were administered with 

two months between each dose. For analyzing germinal center dynamics, mice were 

immunized with 2x108 sheep red blood cells i.v. and spleens collected 7, 10, or 15 days post 

immunization.

Plasmid preparation

Human IKAROS family zinc finger 1 (IKAROS) (IKZF1; NM_006060) vector information 

was previously described (19). Human IKAROS family zinc finger 3 (IKZF3/AIOLOS) 

ORF clone (pcDNA3.1-AIOLOS, NM_012481) and mouse Ikzf1 ORF clone 

(pcDNA3.1(+)C-HA –Ikzf1, NM_001025597.2) were purchased from GenScript and Ikzf1 
was sub-cloned into pFlag-CMV2. Mutants for the IKZF1 were generated based on the site 

directed mutagenesis protocol using AccuPrime Pfx DNA Polymerase, followed by DpnI 

treatment (Life technologies).
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Co-immunoprecipitation

HEK293T cells were co-transfected with pcDNA3-HA-Ikzf1 (WT or L132P mutant) and 

pFlagCMV2-Ikzf1 or pcDNA3.1+/C-DYK-IKZF3 (GenScript) using Effectene transfection 

reagent (Qiagen). Cell lysates were prepared 20h after transfection in lysis buffer (50mM 

Tris [pH 7.4], 150mM NaCl, 2mM EDTA, 0.5% Triton X-100, and halt protease and 

phosphatase inhibitor cocktail (Thermo fisher scientific). Total protein (500μg) was 

incubated with rabbit anti-FLAG polyclonal affinity antibody (Sigma). After 2h incubation 

at 4 °C on a rotating wheel, 50μl Protein A/G-agarose beads (Pierce) were added to each 

reaction and incubation was continued for another hour. Beads were washed three times with 

lysis buffer, samples were prepared and separated on a NuPAGE® Novex® 4-12% Bis-Tris 

Protein Gels (Life Technology). Subsequent western blot analysis was performed with the 

mouse anti-HA monoclonal antibody (Covance), and rabbit anti-FLAG polyclonal affinity 

antibody.

Immunofluorescence

NIH3T3 cells (0.8-1×105) were seeded onto cover slips in 6 well plates. The next day, cells 

were transfected with the indicated plasmid using Effectene (Qiagen) according to the 

manufacturer’s instructions. The cells were washed twice in PBS, fixed for 10 min in 4% 

paraformaldehyde and permeabilized for 15 min in 0.1% Triton X-100 in PBS at RT. The 

cells were then incubated for 30 min in blocking buffer (PBS with 10% FBS and 0.1% 

Triton X-100) then incubated for 2h with a mouse anti-HA monoclonal antibody (Covance), 

and/or a rabbit anti-Flag polyclonal affinity antibody (Sigma). The cells were washed with 

PBS and incubated for 1h with goat anti-mouse Alexa Fluor 488 (Life Technologies) and/or 

goat anti-rabbit Alexa Fluor 568 (Life Technologies) conjugated secondary antibodies in 

blocking buffer. Cells were washed again and stained with DAPI for 5 minutes before a final 

wash and were then mounted on slides using VECTASHIELD Mounting Medium (Vector 

Laboratories). Images were collected using ZOE fluorescent cell imager (Bio-Rad) original 

magnification 175x. Red and green channels were cropped and merged after acquisition 

using ImageJ software.

Lightshift chemiluminescent EMSA

HEK293T cells were transfected with pCMV6-AC-Myc-DDK-IKZF1 or pFlag CMV2-Ikzf1 

WT or mutant and nuclear extracts were prepared using NE-PER nuclear extract kit 

according to the manufacturer’s instruction (Thermo Fisher Scientific). Gel mobility shift 

assays were performed using Lightshift Chemiluminiscent EMSA kit (Thermo Fisher 

Scientific) according to the manufacturer’s instruction. DNA-protein complexes were 

separated on 6% Novex TBE gels with 0.5x TBE. γ-satellite from human chromosome 8 (γ-

Sat8) (Forward: 5’-BIOTIN-GCGAGACCGCAGGGAATGCTGGGAGCCTCCC, Reverse: 

5’-BIOTIN- GGGAGGCTCCCAGCATTCCCTGCGGTCTCGC)(33); IKAROS consensus-

binding sequence 1 (IK-bs1) (Forward: 5’-BIOTIN- TCAGCTTTTGGGAATACCCTGTCA, 

Reverse: 5’-BIOTIN-TGACAGGGTATTCCCAAAAGCTGA).(5, 33)
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Bulk RNA sequencing and analysis

Live FoB cells (B220+CD93−CD23+CD21/35low) from the spleens of three Ikzf1+/+ and 

three Ikzf1L132P/L132 female mice were FACS sorted and lysed in 1mL of TRIzol (Thermo 

Fisher Scientific) and stored at −80°C. Cells were thawed and incubated with 200μl 

chloroform. The aqueous phase was removed and a second round of chloroform extraction 

performed before precipitating with equal volumes of isopropanol. RNA was then washed 

twice with 70% ethanol and final RNA solution analyzed for quantity and quality on an 

Agilent Technologies 2100 Bioanalyzer with all samples scoring a RIN of >8. RNAseq 

libraries were prepared using Illumina® TruSeq® Stranded mRNA Library Prep Kit 

according to the manufacturer’s instructions and samples sequenced with mid output 150 

cycles flowcells with 75bp paired end reads on the Illumina NextSeq 500.

