
GFI1 cooperates with IKZF1/IKAROS to activate gene expression 
in T-cell acute lymphoblastic leukemia

Wenxiang Sun1,2, Jingtao Guo2,3,§, David McClellan2,3, Alexandra Poeschla1, Diana 
Bareyan2, Mattie J. Casey2,3, Bradley R. Cairns2,3,4, Dean Tantin1,2,*, Michael E. 
Engel2,3,5,6,Ψ,*

1Department of Pathology, University of Utah School of Medicine, Salt Lake City, UT 84112, USA.

2Huntsman Cancer Institute, University of Utah School of Medicine, Salt Lake City, UT 84112, 
USA.

3Department of Oncological Sciences, University of Utah School of Medicine, Salt Lake City, UT 
84112, USA.

4Howard Hughes Medical Institute, University of Utah School of Medicine, Salt Lake City, Utah.

5Department of Pediatrics, University of Utah School of Medicine, Salt Lake City, UT 84112, USA.

6Primary Children’s Hospital, Salt Lake City, UT 84112, USA.

Abstract

Growth factor independence-1 (GFI1) is a transcriptional repressor and master regulator of 

normal and malignant hematopoiesis. Repression by GFI1 is attributable to recruitment of 

LSD1-containing protein complexes via its SNAG domain. However, the full complement of 

GFI1 partners in transcriptional control is not known. We show that in T-ALL cells, GFI1 

and IKAROS are transcriptional partners that co-occupy regulatory regions of hallmark T cell 

development genes. Transcriptional profiling reveals a subset of genes directly transactivated 

through the GFI1—IKAROS partnership. Among these is NOTCH3, a key factor in T-ALL 

pathogenesis. Surprisingly, NOTCH3 expression by GFI1 and IKAROS requires the GFI1 SNAG 

domain but occurs independent of SNAG—LSD1 binding. GFI1 variants deficient in LSD1 

binding fail to activate NOTCH3, but conversely, small molecules that disrupt the SNAG—LSD1 

interaction while leaving the SNAG primary structure intact stimulate NOTCH3 expression. These 

results identify a non-canonical transcriptional control mechanism in T-ALL which supports 

GFI1-mediated transactivation in partnership with IKAROS and suggest competition between 

LSD1-containing repressive complexes and others favoring transactivation.
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Introduction

Growth factor independence-1 (GFI1) is a zinc finger transcription factor which plays 

essential roles in normal and malignant myeloid and lymphoid hematopoiesis (1,2). 

Germline GFI1 mutations cause severe congenital neutropenia (3), while Gfi1 null mice 

show impaired T cell and neutrophil differentiation (4–6). In acute myelogenous leukemia 

(AML), GFI1 mRNA expression can be used to stratify patient survival, while GFI1 
displays a dose-dependent impact on the pace of leukemic progression brought on by onco-

fusion proteins, MLL-AF9 and NUP98-HOXD13 (7,8). Notably, a GFI1 variant, GFI136N, 

generated from a single nucleotide polymorphism expressed in 3–7% of the Caucasian 

population, is disproportionately observed in AML patients and increases risk for AML 

development by 60% relative to the more common GFI136S variant (9). GFI1 mRNA is 

also elevated in samples from patients with early T cell precursor acute lymphoblastic 

leukemia (ETP-ALL) who display a positive NOTCH signature (10). ETP-ALL is a 

high-risk subgroup of T-ALL (11), which itself is an aggressive form of acute leukemia 

characterized by the expansion of immature lymphoid precursor cells (12). The precise role 

of GFI1 in T-ALL is not clear.

T-ALL has a high incidence of relapse, and survival following disease recurrence is dismal. 

Aberrant activation of NOTCH signaling is a unifying theme in T-ALL, and arises either 

from mutations in NOTCH receptors or NOTCH regulators. Normally, in response to ligand 

binding, NOTCH receptors are cleaved by γ-secretase to liberate their intracellular domains 

(NICD). NICD then partners with nuclear factors to direct the expression of canonical 

NOTCH target genes. NOTCH1-activating mutations are found in approximately 60% 

of T-ALL cases. While γ-secretase inhibitors (GSIs) have shown anti-leukemic activity 

in vitro and in murine models, they have not been integrated into T-ALL treatment 

protocols because of dose-limiting gastrointestinal toxicity and poor anti-leukemic efficacy 

(13). Like NOTCH1, NOTCH3 promotes T cell lineage specification and leukemogenesis. 

NOTCH3-activating mutations have been identified in approximately 5% of T-ALL cases 

and NOTCH3 blocking antibodies exhibit potent anti-leukemic effect in T-ALL (14–16). 

Moreover, abnormal expression and/or activation of NOTCH3 is seen in T-ALL patient 

samples lacking NOTCH1-activating mutations, reinforcing NOTCH signaling as critical 

for T-ALL pathogenesis and suggesting NOTCH3 and factors controlling its expression 

could represent alternative therapeutic targets in this disease (17,18). The development of 

new strategies for T-ALL treatment depends upon deeper understanding of its molecular 

underpinnings.

Here, we identify IKAROS, expressed by the IKZF1 gene, as a frequent DNA binding 

partner for GFI1. GFI1 and IKAROS do not interact in classical co-immunoprecipitation 

(co-IP) assays, but their proximity relationship is impaired by the N383S mutation that 

impairs GFI1 DNA binding and the N159A mutation that impairs IKAROS DNA binding. 
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In contrast, their interaction is not affected by LSD1 binding-deficient GFI1 variants. 

We identify a strong, genome-wide correlation between GFI1- and IKAROS-regulated 

genes through ChIP-Seq. Genes co-occupied by GFI1 and IKAROS encode hallmark 

T cell development proteins such as NOTCH3, CD3, GFI1 itself, MYC, MYB and 

HES1. Gene expression profiling by RNA-Seq identifies a cluster of genes activated 

by ectopic GFI1 expression and repressed with IKAROS knockout. Interestingly, these 

genes include the direct GFI1/IKAROS target NOTCH3, a critical oncogenic factor in 

T-ALL. Using CCRF-CEM, SUP-T1 and Jurkat T-ALL cells, we show that inducible 

expression of either GFI1 or IKAROS elevates NOTCH3 cell surface expression, while 

acute degradation of IKAROS or CRISPR/Cas9-mediated IKAROS knockout significantly 

attenuates GFI1-mediated NOTCH3 induction. GFI1-dependent stimulation of NOTCH3 

cell surface expression depends upon SNAG domain amino acids that enable interaction 

with LSD1. Yet, LSD1 inhibition and disruption of the SNAG—LSD1 interaction augments 

NOTCH3 expression, suggesting that LSD1 competes with co-activators for access to 

the GFI SNAG domain. Together, these results identify a non-canonical transactivation 

mechanism for GFI1, working in partnership with IKAROS to promote expression of 

NOTCH3 and related T cell development genes, and providing new insights for therapeutic 

targeting in T-ALL.

