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Abstract

IKZF1 deletions occur in 10-15% of patients with B-cell precursor acute lymphoblastic leukemia (BCP-ALL) and predict a 
poor outcome. However, the impact of IKZF1 loss on sensitivity to drugs used in contemporary treatment protocols has 
remained underexplored. Here we show in experimental models and in patients that loss of IKZF1 promotes resistance to 
cytarabine (AraC), a key component of both upfront and relapsed treatment protocols. We attribute this resistance, in part, 
to diminished import and incorporation of AraC due to reduced expression of the solute carrier hENT1. Moreover, we found 
elevated mRNA expression of Evi1, a known driver of therapy resistance in myeloid malignancies. Finally, a kinase directed 
CRISPR/Cas9-screen identified that inhibition of either mediator kinases CDK8/19 or casein kinase 2 can restore response 
to AraC. We conclude that this high-risk group of patients could benefit from alternative antimetabolites, or targeted ther-
apies that re-sensitize leukemic cells to AraC.

Introduction

With contemporary treatment protocols, close to 95% of 
all pediatric B-cell precursor acute lymphoblastic leuke-
mia (BCP-ALL) patients are cured.1 However, about 10% 
of pediatric BCP-ALL patients still experience relapsed 
disease.1 Moreover, the intense multi-agent chemother-
apy regimens used for the treatment of BCP-ALL come 
with many acute and long-term side-effects as well as 
treatment-related mortality.2 While reduced intensity 
treatment for patients with favorable genetic profiles has 
been successfully introduced,3 options remain limited 
for high-risk leukemia subtypes, as the dose intensity of 
conventional chemotherapy has been pushed to its limit. 
This underscores the need for alternative more effective 
treatment strategies for high-risk BCP-ALL, which take 
into account leukemia-specific drug sensitivity profiles.2

Deletions or mutations affecting the lymphoid tran-

scription factor IKZF1 occur in approximately 10-15% of 
pediatric BCP-ALL patients and are associated with poor 
outcome.4-6 In about 80% of the IKZF1-deleted relapses, 
the IKZF1-deleted clone was preserved from diagnosis, 
suggesting that loss of IKZF1 function contributes to 
therapy resistance.7 Loss of IKZF1 function promotes 
cell-intrinsic resistance to synthetic glucocorticoids,6,8 
which can be reversed by the use of small molecule in-
hibitors.9 To what extent loss of IKZF1 function affects 
sensitivity to other drugs used in contemporary treatment 
protocols has not been explored.
Here, we modeled loss of IKZF1 function in BCP-ALL cell 
lines and patient-derived xenografts (PDX) and compared 
cellular responses to various chemotherapeutic agents 
used in the treatment of BCP-ALL. We demonstrated 
that loss of IKZF1 function is associated with resistance 
to cytarabine (AraC) and we investigated the underlying 
mechanisms. 

Correspondence: F.N. van Leeuwen
F.N.vanleeuwen@prinsesmaximacentrum.nl

Received:	 September 23, 2023.
Accepted: 	 May 22, 2024.
Early view: 	 June 6, 2024.

https://doi.org/10.3324/haematol.2023.284357

©2024 Ferrata Storti Foundation
Published under a CC BY-NC license 

Acute Lymphoblastic Leukemia

IKZF1 gene deletions drive resistance to cytarabine in B-cell precursor acute lymphoblastic leukemia

B.M.T. Vervoort et al.
https://doi.org/10.3324/haematol.2023.284357

ARTICLES



Haematologica | 109 December 2024
3905

ARTICLE - IKZF1 deletions induce AraC resistance  B.M.T. Vervoort et al.

Methods

Detailed descriptions of the experiments can be found in 
the Online Supplementary Methods.

Ethical statement
PDX were generated from patients’ samples collected from 
different countries within International BFM Study Group 
(I-BFM-SG) and Dutch Childhood Oncology Group (DCOG) 
studies. All patients were enrolled in trials on treatment of 
pediatric BCP-ALL conducted by individual member groups of 
the I-BFM-SG: the AIEOP-BFM study group (Austria, Germany, 
Italy and Switzerland), the FRALLE study group (France) and 
the United Kingdom (UK) National Cancer Research Insti-
tute (NCRI) Childhood Cancer and Leukemia Group and the 
DOCG. All treatment trials were approved by the respective 
national institutional review boards, and informed consent 
for the use of spare specimens for research was obtained 
from study individuals, parents, or legal guardians.

Real-time quantitative polymerase chain reaction-based 
minimal residual disease analyses
Minimal residual disease (MRD) levels of patients treated 
within the ALL-10 or ALL-11 treatment protocol were routine-
ly determined by real-time quantitative polymerase chain 
reaction (RT-qPCR) analysis of immunoglobulin (IG) and/or 
T-cell receptor (TR) gene rearrangements, and the laboratory 
participated in the quality control rounds of the EuroMRD 
network (see www.EuroMRD.org). RT-qPCR data, acquired in 
triplicate, were analyzed according to EuroMRD guidelines, 
applying criteria to prevent false-negative MRD results.10 
To calculate the log reduction between time point 1 (TP1, 
day 33) and time point 2 (TP2, day 79), patients with MRD 
levels ≥10-2 at TP1 were selected (providing 2 log steps for 
quantitative analysis). To allow calculations of log reduction, 
positive non-quantifiable MRD data (<10-4) were arbitrarily 
set at a value of 5x10-5 and negative MRD data were set at 
1x10-6. All MRD values were 10log-transformed, and the re-
sulting values of TP2 were divided by those from TP1. 

