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In Brief

Churchman et al. identify 28 unique
germline IKZF1 coding variants in 45
children with acute lymphoblastic
leukemia. Many of these variants are not
predicted to be damaging using in silico
prediction tools, but functional tests
reveal that the majority of them have
deleterious effects on IKAROS function.



de =2
H R

o INRALLDBREEE(ZI0UITET HH., LVNET
IZINBRDRTDFELZIRETHS

¢ IKZFIOREKBLIVZEEIT/NRALLD FEA

BERFTH5

o ALLBIEIZEEEMEZERNAEHDETHIET
DADNEEINDDOHD




He =2
R

B
IKZF11E{=F. IKAROS&E I

e IKZF1[ZIKAROSZO—F T B EIEF

* IKAROSIF4 D DNRImffMDzinc finger&, 22MDC
RimfBlDzinc fingerz b . TN TNDNAKES
—EXEICEADS

« TDH, SINGEEDIEEICEHAIEREEMEE
ERT AEMULA DS

1 1 L1 LAl

\J L
|} '
|} g ' -

4 Y A '
|} '

! — . T T
100 150 200 250 300 350 400 450 500 519

w9

I

putative — —_—
interaction I
domains
Aexon 4-7 (IK6)
. DNA-binding ZnF l dimerization ZnF | iexons e missense ¢ frameshift ® nonsense

Interaction domains: DNA-binding Dimerization SIN3 Mi-28 HDAC?2



E%ﬁ%tg

« L EEMERyATUY

T

He =2
R

[+AIKZFIZ &

fEIZEITS

IKZFIDEEHREENHREINTLS
« SHIZ|IKZFID K EHREEZZROHIRE

2D EFE295

TS

« EBLILT

=9 INRALLICH

D56 2HIZALLAFRE S

LVNTIKZF1ID £

- JE

MRERZR T HENGZRETHELELE




ik R
FNEHRRICEITAIKZFIZEDRETE

v

A D R aBALL oo k| Slegik | | Tt Ty
| AALLO232 BALL P9904/5/6 B-ALLAALLO331  XINAB and XV
(n=2225) (n=1634) (n=274) (n=830)
' ‘ 4 )
+ ‘5- -l 1 Targeted IKZF 1 next-gen sequencing in germiine DNA
o ' } ' '
Exclude non-coding and synonymous coding variants
™ B-ALL ' ‘ ) )
low B cells 10 missense : :
,mam 13 missense B 3 missense 4 missense
+ IKZF1D186fs ) ) ) )
= IKZF1 wid-type 43 patients with germiine IKZF 1 mutations
<~ proband 27 unique variants identified

c B o
= B> D> O, >~ X%
>3z 3 &% o S3c32 R uldUIs B
258 8= © S8 2 2B3T8 S355¥siII ©
a=>8 o o on = 8= d O NXICISS =
o 0 %9 % o L3 J ° o L B J S S 800 000 B
e s ./ N \1/ L7/
[ ] 1l [ ([ ]
H H H H
~ | ' ' ~- '
2 3 1} 4 b7 8
. . L] '
L 1 1 - 1 - 1 1 |
1 50 100 150 200 2%0 300 350 400 450 500 519
B ONA-binding ZnF ] dimerization ZnF  : exons e missense e frameshift * nonsense

Figure 1. Germline IKZF1 Variants in Pediatric ALL Patients

(A) Pedigree of the index family demonstrating a germline IKZF 1 variant (¢.del556; p.D186fs) with incomplete penetrance of ALL. An arrow denotes the proband,
squares and circles represent males and females, respectively, inset black boxes represent individuals with B-ALL, filled circles indicate low B cell numbers, “+"
identifies individuals harboring the heterozygous germline IKZF1 D186fs allele, " -~ identifies individuals with wild-type IKZF1 alleles, and slashes indicate
deceased family members.

(B) CONSORT diagram of St. Jude Chidren’s Research Hospital and Children's Oncology Group ALL patients included in this study

(C) Protein domain plot of IKAROS and the amino acid substitutions predicted to result from the germline IKZF1 vanants identified in this study.,

See also Figure S1 and Tables S1-54,
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Figure 2. Effects of IKZF1 Variants on Tran-
scriptional Repression, Dimerization, DNA
Binding, and Nuclear Localization

(A) Relative MCL7 promoter activity in luciferase
reporter assays using HEK293T cells ectopically
expressing IKAROS vanants compared with wild-
type (WT), empty vector (EV), and dominant-
negative IKG as controls.

(B) Redative MCL promoter activity after wild-type
IKAROS s co-expressed 1:1 with the subset of
IKAROS variants that lose the abikty to transcrip-
tionally repress MCL1.