Materials and Methods

Cells and Culture conditions

Both CCRF-CEM (ATCC Cat# CRM-CCL-119, RRID:CVCL_0207) and SUP-T1 (ATCC 

Cat# CRL-1942, RRID:CVCL_1714) were cultured in RPMI 1640 medium, 10% fetal 

bovine serum, 2 mM GlutaMAX-I, 100 U/mL penicillin and 100 μg/mL streptomycin. Cell 

lines authentication was performed by ATCC. Cultured cells were passaged ten or fewer 

times from frozen stocks maintained in liquid nitrogen after cells were expanded at the time 

of purchase from ATCC. Mycoplasma testing was routinely performed by PCR. All cell 

culture materials were obtained from ThermoFisher Scientific, Waltham, MA.

Antibodies and Flow Cytometry

Antibodies used for immunoblotting and immunoprecipitation were as follows: LSD1 

(Cell Signaling Technology Cat# 2184, RRID:AB_2070132); CoREST (Cell Signaling 

Technology Cat# 14567, RRID:AB_2798514); IKAROS (Thermo Fisher,Scientific Cat# 

PA5–23728, RRID:AB_2541228);β-actin (Santa Cruz Biotechnology Cat# sc-47778 

HRP, RRID:AB_2714189); α-tubulin (Santa Cruz Biotechnology Cat# sc-5286, 

RRID:AB_628411); FLAG antibody (Sigma-Aldrich Cat#F1804, RRID:AB_262044); HA 

antibody (Sigma-Aldrich Cat#11583816001, RRID:AB_514505). Streptavidin-HRP was 

purchased from GE Healthcare (Cat# RPN1231). All flow cytometric data collection used a 

BD LSRFortessa flow cytometer. Antibodies used for flow cytometry were APC anti-human 

NOTCH3 (BioLegend,Cat#345410, RRID:AB_2564483), APC mouse IgG1, Isotype Ctrl 

antibody (BioLegend, Cat#400119, RRID:AB_2888687) and PE Mouse Anti-Human CD3 

(BD, Cat#347347, RRID:AB_400287)
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Constructs and Cloning

In-frame GFI1 fusion proteins with BirA* were created by subcloning GFI1 from constructs 

in our previous study (19) into the EcoRI and BamHI sites of the MCS-BioID2-HA vector (a 

gift from Dr.Kyle Roux, University of South Dakota, RRID:Addgene_74224). Subsequently, 

GFI1-BirA*-HA PCR products were cloned into the NotI and EcoRI sites of the pLVX-

Tight-Puro vector (Clontech Laboratories, Inc). We used the rat GFI1 ortholog for our 

experiments, which is >99% conserved at the amino acid level with human GFI1. IKZF1/

IKAROS expression constructs were based on the human form. The N383S derivative of rat 

GFI1 is analogous to the N382S mutation in human GFI1.

Lentivirus Packaging

To generate lentiviral particles, HEK293T cells were transfected with lentiviral packing 

vectors, viral packaging (psPAX2, RRID: Addgene_12260) and viral envelope (pMD2.G, 

RRID:Addgene_12259) constructs at a 4:2:1 ratio with 1 mg/mL polyethylenimine (Sigma-

Aldrich Cat # 408727). The ratio of total transfected DNA to PEI was 1:3 (1 μg DNA:3 

μg PEI). After 24 hr, 20 mL of fresh cell culture medium was added and the cells were 

incubated for an additional 24 hr. Then the culture medium was replaced with virus 

collection medium (culture medium with 20mM HEPES). Viral supernatants were collected 

after a further 8 and 24hr. The two supernatants were combined and passed through a 

0.45μm filter. Virus was directly used for infection or stored at −80°C.

BioID proximity purification and proteomic analysis (MassIVE File Identifier 
MSV000086405)

CCRF-CEM cells were transduced with Tet-On lentiviral vectors (Lenti-XTM Tet-On 

Advanced, Clontech Laboratories, Inc) and selected with 500 μg/mL G418 to generate 

CCRF-CEM-Tet-On cells. CCRF-CEM-Tet-On cells were transduced with empty vector, 

BirA*-HA or GFI1-BirA*-HA viruses (pLVX-Tight-Puro, pLVX-Tight-puro-BirA*-HA or 

pLVX-Tight-Puro-GFI1-BirA*-HA, respectively) and selected with 0.5 μg/mL puromycin to 

generate CCRF-CEM cells expressing doxycycline-inducible GFI1-BirA* fusion proteins or 

BirA*. Cells were treated with 1 μg/mL doxycycline for 48 hr and 20 μM biotin for 16 hr. 

Cells were lysed in buffer (50 mM Tris-HCl pH 7.5, 500 mM NaCl, 0.5 mM EDTA, 1% 

Triton X-100) and incubated with streptavidin-Sepharose High Performance beads (Sigma, 

GE17–5113-01) on ice for 16hr. After washing the beads five times with lysis buffer on 

ice, proteins were eluted with 2× Laemmli Sample Buffer (LSB, 65.8 mM Tris-HCl pH 

6.8, 26.3% (w/v) glycerol, 2.1% SDS, 0.01% bromophenol blue) and boiled for 10 min. 

Proteins were resolved by SDS-PAGE. Whole lanes of SDS-PAGE gels were excised and 

subjected to LTQ Orbitrap Velos Pro ion-trap mass spectrometry (ThermoFisher Scientific, 

Waltham, MA). Peptides were detected, isolated, and fragmented to produce a tandem mass 

spectrum of specific fragment ions for each peptide. Protein identity was determined by 

matching protein databases with the acquired fragmentation pattern using Sequest software 

(ThermoFisher Scientific, Waltham, MA). All databases include a reversed version of all the 

sequences and the data was filtered to a 1–2% peptide false discovery rate.
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ChIP-Seq (Gene Expression Omnibus Series record GSE160183) and ChIP qPCR

The CCRF-CEM-Tet-On cells described above were infected with GFI1–3×FLAG or 

IKAROS-3×FLAG viruses (packaged with pLVX-Tight-puro-GFI1–3×FLAG or pLVX-

Tight-puro-IKAROS-3×FLAG plasmids). Cells were selected with 1μg/mL puromycin 

to produce CCRF-CEM stable cell lines inducibly expressing GFI1–3×FLAG and 

IKAROS-3×FLAG. These cells were treated with 1μg/mL doxycycline for 24 hr. 20 million 

CCRF-CEM cells were cross-linked using a final concentration of 1% formaldehyde in 

the medium for 10 min. Cross-linking was quenched with 0.125 M glycine for 2 min. 

Cells were washed with ice-cold PBS and Farnham lysis buffer (5 mM PIPES pH 8.0, 85 

mM KCl, 0.5% NP-40, 1 mM PMSF and 10μg/mL Aprotinin). Cells were resuspended 

in 1 mL RIPA lysis buffer (1X PBS, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 

1 mM PMSF and 10 μg/mL Aprotinin). Cells were sonicated to shear the DNA to 

between 200 and 500 bp. 50 μL of sonicated chromatin was saved. The leftover samples 

were precipitated with anti-FLAG antibody which was prebound to Protein G Dynabeads 

(Thermo Fisher). Cross-linking of the 50 μL of saved chromatin and immunoprecipitated 

DNA was reversed in a 65°C water bath overnight. After reversal of cross-linking, samples 

were purified using a Zymo ChIP DNA clean & concentrator (Zymo Research). Five to 

10 ng of precipitated DNA was used for library construction using NEBNext ChIP-Seq 

Library Prep Reagent Set. Sequencing libraries (25 pM) were chemically denatured and 

applied to an Illumina HiSeq v4 single read flow cell using an Illumina cBot. Hybridized 

molecules were clonally amplified and annealed to sequencing primers with reagents 

from an Illumina HiSeq SR Cluster Kit v4-cBot (GD-401–4001). Following transfer of 

the flow cell to an Illumina HiSeq 2500 instrument (HCSv2.2.38 and RTA v1.18.61), a 

50-cycle single-read sequence run was performed using HiSeq SBS Kit v4 sequencing 

reagents (FC-401–4002). CD3G ChIP-qPCR FWD: CCTCATGAAGAAACGGTCCCA; 

CD3G ChIP-qPCR RVS: GAGTGCTGGATTCCCACTCA; GFI1 ChIP-qPCR FWD: 

CCTCTCTCGCCAGTCAATCT; GFI1 ChIP-qPCR RVS: TTGGAGGTCCGGACACTTAG.