In vivo mouse trial	
This study followed international, national, and/or institu-
tional guidelines for humane animal treatment and complied 
with relevant legislation. Ethical approval was obtained from 
the Animal Experimental Committee of Radboud University 
(RU-DEC-2019-0036). IKZF1 mutated and wild-type BCP-ALL 
xenografts were intravenously injected, with 1×106 viable 
cells in two mice per patient sample. One mouse of each 
pair was treated with AraC for 2 weeks (5 days on, 2 days 
off) and the delay in leukemia formation was calculated as 
described in the Online Supplementary Methods. 

CRISPR/Cas9 screen 
For this CRISPR/Cas9 screen, cells were exposed to 30 nM 
and 50 nM AraC for 22 days, all in triplicate. Cells were se-

quenced and enriched and depleted genes were identified 
using the MAGeCK Test algorithm (Galaxy Version 0.5.8.1) 
(Online Supplementary Table S2).

Statistical analyses
P values were considered statistically significant when <0.05 
and are illustrated as following *P<0.05, **P<0.01, ***P<0.001, 
****P<0.0001.

Results

Loss of IKZF1 protects against cytarabine-induced 
apoptosis
To investigate the potential effects of IKZF1 loss of function 
on cellular drug responses, we performed a drug screen in 
the BCP-ALL cell line Sem where we modeled IKZF1 loss 
of function. As demonstrated earlier,9 a bi-allelic CRISPR/
Cas9-induced frameshift mutation resulted in a complete 
loss of protein expression (Figure 1A) which, unlike a het-
erozygous mutation, led to a stable genotype. No difference 
in cell growth was observed between IKZF1-/- and control 
cells (Online Supplementary Figure S1A), indicating that drug 
responses are not a consequence of a lower proliferation 
rate. These IKZF1 knockout cells were exposed to a panel 
of drugs used in the treatment of BCP-ALL and sensitivity 
was determined by measuring cell numbers using CyQuant 
dye and compared to that of control cells transduced with 
non-targeting gRNA (Figure 1B). In addition to the expected 
resistance to the glucocorticoids prednisolone and dexa-
methasone, IKZF1-/- cells displayed a reduced response to two 
other drugs in the treatment protocol, AraC and vincristine 
(Figure 1C, Online Supplementary Figure S1B). We repeated 
this assay using a more specific cell death measurement 
by testing for membrane integrity using flow cytometric 
detection of the binding of amine reactive dyes. This assay 
confirmed a diminished efficacy of the nucleoside analog 
AraC in addition to glucocorticoid resistance in this model 
(Figure 1D), while no effect on the response to vincristine 
was seen (data not shown). In addition to amine exposure, 
DNA fragmentation and PARP cleavage assays confirmed 
increased resistance to AraC treatment for IKZF1-/- cells 
(Online Supplementary Figure S2A, B). 

Endogenous IKZF1 gene deletions as well as 
pharmacological targeting of Ikaros protein in B-cell 
precursor acute lymphoblastic leukemia xenografts 
correlate with resistance against AraC ex vivo and in vivo
To validate our results in models that more closely reflect 
primary BCP-ALL, we compared the response to AraC in 
a panel of PDX, cultured on feeder layers of immortalized 
bone marrow stroma cells.11 First, we tested to what extent 
endogenous gene deletions of IKZF1 affect response to AraC 
treatment (Figure 1E). A panel of 16 BCP-ALL PDX, each 
derived from samples obtained at diagnosis, being either 
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wild-type for IKZF1 (N=6) or carrying clonal IKZF1 deletions 
(N=10), were incubated with increasing concentrations of 
AraC. After 3 days, cell viability was measured by staining 
with amine reactive dyes and quantified by flow cytom-
etry. Data were plotted as dose-response curves (Figure 

1F) and the area under the curve (Online Supplementary 
Figure S2C) was calculated as a measure of sensitivity. 
Similar to our findings in the model cell line, IKZF1-de-
leted PDX showed significantly increased resistance to 
AraC compared to PDX wild-type for IKZF1. In addition, 
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we studied the effect of pharmacological modulation of 
IKZF1 protein levels in PDX samples wild-type for IKZF1 to 
rule out differences in genetic background and looked at 
an isolated effect of IKZF1 loss. For this, we used thalid-
omides, a class of immunomodulatory agents that act by 
targeting the lymphoid transcription factors IKZF1 and IKZF3 
for proteasome-mediated degradation by the Cul4ACRBN E3 
ligase complex.12 These agents are used in the treatment 
of multiple myeloma and myeloid neoplasms such as 
myelodysplastic syndrome. We selected iberdomide, a 
highly IKZF1-specific thalidomide in this class,13 and tested 
therapy response to AraC in seven BCP-ALL PDX models 
wild-type for IKZF1 (Figure 1G, Online Supplementary Fig-
ure S2D). Indeed, 24-hour exposure to >10 nM iberdomide 
led to effective degradation of IKZF1 protein expression 
in these PDX and induced resistance to AraC in six out of 
seven tested PDX (Figure 1G, Online Supplementary Figure 
S2D). In the one xenograft (Patient #3862) that showed 
no significant effect of iberdomide treatment on AraC 
therapy response, iberdomide-mediated IKZF1 degrada-
tion appeared to be less effective (Online Supplementary 
Figure S2D). 
To show that the ex vivo response to therapeutic drugs 
accurately reflects the sensitivity to in vivo treatment, we 
performed a mouse trial (Figure 2A). This experimental 
setup allows for a greater number of leukemia models to 
be tested at the same time, enabling better representation 
of the disease subtype.14 We selected a panel of ten PDX (4 
wild-type for IKZF1 and 6 IKZF1+/-) and injected each into 
two mice. Upon overt signs of leukemia, as measured by 
the presence of at least 1% of human cells in the blood 
(Online Supplementary Figure S3A), one mouse of each 
pair was treated with AraC and leukemia development 
was compared to that in its untreated counterpart. By 
comparing the treatment-induced delay in leukemia de-