Estimation of transcript-level abundance was obtained by running Salmon with the default 

parameters (34) and the reference index created from GRCm38’s transcriptome sequence, 

Ensembl release 97 (35). The abundance data was imported into R (36) using tximport (37) 

and pre-filtered so that the minimum total read count across all samples is at least 10. The 

differential expression analysis was performed by DESeq2 (38) where the adjusted p-value 

cutoff at FDR level of 0.1 was applied.

The RNA-seq data has been submitted to Array Express under accession number E-

MTAB-9975 (https://www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-9975).

Statistical analyses

Data was analyzed using R version 3.3.1. Data was fit to a linear model using lmerTest (39). 

For flow cytometry total cell number data, each individual cell population mean was 

analyzed against the genotype. Where possible, repeat experiments were used as blocking 

factors to account for any variability between experiments. A one-way ANOVA was then 

used to determine any interaction between genotype and cell population mean. Pairwise 

comparisons were determined using emmeans, comparing all genotypes within a cell 

population. The same approach was used for antigen-immunization ELISAs except the 

response to individual antigens was compared with the genotype.

For naïve immunoglobulin isotype quantification, data was gathered and fit to a linear model 

as above. Any interaction between genotype, age, and isotype was determined by performing 

a one-way ANOVA. As plasma samples were collected at different times, any variation 

between blood collection and length of storage of plasma was accounted for by including 

blood collection batches as a blocking factor. Output indicated any differences in trends 

observed within a genotype across all 3 time points and reported any differences between 

genotypes. As only IgG1 was found to be significantly different from the other isotypes 

analyzed, a one-way ANOVA and pairwise comparison using “emmeans” of just this sample 

set was performed, comparing the mean of each genotype across each time point, again 

using blood collection batch as a blocking factor. Not significant (n.s.) p>.05, *p≤.05, 

**p≤.01, *** p≤.001, **** p≤.0001.
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Results

Discovery of mutation

In an N-ethyl-N-nitrosourea (ENU) mutagenesis screen to identify genes involved in 

lymphocyte development we identified several related mice with low frequencies of mature 

B cells in their blood. Analysis of exome sequencing data of founder G1 mice revealed a T 

to C substitution of nucleotide 11:11748545 (GRCm38/mm10). This converts leucine (cTc) 

at position 132 within IKZF1 ZF1 to proline (cCc) (Supplemental Figure 1 A, B).

Effect on lymphopoiesis

To analyze the impact of the Ikzf1L132P mutation on lymphocyte development; bone 

marrow, spleen, and thymus of 9-10 week old naïve mice were analyzed by flow cytometry 

(Figure 1). Similar to results reported from Ikzf1ZF1/ZF1 mice (22) as well as CVID patients 

with missense mutations in ZF2 and ZF3 of IKZF1 (19, 20), mice homozygous for the 

L132P mutation (Ikzf1L132P/L132P) showed a partial block of B lymphopoiesis at the 

transition from pro- to pre-B cells and a subsequent reduction of all proceeding development 

stages in the bone marrow (Figure 1 A). This caused a reduction in the number of B cells in 

the spleen and peripheral blood (Figure 1 B, C). Within the spleen, the number of immature 

and mature follicular B cells were significantly reduced in homozygotes (Figure 1B). 

Marginal zone B cells however were unaffected and maintained at normal numbers (Figure 

1B).

Heterozygous mice (Ikzf1+/L132P) showed normal B cell development in the bone marrow 

(Figure 1A) and had normal numbers of immature B cells in the spleen (Figure 1B). The 

number of follicular B cells however, were significantly reduced but still increased 

compared to homozygotes (Figure 1B). Similarly, the frequency of B cells in the blood of 

Ikzf1+/L132P mice are slightly but significantly decreased compared to wildtype littermates 

(Figure 1C).

Remarkably, the L132P mutation did not affect T cell development with normal numbers of 

major thymic populations present in both heterozygotes and homozygotes (Figure 1D). 

Similarly, there were no differences in splenic T cell numbers in heterozygotes and 

homozygotes compared to wildtype littermates (Figure 1E). This confirms a differential role 

for each ZF in lymphocyte development and suggests that IKZF1 ZF1 is essential for murine 

B cell, but not T cell development (22, 28).

