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ARTICLE INFO ABSTRACT

Keywords: IKAROS, encoded by IKZF1, is a six zinc-finger (ZF) transcription factor integral to lymphocyte development and

IKZF1 function. IKZF1 mutations affecting DNA-binding (ZF1-4) and dimerization (ZF5-6) have been extensively re-

Primary immunodeficiency ported and result in human disease. Herein, we investigated IKZF1 mutations affecting protein stability.

g:—]:)(t)eril:lesrt:;risli?; fmmunity We identified ten individuals in three families carrying IKZF1 mutations mapping either to the pre-ZF1 area

Transcription factors (D22N), or the dimerization domain (M494Vfs*86, Y503*) presenting with infections, immune dysregulation

Haploinsufficiency and/or lymphoproliferation with incomplete clinical penetrance. IKAROS expression was reduced in all
mutation-carrier evaluated. Protein stability was decreased for D22N, V52L (another pre-ZF1 variant reported in
COSMIC), Y503* and Dell-116, a laboratory-designed mutant encompassing the pre-ZF1 area. Mutants Y503*
and Del1-116 also exhibited other impaired functions. IKAROS N-terminal pre-ZF1 area, encompassing a pre-
viously uncharacterized protein stability-associated region (PSAR), is crucial for IKAROS stability. Variants in the
IKAROS PSAR leading to decreased protein stability and IKAROS haploinsufficiency seem sufficient to result in
immune defects and IKAROS-associated diseases.

1. Introduction and targeting to pericentromeric heterochromatin (PC-HC), while the

fourth enhances binding specificity [5,6]. IKAROS demonstrates a

IKAROS, a zinc finger (ZF) transcription factor encoded by the IKZF1
gene, plays a pivotal role in shaping the development and function of the
hematological and immune systems. Its influence spans the entire life-
cycle of immune cells in both human and mice, from the earliest stages
of blood cell formation in the fetal liver and adult bone marrow through
the maturation of B and T lymphocytes [1-3]. IKAROS’ functionality is
determined by its structural components, primarily the N-terminal DNA-
binding domain (ZF1-ZF4) and the C-terminal dimerization domain
(ZF5-ZF6) [4]. The first three ZFs enable sequence-specific DNA binding

strong affinity for particular DNA motifs, such as GGGAA, which is
essential for its transcriptional regulation [7]. The C-terminal ZFs
mediate homo- and heterodimerization between IKAROS isoforms, and
with other family members like HELIOS, AIOLOS, EOS, and PEGASUS
[8-10]. Mutations affecting these crucial domains can drastically impair
IKAROS functions, leading to different forms of IKAROS-associated
diseases.

IKZF1 mutations are associated with a spectrum of primary immu-
nodeficiencies (PIDs)/inborn errors of immunity (IEI) and

Abbreviations: ANCA, Antineutrophil cytoplasmic antibodies; CVID, Common variable immunodeficiency; EBV, Epstein-Barr virus; EMSA, Electrophoretic
mobility shift assay; HCs, Healthy controls; IEI, inborn errors of immunity; IP, Inmunoprecipitation; MFI, Mean fluorescence intensity; PBMCs, Peripheral blood
mononuclear cells; PC-HC, Pericentromeric heterochromatin; PIDs, Primary immunodeficiencies; PSAR, Protein stability-associated region; PTMs, Post-translational

modifications; WT, Wild type; ZF, Zinc finger.
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Table 1

Laboratory findings of patients carrying IKZF1 variants.
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ID (age and sex)

ALl
(44y, M)

ALl
(Sy, M)
(Index)

B.IL2
15y, B)

B.IL1
18y, M)

B.I.1
(51y, M)
(Index)

ClL1
(54y, B)

C.IL1
21y, F)
(Index)

CD3+

CD3 + CD4+

CD3 + CD8+

CD4/CD8 ratio

CD3 + CD4 + CD45RA +

CD62L+
(Naive CD4)

CD3 + CD4 + CD45RA-
CD62L+

(Central memory CD4)

CD3 + CD4 + CD45RA-CD62L-
(Effector memory CD4)

CD3 + CD4 + CD45RA +
CD62L-
(TEMRA CD4)
CD3 + CD8 + CD45RA +
CD62L+
(Naive CD8)
CD3 + CD8 + CD45RA-
CD62L+
(Central memory CD8)
CD3 + CD8 + CD45RA-CD62L-
(Effector memory CD8)

CD3 + CD8 + CD45RA +
CD62L-
(TEMRA CDS8)
CD4 + CD45RA + CD31+
(Recent thymic emigrants)
CD4 + CD25 + FOXP3+ or
CD4 + CD25 + CD127-

(Treg)
CD16 + CD56+ (NK)

CD3 + CD16 + CD56+ (NKT)

CD19+ (or CD20+)

CD19 + CD27-IgD+

(Naive B-cells)

CD19 + CD27 + IgD-
(Switched memory B)

CD19 + CD27 + IgD+
(non-switched memory B)

CD19 + CD21-CD38-

Neutrophil
Monocyte

Eosinophil
Basophil

IgG (mg/dL)
[Reference]