velopment, we established that IKZF1-deleted PDX sam-
ples are less affected by AraC treatment in vivo (Figure 
2B). Of note, the PDX samples that were most resistant 
ex vivo were also least affected by AraC treatment in vivo, 
highlighting the predictive value of ex vivo drug response 
profiling of patient-derived cells in co-culture systems 
(Figures 1F and 2B; Online Supplementary Figure S3B). In 
PDX samples tested both ex vivo and in vivo we found 
increased resistance towards AraC in samples harboring 
an IKZF1 deletion, similar to our cell line model.

B-cell precursor acute lymphoblastic leukemia 
patients with IKZF1 gene alterations show a reduced 
response to an AraC-containing consolidation block
In contrast to our previous study in which the response 
to glucocorticoids could be evaluated during a week-long 
single-agent treatment,8 current protocols dictate the use 
of AraC in a combination with other drugs. This compli-
cates the assessment of the relative contribution of AraC. 
During the first consolidation phase of the recent Dutch 
ALL-10 and ALL-11 treatment protocols for pediatric BCP-
ALL, patients are for the first time exposed to AraC, where 
they receive a cumulative dose of 1,200 mg/m2 AraC.3,15 Of 
note, in contemporary relapsed ALL protocols, higher doses 
of AraC are used. The consolidation block also contains 
6-mercaptopurine 60 mg/m2/day p.o. for 28 days and two 
doses of 1,000 mg/m2 cyclophosphamide.3,16 Patients also 
received one or two doses of PEG-asparaginase and/or 
received two doses of intrathecal triple therapy (metho-
trexate, AraC and prednisolone at age-adjusted dosages) 
during this period. As this treatment block is flanked by 
MRD measurements we were able to assess the effects 
of treatment on leukemia burden (Figure 2C). Since loss 
of IKZF1 reduces response to synthetic glucocorticoids,8 
patients with IKZF1-deleted leukemias show elevated MRD 

Figure 1. Deletion of IKZF1 drives resistance to AraC in vitro. (A) Immunoblot analysis of IKZF1 protein expression in single cell 
clones upon CRISPR/Cas9-based targeting of IKZF1. Representative blot of three independent experiments. (B) Schematic over-
view representing the workflow used to determine drug responses. Sem wild-type (WT) and Sem IKZF1-deleted (IKZF1-/-) cells 
were seeded into 384-well plates and treated with drugs used in contemporary treatment protocols for pediatric B-cell precur-
sor acute lymphoblastic leukemia (BCP-ALL) patients. After 3 days of incubation, cell death was analyzed by fluorescence inten-
sity using the live cell staining CyQuant. (C) Fold change in cell viability relative to cells wild-type for IKZF1 upon drug exposure. 
Corresponding dose response curves can be found in Online Supplementary Figure S1. (D) Cytarabine (AraC)-induced cell death 
as determined by quantification of cells positive for amine-reactive dyes using flow cytometry in Sem WT and Sem IKZF1-/- cells 
after 3 days of treatment with increasing concentrations of AraC (mean ± standard error of the mean [SEM], N=3, **P=0.0011, 
two-sided t test based on area under curve values). (E) Schematic overview representing the workflow used to determine ex-vi-
vo drug responses in patient-derived xenograft (PDX) samples. BCP-ALL PDX, either WT or carrying a heterozygous clonal deletion 
of IKZF1 (IKZF1+/-), were seeded on hTERT immortalized mesenchymal stem cells, allowed to settle for 24 hr and then treated 
with increasing concentrations of AraC. After 3 days of incubation cell death was determined by quantification of cells positive 
for amine-reactive dyes using flow cytometry. (F) Cell viability determined by amine staining in PDX either WT (black, n=6) or 
IKZF1+/- (blue, n=10) as dose response curves. Of note, the least responsive WT sample, Patient #7148, harbors a t(17::19), a chro-
mosomal translocation known to induce multiagent drug resistance; such patients have an extremely poor prognosis. (G) Rep-
resentative PDX sample for pharmacological targeting of the Ikaros protein using Iberdomide. Immunoblot analysis of IKZF1 
protein expression showing degradation of IKZF1 protein in response to Iberdomide treatment after 24 hours. in different PDX 
samples. AraC induced cell death was determined by quantification of cells positive for amine-reactive dyes using flow cytom-
etry after 3 days of treatment with increasing concentrations of AraC in the presence or absence of the indicated doses of iber-
domide. Results for other tested PDX samples (N=6) can be found in Online Supplementary Figure S2D. ALL: acute lymphoblastic 
leukemia; AUC: area under the curve; 6TG: 6-thioguanine; MSC: mesenchymal stem cells.
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levels at the end of induction. To obtain a quantifiable 
MRD range for our comparison, we selected all patients 
with high MRD after induction at TP1, as described in the 
Methods section. Because of this selection, MRD levels 