ChIP-Seq analysis

SAM (SAM (RRID:SCR_010951) alignments were generated from Illumina Fastq 

files aligned to the human hg38 genome using Novocraft’s novoalign aligner (http://

www.novocraft.com) with the following parameters: -o SAM –r Random. Peak calling 

was then performed using macs2 (https://github.com/taoliu/MACS, v2.1.1.20160309) with 

the following settings: -g 2.7e9 –call -summit –f BAMPE –nomodel –B –SPMR –

extsize 200. Bedgraph files generated were then transformed to bw format using UCSC 

bedGraphToBigWig application (v4). Heatmap clustering of ChIP-Seq was carried out using 

deepTools (v3, RRID:SCR_016366). Matrix was generated with computeMatrix application 

using the following parameters: computeMatrix -S input_1.bw input_2.bw -R peaks.bed–

outFileName out.matrix–referencePoint center -a 10000 -b 10000 -bs 100 –sortRegions 

descend. Correlation heatmap was generated using the deep Tools plot Heatmap application. 

PCA analysis was performed using the deepTools plotPCA application. The peaks.bed was 

generated by combining peaks from two ChIP-Seq experiments. plotHeatmap application 

with default settings was then used to plot heatmap. Peak regions were further used for motif 

finding analysis, which was carried out using the findMotifGenome.pl application (v4.8.3, 

HOMER RRID:SCR_010881) with default settings. This resulted in between 92.6M and 
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86.4M reads, wherein between 81.8M and 73.6M (88.3 and 85.2%) uniquely mapped to the 

Hg38 genome build.

IKZF1 knockout

Nonspecific or IKZF1-specific CRISPR/Cas9 RNPs were generated from tracrRNA-

ATTO550 (IDT), crRNA (IDT) and Cas9 protein (QB3 MacroLab, UC Berkeley) 

using commercial guidelines (IDT) and transfected into GFI1–3×FLAG CCRF-CEM 

cells by electroporation using the Neon transfection system 10 μL kit (ThermoFisher 

Scientific). Electroporation parameters were 1500V, 10 ms pulse width, 3 pulses. 

Transfection efficiency was measured by flow cytometry to detect the tracrRNA-

ATTO550 positive cells. Approximately 95% transfection efficiency was obtained. 

Cells were cultured for >9 days to confirm stable ablation of IKAROS protein 

by Western blotting. CRISPR guide RNAs were chosen targeting the 5’ exons of 

the IKZF1 gene using the IDT predesigned CRISPR guide RNA database (https://

www.idtdna.com/site/order/designtool/index/CRISPR_PREDESIGN). IKZF1 (PAM site 

in lower-case): TCATCTGGAGTATCGCTTACagg; GACCTCTCCACCACCTCGGGagg; 

CTCCAAGAGTGACAGAGTCGtgg. CRISPR/Cas9 negative control crRNA (IDT, 

1072544) was used as a control for transfection.

RNA-Seq (Gene Expression Omnibus Series record GSE160183)

Total RNA was extracted from GFI1–3×FLAG CCRF-CEM cells treated with or without 

doxycycline for 24 hr, and with IKZF1 or control CRISPR RNP knockout using the RNeasy 

Mini kit (Qiagen) and RNase-Free DNase Set (Qiagen). RNA integrity numbers (RIN) 

ranged from 9.4 to 9.9. Poly(A) RNA was purified from total RNA samples (100–500 

ng) using oligo(dT) magnetic beads, followed by library construction using the Illumina 

TruSeq Stranded mRNA Library Prep kit and TruSeq RNA UD Indexes. Purified libraries 

were qualified on an Agilent Technologies 2200 TapeStation using a D1000 ScreenTape 

assay. The molarity of adapter-modified molecules was defined by quantitative PCR using 

the Kapa Biosystems Kapa Library Quant Kit. Individual libraries were normalized to 1.30 

nM in preparation for Illumina sequence analysis. NovaSeq 2×50 bp Sequencing_100 M 

Read-Pairs Sequencing libraries (1.3 nM) were chemically denatured and applied to an 

Illumina NovaSeq flow cell using the NovaSeq XP chemistry workflow. Following transfer 

of the flowcell to an Illumina NovaSeq instrument, a 2×51 cycle paired-end sequence run 

was performed using a NovaSeq S1 reagent Kit.

RNA-Seq analysis

Filtering and alignments were performed using the analysis pipeline developed 

by the Huntsman Cancer Institute (HCI) Bioinformatic Core Facility (https://

huntsmancancerinstitute.github.io/hciRscripts/hciR_scripts.html). Briefly, fastq files were 

aligned using STAR aligned (v2.7.3a, RRID:SCR_004463) with the following settings: 

--twopassMode Basic --outSAMtype BAM SortedByCoordinate --limitBAMsortRAM 

64000000000 --outBAMsortingBinsN 100 --quantMode TranscriptomeSAM --outWigType 

bedGraph --outWigStrand Unstranded. The count matrix was then calculated using the 

Subread FeatureCounts function (v1.6.3) DESeq2 (v1.28.1, RRID:SCR_000154) was used 

for differentially expressed genes analysis.
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In vitro SNAG—LSD1 binding assay

Biotinylated, lysine(K)-8 dimethylated SNAG peptide (Bio-K8me2-SNAG) was 

commercially synthesized and deployed as previously described in CCRF-CEM extracts 

in either the absence or presence of SP-2509 (19). Biotinylated peptides were collected on 

streptavidin-Sepharose beads whose non-specific binding sites were blocked in 1% bovine 

serum albumin (BSA) in 1X phosphate buffered saline (PBS). LSD1 was detected by 

western blotting in pellets and supernatants.

Data and Reagent Availability Statement

Data presented is available from the corresponding authors. ChIP-Seq and RNA-Seq 

data sets are available through the Gene Expression Omnibus (GEO) portal via series 

record GEO160183). Proteomics data is accessible in MassIVE via the file identifier, 

MSV000086405. All expression constructs and renewable reagents are available to the 

scientific community upon request.