86.6 % (745)
[55-88 %
(651-2804)]
51.2 % (440)
[28-56 %
(370-1336)]
32.5 % (280)
[14-46 %
(185-1024)]
1.58
[0.8-4]
11.6 % (100)
[6-27 %
(87-796)]
18.2 % (157)
[9-29 %
(166-544)]
20.4 % (175)
[4-13 %
(80-262)]
1.0 % (9)
[0.1-6 %
(1-132)]
8.5 % (73)
[2-18 %
(37-484)]
3.0 % (26)
[1-8 % (19-175]

8.4 % (72)
[2-12 %
(47-383]

12.6 % (108)
[1-13 %
(17-274]

8.0 % (69)
[3-25 %
(47-527]

2.6 % (22)

[1-6 %

(27-122)]

6.8 % (58)
[7-33 %

(126-841)]

5.8 % (50)
[2.1-18 %
(56-448)]

6.2 % (53)
[3.8-18 %
(79-399)]

3.3% (29)
[2-14 %
(49-302)]
0.9 % (8)

[0.3-2.3 %
(7-50)]
0.7 % (6)

[0.2-1.9 %
(5-50)]
0.1 % (1)

[0-0.4 % (0-9)]

3070
[1560-6130]
140
[240-860]
100
[40-360]
50
[10-80]
1131
[600-1540]

83.8 % (1399)
[55-86 %
(1292-3922)]
66.4 % (1109)
[26-56 %
(770-2368)]
11.7 % (195)
[14-31 %
(339-1487)]
5.68
[1.1-3.1]
27.2 % (454)
[16-44 %
(443-1880)]
6.4 % (107)
[4-10 %
(118-498)]
23.0 % (384)
[1.5-5.4 %
(49-185)]
9.9 % (165)
[0.2-5 %
(8-147)]1
3.7 % (62)
[7-25 %
(202-983)]
0.1 % (2)
[0.3-3 % (9-110]

3.9 % (65)
[0.6-4 %
(19-198]

4.0 % (67)
[2-11 %
(68-494]

23.6 % (395)

[13-38 %

(421-1639]
0.3 % (5)

[1.2-8.8 %
(14-157)]

10.5 % (175)
[3-19 %

(96-906)]

3.9 % (65)

[0.9-6.7 %
(28-279)]

5.8 % (97)
[10-28 %

(296-1264)]

4.4% (73)

[8.7-23 %
(255-1125)]

0.3 % (6)

[0.4-2.0 %
(11-82)]
0.3 % (4

[0.4-2 % (7-82)]

0.2 % (3)
[0.1-1.1 %
(3-35)]
16,800
[1600-7800]
320
[300-900]
10
[0-500]
80
[0—100]
1156
[542-1358]

89.2 % (1793)
[64-87 %
(1054-3177]
48.3 % (971)
[31-53 %
(604-1771)]
35.3 % (710)
[19-39 %
(274-1386)]
1.37
[0.8-2.8]
16.9 % (340)
[14-33 %
(219-1118)]
18.7 % (376)
[4-18 %
(104-450)]
10.9 % (219)
[3-11 %
(53-303)]
1.9 % (38)
[0.2-5 %
(5-153)]
16.1 % (324)
[6-24 %
(175-767)]
2.0 % (40)
[0.3-3 % (7-69]

4.9 % (98)
[0.9-9 %
(16-206]

12.3 % (247)
[2-16 %
(46-467]

16.3 % (328)

[10-28 %

(227-892]

1.6 % (32)
[0.7-4 %
(12-90)]

7.7 % (155)
[4-22 %
(67-469)]

6.1 % (123)
[2.2-9.6 %
(42-249)]

2.8 % (56)
[5-26 %

(130-1010)]

1.9 % (39)
[3.6-25 %
(87-815)]
0.3 % (5)
[0.3-2.1 %

(7-54)]
0.4 % (8)
[0.3-1.3 %
(5-35)]
0.1 % (2)
[0-0.4 % (0-7)]

3810
[2000-7400]
690
[200-800]
70
[100—-200]
110
[0-100]
438
[658-1534]

78.7 % (1763)
[55-88 %
(651-2804)]
41.5 % (930)
[28-56 %
(370-1336)]
32.9 % (737)
[14-46 %
(185-1024)]
1.26
[0.8-4]
15.7 % (352)
[6-27 %
(87-796)1
15.8 % (354)
[9-29 %
(166-544)]
8.5 % (190)
[4-13 %
(80-262)]
1.5 % (34)
[0.1-6 %
(1-132)]
19.2 % (430)
[2-18 %
(37-484)]
1.8 % (40)
[1-8 % (19-175]

4.6 % (103)
[2-12 %
(47-383]

7.2 % (161)
[1-13 %
(17-274]

12 % (268)
[3-25 %
(47-527]

1.7 % (38)
[1-6 %
(27-122)]

18.9 % (423)
[7-33 %

(126-841)]

7.8 % (175)
[2.1-18 %
(56-448)]

2.4 % (54)
[3.8-18 %
(79-399)]

1.9 % (43)
[2-14 %
(49-302)]
0.2 % (4)

[0.3-2.3 %
(7-50)]
0.2 % (3)
[0.2-1.9 %
(5-50)]

0.1 % (2)
[0-0.4 % (0-9)]

3590
[1800-7200]
690
[200-800]
830
[100-200]
50
[0-100]
592
[658-1534]