between IKZF1-deleted and IKZF1 wild-type BCP-ALL pa-
tients at the start of the AraC-containing treatment block 
did not differ (Figure 2D). To assess the potential effect 
of IKZF1 deletions during consolidation, we analyzed the 

Figure 2. IKZF1-deleted leukemias show resistance to AraC in vivo. (A) Timeline of the in vivo mouse trial. Each B-cell precursor 
acute lymphoblastic leukemia (BCP-ALL) patient-derived xenograft (PDX) was injected into two mice at day 0 and leukemia growth 
was measured weekly by flow cytometry. At 1% of human cells in the blood, mice were treated twice for 5 days with a break of 
2 days in between, one of the pair receiving cytarabine (AraC) and the other vehicle. Leukemia growth was tracked weekly by 
flow cytometry and mice were sacrificed when there were >50% human cells in the blood. (B) In vivo delay of leukemia growth 
upon AraC treatment in PDX wildtype (WT) for IKZF1 and samples with heterozygous clonal deletion of IKZF1 (IKZF1+/-) (mean ± 
standard error of the mean, *P=0.034, two-sided t test). (C) Schematic overview representing the workflow used to determine 
minimal residual disease (MRD) response in BCP-ALL patients in relation to IKZF1. Cases were selected that showed MRD levels 
>10-2 at timepoint 1 (TP1, day 33) and the response at timepoint 2 (TP2, day 79) was followed. (D) MRD levels at TP1 of patients 
WT for IKZF1 (N=35) or patients carrying a heterozygous deletion of IKZF1 (N=25). P=0.7867, Mann-Whitney, two-tailed test. (E) 
Ratio of MRD between TP1 and TP2 log10-transformed (TP1>TP2) of patients WT for IKZF1 or carrying a heterozygous deletion of 
IKZF1 after receiving a therapy block including AraC and 6-mercaptopurine **P=0.0065, Mann-Whitney, two-tailed test. 6-MP: 
6-mercaptopurine; MTX: methotrexate; NS: not statistically significant.
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reduction of leukemia burden in MRD from TP1 (day 33) 
to TP2 (day 79). We observed that the fold reduction of 
MRD levels after the AraC-containing therapy block was 
significantly less for IKZF1-deleted patients compared to 
IKZF1 wild-type patients, indicating increased treatment 
resistance in the former patients (Figure 2E). Although 
we cannot exclude that reduced sensitivity to 6-mercap-
topurine or other drugs may have contributed to these 
effects, we did not observe such a diminished response 
to asparaginase or 6-mercaptopurine in our in vitro assays 
(Figure 1C). We therefore attribute the observed reduced 
response to resistance to AraC in these IKZF1-deleted 
BCP-ALL patients

Decreased hENT1 expression contributes to AraC 
resistance induced by IKZF1 loss 
Most nucleoside analogs require active import and anabolic 
processing before the biologically active compound be-
comes available. This requirement poses a weakness that 
can be exploited by leukemia cells for the development of 
resistance (Online Supplementary Figure S4A). Resistance 
to nucleoside analogs can be a consequence of ineffective 
cellular uptake, for instance due to reduced expression of 
nucleoside transporters, or changes in metabolic handling 
of these drugs.17 On the other hand, failed execution of 
apoptosis has also been reported in, for example, P53 null 
cells.18 To identify which of these mechanisms contributes 
to the resistance phenotype of IKZF1-deleted cells, we 
used mass spectrometry to measure the incorporation of 
the active compound AraCTP in IKZF1-/- cells versus control 
Sem cells (Figure 3A). This showed a marked reduction of 
AraCTP incorporation into IKZF1-deleted cells. Previous 
studies have identified several proteins contributing to 
AraC incorporation into the DNA in acute myeloid leukemia 
(AML) (hENT1, dCK, CDA, 5NT, TOPO I, TOPO II, DNA POL 
and MDR1).17,19 To test whether any of these proteins con-
tributed to IKZF1-mediated AraC-resistance, we analyzed 
the relative expression of the genes encoding these pro-
teins in IKZF1-/- cells relative to control Sem cells (Figure 
3B). Only hENT1, the solute carrier that transports AraC 
over the cell membrane (Online Supplementary Figure 
S4A), showed decreased mRNA expression in IKZF1-/- cells, 
which also translated into decreased protein expression 
(Figure 3C-E). Indeed, overexpression of hENT1 in IKZF1-/-

cells could sensitize cells to AraC treatment again (Online 
Supplementary Figure S4B). In addition, iberdomide-medi-
ated IKZF1 degradation correlated with decreased hENT1 
mRNA expression in four tested PDX (Figure 3F). A trend 
towards lower hENT1 expression was also visible when 
we compared RNA-sequencing data from primary patient 
material obtained at diagnosis (Figure 3G). Particularly in 
the B-other group, the subset that contains the majority 
of IKZF1-deleted leukemias, lower hENT1 expression was 
seen in IKZF1-deficient samples, although the number 
of patients was too small for the statistical threshold to 

be reached (Online Supplementary Figure S4C). Together 
our experiments indicate that loss of hENT1 expression 
contributes to IKZF1-driven AraC therapy resistance.