(C) Electrophoretic shift assays performed using
nuclear extracts of HEK293T cells ectopicaly ex-
pressing wild-type or variant IKAROS. Extracts
were alowed to bind biotin-labeled probes con-
taning a consensus IKAROS binding site (IK-
bsd); as controls, excess unlabeled probe and
IKAROS antibody were used as binding competi-
tors. Arrow indicates full-length IKAROS-contain-
ing complexes and asterisks indicate truncated
size of nonsense vanants.

(0) Co-mmunoprecipitation (IP) of FLAG-tagged
wild-type and HA-tagged wild-type or variant
IKAROS in HEK293T cells to demonstrate the
abllity of each variant to dimerize.

Data in (A) and (B) are presented as mean = SD
of three technical rephcates; Student's t test
compared with wild-type, *'p < 0.0005, “'p <
0.005, *p < 0.05. See also Figure 53,
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Figure 3. Subcellular Mislocalization of IKAROS Variants

(A) Subcellutar localization of endogenous wikd-type (WT) and ectopically expressed variant IKAROS (green) in primary mouse Arf '~ BCR-ABL1* pre-B celis
detected by mmunoflucrescence usging an antibody to the IKAROS N terminus capable of detecting all variant protens and an AlexaFluor 488-conjugated
secondary antibody. Nuclel (blue) are observed by DAPI staining.

(8) Q;antmcatbon of the amount of IKAROS immunostaining found in the cytoplasm of Arf'~ BCR-ABL1" pre-B celis ectopically expressing each N-terminal
variant, n = 25 cells; Student's t test compared with EV, ***p < 0.0005, "p < 0.05. Short horizontal lines of each corresponding color indicate the mean for each
variant, The dotted horizontal ine indicates the maximum percentage of cytoplasmic IKAROS staining observed in emply vector (EV) celis, All variants were tested
bt those that retained IKAROS activity were not evaluable as their ectopic expression resulted in cell death,

(C) Immunostaining of IKAROS in B cells isclated from individuals I11-1 and 111-2 in the index family shown in Figure 1 compared with ND340 cells isolated from a
normal bone marrow donor harboring a wild-type IKZF1,

Scale bars, 20 pm (A) and 10 ym (C). See also Figure 53
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Figure 4. Effects of IKZF1 Variants on Cell
Adhesion

(A} Representative in vitro suspension cultures
of primary mouse Arf ' BCR-ABL1* pre-B cells
transduced with empty vector (EV) or expressing
the dominant-negative IK6 or IKAROS vanants.
(B8) Quantification of the number and size of
cel-cell aggregate clusters in suspension cul-
tures of Arf ' BCR-ABL1" pre-B cells expressing
IKAROS varnants compared with empty vector (EV)
and IK6.

(C) Ex wivo confecal imaging of the undisturbed
bone marrow niche in calvaria of mice 3 days after
inoculation with Arf "~ BCR-ABL1" pre-B cells
expressing IKAROS variants.,

D) Flow-cytometric analyses of A7’ BCR-
ABL1' pre-B cells co-expressing IKAROS variants
for adhesion molecules, THY1, ITGAS, and L-se-
lectin (SELL); Data represent the mean + SD for
three technical replicates; colored dashed lines
indicate mean percentage of EV cells. Student's
t test comparad with EV, **"p < 0.0005.

Scale bars, 20 ym. See also Figure 54,
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Figure 5. EMects of IKZF1 Variants on Sensitivity to Drugs

- |KB 3_'?' (Aand B) Cell VabiRy of A7 ' BCR-ABL1" pre-B cals transduced with ampty
1001 31V na vecke (EV) of exprassing IKARDS varants al intresing concentratiors of
| dasatinid A or dexamethasone (B) after 72 hr of drug exposure in vwo. Data

B raprasent maan « SO for e Biclogcd mplicatas perlarmed in tiplicats,
§ 751 - DG 64 (C) Kaplar- Meser survival curve of mice incculated by tal vein with A ' BCR-
. ABL1" pro-8 colls exprassng athar ampty vackr or IKARDS wariats and
@D dscssanssanssanssanssaassanse X _ ) e -o= MMV 0.0 dosed daly starting 7 days post Inoculaton with aither vehcle or 10 mg'kg
- 304 22 dasatinid by mouthc n = 5 mice per group; Mantel Cox log rark compared with
EV. "p < 0.005, *p < 0.05,

See also Table 55.
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Figure 6. Summary of Variant Effects

The position of each variant within the protein is shown along with the consequences noted for each assay, denoted as “+" if an effect was observed, and “ " if
the variant had no effect; blanks denote that the variant was not included in the assay. Putative protein interaction domains that have been previously described
for mouse IKAROS are noted below the protein structure. See also Tab
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