83.6 % (426)
[55-88 %
(651-2804)]
37.5 % (191)
[28-56 %
(370-1336)]
42.4 % (216)
[14-46 %
(185-1024)]
0.88
[0.8-4]
3.6 % (18)
[6-27 %
(87-796)]
14.9 % (76)
[9-29 %
(166-544)]
16.9 % (86)
[4-13 %
(80-262)]
2.1 % (11)
[0.1-6 %
(1-132)]
6.8 % (35)
[2-18 %
(37-484)]
2.7 % (14)
[1-8 % (19-175]

16.8 % (86)
[2-12 %
(47-383]

16.1 % (82)
[1-13 %
(17-274]

3.4% (17)
[3-25 %
(47-527]

2.3%(12)

[3-9%
(41-204)]

6.2 % (32)
[7-33 %

(126-841)]

17.5 % (89)
[2.1-18 %
(56-448)]

10.5 % (54)
[3.8-18 %
(79-399)]

7.7 % (40)
[2-14 %
(49-302)]
0.5 % (3)
[0.3-2.3 %
(7-50)]
1.8 % (9)
[0.2-1.9 %
(5-50)]
0.8% (4
[0-0.4 % (0-9)]

4700
[1560-6130]
220
[240-860]
20
[40-360]
70
[10-80]
602
[600-1540]

86.9 % (1964)
[55-88 %
(651-2804)]
42.3 % (956)
[28-56 %
(370-1336)]
38.3 % (866)
[14-46 %
(185-1024)]
1.10
[0.8-4]
7.9 % (179)
[6-27 %
(87-796)]
24.2 % (547)
[9-29 %
(166-544)]
9.6 % (217)
[4-13 %
(80-262)]
0.6 % (14)
[0.1-6 %
(1-132)]
14.4 % (325)
[2-18 %
(37-484)]
5.2 % (118)
[1-8 % (19-175]

5.3 % (120)
[2-12 %
(47-383]

13.4 % (303)
[1-13 %
(17-274]

3.6 % (81)
[3-25 %
(47-527]

4.4 % (99)

[1-6 %
(27-122)]

10.2 % (231)
[7-33 %

(126-841)]

8.4 % (190)
[2.1-18 %
(56-448)]

2.7 % (61)
[3.8-18 %
(79-399)]

1.4 % (33)
[2-14 %
(49-302)]

0.5 % (11)

[0.3-2.3 %
(7-50)]

0.6 % (14)
[0.2-1.9 %
(5-50)]

0.1 % (2)
[0-0.4 % (0-9)]

6010
[1560-6130]
970
[240-860]
60
[40-360]
60
[10-80]
n.d.

85.0 % (1853)
[55-88 %
(651-2804)]
26.4 % (576)
[28-56 %
(370-1336)]
55.9 % (1219)
[14-46 %
(185-1024)]
0.47
[0.8-4]
7.0 % (153)
[6-27 %
(87-796)]
14.1 % (307)
[9-29 %
(166-544)]
5.1 % (111)
[4-13 %
(80-262)]
0.1 % (2)
[0.1-6 %
(1-132)]
20.8 % (453)
[2-18 %
(37-484)]
6.2 % (135)
[1-8 % (19-175]

9.5 % (207)
[2-12 %
(47-383]

19.5 % (425)
[1-13 %
(17-274]

5.1 % (111)
[3-25 %
(47-527]

2.8 % (61)

[1-6 %
(27-122)]

9.3 % (203)
[7-33 %

(126-841)]

4.8 % (105)
[2.1-18 %
(56-448)]

5.8 % (126)
[3.8-18 %
(79-399)]

5.4 % (117)
[2-14 %
(49-302)]
0.2 % (49

[0.3-2.3 %
(7-50)]

0.1 % (2)
[0.2-1.9 %
(5-50)]

0.0 % (0)
[0-0.4 % (0-9)]

1760
[1560-6130]
500
[240-860]
70
[40-360]
20
[10-80]
947
[610-1616]

(continued on next page)
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Table 1 (continued)
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ID (age and sex) All ALl B.IL2 B.IL1 B.I1 CI1 C.IL1
(44y, M) (5y, M) 15y, F) (18y, M) (51y, M) (54y, F) (21y, F)
(Index) (Index) (Index)
IgM (mg/dL) 196 139 24 54 86 n.d. 46
[Reference] [33-293] [39-151] [33-293] [33-293] [33-293] [22-293]
IgA (mg/dL) 213 230 54 50 91 n.d. 21
[Reference] [68-517] [26-147] [53-287] [53-287] [68-517] [63-484]

Bold indicates above-normal values, and bold italic indicates below-normal values according to in-house, age-matched reference ranges. The percentages of T- and B-
cell subsets are calculated from total lymphocytes. n.d., not determined. Reference ranges are presented as percentages (%) and/or absolute numbers (Abs, cells/ pl) in

brackets under each analyte value.

hematological disorders causing increased susceptibility to infections,
immune dysregulation, and malignancy [11]. These mutations fall into
four categories: haploinsufficiency, dimerization defective, dominant
negative, and gain-of-function. Each mechanism produces distinct
immunological and clinical phenotypes, from mild antibody deficiencies
to severe, combined immunodeficiencies [11-16]. These wide range of
IKAROS-associated diseases highlights the protein’s crucial role in
maintaining a functional and healthy immune system.