Loss of IKZF1 promotes expression of the Evi1 oncogene
To obtain deeper insights into pathways or specific genes 
driving resistance to AraC upon loss of IKZF1, we performed 
RNA sequencing on samples from wild-type and IKZF1 
knockout Sem cells treated or not with AraC. We compiled 
a list of differentially expressed genes in response to treat-
ment or as result of IKZF1 loss (Figure 4A) and determined 
which KEGG pathways are overrepresented in this selection 
(Figure 4B, Online Supplementary Figure S5A). Three of the 
highest scoring pathways, focal adhesion, PI3K-AKT and 
MAPK, have previously been implicated in IKZF1-mediated 
resistance to kinase inhibitor and glucocorticoid treat-
ment.9,20 Indeed, modulation of these pathways using the 
AKT inhibitor MK2206, the ERK inhibitor uprosertib or their 
combination enhanced the response to AraC, similarly to 
what we have shown for prednisolone-induced apoptosis9 
(Figure 4C). This corroboration of previous findings further 
strengthens the validity of our loss-of-function model. 
Since IKZF1 functions as a repressive transcription factor, 
we focused on upregulated genes and pathways. MECOM, 
a gene annotated as a component of the MAPK pathway 
(Figure 4D), caught our attention as it is frequently over-
expressed in AML, in which it dictates a poor outcome. 
MECOM encodes the zinc finger transcription factor Evi1, 
a prominent oncogene mostly known for its role in the 
pathogenesis of AML and chronic myeloid leukemia,21 yet 
undefined in BCP-ALL. Evi1 is essential for the maintenance 
of a stemness phenotype in hematopoietic stem cells.22 
Several studies implicate Evi1 in AraC resistance in AML, 
suggesting a similar role for Evi1 in inducing resistance 
in BCP-ALL.23,24 We used RT-qPCR to confirm that loss 
of IKZF1 promotes expression of Evi1 in Sem cells and 
we observed that expression was further induced in re-
sponse to AraC treatment (Figure 4E). A similar response 
was found in four out of five tested PDX samples, where 
both iberdomide-induced IKZF1 degradation and AraC 
treatment promoted Evi1 expression (Figure 4F). Only 
in patient sample #3862, in which iberdomide failed to 
effectively induce IKZF1 degradation and AraC resistance 
(Online Supplementary Figure S2D), did Evi1 expression 
also not elevate. Although Evi1 expression increased by 
15-fold when IKZF1-deleted Sem cells were treated with 
AraC, this expression is still ~50 fold lower than that of 
AML cells carrying the t(3::8)(q26::q24) translocation, the 
genetic event that most commonly results in upregulation 
of Evi1 in AML patients (Online Supplementary Figure S5B,C). 
Although we were unable to detect Evi1 protein expression 
in our IKZF1-knockout cells, these cells did not tolerate 
modulation of Evi1 protein levels as after shRNA-medi-
ated knockdown using four different shRNA, these cells 
were rapidly lost from the culture within 2 days, while 
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control cells continued to proliferate. This suggests that, 
albeit expressed at low levels, Evi1 is essential for these 
IKZF1 knockout cells to survive. Similar to what has been 
observed for AML cells,25 forced expression of Evi1 from 

a retrovirus also resulted in immediate cell cycle arrest 
in our BCP-ALL models, while control cells continued to 
proliferate (data not shown). Of note, although we did 
not observe significant differences of Evi1 expression 