Results

GFI1 proximitome proteomics in T-ALL cells

To identify potential GFI1 cooperating proteins in T-ALL, we applied the BioID 

(Biotin IDentification) proximity-dependent labeling method (Figure 1A). We generated 

doxycycline-inducible, GFI1-BirA*-expressing CCRF-CEM cells. GFI1-BirA* protein 

expression was comparable to that of endogenously expressed GFI1 (Supplementary Figure 

S1A). In parallel, cells transduced with empty vector or BirA* only were generated as 

controls, and BirA* protein expression was equivalent to that of GFI1-BirA* (Figure 1B). 

Cells were incubated in biotin-containing medium, treated with doxycycline and lysates 

prepared. Biotinylated proteins were collected with streptavidin (SAv)-Sepharose beads 

and surveyed for known GFI1 interacting partners (Figure 1C). As expected, we detected 

comparable biotinylation of GFI1-BirA* and BirA*, suggesting the presence of GFI1 

protein structure in the fusion protein does not interfere with the formation of reactive 

biotin-AMP by BirA*. Moreover, we find an altered pattern of biotinylated proteins when 

BirA* activity is tethered to GFI1, and enrichment for known GFI1 interacting partners, 

LSD1 and CoREST among biotinylated proteins in cells expressing GFI1-BirA* vs. BirA* 

control. These data validate the technique for detecting GFI1 proximity partners proteome-

wide.

To identify the complete cohort of GFI1 proximity partners, biotinylated proteins were 

purified on streptavidin (SAv)-Sepharose beads and subjected to unbiased, proteome-wide 

LC-MS/MS (Figure 1A). Three replicates were performed for each condition (Vector, BirA* 

and GFI1-BirA*). A total of 502 interacting proteins were identified that demonstrated 

both increased mass spectrometry intensity in the presence of doxycycline compared to 

empty vector control and a BirA* vs GFI1- BirA* P-value <0.05 (Supplemental Table S1). 

Proximity partners were analyzed as previously described (20). A volcano plot showing 

fold change in average sum read intensities (log2 (GFI1-WT/BirA*)) relative to P-value 

(-log10 P-value) is shown in Figure 2A. Being covalently tethered to BirA*, the placement of 

GFI1 in the top right corner of the plot is an important quality control, signifying the most 
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statistically significant P-value and most abundantly enriched protein in the data set. Among 

biotinylated proteins, known GFI1 partners LSD1 (KDM1A), CoREST (RCOR1), STAG1, 

BCL11A and HMG20B were enriched when comparing GFI1-BirA* to BirA* only (Figure 

2A, shown in red). Among newly-identified GFI1 proximity partners, the strongest overall 

by fold-enrichment was for IKZF1/IKAROS (Figure 2A). To identify possible functional 

protein associations, we clustered the top 40 GFI1-proximate proteins using the STRING 

functional protein—protein association network (21). The majority of these proteins were 

annotated as being nuclear and involved in regulating gene expression (Figure 2B, red 

and blue circles respectively). Notably, STRING output linked GFI1 directly to LSD1 and 

CoREST, as expected (Figure 2B), but placed IKAROS more remotely, arguing against a 

direct interaction with GFI1 (Figure 2B).

The GFI1—IKAROS interaction requires intact GFI1 and IKAROS DNA binding

We validated the proximity relationship between IKAROS and GFI1 through Western 

blotting. First, we tested if N-terminal GFI1 mutations known to block binding to LSD1 

also block the ability to transfer biotin moieties to IKAROS. GFI1 mutations that block 

LSD1 binding did not affect IKAROS proximity labeling (Figure 3A). Additionally, GFI1 

and IKAROS failed to interact using a variety of traditional co-immunoprecipitation 

conditions (Figure 3B). One possible explanation for the discrepancy could be that GFI1 

and IKAROS co-occupy nearby DNA binding sites at common target genes such that 

their proximity enables biotin moieties to be frequently transferred from GFI1-BirA* to 

IKAROS even though the two proteins do not interact directly in solution. Similarly, GFI1 

and IKAROS could occupy sites distant from one another but be brought together through 

interactions involving a shared protein complex. These models predict that the proximity 

relationship between GFI1 and IKAROS would require both proteins to bind DNA, and 

that a defect in DNA binding by either protein would attenuate the proximity relationship 

between them. Previous work on GFI1 and IKAROS has identified specific domains and 

mutants that control DNA binding activity (22,23). We established these DNA-binding 

deficient mutations in GFI1 (N383S in rat GFI1, which corresponds to N382S in human 

GFI1) and IKAROS (N159A) and used them to interrogate the GFI1—IKAROS proximity 

relationship. GFI1-N383S-BirA* reduced proximity labeling of wild type IKAROS (Figure 

3C). Likewise, we observed a comparable reduction in proximity labeling of IKAROS-

N159A when tested with wild type GFI1-BirA*. When both DNA-binding deficient mutants 

were combined, the proximity relationship between GFI1 and IKAROS was abolished 

(Figure 3C). These results indicate that the proximity relationship between GFI1 and 

IKAROS relies upon their shared ability to bind DNA and suggests a mechanism for 

GFI1 and IKAROS to cooperate to control a common set of genes through near or distant 

regulatory regions.

GFI1 and IKAROS associate with common genes, including genes associated with T cell 
development

To further study the interplay between GFI1 and IKAROS, we conducted ChIP-Seq 

using CCRF-CEM cells expressing 3×FLAG-tagged GFI1 or IKAROS (GFI1–3×FLAG or 

IKAROS-3×FLAG) under doxycycline-inducible control. FLAG immunoblotting confirmed 

inducible and comparable expression of the two proteins (Figure 4A). Two replicates each 
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for GFI1 and IKAROS ChIP were performed. Sequencing of the ChIP material resulted 

in 25,674 total GFI1 and 52,759 IKAROS peaks. The signals from input, GFI1 ChIP-Seq 

and IKAROS ChIP-Seq replicates were highly correlated, with Spearman correlation R-

values >0.8. Further, the GFI1 and IKAROS ChIP-Seq signals were highly correlated, 

with R values >0.75. (Supplementary Figure S1B). Principal component analysis of the 

bound peaks also indicated the inputs and ChIP replicates from the two cells lines were 

more similar to each other compared to other samples (Supplementary Figure S1C). 

Approximately 80% of GFI1-bound peaks overlap (at least one bp) with peaks bound by 

IKAROS (Figure 4B), suggesting that they regulate common targets. To investigate this 

more closely, we centered binding peaks from either or both ChIP experiments (57,841 

peaks) by peak summit, and arranged them as a heatmap from strongest to weakest GFI1 

binding (Figure 4C, left side) and IKAROS binding (Figure 4C, right side). The mean 

distance between peak summits for GFI1- and IKAROS-bound loci was 136bp and the 

median distance was 98bp. These results indicate a strong overall correlation between 

GFI1 and IKAROS binding across the genome. Motif analysis using all identified peaks 

showed that GFI1 and IKAROS shared four of the top five most significant binding 

motifs (Supplementary Figure S1D), again suggesting common gene binding. Among 

the top shared motifs is FLI1, an Ets transcription factor (consensus TTCC or GGAA 

reverse complement). Out of the top 20 enriched motifs for the two datasets, 14 and 15 

Ets transcription motifs were present (Supplementary Figure S1D). IKAROS is known to 

interact with Ets motifs (24).

GFI1 and IKAROS play crucial roles in hematopoiesis, including in T cells (25–27). 