Protein stability is a critical factor in the function and activity of
IKAROS. The C-terminal dimerization domain is known to contribute to
its structural integrity, and mutations in these area can result in protein
misfolding, increased degradation, and impaired cellular functions [13].
Furthermore, protein stability is a process tightly regulated by post-
translational modifications (PTMs) and protein interactions, and dis-
ruptions of this balance have been associated with a variety of diseases,
including inflammatory, cancer, and metabolic conditions [17].

Recently, a study on AIOLOS, another member of the IKAROS family
of transcription factors, demonstrated that its pre-ZF1 N-terminal region
plays a crucial role in maintaining protein stability and function [18].
This led us to investigate whether a similar region in IKAROS might also
influence stability.

In this work, we present clinical and in-vitro evidence that patients
carrying deleterious variants affecting IKAROS N-terminal region up-
stream of ZF1, herein designated as IKAROS protein stability-associated
region (PSAR), as well as in the dimerization domain, show reduced
IKAROS protein stability and are associated with human disease.

2. Materials and methods

Informed consent was obtained from all research subjects or their
guardians involved in this study in accordance with the Declaration of
Helsinki under institutional review board-approved protocols at Na-
tional Institutes of Health/National Institute of Allergy and Infectious
Diseases protocol.

PBMCs from patients and all available relatives were immunophe-
notyped, and genomic DNA was isolated from these cells for whole-
exome sequencing, with prioritized IKZF1 variants confirmed by
Sanger sequencing. Plasmids were engineered to express various IKZF1
variants, including patient-associated mutations or targeted deleted re-
gions. Studies were performed on patient or transfected cells, including
analyses of IKAROS protein expression, co-immunoprecipitations (IP),
immunofluorescence, electrophoretic mobility shift assay (EMSA), and
protein stability by cycloheximide chase, as previously described [13].
Further details can be found in the Supplementary Materials section.

3. Results
3.1. Clinical histories

Family A. The index patient (A.IL.1) is a 5-year-old male who devel-
oped benign recurrent cervical lymphadenopathy, typically worsening
during infections. Two lymph node biopsies were performed, both
revealing primarily reactive lymphocytic infiltrates with no evidence of
malignancy. Lymphocyte phenotyping revealed reduced CD8+ T cells,

CD19+ B cells, and switched memory B cells. Immunoglobulin levels
were normal, but vaccine protective titers were not assessed because the
patient has not been vaccinated.

The index and his father (A.1.1) carry an IKZF1:c.64G > A (p.D22N)
heterozygous variant. Both the patient’s father and mother are healthy.
Research genetic material was available from A.I.1, A.IL.1 (index), and
his mother; cells were available from A.IL.1.

Family B. B.1.1, the index patient, is a 51-year-old male, who was
diagnosed with anti-neutrophil cytoplasmic antibody (ANCA)-negative
vasculitis at the age 37. He experienced chronic, recurrent pulmonary
symptoms, which were investigated through a pulmonary CT scan,
bronchoscopy, and lung biopsy. The findings were consistent with
bronchiolitis obliterans and chronic interstitial lymphocytic pneumonia,
both considered to be due to inflammatory conditions associated with
vasculitis. The patient also presented other symptoms of immune dys-
regulation, as chronic aphthosis. No recurrent, severe or opportunistic
infections were reported. B-cell lymphopenia, low serum IgG and IgA
levels and impaired response to Pneumovax (23-valent polysaccharide
pneumococcal vaccine) were detected. Over the course of his disease, he
received several immunomodulatory drugs, including prednisolone,
cyclosporine, tacrolimus, mycophenolate mofetil, cyclophosphamide,
methotrexate, and azathioprine, along with subcutaneous immuno-
globulin replacement therapy (IgGRT).

The index and his two children carry an IKZF1 c.1480_1481delAT;
(p-M494Vfs*86) heterozygous variant. His 18-year-old son (B.IL.1) is
clinically asymptomatic, while his daughter (B.II.2) has been diagnosed
with ANCA-negative vasculitis as her father. She has been treated with
dapsone and subcutaneous IgGRT. Both siblings exhibit B-cell lympho-
penia, borderline low IgG levels, and poor specific antibody responses to
protein or polysaccharide vaccine antigens. The index patient’s father
was reported to have IgA and IgM deficiency; however, no related
symptoms were noted. He passed away from alcohol-induced liver
cirrhosis as described in a previous report [19]. Research genetic ma-
terial was available from B.I.1 (index), B.IL.1 and B.IL.2; cells were
available from B.II.1 and B.IL.2.