Figure 3. Decreased expression of solute carrier ENT1 observed upon loss of IKZF1. (A) Mass 
spectrometry was used to measure the AraC incorporated into DNA in Sem wild-type ver-
sus Sem IKZF1-/- cells after treatment with AraC. The measurement of incorporation is 
expressed as ng AraC per mg 2dC after 24 hr and 72 hr of treatment with AraC. After 24 hr 
there were 0.654 ng in wild-type cells versus 0.552 ng in IKZF1-/- cells, the ratio being com-
parable to that found after 72 hr (1.78 ng and 1.47 ng in wild-type vs. IKZF1-/- cells) (mean ± 
standard error of mean [SEM], N=3, *P=0.044 and *P=0.034 unpaired t test, two-tailed). (B) 
Gene expression levels from an RNA-sequencing dataset, shown as Z-score, of genes as-
sociated with cytarabine (AraC) resistance in either B-cell precursor acute lymphoblastic 
leukemia (BCP-ALL) or acute myeloid leukemia show decreased expression of hENT1 in 
Sem IKZF1-/- cells versus control cells. (C) Validation of mRNA expression of hENT1 by re-
al-time quantitative polymerase chain reaction (RT-qPCR) in Sem IKZF1-/- cells versus con-
trol cells (mean ± SEM, N=3, *P=0.034, unpaired t test two-tailed). (D) Representative 
western blot showing protein expression of hENT1 in Sem IKZF1-/- cells versus control cells. 
(E) Quantification of hENT1 protein expression (mean ± SEM, N=3, **P=0.0059, unpaired t 
test two-tailed). (F) mRNA expression of hENT1 by RT-qPCR in four different BCP-ALL pa-
tient-derived xenograft samples, pretreated with iberdomide for 24 hr to break down the 
Ikaros protein (mean ± SEM, N=2 technical duplicate). (G) hENT1 expression in patients 
harboring an IKZF1 deletion (N=100) versus patients wild-type for IKZF1 (N=252), extracted 
from the Gene Expression Omnibus database of patients (Ref: GSE87070). We included the 
BCP-ALL subtypes that have ≥3 IKZF1del patients in this database, combining B-other group, 
high hyperdiploid and BCR-ABL1-like cases. 
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in RNA-sequencing data from primary patient material, 
leukemias harboring IKZF1 deletions were more likely to 
show high Evi1 expression, as defined by a c2 test, com-
pared to those wild-type for IKZF1 (c2=5.574, *P=0.018) 
(Figure 4G, Online Supplementary Figure S5D). Similar to 
AML, BCP-ALL samples expressing high Evi1 levels showed 
increased mRNA expression of stem cell markers (Online 
Supplementary Figure S5E). Although the correlation be-
tween IKZF1 mutations and elevated Evi1 expression may 
be dependent on co-occurring events, our data indicate 
that IKZF1 loss can result in increased expression of Evi1 
which, at least in a subset of leukemias, may contribute 
to a poor response to therapy.

Inhibition of mediator kinases CDK8/19 or casein kinase 
II sensitizes the response to AraC 
In search of druggable targets that could reverse AraC thera-
py resistance in IKZF1-deleted ALL, we performed a CRISPR/
Cas9-based loss-of-function screen with a sgRNA library 
targeting all human kinases (N=507) in Sem IKZF1-/- cells 
(Figure 5A). We performed two independent screens using 
low doses of AraC (30 nM and 50 nM) for 3 weeks allowing 
selection of enriched or depleted sgRNA (Online Supple-
mentary Figure S6A, B). Using the MaGeCK algorithm,26 
sgRNA counts between treated and untreated cells were 
compared. Of note, both screening conditions showed a 
substantial overlap in the top ranked depleted and en-
riched genes, emphasizing the accuracy and reproducibility 
of this approach (Figure 5B, Online Supplementary Figure 
S6C, Online Supplementary Table S2). 
We focused on depleted sgRNA (dropouts), as loss of 
function of their target genes can be expected to en-
hance response to AraC. As expected, we found Akt1 as 
an enhancer of AraC response within the top 20 depleted 
genes for both screening conditions (Online Supplementary 
Table S2), which confirms our earlier findings (Figure 4C). 
Among the highest scoring depleted genes in both screens, 
we identified the homologous cyclin dependent kinases 

CDK8/19. These mediator kinases regulate transcription-
al programming and the metabolic homeostasis of cells 
and CDK8/19 inhibitors have been shown to prevent the 
development of resistance to different classes of drugs.27 

To validate these targets, we used the small molecule 
inhibitor CCT251921, specifically targeting CDK8 and 19, 
at concentrations that marginally affect cell viability as 
a single agent, but in combination with AraC strongly 
synergized in both Sem wild-type and IKZF1-/- cells by 
decreasing half maximal inhibitory concentration (IC50) 
values ~5.2-fold at the highest concentration of the in-
hibitor (Figure 5D, E, Online Supplementary Figure S6D). 
Therefore, this combination therapy appears to enhance 
therapy response to AraC, independently of IKZF1 status. 
In addition, we identified the sgRNA targeting CK2A1 and 
CK2A2 among the strongest depleted genes in both screens 
(Figure 5B, Online Supplementary Figure S6C). CK2 en-
codes casein kinase II (CK2) and plays a prominent role 
in promoting cell growth, suppression of apoptosis and 
drug resistance in solid and hematologic malignancies.28 
More importantly, growing evidence shows that CK2 di-
rectly regulates transcription factor IKZF1.29 In the case of 
hemizygous IKZF1 deletions in leukemia, inhibition of CK2 
can restore the function of the intact IKZF1 allele.30 It is 
therefore an interesting, although unexpected, hit in our 
CRISPR/Cas9 screen since the Sem IKZF1-/- cell line model 
has no intact allele left to restore, suggesting additional 
mechanisms are taking place. It was shown that CK2 al-
so phosphorylates Evi1 to enhance its activity, providing 
a potential explanation for the observed phenotype.31 As 
a validation of our CRISPR/Cas9 screen, we established 
that the CK2 inhibitor silmitasertib synergized with AraC 
in both Sem wild-type cells and IKZF1-/- cells, although 
the highest synergy was observed in IKZF1-deficient cells 
(IC50 decrease of ~2.3 fold in wild-type vs. ~3.5 fold in 
IKZF1-/- cells), (Figure 5F, Online Supplementary Figure S6E). 
These findings indicate that inhibition of CK2, a modulator 
of both Evi1 and IKZF1 activity, may offset the effects of 