Consistently, gene ontology (GO) analysis of genes within 6 kb of the GFI1- and IKAROS-

bound peaks (using GREAT v4.0.4) identifies hematopoiesis and TCR recombination as 

common terms (Supplemental Table S2). Example bound targets are shown in Figure 4D, 

including genes encoding key transcription factors required for T cell development such as 

GFI1 itself, MYC, MYB, HES1, RUNX3 and TCF3. Other examples include NOTCH3 and 

genes in the CD3 cluster. Figure 4D also shows previously published RNA-Seq data (28) 

indicating that these genes are all expressed in CCRF-CEM cells.

GFI1 and IKAROS positively regulate a subset of target genes

We used bulk RNA-Seq with GFI1–3×FLAG CCRF-CEM cells to identify changes in gene 

expression associated with either ectopic GFI1 expression or CRISPR-mediated IKZF1 
knockout leading to IKAROS depletion. For knockouts, we transfected GFI1–3×FLAG 

cells with CRISPR RNPs containing Cas9 protein, fluorescently-conjugated tracrRNA 

and either a nonspecific or IKZF1-specific sgRNA. Successfully transfected cells were 

sorted on the following day and cultured for an additional 9 days before treatment with 

doxycycline or vehicle for 24 hrs (see methods). This resulted in robust knockout using 

specific but not control RNPs (Figure 5A). A similar knockout strategy targeting GFI1 
resulted in lethality in CCRF-CEM cells, consistent with prior studies (19) and underscoring 

its critical pro-survival role. For this reason studies with GFI1 knockout in CCRF-CEM 

cells were not pursued further. Three independent replicates were performed for each 

of the four conditions, with the exception of vehicle-treated IKAROS knockout with 

two replicates. Between 21.7 and 28.2 million RNA-Seq reads were generated for each 
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condition, wherein 88.6 to 90.3% of these aligned uniquely to the human Hg38 reference 

genome. Approximately 99% of the reads within coding regions aligned to the correct 

strand (Supplemental Table S3). Hierarchical clustering of the top 500 most significantly 

differentially regulated genes across all the conditions (ranked based on P-value) revealed 

groups of genes repressed and activated by the different conditions. For example, a large 

number of genes were de-repressed with IKAROS knockout and/or repressed with GFI1 

overexpression (Figure 5B, clusters 1, 2, 3). Another group, not strongly affected by GFI1, 

was repressed with IKAROS knockout (cluster 5). However, a small group of 38 genes 

(cluster 4) were induced by GFI1 overexpression (Figure 5B). This same group of genes was 

also repressed with IKAROS knockout. Interestingly, when ectopic GFI1 expression and 

IKAROS knockout were combined, the induction of these genes was significantly blunted, 

suggesting IKAROS is required for GFI1-mediated transactivation (Figure 5B). These genes 

include RAG1, the CD3 cluster and NOTCH3 (Supplemental Table S4). Intersecting this set 

of positively regulated genes with the ChIP-Seq data reveals that 68.4% (26 of 38 total genes 

in cluster 4) have GFI1 and IKAROS peaks located <10 kb from their transcription start 

sites, strongly suggesting they are direct targets of both GFI1 and IKAROS (Supplemental 

Table S4). 34.2% of these genes (13/38) show promoter binding (<500 bp from TSS) of 

both proteins. RNA-Seq genome tracks for NOTCH3 are shown in Figure 5C alongside 

the GFI1 and IKAROS ChIP-Seq reads. Strong and overlapping GFI1 and IKAROS peaks 

are present in the 5’ region of the gene. Examining the genomic sequence of the NOTCH3 
gene for putative GFI1 and IKAROS binding sites reveals a single GFI1 consensus site 

[TAAATCAC(A/T)GCA] and six potential IKAROS consensus sites [(A/G)GGAAG or 

CTTCC(T/C)] within its first intron (hg19 chr19: 15308391–15309391). In the RNA-Seq, 

NOTCH3 is induced by ectopic GFI1 expression and inhibited by IKAROS knockout, while 

the combination significantly blunts induction by GFI1. No such changes were observed for 

NOTCH1 or NOTCH2, which show some GFI1 and IKAROS association but constitutive 

expression, or for NOTCH4, which shows no binding and is not expressed in CCRF-CEM 

cells (Supplementary Figure S2).

GFI1 and IKAROS cooperatively regulate NOTCH3

A model in which GFI1 and IKAROS interact on DNA to induce the expression of specific 

genes predicts that overexpression of either protein should induce target gene expression. 

Both GFI1 and IKAROS interact with the NOTCH3 gene. In addition, NOTCH3 activating 

mutations can trigger T-ALL development (16–18). For these reasons, and because its 

surface expression can easily be measured using flow cytometry, we used NOTCH3 as an 

example target gene. We treated CCRF-CEM cells that inducibly express GFI1–3×FLAG 

with doxycycline and followed surface NOTCH3 expression as a time course. NOTCH3 was 

low but detectable in untreated cells (Figure 6A, 0h), with expression increasing during the 

48 hour treatment course. Expression increased as measured by the percentage of positive 

cells and by mean fluorescence intensity (MFI). CCRF-CEM cells inducibly expressing 

IKAROS-3×FLAG were similarly able to increase NOTCH3 cell surface expression (Figure 

6B).

We then replaced the GFI1 lentiviral construct with a truncation mutant in which the SNAG 

domain was deleted (ΔSNAG) or with a SNAG domain point mutant that no longer interacts 
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with LSD1 to mediate transcriptional repression (P2A) (19,29). Unexpectedly, these mutant 

forms of GFI1 no longer augment surface NOTCH3 expression (Figure 6C). These results 

suggest that GFI1 and IKAROS collaborate to transactivate the NOTCH3 gene, and that 

GFI1 does so, at least in part, though residues that are also important to recruit LSD1. To 

more directly determine the role of LSD1 in GFI1-mediated NOTCH3 induction in CCRF-

CEM cells, we utilized the non-competitive LSD1 inhibitor, SP-2509 (30,31). Surprisingly, 

NOTCH3 expression significantly increased in cells treated with SP-2509 compared to 

DMSO vehicle control even without doxycycline treatment (Figure 6D). Doxycycline-

induced GFI1 expression cooperated with SP-2509 to further increase NOTCH3 expression 

at 24 but not 48 hr (Figure 6D). We obtained similar results for NOTCH3 cell surface 

expression using SUP-T1 (Figure 7A) and Jurkat (Supplementary Figure S3E) T-ALL 

cell lines, where doxycycline-induced GFI1 expression or LSD1 inhibition with SP-2509 

elevated surface levels of NOTCH3. We then explored CD3 as a second target regulated 

by the GFI1—IKAROS partnership. We confirmed co-occupancy by GFI1 and IKAROS on 

the CD3G promoter using ChIP-qPCR (Supplementary Figure S4A) and then demonstrated 

increased CD3 cell surface expression from enforced expression of GFI1 in both CCRF-

CEM and SUP-T1 cells (Supplementary Figure S4B and S4C). CD3 expression also 

increased with IKAROS overexpression in CCRF-CEM cells (Supplementary Figure S4D) 

and decreased with either lenalidomide treatment or IKAROS knockout (Supplementary 

Figure S5).