Family C. The index patient (C.II.1) is a 21-year-old woman who had
recurrent ear infections as an infant, and at age 16 years was diagnosis
with a high-risk B-cell acute lymphoblastic leukemia (ALL). Her leuke-
mia treatment was followed by multiple complications. The patient
suffered from acute vascular necrosis of the knees due to corticosteroid
treatment, and an episode of intrathecal methotrexate toxicity. She also
developed recurrent cutaneous manifestations, ranging from toe cellu-
litis to scattered lesions requiring admission and intravenous antibiotics
treatment, and a severe case of necrotizing fasciitis of the left breast
requiring emergent mastectomy. Diagnostic findings varied; some
yielding positive microbial cultures (e.g., Group A Streptococci in
necrotizing fasciitis, Escherichia coli in a left hip infection), others
aseptic. Histopathological findings were not always conclusive either.
Her most recent bone marrow biopsy showed no residual disease.
Immunological profiling demonstrated normal total T cells with an
inverted CD4/CD8 ratio, decreased switched memory B cells and
impaired response to polysaccharide antigens. The index, her mother
and her three siblings carry an IKAROS ¢.1509C > G; (p.Y503*) het-
erozygous variant. The patient’s mother (C.1.1) has a history of breast
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Table 2
Clinical manifestations of the affected IKZF1 mutation carriers.
IKAROS variants Family A Family B Family C
c.64G > A ¢.1480_1481delAT c.1509C > G
p.D22N p-M494Vfs*86 p.Y503*
Clinical phenotype
Recurrent infections No Respiratory (1/3) (B-1.1)) Respiratory and/or cutaneous (2/5) (C.IL.1, C.IL.2)
Autoimmunity No ANCA-negative vasculitis (2/3) (B.I.1, B. No
11.2)
Immune dysregulation Recurrent non-malignant lymphadenopathy (1/2) Splenomegaly; chronic aphthosis (1/3) Recurrent non-infectious cutaneous complications (1/
(A.IL1) (B-L.1) 3) (C.IL.1)
Hematologic No No B-cell acute lymphoblastic leukemia (1/3) (C.IL.1)
malignancy
Asymptomatic 1/2 (A.L1) 1/3 (B.IL1) 3/5 (C.L.1, C.IL3, C.IL.4)
A
Family A Family B Family C I e mutaton carrer
C.64G>A €.1480_1481delAT ¢.1509C>G [ Asymptomatic mutation carrier
p.D22N p.M494Vfs*86 p.Y503*

D22N

M494Vfs*86 Y503

B EBV-B PBMC
150 1509,
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Fig. 1. Evaluation of IKAROS protein expression and transcription in patients with heterozygous IKZF1 variants.

(A) The pedigrees of the patients with heterozygous IKZF1 variants (NM_006060.6). Black and gray filled symbols indicate symptomatic and asymptomatic mutation
carriers, respectively. Arrows indicate index cases. Schematic presentation of the structure of human IKAROS and zinc finger (ZF) domains (right panel).

(B) IKAROS protein expression in EBV transformed B cells and PBMCs from the affected mutation carriers and healthy controls (HCs). f-actin was used as a loading
control. Densitometry analysis of IKAROS isoform 1 (approximately 65 kDa) was performed, with values normalized to the loading controls. The average IKAROS
level for HCs was set to 100, and IKAROS expression in both patients and HCs was expressed as a percentage of this normalized value. For EBV transformed B cells,
the data were obtained from three replicates. Two different HCs were used, represented by different shapes. For PBMCs, four different HCs were used (HC4 is IKAROS
mutation negative index patient’s father). Data present means + SD.

(C) The chromatograms illustrate the cDNA sequencing results of PBMCs from IKZF1 affected mutation carriers.

Research genetic material was available from the whole family; cells
were only available from C.I.1 and C.II.1 (index).
Due to limited PBMCs sample availability for families A and B, we

cancer, currently in remission. One of her sisters (C.IL.2) was diagnosed
with specific antibody deficiency in childhood and treated with IgRT,
her other sister (C.Il.4) and brother (C.II.3) remain asymptomatic.
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Fig. 2. The impact of IKAROS variants on protein stability. Western blot analysis of IKAROS protein levels in cells expressing wild-type (WT) and the IKZF1 variants
following cycloheximide (CHX, 10 pg/ml) treatment. Transfected cells were treated with CHX and harvested after 18 h of incubation. IKAROS protein (~65 kDa) and
Vinculin (loading control) were detected by immunoblotting. The IKAROS expression was normalized by the loading control and the IKAROS protein stability was
calculated by dividing the CHX-treated sample by the untreated sample (x100) for each group. Data represent mean =+ SD. Significance was determined by using a 2-

tailed Student’s t-test. *p < 0.05.

used T-cell blasts or EBV-transformed B cells to evaluate IKAROS
expression.

A detailed overview and summarized clinical and laboratory data on
all patients’ evaluation is provided in Tables 1 and 2.

3.2. IKAROS protein expression in patient-derived and primary cells

IKAROS protein expression was assessed in PBMCs or EBV-
transformed B cells derived from patients and healthy controls (HCs)
using immunoblotting (Fig. 1B). The cells from patients carrying IKZF1
variants D22N, M494fs and Y503* IKAROS showed a marked decreased
in IKAROS expression, with a mean expression level of 29, 51 and 44 %
of that in HCs, respectively. The mutant proteins from the M494fs and
Y503* variants were not detected. Reduced IKAROS protein expression
was confirmed by flow cytometry in the EBV-transformed B cells from
the D22N (A.I.1) and M494Vfs*86 (B.II.2), consistent with the immu-
noblotting results (Supplemental Fig. 1 A). We further investigated
IKAROS expression in B- or T-cells (Supplemental Fig. 1B). In B cells
from patients with the Y503* variant, flow cytometry revealed reduced
IKAROS protein levels as indicated by mean fluorescence intensity
(MFI). As cells from the M494Vfs*86 had to undergo four days trans-
continental shipping for research evaluation, T-cell blasts were gener-
ated before testing. Flow cytometric analysis of these cells also
demonstrated reduced IKAROS protein levels. cDNA sequencing of total
PBMCs from the patients showed that the mutant transcript allele was
present at comparable levels to the WT allele, ruling out mRNA decay
causing the reduced IKAROS protein expression (Fig. 1C). Further
quantitative PCR from EBV-B cell lines (A.I.1 and B.IL.2) showed com-
parable IKZF1 levels between HCs and the patients (Supplemental
Fig. 1C). These findings suggest that the decreased protein levels are
likely due to protein instability rather than a transcriptional defect.