Figure 4. Gene expression changes in the MAPK pathway reveal upregulated expression of Evi1 (MECOM) in IKZF1-/- cells. (A) 
Compiled heatmap created by unsupervised clustering of genes differentially expressed in response to cytarabine (AraC) treat-
ment or as a result of IKZF1 loss from bulk RNA-sequencing data on Sem IKZF1-/- and control cells. Cells were treated with 1 mM 
AraC for 16 hr and samples were harvested in triplicate. (B) KEGG pathway overrepresentation analysis was performed on the 
compiled list of differentially expressed genes from (A), with the ten highest scoring pathways shown here. (C) Cell viability de-
termined in Sem IKZF1+/- and control cells by amine staining as dose-response curves for AraC treatment in combination with 
the AKT inhibitor MK2206 and the ERK inhibitor uprosertib (mean ± standard error of mean [SEM], N=3, **P=0.0011, analysis of 
variance [ANOVA] followed by the Tukey multiple comparisons test). (D) Heatmap created by unsupervised clustering of the MAPK 
pathway, only showing genes differentially expressed between control and IKZF1-/- cells upon AraC treatment. The heatmap was 
created using the FPKM (fragments per kilobase of transcript per million mapped reads) values transformed into Z-scores. (E) 
Validation of Evi1 (MECOM) mRNA expression by real-time quantitative polymerase chain reaction (RT-qPCR) in Sem IKZF1-/- cells 
versus control cells upon treatment with 1 mM AraC for 16 hr (mean ± SEM, N=3, ANOVA followed by the Tukey multiple compar-
isons test). (F) mRNA expression of MECOM by RT-qPCR in five different B-cell precursor acute lymphoblastic leukemia (BCP-ALL) 
patient-derived xenograft samples, pretreated with iberdomide for 24 hr (mean ± SEM, N=2 technical duplicate). (G) MECOM 
expression in patients harboring an IKZF1 deletion (N=100) versus patients wild-type for IKZF1 (N=352), extracted from the Gene 
Expression Omnibus database (GSE87070). Here we included those BCP-ALL subtypes that had ≥3 IKZF1del patients in this data-
base, combining here the B-other, BCR-ABL1-like and high hyperdiploid subgroups. A c2 test was performed to calculate the 
correlation between IKZF1 mutations and elevated Evi1 expression (c2=5.574, *P=0.018).
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IKZF1 loss on AraC therapy resistance.

Discussion

In this study we used genetic and pharmacological target-
ing of IKZF1 to show that loss of IKZF1 function reduces 
the response to AraC, a component of both upfront and 
relapsed BCP-ALL treatment protocols. This observation 

contrasts with an earlier observation suggesting that IKZF1 
loss induces sensitivity to this nucleoside analog.32 How-
ever, our findings are corroborated by in vitro and in vivo 
studies using PDX and a retrospective analysis of MRD in 
patients. The insensitivity of IKZF1-deleted cells may, at 
least in part, be the result of reduced AraCTP incorpora-
tion (Figure 3A), a causality that was established already 
decades ago.33 We attribute this diminished incorporation 
to a reduced availability of intracellular AraC because of 
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lower hENT1 expression. The expression of this transporter 
is rate-limiting for AraC influx,34 particularly at the AraC 
concentrations that are used in the upfront treatment 
of BCP-ALL,35 and has been linked to AraC sensitivity in 
AML36 and BCP-ALL.37 To improve treatment response in 
this high-risk leukemia subtype, patients might benefit 
from the selection of alternative nucleoside analogs that 
rely on the activity of other transporters, such as fluda-
rabine or clofarabine.
In addition to controlling cellular metabolism, IKZF1 is 
regarded as a key regulator of lymphoid differentiation38 
while loss of IKZF1 has been associated with stemness.39 
In this context, the enhanced expression of the prominent 
oncogene Evi1 upon loss of IKZF1 function is intriguing. 
Evi1 is essential for preventing differentiation of hemato-
poietic stem cells40 and is best known for its role as an 
oncogene in myeloid leukemia. Overexpression of Evi1 is an 
independent poor prognostic factor in AML and associated 
with therapy resistance, including decreased sensitivity to 
AraC,24,41 but the prognostic value of high Evi1 expression 
in BCP-ALL remains unclear.42 We found upregulation of 
Evi1 mRNA expression upon genetic or pharmacological 
targeting of IKZF1 (Figure 4C-E) while BCP-ALL samples 
displaying high Evi1 expression are enriched for leukemias 
with IKZF1 deletion. Although in publicly available chro-
matin immunoprecipitation-sequencing datasets IKZF1 
does not seem to bind the MECOM locus directly,43 there 
are clear suggestions of a genetic interaction. Despite 
the fact that IKZF1 aberrations are less common in AML, 
recurrent mutations are observed in (pediatric) AML and 
are associated with poor outcome.44,45 Moreover, isolat-
ed IKZF1 deletions and monosomy 7 in AML appear to be 
enriched in Evi1-rearranged leukemias.46 Future studies 
should reveal whether Evi1 is directly suppressed by IKZF1 
or whether the induction of Evi1 expression upon IKZF1 