Effect on the humoral immune response

Mutations within the DNA binding domain of IKZF1 in CVID patients result in the inability 

to maintain normal amounts of serum immunoglobulins over time (19, 20). To determine 

whether a similar effect on secreted immunoglobulin production can be seen in Ikzf1L132P 

mice, plasma was collected from naïve mice at 6, 14, and 22 weeks of age and total IgM, 

IgG1, IgG2a, IgG2b, and IgA concentrations measured (Figure 2A). While no statistically 

significant differences were detected for most isotypes, IgG1 was significantly reduced in 

older heterozygous and homozygous mice.
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Next, we wanted to determine whether Ikzf1L132P mice were able to elicit proper humoral 

immune responses following immunization with formalin-fixed Bordetella pertussis, and 

chicken-gamma-globulin (CGG) in Alum. Levels of antigen-specific antibodies from the 

plasma of immunized mice were determined via ELISA (Figure 2B). B. pertussis 
predominantly induces isotype switching to IgG2a[b], whilst CGG in Alum mainly induces 

switching to IgG1. Both heterozygotes and homozygotes produced significantly fewer B. 
pertussis-specific IgG2a[b] than wildtype littermates, yet demonstrated a normal IgG1 

antibody response to CGG (Figure 2B). We therefore questioned whether this was the result 

of a specific antigen-defect or a defect in isotype switching. We then tested for CGG-specific 

IgG2a[b] and found reduced concentrations in both heterozygous and homozygous mice 

suggesting L132P is important for IgG2a[b] isotype switching after immune challenge. 

These results combined with a reduction in total IgG1 concentrations in ageing mice 

indicates a defect in the elicitation of a humoral immune response in both Ikzf1+/L132P and 

Ikzf1L132P/L132P mice.

High-affinity antigen-specific antibodies are derived from the germinal center (GC) within 

secondary lymphoid organs after antigen stimulation and B cell activation. To assess 

whether the differentiation into GC B cells was normal in Ikzf1L132P mice, mice were 

immunized with sheep red blood cells (SRBCs) and the frequency of GC B cells in the 

spleen was determined via flow cytometry 7, 10, and 15 days after immunization (Figure 2C 

and Supplemental Figure 2). Consistent with Ikzf1B− mice (26), both Ikzf1+/L132P and 

Ikzf1L132P/L132P mice had reduced frequencies of GC B cells compared to wildtype mice 

across all timepoints. Furthermore, frequencies of T follicular helper (Tfh) cells were 

significantly reduced in heterozygotes and were even further significantly reduced in 

homozygotes (Supplemental Figure 2). Total numbers of memory B cells were also 

significantly reduced in the spleen of both heterozygotes and homozygotes 15 days post 

SRBC immunization (Figure 2D), suggesting the initial memory B cell output is reduced in 

mutant mice. Lastly, to test the long-lived memory response, we immunized mice with 

recombinant Plasmodium falciparum circumsporozoite protein (PfCSP); a model antigen for 

inducing a T-dependent B cell memory response (32). Using a prime-boost strategy with a 

two-month interval between primary and secondary immunizations, this showed a 

significant decrease in PfCSP-specific IgG in the serum of homozygous mice 5 days post 

boost (Figure 2E). Taken together, these results indicate a profound and long-lasting defect 

in the germinal center and humoral immune responses in Ikzf1L132P mice.

Protein-protein interactions and DNA binding

IKZF1 functions through the formation of homodimers or heterodimers with other Ikaros 

family members, such as IKZF3 (Aiolos) (40). This process is facilitated through 

interactions of the dimerization domain that includes ZF5 and ZF6. The L132P mutation 

occurs in ZF1 in the IKZF1 DNA binding domain leaving the dimerization domain intact, 

leading to the hypothesis that the dimerization capability of IKZF1L132P would remain 

unaffected. Protein-protein interactions were tested through co-immunoprecipitations (Co-

IPs) and the successful formation of IKZF1 homodimers and heterodimers were confirmed 

by western blot (Figure 3A). Murine DNA sequences of wildtype and L132P mutant Ikfz1 
isoform 1 (Ik1) were cloned into Flag- and/or HA- tagged vectors and subsequently co-
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transfected and overexpressed in HEK293T cells. A Co-IP was performed with an anti-Flag 

antibody and a western blot was then performed on the pull-down product and probed for 

Flag and HA. Positive staining for HA indicated that the L132P mutation allows for the 

formation of homodimers (Figure 3A left panels). To test heterodimer formation, wildtype 

and mutant IKZF1 were co-expressed with IKZF3 and a Co-IP performed as above. 

Similarly to IKZF1-IKZF1 interactions, IKZF1L132P was able to successfully form 

heterodimers with IKZF3 (Figure 3A right panels). The L132P ZF1 mutation therefore does 

not affect IKZF1 homodimerization or heterodimerization with IKZF3 and any defects 

observed are not due to the absence of IKZF1 polymers.

As the dimerization abilities of IKZF1 have not been altered in L132P mutants, we next 

wanted to see if DNA binding was affected. Transcriptional repression by IKZF1 requires 

the localization of IKZF1 and target genes to PC-HC (7, 10). To visualize this, NIH3T3 

fibroblast cells were transfected with either wildtype or L132P mutant Ikzf1, and protein 

localization was visualized through fluorescence microscopy (Figure 3B). Wildtype IKZF1 

shows punctate staining within the nucleus, indicating localization to PC-HC. When 

transfected with Ikzf1L132P however, a diffuse staining pattern with no punctate foci can be 

observed, thus demonstrating that IKZF1L132P is unable to localize to PC-HC. To test the 

ability of a wildtype-mutant IKZF1 dimer to bind PC-HC, NIH3T3 cells were co-transfected 

with 1:1 ratio of wildtype and L132P mutant Ikzf1, and PC-HC localization was visualized 

(Figure 3B). Punctate staining of both wildtype and mutant IKZF1 indicates that wildtype 

IKZF1 has the ability to bring the mutant protein to PC-HC and that the mutant protein does 

not interfere with the chromatin localization function of the wildtype protein. The 

IKZF1L132P mutation therefore is not a dominant negative mutation.