Notably, results obtained using SNAG domain mutants (ΔSNAG and P2A) are the reverse of 

those obtained with SP-2509, where the SNAG domain remains intact. We hypothesized 

this positive impact of SP-2509 could represent targeted disruption of the interaction 

between LSD1 and the SNAG domain to enable alternative interactions involving candidate 

co-activators. Small molecule inhibitors of LSD1 can disrupt binding between GFI1 and 

LSD1(32). Further, we have previously shown the SNAG domain is sufficient for LSD1 

binding and that dimethyl modification at lysine 8 (K8me2) of the SNAG domain strongly 

favors LSD1binding in an in vitro binding assay. We deployed this assay (Figure 7B, 

left panel) to test the impact of SP-2509 on SNAG—LSD1 binding. SP-2509 abolished 

binding between LSD1 and a biotinylated K8me2-SNAG peptide (Figure 7B, right panel). 

These results suggest the SNAG—LSD1 interaction can be modulated to enable competition 

between LSD1 and one or more unknown proteins for SNAG domain binding and regulation 

of GFI1-mediated transcriptional output.

We then tested the effect of IKAROS depletion on GFI1-induced NOTCH3 expression 

using GFI1–3×FLAG CCRF-CEM cells. Lenalidomide is well-documented to rapidly 

and efficiently trigger degradation of IKAROS (33). Induction of cell surface NOTCH3 

expression was significantly impaired by Lenalidomide treatment compared with DMSO 

control (Figure 7C). Immunoblotting confirmed the rapid loss of IKAROS protein and 

unaltered expression of ectopic GFI1 in the presence of Lenalidomide (Supplementary 

Figure S3A–B). We obtained similar results using cells electroporated with IKZF1-targeted 

CRISPR RNPs (Figure 7D, Supp. Figure 3C–D). These results strongly suggest that 

IKAROS and GFI1 act in a cooperative fashion to transactivate a specific subset of genes 

which includes NOTCH3, and given the tumor promoting role of constitutively active 

NOTCH3 could provide a new direction for therapeutic development in T-ALL (Figure 7E).
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Discussion

Identifying the molecular determinants of T cell development furthers understanding of 

T-ALL pathogenesis. The zinc finger transcription factor GFI1 plays critical roles in myeloid 

and lymphoid development and is an important pro-survival factor in T-ALL (10). The 

protein partnerships on which GFI1 depends for this role may offer potential therapeutic 

targets in T-ALL, but are as yet ill-defined. Here, using an unbiased quantitative proximity 

labeling approach, we identify GFI1 interacting proteins in T-ALL cells. Among these, 

IKAROS serves as a cooperating partner for GFI1-mediated gene regulation. Functional 

studies using T-ALL cells reveal a previously unrecognized role for GFI1 in transcriptional 

activation of genes that are among its targets, and several of which are involved in T cell 

development.

GFI1 and its paralog, GFI1B, have been largely described as a transcriptional repressors, 

and indeed can partially substitute for one another in vivo. Repression requires a highly 

conserved 20-amino acid N-terminal SNAG domain capable of recruiting LSD1 complexed 

with CoREST (34). In previous studies, point mutations or truncations in the SNAG 

domain that disrupt GFI1/1B—LSD1 binding impair GFI1/1B functions in multiple assays, 

pinpointing LSD1 as a central cofactor in GFI1/1B-mediated transcriptional repression 

and the establishment of downstream phenotypes (19,20,29,34). However, it is not clear 

whether GFI1/1B can regulate gene expression through other mechanisms, especially in 

cooperation with other factors. We applied BioID proximity labeling to identify GFI1-

interacting proteins, where a promiscuous biotin ligase (BirA*) (35) is fused to GFI1. 

Relative to co-immunoprecipitation, this method has the advantage that transient and 

indirect interactions can be efficiently captured. We utilized this method together with 

human CCRF-CEM T-ALL cells to systematically label proteins spatially close to GFI1, 

identifying GFI1 itself and some 500 direct or indirect interacting partners. Among these 

are previously identified GFI1-interacting proteins HMG20B, STAG1 and components of 

the BHC complex including LSD1, CoREST, and GSE1. We segregated interacting proteins 

into functional groups and analyzed their network relationships. Through this analysis we 

identified IKAROS, encoded by the IKZF1 gene, as a top hit. IKAROS is also a zinc 

finger transcription factor that plays multiple, key roles in hematopoiesis, including in the 

development of B and T cells (27,36,37). As with GFI1, IKAROS has also been linked 

to mouse and human T-ALL. In T-ALL, IKAROS functions as a tumor suppressor, and 

its deletion is a poor prognostic indicator for affected patients (38,39). This impact on 

prognosis takes on a new dimension when considered in the context of the GFI1—IKAROS 

partnership.

GFI1 and IKAROS do not co-precipitate in conventional co-IP assays, suggesting their 

interaction is indirect and transient in nature. Biotin transfer between the two proteins 

depends on DNA binding but does not depend on the GFI1 SNAG domain. Because GFI1 

and IKAROS are both sequence-specific DNA binding proteins, we performed ChIP-Seq 

to identify potential common target genes. This effort identified >25,000 GFI1-bound and 

>50,000 IKAROS-bound peaks. The large number of IKAROS peaks is consistent with 

previous reports for IKAROS binding in human K562 and myeloma cell lines (40,41) 

and may be attributable to its ability to bind DNA in multimeric configurations (42). 
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Approximately 80% (19966/25674) of GFI1 bound peaks overlap with IKAROS peaks, 

supporting the idea that the two proteins frequently co-regulate target gene expression. 

Co-occupied targets include GFI1 itself, as well as NOTCH3, the CD3 gene cluster (CD3E, 

CD3D and CD3G), TCF3, MYC, RUNX3, MYB and HES1, each with fundamental roles 

in T-cell development. Interplay between GFI1 and other transcription factors has been 

described. For example, GFI1 and HOXA9 compete for overlapping binding sites at a 

distinct class of targets in AML (43). Unlike HOXA9, our results suggest that IKAROS 

cooperates with GFI1.

RNA-Seq gene expression profiling using CCRF-CEM cells with ectopic GFI1 expression 

and/or with IKAROS knockout revealed a group of genes positively regulated by both 

proteins. Among these genes are NOTCH3, CD3 and RAG1, while other NOTCH family 

members NOTCH1, NOTCH2, and NOTCH4 were not affected by enforced expression 

of GFI1. This indicates NOTCH3 is the specific NOTCH gene targeted for induction by 

the GFI1—IKAROS partnership. This is reinforced by the finding of GFI1 and IKAROS 

consensus sites within the first intron of the NOTCH3 gene. Moreover, genes making up this 

group are enriched for GFI1 and IKAROS occupancy, strongly suggesting they are direct 

targets and that the positive effects of the GFI1—IKAROS partnership on transcription are 

also direct in nature. Yet, confirmation of this model will depend upon first identifying 

and then specifically disrupting GFI1 and IKAROS binding sites in coregulated genes like 

NOTCH3. This uncertainty is a limitation of our study.