loss is an indirect effect of the stem cell phenotype that 
is promoted by IKZF1 loss.39 Moreover, the functional 
consequences of elevated Evi1 expression in IKZF1-de-
leted leukemias and whether high Evi1 mRNA expression 
can serve as a potential biomarker for poor outcome in 
BCP-ALL remain to be established. Our model cell lines 
do not tolerate modulation of Evi1 itself, suggesting that 
this protein plays an important role in cell survival and/
or proliferation. Although Evi1 itself is not targetable, we 
showed that inhibition of the upstream kinase CK2, a 
prominent hit in the CRISPR/Cas9-based loss-of-function 
screen, which normally phosphorylates and activates 
both Evi1 and IKZF1,29,31 can reverse IKZF1-loss induced 
resistance to AraC. Considering our finding together, it is 
an attractive hypothesis that the resistance phenotype 
of IKZF1-deleted BCP-ALL and high expression of Evi1 are, 
at least in part, due to a genetic or functional interaction 
between IKZF1 and Evi1.
Therapy resistance remains a formidable challenge in the 
treatment of cancer patients. In this study we identified 
multiple targetable mechanisms that may overcome drug 
resistance caused by loss of the tumor suppressor IKZF1. 
Consistent with our previous observations,9 we found that 
targeting the MAPK pathway not only reverses glucocor-
ticoid resistance but also increases sensitivity to AraC 
in IKZF1-deleted leukemia. Additionally, we found that 
targeting CK2, the upstream activator of both IKZF1 and 
Evi1, may represent an Achilles’ heel for IKZF1-mediated 
multidrug resistance. Although this clinically approved 
small molecule inhibitor is not yet used in the treatment 
of BCP-ALL, a quick translation to clinical application 
in BCP-ALL seems feasible.47 Another promising com-
bination therapy involves drugs targeting the mediator 
kinases CDK8/19. Importantly, the sensitizing effects of 
these inhibitors are not limited to IKZF1-deleted cells, but 

Figure 5. CRISPR/Cas9 kinome screen revealed targetable genes to sensitize cells to AraC treatment. (A) Schematic represen-
tation of our CRISPR screening strategy. Sem IKZF1-/- cells were transduced with a kinome sgRNA library and cultured for 2 weeks 
in the presence of 1 mg/mL doxycyclin to induce Cas9 expression. Cells were then split into three pools and treated for 22 days 
with either 0 nM, 30 nM or 50 nM cytarabine (AraC). DNA was isolated and subjected to Illumina next-generation sequencing. (B) 
Vulcano-plot of sgRNA targets that significantly modulate response to AraC, based on P value and log-fold change as analyzed 
using the MaGeCK test algorithm. The top depleted genes overlap between the 30 nM and 50 nM AraC (Online Supplementary 
Figure S6C) screens, as marked in red. (C) Counts of individual sgRNA targeting CDK8, CDK19, CK2A1 and CK2A2 between the 
untreated cells and cells treated with 30 nM AraC after screening for 22 days. (D) Combination therapy-induced cell death as 
determined by quantification of cells positive for amine-reactive dyes using flow cytometry in Sem control and Sem IKZF1-/- cells 
after 5 days of treatment with increasing concentrations of AraC and the CDK8/19 inhibitor CCT251921. Each data point represents 
a mean (± standard error of mean [SEM]) of three independent experiments. Two-way analysis of variance (ANOVA) was performed 
on the area under the curve (AUC) values of the inhibitor in combination with AraC versus AraC as a single treatment, for both 
genotypes (***P<0.001, ****P<0.0001). Absolute half-maximal inhibitory concentration (IC50) values in wild-type cells were 80.8 
nM for AraC only versus 14.9 nM in combination with 2 mM CCT251921 and 155.8 nM for only AraC and 30.9 nM for the combina-
tion in IKZF1-/- cells. (E) Synergy scores generated by Synergy finder software, using the values from Figure 5D. (F) Combination 
therapy-induced cell death as determined by quantification of cells positive for amine-reactive dyes using flow cytometry in Sem 
control and Sem IKZF1-/- cells after 5 days of treatment with increasing concentrations of AraC and the CK2 inhibitor sil-mita-
sertib. Each data point represents a mean (± SEM) of three independent experiments. Two-way ANOVA is performed on the AUC 
values of the inhibitor in combination with AraC versus AraC as a single treatment, for both genotypes (*P<0.05, **P<0.01, ***P<0.001, 
****P<0.0001). Absolute IC50 values in wild-type cells were 35.9 nM for AraC only versus 15.7 nM in combination with 2 mM CCT251921 
and 69.2 nM for only AraC and 19.6 nM for the combination in IKZF1-/- cells. (G) Synergy scores generated by Synergy finder soft-
ware, using the values from Figure 5F.
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also enhance AraC response in wild-type cells. Of note, 
CDK8/19 inhibitors are under clinical investigation for the 
treatment of AML, albeit currently as a single agent.48 
Therefore this combination therapy is not limited to BCP-
ALL but could also be applied in the treatment of other 
malignancies such as AML, in which AraC is a cornerstone 
drug playing a crucial role in achieving remission.49 Future 
in vivo experiments will have to demonstrate which of the 
identified targeted therapies would be most effective in 
reversing therapy resistance in IKZF1-deleted BCP-ALL.
In conclusion, our study shows that loss of IKZF1 induc-
es resistance to AraC in BCP-ALL. The high-risk group 
of patients with this loss may, therefore, benefit from 
alternative treatment strategies that either replace AraC 
or combine AraC with small molecule inhibitors that can 
re-sensitize cells to treatment. 
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