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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 AraC, a key component of both upfront and relapsed treatment protocols. We
attribute this resistance, in part, to diminished import and incorporation of cytarabine (AraC)
due to reduced expression of the solute carrier hENT1. Moreover, we find elevated mRNA
expression of Evil, a known driver of therapy resistance in myeloid malignancies. Finally, a
kinase directed CRISPR/Cas9-screen identified that inhibition of either mediator kinases
CDKS8/19 or casein kinase 2 can restore response to AraC. We conclude that this high-risk
patient group could benefit from alternative antimetabolites, or targeted therapies that re-

sensitize the cells to AraC.



INTRODUCTION

With contemporary treatment protocols, close to 95% of all pediatric B cell precursor acute
lymphoblastic leukemia (BCP-ALL) patients are cured(l). However, still about 10% of the
pediatric BCP-ALL patients are confronted with relapsed disease(l). Moreover, the intense
multi-agent chemotherapy regimen comes 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 transcription 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 inhibitors(9). To
what extent loss of IKZF1 function affects sensitivity to other drugs used in contemporary

treatment protocols, has not been explored.

Here, we modelled 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 demonstrate that loss of IKZF1 function is associated

with Cytarabine (AraC) resistance and we investigate the underlying mechanisms.

METHODS

Detailed experimental descriptions can be found in the supplemental methods.

Ethical statement

Patient derived xenografts were generated from patient samples collected from different
countries within the International BFM Study Group (I-BFM-SG) and the Dutch Childhood
Oncology Group. 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 Institute (NCRI) Childhood Cancer and Leukemia



Group and DOCG Group. 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.

RQ-PCR-based MRD analyses

MRD levels of patients treated within the ALL-10 or ALL-11 treatment protocol were routinely
determined by real-time quantitative PCR (RQ-PCR) analysis of rearranged 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). RQ-PCR data,

performed in triplicate, were analyzed according to the EuroMRD guidelines, using the
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 =107 at
TP1 were selected (providing 2 log steps for quantitative analysis). To allow calculations of
log reduction, positive non-quantifiable MRD data (<10™) were arbitrarily set at a value of
5x10° and negative MRD data were set at 1x10°. All MRD values were 10log-transformed,

and the resulting values of TP2 were divided by these from TP1.

In vivo mouse trial

This study followed international, national, and/or institutional guidelines for humane animal
treatment and complied with relevant legislation. Ethical approval was obtained from the
Animal Experimental Committee of the Radboud University (RU-DEC-2019-0036). IKZF1
mutated and wildtype BCP-ALL xenografts were intravenously injected with 1x10° viable
cells in 2 mice per patient sample. One mouse of each pair was treated with AraC for two
weeks (5 days on, 2 days off) and the delay in leukemia formation was calculated as

described in the supplemental methods.

Crispr/Cas9 screen

For this Crispr/Cas9 screen, cells were exposed to 30nM and 50nM for a duration of 22
days, all in triplicates. Cells were sequenced and enriched and depleted genes were
identified using the MAGeCK Test algorithm (Galaxy Version 0.5.8.1) (Supplemental Table
2).

Statistical analyses
p-Values were considered statistically significant when p<0.05 and illustrated as following

*p<0.05, **p<0.01, **p<0.001, ****p<0.0001.

RESULTS



Loss of IKZF1 protects against AraC 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 modelled 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 heterozygous
mutation led to a stable genotype. Furthermore, no difference in cell growth was observed
between IKZF1" and control cells (Supplemental Figure 1a), 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 the CyQuant dye and compared to control cells
transduced with non-targeting gRNAs (Figure 1b). In addition to the expected resistance to
the glucocorticoids prednisolone and dexamethasone, IKZF1™” cells displayed a reduced
response to two other drugs in the treatment protocol, AraC and vincristine (Figure 1c,
Supplemental Figure 1b). 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
analogue 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 (Supplemental Figure 2a,b).

Endogenous IKZF1 gene deletions as well as pharmacological targeting of Ikaros protein in
BCP-ALL xenografts correlates 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 patient-derived xenografts (PDX), cultured on feeder
layers of immortalized bone marrow stroma cells(11). First, we tested to what extent
endogenous gene deletions of IKZF1 affect AraC treatment response (Figure 1e). A panel of
16 BCP-ALL PDXs, each derived from samples obtained at diagnosis, being either wildtype
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 cytometry. Data were plotted as dose-response curves
(Figure 1f) and the area under the curve (AUC) (Supplemental figure 2c) was calculated as
measure for sensitivity. Similar to our findings in the model cell line, IKZF1-deleted PDXs

showed a significantly increased resistance to AraC compared to PDXs wild type for IKZF1.