In CCRF-CEM cells a NOTCH1-activating mutation and FBXW7 loss-of-function drive 

constitutive NOTCH signaling (44). Similarly, SUP-T1 cells carry a t(7;9) translocation 

driving expression of a truncated NOTCH variant to produce constitutive, ligand-

independent NOTCH activity (45). Using both cell lines, we find that GFI1 and IKAROS 

promote NOTCH3 cell surface expression. Moreover, mutations in the GFI1 SNAG 

domain that block the interaction with LSD1 also render GFI1 incapable of inducing 

NOTCH3. It is not clear whether LSD1 itself is important for this activation (e.g., through 

demethylating repressive protein modifications such as H3K9 methylation), or whether 

interactions between the SNAG domain and some other positively-acting cofactor become 

dominant in the case of GFI1—IKAROS coregulated genes. Interestingly, SP-2509 and 

SNAG mutants, both of which disrupt GFI1—LSD1 binding, yield opposite results in 

NOTCH3 cell surface expression. Because SP-2509 leaves SNAG domain primary structure 

intact, our findings could indicate that LSD1 and an as yet unidentified co-activator compete 

for SNAG domain binding in an IKAROS-dependent manner. To address this possibility, 

we used lenalidomide to acutely degrade IKAROS protein. Lenalidomide is a thalidomide 

derivative that is active in multiple myeloma by enabling targeted degradation of IKAROS 

(33). We find that acute IKAROS depletion blunts GFI1-mediated transactivation and cell 

surface expression of NOTCH3, consistent with GFI1 and IKAROS providing a platform 

for SNAG-dependent recruitment of a transcriptional co-activating principle, leading to 

transactivation of a gene expression program represented by the NOTCH3 response. It is 

notable that in multiple T-ALL cell lines GFI1 loss is lethal while IKAROS depletion is 

tolerated. These observations suggest that GFI1—IKAROS coregulated genes alone are 

not required for cell survival, and instead fulfill other functions in T-ALL homeostasis. It 

may also indicate functional redundancy for IKAROS family proteins but not for GFI1, or 
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perhaps that GFI1-regulated genes critical for cell survival are independent of IKAROS. 

Equally notable is that despite their distinct phenotypic contributions, there is substantial 

overlap between GFI1 and IKAROS binding sites across the genome, while only a subset 

of genes show significantly altered expression because of their partnership. This finding 

suggests that concurrent transcription factor binding may overestimate functionally relevant 

partnerships and imply that co-occupancy may not always be consequential or may have 

impacts that are not easily measured. We posit that the significance of shared occupancy is 

magnified when it correlates with changes in gene expression, and that this may occur for 

only a small subset of co-occupied loci.

Cumulatively, the results support a model in which the presence of IKAROS allows 

for activation of target genes by GFI1 (Figure 7E). This model is consistent with the 

identification of SWI/SNF, a chromatin remodeling complex associated with positive 

regulation of gene expression (46,47), as a GFI1 proximity partner. Transactivating potential 

for both IKAROS and GFI1 has been described previously. IKAROS binds and activates 

Cd3d through an upstream enhancer region (27,36). CD3 proteins form a central component 

of the T cell receptor signaling complex. Positive regulation of gene expression by GFI1 

was found in mouse granulocyte-monocyte precursor cells (GMPs) undergoing a binary 

monocyte/granulocyte fate decision. In GMPs it was shown that GFI1 associates with 

granulocyte-specific targets such as Per3 and Ets1, activating their expression as part of 

a broader granulocyte fate-specifying program. Concurrently, GFI1 binding and repression 

of monocyte-specific genes suppresses the monocyte program (48). It seems reasonable to 

posit that concurrent activation and repression of opposing gene expression programs, such 

as those exemplified by the GFI1—IKAROS—LSD1 relationship, could direct alternative 

outcomes in developmental hematopoiesis and that disruptions in these relationships could 

be permissive for malignancy. More work is necessary to define the molecular mechanisms 

by which GFI1 switches between repressive and activating transcriptional potential to 

control these binary fate decisions.
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Implications

Combinatorial diversity and cooperation between DNA binding proteins and complexes 

assembled by them can direct context-dependent transcriptional outputs to control cell 

fate and may offer new insights for therapeutic targeting in cancer.
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Figure 1. 
BioID proximity labeling identifies GFI1-interacting proteins. (A) Scheme for BioID 

proximity labeling method to identify GFI1-proximate proteins. Gray circle reflects the 

radius for biotinylation of nearby molecules such as GFI1 itself and its known binding 

partner LSD1, as well as unknown proteins A, B and C but not D. (B) CCRF-CEM cells 

inducibly express BirA*-HA alone or as a fusion with GFI1. Biotin-treated CCRF-CEM 

cells transduced with empty vector (lanes 1–2), BirA*-HA (lanes 3–4), or GFI1-BirA*-HA 

(lanes 5–6) were treated with doxycycline (Doxy) (+) or vehicle control (−). Whole cell 

lysates (WCL) were resolved by SDS-PAGE and immunoblotted using HA antibodies. 

α-tubulin is shown as a loading control. (C) Biotinylation of GFI1-associated proteins 

LSD1 and CoREST is enriched using GFI1-BirA*-HA expressing CCRF-CEM cells relative 

to empty vector or BirA*-HA controls. Whole cell lysates prepared as in (B) were used 
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for immunoblotting or were first precipitated using streptavidin Sepharose beads (SAv-P), 

and subsequently analyzed by immunoblotting with anti-HA, anti-LSD1 or anti-CoREST 

antibodies, or streptavidin-HRP (SAv:HRP) to detect biotinylation.
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Figure 2. 
Top hits of GFI1 proximal partners identified by proteome-wide BioID labeling. (A) 

Volcano plot of proteins identified by BioID proximity labeling. Thresholds (red dashed 

lines) were fold-difference >2 and P-value <0.05. (Inset) Magnified portion of (A) depicting 

significant hits. Known GFI1 partners and GFI1 itself are labeled in red. (B) Genes labeled 

in (A) were subjected to STRING (version 10.5) functional protein association network 

analysis. Edges represent protein—protein associations. Blue indicates annotated nuclear 

proteins. Red indicates annotated proteins associated with gene regulation. The network was 
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clustered using the MCL algorithm with inflation parameter 3. Dotted line indicates the 

proteins belong to different clusters.
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Figure 3. 
The GFI1—IKAROS interaction requires DNA binding. (A) Validation and non-LSD1 

binding dependence of the GFI—IKAROS proximity relationship. Biotinylated proteins 

in whole cell lysates from CCRF-CEM cells transduced with the indicated constructs and 

treated as in Figure 1B were isolated with streptavidin beads and immunoblotted with 

anti-IKAROS and anti-HA antibodies targeting the epitope tag in GFI1-BirA* fusion protein 

variants. (B) GFI1—IKAROS binding is not observed in traditional coprecipitation methods. 

Lysates from CCRF-CEM cells inducibly expressing wild type GFI1–3×FLAG or variants 
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(K8L,P2A and ΔSNAG) were immunoprecipitated with anti-FLAG antibody and Protein 

G-Sepharose. The presence or absence of IKAROS, CoREST, or GFI1 in the precipitate 

was detected by immunoblotting with anti-IKAROS, anti-CoREST or anti-FLAG antibodies. 

2% input whole cell lysate (WCL) is shown as a control. (C) The proximity relationship 

between GFI1 and IKAROS requires DNA binding activity of both proteins. HEK293T cells 

were transiently transfected with empty vector or GFI1-BirA*-HA (wild type or N383S) 

together with human IKAROS-3×FLAG (wild type or N159A) expression constructs. 