To test the interaction between IKZF1L132P with IKZF3 with regards to PC-HC localization, 

NIH3T3 cells were co-transfected with 1:1 ratio of wildtype IKZF3 and either wildtype 

Ikzf1 or L132P mutant Ikzf1. PC-HC localization of both IKZF3 and IKZF1 was then 

visualized (Figure 3B). While WT IKZF1/IKZF3 heterodimers localized to PC-HC, 

heterodimers between IKZF3 and IKZF1L132P showed a diffuse staining pattern with no 

discernible foci, similar to IKZF1L132P alone. Interestingly, this suggests that the L132P 

mutation has a dominant negative effect on wildtype IKZF3, but not wildtype IKZF1.

To determine if DNA binding is directly affected by the L132P mutation, an electrophoretic 

mobility shift assay (EMSA) was performed with IK-bs1, a known IKZF1 consensus 

sequences. HEK293T cells were transfected with either empty vector, Flag-tagged wildtype 

or L132P mutant Ikzf1, or were co-transfected with 1:1 ratio of wildtype and L132P mutant 

Ikzf1. Nuclear fractions were incubated with biotinylated IK-bs1 and DNA binding was 

determined by probing for biotin expression after electrophoretic separation (Figure 3C). A 

western blot for FLAG expression was performed on total protein lysate as a loading control 

(Figure 3C, bottom panel). IKZF1 dimer and multimer formation with IK-bs1 can be 

observed in wildtype conditions. Likewise, when wildtype and mutant IKZF1 are present, 

DNA binding can be observed further confirming that when in heterozygosity, IKZF1L132P 

is not interfering with wildtype IKZF1. As expected, when only L132P mutant IKZF1 is 

present, DNA binding is lost with no detectable bands, similar to the empty vector negative 

control. Furthermore, we used a luciferase reporter assay in HEK293 cells to test the ability 
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of IKZF1L132P to repress the activity of target genes (Supplemental Figure 3A) based on 

Ikaros family binding sites reported in Morgan et al. (1997) (40) and Kelley et al. (1998) 

(41). As expected, IKZF1L132P was unable to repress the known target, IK-bs4 (7), similar to 

the empty vector control, whilst wildtype IKZF1 showed significant downregulation of 

luciferase activity.

To test for any functional molecular differences between murine and human IKZF1, we also 

performed all assays using human IKZF1 wildtype and L132P mutant transcripts 

(Supplemental Figure 3B, C & Supplemental Figure 4). Additionally, we also tested for 

human IKZF1L132P binding to γ-Sat8, another known target for IKZF1 binding and found 

that similarly to IK-bs1, IKZF1L132P was unable to bind to γ-Sat8. Amino acid L132 is 

conserved between human and mouse (1) (Ik1 isoform) and results from Co-IP, PC-HC 

localization, and EMSAs are consistent between human and mouse vectors, therefore 

confirming at the molecular level at least, murine IKZF1L132P acts no differently from 

human IKZF1L132P.

Absence of HSF1 expression underpins defects in humoral immune response

IKZF1 is a zinc finger transcription factor that is able to both activate (4-6) and repress gene 

transcription (6-10). To gain an understanding of how the IKZF1L132P mutation is affecting 

global gene expression, we performed RNAseq on wildtype and L132P mutant follicular B 

(FoB) cells. As FoB cells are the primary B cells that respond to foreign antigen stimulation 

in secondary lymph node organs, RNAseq of these cells allows for potential insight into the 

differences in the B cell transcriptional program that could be underpinning the humoral 

immune response defect in Ikzf1L132P mice. We first looked at genes with greater than 2-

fold difference in expression compared to wildtype and found 190 differentially regulated 

genes (Figure 4A & Supplemental Table 1). Of these, 30 were downregulated in 

Ikzf1L132P/L132P FoB cells and 160 were upregulated. Notably, Hsf1 expression was 

completely absent in homozygous FoB cells (Figure 4B). Hsf1 encodes for heat shock factor 

1 and is a transcriptional regulator that governs the heat-related stress response (42). It has 

been shown to be differentially expressed in Ikzf1N159A pre-B cells but is not a direct target 

of IKZF1 in pre-B cells (14) or FoB cells (26). HSF1 has important roles in mammalian 

development (42) and the immune system (43-45). Importantly, mice deficient in HSF1 

(Hsf1−/−) have a B cell intrinsic reduction in total numbers of GC B cells after SRBC 

immunization and reduced titers of antigen-specific IgG2a after NP-CGG immunization 