In addition, we studied the effect of pharmacological modulation of IKZF1 protein levels in
PDX samples wildtype for IKZF1 to rule out differences in genetic background and look at an
isolated effect of IKZF1 loss. For this, we used thalidomides, a class of inmunomodulatory
agents (IMiDs) that act by targeting the lymphoid transcription factors IKZF1 and IKZF3 for
proteasome-mediated degradation by the Cul4A“*®N E3 ligase complex(12). These agents
are used in the treatment of multiple myeloma and myeloid neoplasms such as
myelodysplastic syndrome (MDS). We selected iberdomide, a highly IKZF1 specific
thalidomide in this class(13), and tested therapy response to AraC in seven BCP-ALL PDX
models wildtype for IKZF1 (Figure 1g, Supplemental figure 2d). Indeed, a 24-hour exposure
to >10nM iberdomide led to an effective degradation of IKZF1 protein expression in these
PDXs and induced resistance to AraC in 6 out of 7 tested PDXs (Figure 1g, Supplemental
figure 2d). In the one xenograft (Patient #3862) that showed no significant effect of
iberdomide treatment on AraC therapy response, iberdomide-mediated IKZF1 degradation

appeared to be less effective (Supplemental figure 2d).

To show that the ex-vivo response to therapeutic drugs accurately reflects the sensitivity of
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, allowing better
representation of the disease subtype(14). We selected a panel of 10 PDXs (n=4 wildtype
for IKZF1 and n=6 IKZF1*") and injected each into 2 mice. Upon overt signs of leukemia, as
measured by the presence of at least 1% of human cells in the blood (Supplemental figure
3a), one mouse of each pair was treated with AraC and leukemia development was
compared to its untreated counterpart. By comparing the treatment induced delay in
leukemia development, we established that IKZF1 deleted PDX samples 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 (Figure 1f, 2b and
Supplemental figure 3b). Together, we find in PDX samples tested both ex and in vivo
increased resistance towards AraC in samples harboring an IKZF1 deletion similar to our cell

line model.

BCP-ALL patients with IKZF1 gene alterations show a reduced response to an AraC-

containing consolidation block

In contrast to our previous study where 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 complicates 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 1200 mg/m2 AraC(15, 16). Of note, in contemporary relapsed
ALL protocols, higher doses of AraC are used. The consolidation block also contains 6-
mercaptopurine (6-MP) 60 mg/m2/day p.o. for 28 days and 2 doses of 1000 mg/m2
cyclophosphamide(15, 17). Patients also received 1 or 2 doses of PEG-asparaginase and/or
received 2 doses of intrathecal triple therapy (MTX, AraC and prednisolone at age-adjusted
dosages) during this period. As this treatment block is flanked by minimal residual disease
(MRD) measurements we were able to assess the effects of treatment on leukemia burden
(Figure 2c). Since loss of IKZF1 reduces response synthetic glucocorticoids(8), patients with
IKZF1 deleted leukemias show elevated MRD levels at the end of induction. To obtain a
qguantifiable MRD range for our comparison, we selected all patients with high MRD after
induction at time point 1 as described in the Methods section. Because of this selection,
MRD levels between IKZF1-deleted and IKZF1 wildtype BCP-ALL patients 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 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 lower for IKZF1-deleted patients
compared to IKZF1 wildtype patients, indicating increased treatment resistance in these
patients (Figure 2e). Although we cannot exclude that reduced sensitivity for 6MP or other
drugs may have contributed to these effects, we did not observe such a diminished response
to asparaginase or 6MP in our in vitro assays (Figure 1c). We therefore attribute the
observed resistance to AraC in these IKZF1 deleted BCP-ALL patients.

Decreased hENT1 expression contributes to AraC resistance induced by IKZF1 loss

Most nucleoside analogues require active import and anabolic processing before the
biologically active compound becomes available. This requirement poses a weakness that
can be exploited by leukemia cells for development of resistance (Supplemental Figure 4a).
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(18). On the other hand, failed execution of apoptosis has also been
reported in for example P53 null cells(19). 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 in IKZF1



deleted cells. Previous studies have identified several proteins contributing to AraC
incorporation into the DNA in AML (hENT1, dCK, CDA, 5NT, TOPO I, TOPO Il, DNA POL
and MDR1)(18, 20). To test whether any of these proteins contributed to IKZF1-mediated
AraC-resistance we analyzed the relative expression of the genes encoding these proteins in
IKZF1™ cells relative to control Sem cells (Figure 3b). Only hENT1, the solute carrier that
transports AraC over the cell membrane (Supplemental Figure 4a), showed a decreased
mRNA expression in IKZF1™ cells, which also translated into a decreased protein expression
(Figure 3c-e). Indeed, overexpression of hENT1 in IKZF1™ cells could sensitize cells to AraC
treatment again (Supplemental figure 4b). Also iberdomide-mediated IKZF1 degradation
correlated with decreased hENT1 mRNA expression in 4 tested PDXs (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 to reach the statistical threshold (Supplemental Figure 4c). Together our experiments

indicate that loss of hENT1 expression contributes to IKZF1-driven AraC therapy resistance.