IKAROS and control GFI1 biotinylation was monitored by precipitation with streptavidin 

beads and IKAROS immunoblotting as described in panel A. A GFI1 immunoblot is shown 

to confirm equivalent precipitation with streptavidin-Sepharose beads.
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Figure 4. 
Identification of GFI1 and IKAROS targets in CCRF-CEM cells. (A) Validation of GFI1 

and IKAROS expression in CCRF-CEM cell lines by Western blotting. CCRF-CEM cells 

expressing GFI1–3×FLAG and IKAROS-3×FLAG were used for ChIP-Seq. (B) Venn 

diagram showing enumeration of unique and shared GFI1 and IKAROS ChIP-Seq peaks. 

(C) Left: GFI1 ChIP-Seq heatmap showing all peak sites, centered by the ChIP peak summit 

and arranged from strongest to weakest. Right: the same set of peak summits in the same 

order shown as an IKAROS binding heatmap. (D) Example Integrative Genomics Viewer 
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(IGV) tracks of GFI1 ChIP-Seq and input controls (purple), IKAROS ChIP-Seq and input 

controls (teal), together with previously published RNA-Seq (peach) of CCRF-CEM cells. 

NOTCH3, GFI1, MYC, MYB, CD3, HES1, RUNX3 and TCF3 tracks are shown.
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Figure 5. 
GFI1 and IKAROS positively regulate a subset of target genes. (A) IKAROS Western 

blot of untransfected CCRF-CEM-GFI1–3×FLAG cells, cells electroporated with ATTO550-

conjugated control or IKZF1-specific RNPs. 24 hr post-transfection, ATTO550+ cells were 

sorted and cultured for 9 additional days prior to preparation of lysates. β-actin is shown 

as a loading control. (B) RNA-Seq analysis was performed using the same control RNP- 

or IKZF1-specific RNP-transfected cells shown in (A) after treatment with vehicle or 

doxycycline (Doxy) for 24 hr. The top 500 differentially expressed genes (based on P-value) 
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were subjected to hierarchical clustering and are shown as a heatmap. Gene groupings 

with distinct expression patterns (1–5) are highlighted. (C) IGV tracks displaying GFI1 and 

IKAROS ChIP-Seq and RNA-Seq read distribution for NOTCH3.
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Figure 6. 
IKAROS cooperates with GFI1 to regulate cell surface NOTCH3 protein expression. 

(A) Left: example flow cytometry histograms showing NOTCH3 surface expression in 

CCRF-CEM-GFI1–3×FLAG cells treated with doxycycline (Doxy) for the indicated times. 

Untreated (0 hr) cells are shown as a control. Right: NOTCH3 MFIs from cells in the 

regions highlighted in the left panels were averaged from four experiments and plotted as a 

bar graph. Bar colors match the corresponding histograms. Error bars depict SEM. Ordinary 

one-way ANOVA was used for statistical analysis. In all bar graphs, values for individual 
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data points are represented by closed shapes. (B) Left: CCRF-CEM-IKAROS-3×FLAG cells 

were treated with doxycycline for the indicated times. Example NOTCH3 flow cytometry 

histograms are shown. Right: NOTCH3 MFIs from four independent experiments were 

averaged and plotted as in (A). Error bars depict SEM. Ordinary one-way ANOVA was 

used for statistical analysis. (C) CCRF-CEM cells transduced with empty vector (V), wild 

type GFI1–3×FLAG (GFI1), FLAG-tagged GFI1 lacking the N-terminal SNAG domain 

(ΔSNAG) or FLAG-tagged GFI1 with a SNAG domain point mutant no longer able to 

interact with LSD1 (P2A). Cells were treated with vehicle (blue) or doxycycline (red) for 

48 hr. Left: representative flow cytometry histograms for NOTCH3 cell surface expression. 

Right: average MFIs from four independent experiments. Error bars depict SEM. Two-

way ANOVA was used for statistical analysis. (D) Flow cytometry of CCRF-CEM-GFI1–

3×FLAG cells pre-treated with DMSO vehicle or LSD1 inhibitor (1 μM SP-2509, MedKoo 

Biosciences) for 20 hr and subsequently treated with doxycycline for 24 or 48 hr. DMSO 

or SP-2509 was present continuously. Left: representative NOTCH3 flow cytometry. Right: 

MFIs within the NOTCH3-positive gates were averaged from four independent experiments 

and plotted as a bar graph. Error bars depict SEM. An unpaired T-test was used for statistical 

analysis.
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Figure 7. 
(A) Flow cytometry for NOTCH3 cell surface expression in SUP-T1cells transduced with 

vector or GFI1–3×FLAG inducible vectors and treated without or with doxycycline (Doxy), 

and SP-2509 for 48 hr. Left: representative NOTCH3 flow cytometry. Right: NOTCH3 

MFIs were averaged from four independent experiments and plotted as a bar graph. Error 

bars depict SEM. An unpaired T-test was used for statistical analysis. In each bar graph, 

values for each independent test are represented by closed shapes. (B) SP-2509 abolishes 

the SNAG—LSD1 interaction. Biotinylated SNAG peptide demethylated at K8 was added to 
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CCRF-CEM cell extracts with or without SP-2509 and incubated for 1hr prior to addition 

of streptavidin-Sepharose beads to collect biotinylated peptide and bound LSD1. LSD1 

in the bound and unbound fractions were visualized by western blot using anti-LSD1 

antibody. (C) Flow cytometry of CCRF-CEM-GFI1–3×FLAG cells pretreated with DMSO 

or 2 μM lenalidomide (LEN) for 16 hr before treatment with doxycycline for 48 hr. 

DMSO or Lenalidomide was present continuously. Left: example NOTCH3 flow cytometry. 

Right: MFIs within the NOTCH3-positive regions shown at left were averaged from four 

independent experiments and plotted as a bar graph. Bar color corresponds to histogram 

shading on the left. Error bars depict SEM. Error bars depict SEM. Two-way ANOVA 

was used for statistical analysis. (D) Flow cytometry of CCRF-CEM-GFI1–3×FLAG cells 

electroporated with control RNP or IKZF1 RNPs as in Figure 5A. Cells were treated with 

doxycycline for 0 or 48 hr. Left: example NOTCH3 flow cytometry. Right: MFIs within 

the NOTCH3-positive regions shown on the left were averaged from four independent 

experiments and plotted as a bar graph. Error bars depict SEM. Two-way ANOVA was 

used for statistical analysis. (E) A proposed model for GFI1-mediated non-canonical 

transcriptional activation. In the well-known canonical transcriptional regulation mechanism, 

GFI1 acts as a transcriptional repressor by recruiting LSD1/CoREST-containing complexes 

via its SNAG domain. In non-canonical transcriptional activation, GFI1 activates NOTCH3 
and other hallmark T cell developmental genes with IKAROS. DNA binding by both 

proteins is required, as is an intact SNAG domain not bound by LSD1. An LSD1 inhibitor, 

which blocks SNAG—LSD1 binding enables transactivation of NOTCH3 and similarly 

regulated genes via the GFI1—IKAROS partnership.
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