(45). Hsf1−/− mice essentially exactly recapitulate the humoral immune defect we see in the 

Ikzf1L132P mice and therefore could explain the reduced capacity for B cell function in 

Ikzf1+/L132P and Ikzf1L132P/L132P mice. Finally, we compared the 190 differentially 

regulated genes in Ikzf1L132P/L132P FoB cells with 113 genes differentially regulated in FoB 

cells from IKZF1 B cell-specific knock-out mice (Ikzf1B−) (26) (Figure 4C). Surprisingly, 

we only found 9 genes common to both data sets (Figure 4D), thus indicating very different 

regulatory profiles of B cells that are completely deficient in IKZF1 compared with a 

specific point mutation. Hsf1 was not found to be differentially expressed in Ikzf1B− FoB 

cells. The lack of similarity between the two data sets provides further evidence of the 

novelty of the Ikzf1L132P mutation and demonstrates unequivocally that the L132P mutation 

does not induce a null allele in Ikzf1.

Boast et al. Page 11

J Immunol. Author manuscript; available in PMC 2022 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Discussion

The importance of IKZF1 in lymphoid development and function has been widely 

documented. The majority of studies however, have involved mutations in IKZF1 that 

abolish both protein function and stability. The absence of correct maintenance of IKZF1 

expression allows for compensation through other family members (27) and does not allow 

for the understanding of the exact role of IKZF1 in lymphoid development independent of 

its family members. By altering the ability of IKZF1 to bind target DNA through an amino 

acid substitution in ZF1, yet still maintaining protein expression, we were able to elucidate 

the specific role of IKZF1 in the development and function of the murine immune system. 

Our ENU-induced L132P mutation demonstrates that ZF1 is responsible for B cell 

development yet is dispensable for regulating T cell development in mice. This clarifies 

previous work by Schjerven et al. (22) who showed that a complete loss of ZF1 expression 

specifically affected B cells and not T cells. In that study however, it is not clear whether the 

effect was specific to ZF1, or caused by the loss of upstream regions that have been 

suggested to have some regulatory effects (22). Similarly, deletion of exon 2, which lies 

upstream of the DNA binding domain and is present in all isoforms, results in a B cell-

specific defect (28). As this mutation also removes some regulatory regions before the 

proceeding ZF domains, it does not conclusively implicate ZF1 as being exclusive to B cell 

development. Work by Papathanasiou et al. (27) demonstrated that IKZF1 works in a tight 

balance with other Ikaros family members and that loss of IKZF1 results in a niche-filling 

effect by other Ikaros family proteins. B cell-specific mutations described by Schjerven et al. 

(22) and Kirstetter et al. (28) result in loss of expression and/or stability of full-length 

IKZF1. This suggests that the B cell-specific phenotypes observed in the Ikzf1ZF1/ZF1 and 

Ikzf1L/L mice could be due to an altered ratio of predominant Ikaros family members, rather 

than the specific loss of ZF1 function by itself. The IKZF1L132P mutation however, 

preserves expression of full- length IKZF1 (Figure 3C) and maintains dimerization 

capabilities both as a homodimer and heterodimer. Any effect on B cell development can 

therefore be attributed to loss of DNA binding specificity that is solely attributed to a loss of 

ZF1 function.

Interestingly, the murine L132P mutation only induces a partial block of B cell development 

in homozygote mice at the pro-B cell stage (Figure 1A), contrasting with more severe 

findings in other IKZF1 mouse models (2, 6, 17, 18, 24, 27). A possible explanation could 

be that IKZF1 binding to select DNA sequences is not completely abolished in 

Ikzf1L132P/L132P mice. The detection of transcripts that are known to be directly regulated by 

IKZF1 in FoB cells in Ikzf1L132P/L132P mice (Figure 4 & Supplemental Table 1) shows that 

IKZF1L132P is still able to activate and repress some target genes. Whilst we have checked 

binding to IK-bs1 and γ-Sat8 and shown that IKZF1L132P cannot bind directly to these 

sequences (Figure 3C & Supplemental Figure 3), both of these genes are located within 

heterochromatin and our results do not rule out the possibility of IKZF1L132P binding to site-

specific DNA promoter sequences that are not located within PC-HC.

It is interesting to note that Ikzf1+/L132P mice showed no defects in B cell development, yet 

have reduced numbers of follicular and mature B cells in the spleen and reduced frequency 

of circulating B cells in the peripheral blood, as well as normal numbers of marginal zone B 
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cells (Figure 1C). The normal numbers of marginal zone B cells in both Ikzf1+/L132P and 

Ikf1L132P/L132P mice indicates that IKZF1 might not be essential for the maintenance of 

certain resident B cell niches. Yet the decreased numbers of mature B cells in the periphery 

in Ikzf1+/L132P mice suggests that correct IKZF1 expression is required for either survival or 

maintenance of B cells within secondary lymphoid organs and the circulating lymphocyte 

pool.