3.3. IKZF1 variants lead to protein instability

To assess IKAROS protein stability, HEK293T-transfected cells
expressing WT or mutant IKAROS were treated with cycloheximide, a
protein synthesis inhibitor. For the cycloheximide chase assay, an 18 h-
incubation time was selected as an intermediate midpoint after evalu-
ating time points between 4 and 24 h. Due to the intrinsic genetic
complexity of mutant IKAROS ¢.1480_1481delAT leading to a M494V
missense change and a frameshift resulting in 86 missense amino acids
before finding a neo stop codon, only the D22N and Y503* mutants were

generated and tested. Both D22N and Y503* showed decreased protein
stability after cycloheximide treatment, with protein levels reduced by
approximately 50 % for both mutants, compared to a approximately 30
% reduction in WT IKAROS (Fig. 2). These results strongly suggest that
the decreased protein expression detected in the patients is likely
dependent on reduced IKAROS protein stability.

3.4. Functional evaluation of IKAROS mutants D22N and Y503*

While mutation D22N maps to the pre-ZF1 area, a region of unrec-
ognized biologic function, Y503* directly impacts ZF6, crucial for homo-
and heterodimerization for IKAROS and its family members. When
homodimerization was investigated, mutant protein D22N dimerized
with WT IKAROS at levels comparable to the WT-WT interaction. In
contrast, mutant Y503* was unable to fully bind with WT IKAROS,
although a residual dimerization band was detected (Fig. 3A). Since
IKAROS also forms heterodimers with other IKAROS family members,
we also performed co-immunoprecipitation assays between mutant
Y503* and WT HELIOS, AIOLOS, and EOS. As observed with the
impaired homodimerization, mutant Y503* was unable to fully heter-
odimerize with WT HELIOS, AIOLOS and EOS. Of note, Y503* also
retained some residual heterodimerization capacity likely through a
preserved ZF5 but abnormal ZF6 function, where mutation Y503* sits
(ZF6: amino acids 490-514). These results demonstrate that Y503* leads
to an abnormal homo- and heterodimerization capacity not only
impacting on IKAROS functions but also on the functions of the other
IKAROS family members with which it interacts.

To further assess the impact of these mutations, WT or mutant
IKAROS proteins were expressed in NIH3T3 cells to evaluate pericentric
heterochromatin (PC-HC) localization. IKAROS D22N displayed a
punctate staining pattern similar to that of WT IKAROS. Conversely, the
mutant Y503* exhibited a diffuse staining pattern throughout the nu-
cleus, with no PC-HC localization, displaying a loss of IKAROS-specific
pericentromeric targeting capability. In co-transfection experiments,
cells expressing both WT and Y503*, the Y503* mutant maintained its
diffuse staining pattern but not interfering with the PC-HC localization
of the WT IKAROS, ruling out a dominant negative effect (Fig. 3B).

To evaluate the ability of IKAROS mutants to bind DNA, EMSA were
performed (Fig. 3C). These experiments showed that the D22N mutant
retained the ability to bind DNA target sequence comparable to the WT
protein. In contrast, the Y503* mutant exhibited decreased DNA bind-
ing, suggesting that impaired IKAROS dimerization likely leads to a loss
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Fig. 3. Functional evaluation of IKAROS mutants.

(A) Immunoprecipitation (IP) assays were performed to assess WT or mutant
IKAROS interactions with other IKAROS family members, with anti-rabbit IgG
as the assay control. Western blot data of IP samples with indicated antibodies
are shown.

(B) Immunofluorescence shows localization of IKAROS WT and mutants in PC-
HC regions. Left: WT and mutants individually. Right: Co-transfections of WT or
mutant IKAROS with Flag-tagged WT. Cells were labeled with anti-mouse HA
and anti-rabbit Flag antibodies, followed by Alexa Fluor 488 and 568-conju-
gated secondary antibodies. Images were captured on an EVOS fluorescent
microscope (40x objective). Scale bars indicate 25 pm.

(C) HA-tagged IKAROS WT or mutants were expressed in HEK293T cells, and
nuclear extracts were used for EMSA, with an equal volume from each sample
along with protein expression testing. The arrow indicates IKAROS-binding
complex; for immunoblotting, molecular weight markers (kDa) are indicated.

(D) SUMOylation analysis of IKAROS variants. HEK293T cells were transfected
with HA-tagged IKAROS WT or mutant and GFP-SUMOL1. After 48 h, protein
lysates were subjected to IP. Western blot results of IP samples are presented.
Representative images from three independent experiments are shown.

of this functional activity.

3.5. The effect of the IKAROS mutations on SUMOylation

IKAROS is known to undergo PTMs, one of which is SUMOylation.
SUMOylation influences numerous IKAROS functions, as nuclear
transport, transcription regulation and protein stability [13,20]. Thus,
we investigated SUMOylation on the D22N and the Y503* IKAROS
mutants. Our findings revealed similar to WT SUMOylation for D22N,
while a reduced and abnormal SUMO1 interaction pattern for Y503*
(Fig. 3D). These findings demonstrate that the disruption of the
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dimerization domain interferes with normal IKAROS SUMOylation, a
process related to protein stability.