To determine the functional capacity of IKZF1L132P mutant B cells, we analyzed the 

primary and secondary B cell response to immunization with specific and non-specific 

antigens (Figure 2). The absence of germinal centers as well as significantly reduced 

memory B cell output in both Ikzf1+/L132P and Ikzf1L132P/L132P after SRBC immunization 

(Figure 2C & D) is further evidence that IKZF1 is required not only for B cell development, 

but also B cell function. As Tfh cells are known to be dependent on the number of GC B 

cells and general GC formation (46), it is unsurprising that Tfh frequencies were also 

reduced in Ikzf1L132P mice (Supplemental Figure 2). As Ikzf1B− mice also fail to induce 

normal numbers of GC B cells (26), this argues that the loss of GC B cells is a B cell 

intrinsic defect causing a secondary Tfh cell effect.

To tease out the effects of L132P on the function of IKZF1, we performed a series of 

molecular analyses testing the ability of IKZF1L132P to dimerize, localize to PC-HC, and 

directly bind to target DNA sequences (Figure 3). This showed that PC-HC localization and 

DNA binding were abolished in IKZF1L132P only conditions, yet dimerization was 

maintained. When wildtype IKZF1 was co-expressed however, IKZF1L132P was able to be 

recruited to PC-HC and allow for subsequent DNA binding, showing that the L132P 

mutation does not act in a dominant negative manner, but rather that IZKF1L132P is acting in 

a haploinsufficient manner in Ikzf1+/L132P mice, causing some loss of B cells and antibody 

deficiency. This corresponds with known IKZF1 haploinsufficient mutations (19) and 

contrasts with known IKZF1 dominant negative mutations (47).

It is surprising that when mutant IKZF1 is co-expressed with IKZF3, PC-HC localization is 

lost (Figure 3B). As the L132P mutation does not affect dimerization between IKZF1 and 

IKZF3, this defect must be driven by the lack of recruitment of heterodimer protein 

complexes to PC-HC, rather than the inability for protein complexes to form in the first 

place. Similar results have been observed in IKZF1 Ik-6 (40), which lacks the entire DNA 

binding domain but maintains the dimerization domain (4), as well as in CVID patients with 

an IKZF1+/N159S dominant-negative mutation (47). This shows that the localization of PC-

HC and foci formation of IKZF1/IKZF3 heterodimers is primarily dependent on IKZF1. It is 

possible that in the context of IKZF1/3 heterodimers, IKZF1 is essential for localizing to 

PC-HC whilst IKZF3 is essential for recruitment of target genes to PC-HC in order to 

silence transcription. It remains to be seen in future studies if IKZF1L132P/IKZF3 

heterodimers are able to regulate gene transcription outside of PC-HC. Given the many 

functions of IKZF1 on regulating gene transcription, including through the extensive 

opening and closing of chromatin and the formation of enhancers (48), comprehensive 

further studies will be required to fully understand the molecular mechanism causing the 

reduced B cell survival in homozygous Ikzf1L132P/L132P mice. These studies will require 
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analysis of both chromatin status, expression of Line1, IAP and other repetitive elements 

that could cause a toxic effect on cells when overexpressed.

It is tempting to speculate that the failure to localize to PC-HC observed for IKZF1/3 

heterodimers containing IKZF1 variants found in both humans and mice with B cell defects 

underlies the block in B cell development, but confirmation of this will require further 

experiments beyond the scope of the present study. It is unlikely however, that the absence of 

IKZF1/3 dimers results in attenuation of B cell development in pro-B cells in 

Ikzf1L132P/L132P mice as IKZF3 is generally upregulated in pre-B cells, rather than pro-B 

cells (49). Furthermore, IKZF3 deficient mice (Ikzf3−/−) exhibit a very different phenotype 

from what is described here, with an increase in concentrations of serum IgG and IgE in 

naiïve mice and the absence of marginal zone B cells as well as development of 

autoimmunity and B cell lymphomas (50). Without the availability of a B cell conditional 

IKZF3 knockout it is difficult to tease out which of these phenotypes is B cell intrinsic. 

Regardless, the obvious differences between Ikzf3−/− and Ikzf1L132P/L132P mice suggests 

that the absence of functional IKZF1/3 dimers in Ikzf1L132P/L132P mice does not entirely 

underpin the L132P mutant phenotype.

Interestingly, RNAseq identified a complete absence of Hsf1 expression in Ikzf1L132P/L132P 

FoB cells (Figure 4A & B) demonstrating that IKZF1 L132 is crucial for Hsf1 either 

indirectly or directly. This confirms previous work demonstrating that removing the ability 

for IKZF1 to bind to DNA results in the downregulation of Hsf1 (14), despite it not being a 

direct target of IKZF1 (14, 26). This suggests that one or more unknown intermediary 

protein(s) must be acting upon the expression of Hsf1 in the context of IZKF1 being unable 

to bind DNA. Absence of HSF1 in mice leads to a loss of Bcl6 upregulation and subsequent 

reduction in GCB and Tfh cell numbers in a B cell intrinsic manner (45). Furthermore, 

Hsf1−/− mice have reduced basal and antigen-specific IgG2a production (44, 45). As 

Ikzf1L132P mutant mice can produce antigen-specific IgG1 but not IgG2a (Figure 2B), this 

suggests that the absence of HSF1 leads to aberrant IgG2a switching.