3.6. Functional role of the N-terminal region upstream of the ZF1 domain

To further characterize the IKAROS N-terminal pre-ZF1 region, we
generated eight single amino acid missense expression vectors recapit-
ulating variants mapping to this region that have been previously
associated with hematologic diseases and cancers in Cosmic: i.e., P18T,
E29D, M31V, P34S, S41L, V52L, R69H and D81IN [21]. While none of
these variants affected DNA binding by EMSA, V52L like D22N was
associated with a significantly decreased protein stability without
affecting PC-HC localization either (Fig. 4A-D). These data show that at
least two missense variants in the pre-ZF1 region, spanning from amino
acids 1-116, affect protein stability without impacting on DNA binding
or PC-HC localization. Hereafter, we designated this area as IKAROS
protein stability-associated region (PSAR).

To assess the functional impact of IKAROS PSAR as a whole, we
engineered a plasmid devoid of IKAROS N-terminal 116 amino acids
(Del 1-116) but retaining the full DNA binding (ZF1-4) and dimeriza-
tion (ZF5-6) domains. Protein expression analysis confirmed both the
WT and Del 1-116 constructs were efficiently translated, with the
deletion mutant showing the expected lower molecular weight. Similar
to D22N and V52L missense variants, the Del 1-116 mutant showed a
significantly lower stability/increased degradation when compared to
the WT, with a 67 % mutant protein reduction versus a 37 % reduction in
WT protein in the cycloheximide chase assay (Fig. 5A). Of note, while
the D22N and V52L mutant proteins only showed a defective protein
stability, the Del 1-116 mutant presented impaired PC-HC localization,
as well as different DNA binding and SUMOylation patterns when
compared to the WT control. (Fig. 5B, C and D). These defects may likely
reflect the impact of a major structural disturbance resulting from the
experimental removal of >20 % of IKAROS WT sequence (i.e., deletion
of 116-out-0f-519 IKAROS WT amino acids). Aside from the above-
mentioned limitations, these data altogether highlight the role of
IKAROS pre-ZF1 region, encompassing amino acids 1-116, in IKAROS
protein stability (Fig. 4A).

4. Discussion

Recently, we demonstrated the critical functional role of the N-ter-
minal region in AIOLOS, another member of the IKAROS family of
transcription factors [18]. In that study, we found that AIOLOS’ N-ter-
minal region plays a major role in protein stability and function. In
HEK293T transfection experiments, we found that the deletion of its N-
terminal region led to reduced protein expression. These findings un-
derscore that AIOLOS N-terminal region is essential for maintaining its
integrity and stability. Since IKAROS and AIOLOS are structurally and
functionally related, insights from AIOLOS helped us to further under-
stand IKAROS. Mutations in IKZF1 are important contributors to PIDs.
Previous studies have been mainly focused on defects within or directly
affecting the ZF domains critical for DNA-binding and dimerization, and
resulting in diverse disease phenotypes [3,11,12]. Patients with IKZF1
haploinsufficiency typically exhibit common variable immunodefi-
ciency (CVID)-like symptoms, including low B-cell counts, low serum
immunoglobulin levels, increase susceptibility to bacterial infections,
autoimmune disorders, and a higher risk of malignancies. Mutations
disrupting dimerization usually result in hematological disorders, im-
mune dysregulation, and hypogammaglobulinemia, while dominant
negative mutations usually cause more severe and opportunistic in-
fections and increased risk of lymphoid and myeloid malignancies. In
contrast, gain-of-function mutations mostly result in autoimmunity, al-
lergies, and plasma cell proliferation [16].

In this work, through a systematic functional analysis, we demon-
strate that IKZF1 mutations affecting IKAROS stability are associated
with human disease with incomplete clinical penetrance, similarly as
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Fig. 4. Protein stability and functional testing of IKAROS variants in the pre-ZF1 region.
(A) Schematic representation of the IKAROS protein structure, highlighting the pre-ZF1 region and associated missense mutations identified in hematologic disorders,

retrieved from the Cosmic database.

(B) Electrophoretic mobility shift assay (EMSA) showing DNA binding activity of WT and pre-ZF1 IKAROS variants. Nuclear extracts were incubated with bio-
tinylated IKAROS consensus sequence (IKBS1). Western blotting indicates IKAROS protein expression in the nuclear fractions, with molecular weight markers shown

(kDa).

(C) Immunofluorescence staining in NIH3T3 cells expressing HA-tagged WT IKAROS or V52L variant. Cells were labeled with anti-IKAROS antibody, followed by an
Alexa 488-conjugated secondary antibody. Images were acquired using EVOS fluorescent microscope (40x). Scale bars indicate 25 pm.