Recently, conditional deletion of IKZF1 in B cells (Ikzf1B−) has led to the discovery of the 

role of IKZF1 in anergy induction (26). When we compared genes that are differentially 

expressed in Ikzf1B− and Ikzf1L132P/L132P FoB cells, only 9 genes were found to be 

significant in both data sets (Figure 4 C&D) with 4 of these genes being directly bound by 

IKZF1 (26). This demonstrates that the L132P mutation does not cause a functional knock-

out of IKZF1 and is therefore a novel mutation in regards to IKZF1-dependent B cell 

function. It should be noted however, that the controls used to determine differential gene 

expression in Ikzf1B− mice were in fact heterozygous for IKZF1-deletion (Ikzf1B+) (26). 

Whilst no difference is noted for B cell development in Ikzf1B+ mice compared to wildtype, 

Ikzf1+/L132P mice also have normal B cell development but significantly reduced B cell 

function compared to wildtype. It is therefore possible that differences in gene expression 

between Ikzf1B− and Ikf1L132P/L132P could be due to a lack of similar controls.

The Ikzf1L132P mutation provides insight into the complicated role of IKZF1 in B cell 

development and function but the importance of these mice also extends to human disease as 

heterozygous Ikzf1+/L132P mice depict three of the main features of CVID: late onset, basal 
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IgG1 production defects, and reduced humoral immunity. When in heterozygosity, the 

L132P murine mutation causes no defects in B cell development yet causes a functional 

defect in the B cell response. Mice show progressive reduction of basal levels of serum IgG1 

compared with wildtype littermates and have a limited humoral response to antigen 

stimulation. The molecular effects of this mutation mimic multiple studies modeled on 

known pathogenic IKZF1 mutations in CVID cohorts (19, 47). Furthermore, the reduced B 

cell response is not apparent early in life but appears during adulthood, mimicking a key 

feature seen in CVID patients. The crucial role of IKZF1 for the normal functioning of the 

immune system is highlighted by the presence of genomic and somatic mutations throughout 

all parts of the gene, with particular clusters located in the 6 ZFs in patients presenting with 

primary immunodeficiencies (PIDs) or acute lymphoblastic leukemia (51). So far, 22 

different mutations have been described in patients with immunodeficiencies. The majority 

of the mutations are located in ZF2 but other mutations have been found in the N-terminus 

before ZF1, in ZF3, ZF4, and ZF6. Currently, no variants in ZF1 and ZF5 have been found 

in PID patients. Interestingly, with the increasing number of patients identified, a phenotype-

genotype correlation is now emerging (52), but further studies on more patients and ideally 

on matching mouse models will be required to fully understand the effect of specific 

mutations.

Altogether, the findings in the Ikzf1+/L132P mice recapitulate the main immunophenotypic 

features seen in CVID patients, independent of their underlying genetic defect, therefore 

suggesting that the Ikzf1+/L132P mouse could provide a representative model for human 

CVID disease.

The Ikzf1L132P mutant mice add to the understanding of IKZF1 biology and provide a 

potential avenue for further investigation into CVID diseases in humans. Furthermore, they 

provide additional evidence for the B cell-specific role of IKZF1 ZF1, independent of 

essential activities encoded by the surrounding region. Whilst ZFI has previously been 

shown to be critical for B cell development and nonessential for T cell development (22), we 

show here that the loss of ZF1 binding but maintenance of correct familial dimerization 

abilities is responsible for the failure to complete development in a significant proportion of 

B cells with no effect on T cell development. Functional studies demonstrated that this 

defect also extends to antibody production, providing evidence for the role of IKZF1 

specifically in the humoral immune response. Additionally, failure to upregulate Hsf1 was 

identified as a possible cause of defunct germinal centers and antibody production. Lastly, 

the Ikzf1+/L132P mice mimic CVID in humans and can provide a suitable model for which to 

study CVID onset and potential therapies.
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Refer to Web version on PubMed Central for supplementary material.
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PfCSP Plasmodium falciparum circumsporozoite protein
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Key points

IKAROS ZF1 is crucial for normal development and function of B cells but not T cells.

The L132P mutation in IKAROS confers a CVID-like phenotype in mice.
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Figure 1. L132P mutation affects B cell, but not T cell development in mice.
Effect of L132P mutation on B cell (A-B) and T cell (C-D) development determined by flow 

cytometry. (A) B cell development in the bone marrow. (B) B cell subsets in the spleen. (C) 

Frequency of B cells in the peripheral blood. (D) T cell development in the thymus. (E) T 

cell subsets in the spleen. (A-E) Columns represent the mean of each group ± SEM, 

individual mice represented by a symbol, (A, B, D, E) data pooled from two independent 

experiments with circles and squares differentiating the two experiments, n=8-9 per group. 

(C) Data pooled from five independent experiments, n= 7-31 per group. (A-E) One-way, 

pairwise ANOVA with multiple comparison assuming equal standard variation. Independent 

experiments used as blocking factor in R to determine significance. DN, double negative; 

DP, double positive; SP, single positive.
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Figure 2. Reduced humoral immune response in heterozygous and homozygous mice.
(A) Concentration of different subtypes of secreted immunoglobulins in plasma of naïve 

mice over time, determined by Meso scale assay system, n=7-11 per group. (B) Optical 

density (OD) of antigen-specific antibodies measured in plasma collected 2 weeks after 

immunization with B. pertussis and chicken-gamma-globulin (CGG) in Alum, n=6-8 per 

group. (C) Percent of germinal center B cells (GCB) in the spleen 10 and 15 days after 

immunization with sheep red blood cells (SRBCs), determined by flow cytometry. (D) 

Number of memory B cells in the spleen 15 days post immunization with SRBCs. (E) Area 

under curve (AUC) from ELISA of P. falciparum circumsporozoite protein (PfCSP)-specific 

IgG in the serum 5 days post booster immunization with PfCSP in Alum. (A-E) Columns 

represent the mean of each group ± SEM, individual mice represented by individual 

symbols. Data from one experiment. (A-D) One-way, pairwise ANOVA with multiple 

comparisons assuming equal standard variation. (E) Student’s unpaired T test.
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Figure 3. L132P mutant IKZF1 maintains dimerization abilities but is unable to localize to 
pericentromeric heterochromatin and bind target DNA sequences.
(A) Co-immunoprecipitation of HEK293T cells; HEK293T cells were co-transfected with 

either Flag-tagged wildtype (W) Ikzf1 (pFlag CMV2-Ikzf1 WT) and HA-tagged WT or 

L132P mutant (M) Ikzf1 (pcDNA3.1-HA-WT or L132P) or Flag and HA empty vectors (E) 

(left panels). In addition, HEK293T cells co-transfected with either Flag WT IKZF3 
(pcDNA3.1-DYK-IKZF3) and HA WT Ikzf1, Flag WT Ikzf3 and HA L132P mutant Ikzf1, 

or Flag and HA empty vectors. Immunoprecipitation (IP) performed with anti-Flag antibody 

and western blot performed on pull-down products using anti-Flag and anti-HA antibodies. 

10% total protein lysate used as loading/protein expression control. Data representative of 

three independent experiments. (B) Immunofluorescence showing pericentromeric-

heterochromatin localization. NIH3T3 cells transfected with HA-tagged WT or L132P 

mutant Ikzf1 (top 2 rows), or co-transfected with Flag WT and HA WT Ikzf1, or Flag WT 

and HA L132P mutant Ikzf1 (3rd and 4th rows). NIH3T3 cells transfected with Flag-tagged 

WT IKZF3, or co-transfected with Flag WT IKZF3 and HA WT Ikzf1, or Flag WT IKZF3 
and HA L132P mutant Ikzf1 (bottom 3 rows). Cells seeded onto coverslips and stained with 

anti-Flag and anti-HA monoclonal antibodies followed by Alexa594 (red) and Alexa488-

conjugated (green) secondary antibodies and DAPI nuclear staining. Cells visualized using a 

ZOE fluorescent cell imager (Bio-Rad, Original magnification 175x) and then cropped and 
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merged after acquisition using ImageJ software. Data representative of at least five cells per 

condition and two independent experiments. Scale bar = 10μm. (C) Electrophoretic mobility 

shift assay (EMSA) of HEK293T cells transfected with either pFlag-CMV2-WT or L132P 

mutant Ikzf1, or a 1:1 ratio of WT and L132P mutant Ikzf1. Nuclear fraction of cell lysate 

incubated with either biotinylated IK-bs1 DNA binding sequences and DNA/protein 

complexes detected using HRP-conjugated streptavidin. Arrows indicate bands 

corresponding to IKZF1 multimerization with DNA probes; P: polymer, D: dimer. Nuclear 

extracts western blotted for IKZF1 expression as a loading control (bottom panel). Data 

representative of 3 independent experiments.
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Figure 4. Ikzf1L132P/L132P follicular B cells have a unique gene signature including a complete 
absence of Hsf1 expression.
(A) Volcano plot of gene expression in Ikzf1L132P/L132P FoB cells compared to wildtype, 

defined as genes with a greater than four-fold difference and adjusted P value of <0.05 (red 

dots), or genes with an adjusted P value of <0.05 (blue dots), or non-significant genes (grey 

dots). (B) Expression of Hsf1 in FoB cells measured by RNAseq. Columns show the mean 

for each group ± SEM, mice represented by individual dots, n=3. Unpaired two-tailed T test. 

(C) Venn diagram of genes differentially expressed in Ikzf1L132P/L132P (L132P) FoB 

compared with genes differentially expressed in Ikzf1B− FoB cells (26) showing the overlap 

of genes that are significantly different in both data sets determined by RNAseq. (D) 

Average log2 fold change of genes differentially expressed in both L132P and B cell 

conditional knock-out of Ikzf1 (IKZF1B−) mice (26) compared to controls. Underlined genes 

have been shown to be directly bound by IKZF1 (26). (A-D) Ikzf1+/+ n=3, Ikzf1L132P/L132P 

n=3. (C-D) Ikzf1B+ n=2, Ikzf1B− n=2.
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