(D) Cycloheximide (CHX) chase assay assessing protein stability of IKAROS variants. HEK293T cells transfected with IKAROS constructs were treated with CHX for
18 h, and protein levels were analyzed via immunoblotting, normalized to Vinculin. The bar graph depicts relative IKAROS levels post-CHX treatment, showing V52L
variant as the most destabilized variant. Data are presented as mean + SEM; **p < 0.01 (two-tailed Student’s t-test).

described in patients carrying IKZF1 haploinsufficiency, dimerization or
gain-of-function mutations [11]. As previously reported, IKZF1 delete-
rious variants impacting the dimerization domain are associated with
defective homo- and heterodimerization, as well as abnormal DNA
binding, PC-HC localization, SUMOylation, and reduced protein stabil-
ity [13]. Herein, we report that IKZF1 missense mutations mapping to
IKAROS pre-ZF1 region, an area of previously unknown biologic activity
that we designated as a PSAR, also affecting protein stability but with no
impact on DNA binding, PC-HC localization or SUMOylation, and still
associating human disease.

In particular, we show that the patient carrying the IKAROS D22N
variant experiences haploinsufficiency, likely due to the absence of
mutant protein expression and overall reduced WT IKAROS protein
levels, while not affecting other major functions on the transcription
factor. This IKAROS reduction likely alters B-cell differentiation and
function, similar to findings in other haploinsufficiency patients, as well
as the murine models, where decreased IKZF1 expression lowers the
threshold for B-cell receptor activation and impairs germinal center
formation [3]. In line with these observations, the patient exhibited

reduced total B cell numbers and switched memory B cells. The studies
on IKAROS V52L, another human mutation mapping to the PSAR, that is
not reported in gnomAD but is associated with hematologic diseases in
COSMIC, further supports the relevance of the PSAR and this mechanism
of disease.

The IKAROS M494Vfs*86 mutation has been previously reported in
patients with PIDs, although its impact on IKAROS expression in primary
cells has not been explored [19]. Herein, we assessed IKAROS expression
in T-cell blasts, and EBV-transformed B cells, observing markedly
reduced IKAROS protein levels. Since the M494Vfs*86 mutation maps to
the ZF6 domain, which is involved in dimerization, it is likely that this
variant impairs dimerization. Previous studies have shown that muta-
tions affecting dimerization reduce protein stability, which leads to
diminished functional activity of IKAROS [13]. While the mutation
complexity prevented us to exactly recapitulate its biologic behavior, it
is reasonable to speculate that the decrease in WT IKAROS protein levels
and the absence of mutant protein in our study are likely due to the
instability of the mutant protein, similar to other dimerization-
disrupting mutations known to reduce protein stability.
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Fig. 5. Functional significance of the region upstream of the ZF1 domain of IKAROS.
(A) Protein stability of IKAROS variants analyzed by cycloheximide (CHX) chase assay in HEK293T cells transfected with WT or Del 1-116 IKAROS. Protein levels
were assessed after 18 h of incubation with CHX by immunoblotting and normalized to Vinculin. Protein stability was calculated as CHX-treated/untreated ratio (%).

Data represent mean + SD, ** p < 0.01 by 2-tailed Student’s t-test.

(B) Immunofluorescence staining of NIH3T3 cells transfected with HA-tagged WT or mutant, stained with a-IKAROS, followed by an Alexa 488-conjugated secondary
antibody. Images captured on EVOS fluorescent microscope (40x), scale bars indicate 25 pm.
(C) EMSA analysis of WT and Del 1-116 IKAROS. Nuclear extracts were incubated with a biotinylated IKAROS consensus sequence (IKBS1). A western blot of anti-

IKAROS shows protein expression, with molecular markers on the right (kDa).

(D) SUMOylation analysis in HEK293T cells co-transfected with HA-tagged WT or Del 1-116 IKAROS and GFP-SUMOI, followed by immunoprecipitation and
immunoblotting. Representative images from three independent experiments are shown.

Our findings on IKAROS Y503* demonstrate that this variant dis-
rupts several key mechanisms essential for its function and stability.
First, the Y503* mutation impairs IKAROS’ ability to bind DNA properly
and localize to PC-HC, as shown by immunofluorescence staining
(Fig. 3), weakening its regulatory role in gene expression. Additionally,
EMSA results indicate that Y503* disrupts oligomerization, a process
crucial for stable DNA binding and complex formation, while it also
exhibits only very limited homodimerization with WT IKAROS, likely
due to alterations in the ZF6 domain, which is essential for this function
[13]. The defect in homodimerization limits functional interactions,
aligning with previous findings that deletion of the ZF5-6 domain or the
presence of dimerization-defective mutants disrupts SUMOylation [13].
The inability to form functional oligomers or homodimers may expose
mutant IKAROS to rapid degradation pathways, such as ubiquitin-
mediated proteolysis, leading to a shortened half-life and overall
decrease in accumulation. Finally, we observed disrupted SUMOylation
in the Y503*, which may further contribute to protein instability by
limiting protective post-translational modifications. Recent studies have
shown that SUMOylation regulates IKAROS’s transcriptional activity,
highlighting the impact of this defect on its regulatory function [20].
Together, these combined defects in DNA binding, oligomerization,
homodimerization, SUMOylating and stability, all contribute to the
IKAROS Y503* variant’s mechanism of disease.

In summary, this study identifies mutations that affect IKAROS
protein stability, including mutations disturbing dimerization and a
newly identified PSAR, resulting in altered immune functions and
human disease. Importantly, our study also expands the current un-
derstanding of IKAROS biology and protein regulation by establishing
that mutations in two distinct regions — the PSAR and the dimerization
domain — can lead to protein instability and by themselves result in
IKAROS haploinsufficiency and IKAROS-associated diseases.
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