Loss of IKZF1 promotes expression of oncogene Evil

To obtain deeper insights into pathways or specific genes driving resistance to AraC upon
loss of IKZF1, we performed RNA sequencing on samples from wildtype and IKZF1
knockout Sem cells treated with and without AraC. We compiled a list of differentially
expressed genes in response to treatment or as result of IKZF1 loss (Figure 4a) and
determined which KEGG pathways are overrepresented in this selection (Figure 4b,
Supplemental Figure 5a). 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 treatment(9, 21). Indeed, modulation of these pathways using the AKT
inhibitor MK2206, the ERK inhibitor uprosertib or their combination enhanced the response
to AraC, similar to what we have shown for prednisolone induced apoptosis(9) (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 component of the MAPK
pathway (Figure 4d), caught our attention as it is frequently overexpressed in Acute Myeloid
Leukemia (AML) where it dictates a poor outcome. MECOM encodes the zinc finger
transcription factor Evil, a prominent oncogene mostly known for its role in the pathogenesis
of AML and Chronic Myeloid Leukemia (CML)(22), yet undefined for BCP-ALL. Evil is



essential for the maintenance of a stemness phenotype in hematopoietic stem cells(23).
Several studies implicate Evil in AraC resistance in AML, suggesting a similar role for Evil
in inducing resistance in BCP-ALL(24, 25). We used RT-gPCR to confirm that loss of IKZF1
promotes expression of Evil in Sem cells and we observed that expression was further
induced in response to AraC treatment (Figure 4e). A similar response was found in 4 out of
5 tested PDXs samples, where both Iberdomide-induced IKZF1 degradation and AraC
treatment promoted Evil expression (Figure 4f). Only in patient sample #3862 where
iberdomide failed to effectively induce IKZF1 degradation and AraC resistance
(Supplemental figure 2d), Evil expression also did not elevate. Although Evil expression
increased by 15-fold when IKZF1 deleted Sem cells are treated with AraC, this expression is
still ~50 fold lower as compared to AML cells carrying t(3::8)(g26::924)translocation, the
genetic event that most commonly results in upregulation of Evil in AML patients
(Supplemental figure 5b,c). Although we were unable to detect Evil protein expression in
our IKZF1 knockout cells, these cells did not tolerate modulation of Evil protein levels as
after shRNA mediated knockdown using 4 different shRNAs, these cells were rapidly lost
from the culture within 2 days, while control cells continued to proliferate. This suggests that
albeit expressed at low levels, Evil is essential for these IKZF1 knockout cells to survive.
Similar to what has been observed for AML cells(26), forced expression of Evil from a
retrovirus also resulted in an 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 Evil expression in RNA sequencing data from primary patient
material, leukemias harboring IKZF1 deletions were more likely to show high Evil
expression, as defined by a chi-square test, compared to those wildtype for IKZF1
(x°=5.574, *p=0.018) (Figure 4g, Supplemental Figure 5d). Similar to AML, BCP-ALL
samples expressing high Evil levels showed increased mRNA expression of stem cell
markers (Supplemental Figure 5e). Although the correlation between IKZF1 mutations and
elevated Evil expression may be dependent on co-occurring events, our data indicate that
IKZF1 loss may result in increased expression of Evil that, at least in a subset of leukemias,
may contribute to a poor therapy response.

Inhibition of mediator kinases CDK8/19 or Casein Kinase Il sensitizes the response to AraC

In search of druggable targets that could reverse AraC therapy resistance in IKZF1 deleted
ALL, we performed a CRISPR/Cas9-based loss-of-function screen with a sgRNA library
targeting all human kinases (507) in Sem IKZF1” cells (Figure 5a). We performed 2
independent screens using low doses of AraC (30 nM and 50 nM) for 3 weeks allowing
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selection of enriched or depleted sgRNAs (Supplemental Figure 6a,b). Using the MaGeCK
algorithm(27), sgRNA counts between treated and untreated cells were compared. Of note,
both screening conditions show a substantial overlap in the top ranked depleted and
enriched genes, emphasizing the accuracy and reproducibility of this approach (Figure 5b,

Supplemental Figure 6¢, Supplemental Table 2).

We focused on depleted sgRNAs (dropouts), as loss of function of their target genes can be
expected to enhance response to AraC. As expected, we found Aktl as an enhancer of
AraC response within the top 20 of depleted genes for both screening conditions
(supplemental table 2), 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 transcriptional 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(28). 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 wildtype and IKZF1™ cells by decreasing ICs, values
of ~5,2-fold at the highest concentration of the inhibitor (Figure 5d,e and Supplemental
Figure 6d). Therefore, this combination therapy appears to enhance therapy response to
AraC, independent of IKZF1-status.

In addition, we identified the sgRNAs targeting CK2A1 and CK2A2 among the strongest
depleted genes in both screens (Figure 5b, Supplemental Figure 6c¢). CK2 is known as
casein kinase Il and plays a prominent role in promoting cell growth, suppression of
apoptosis and drug resistance in solid and hematological malignancies(29). More
importantly, growing evidence shows that CK2 directly regulates transcription factor
IKZF1(30). In case of hemizygous IKZF1-deletions in leukemia, inhibition of CK2 can restore
the function of the intact IKZF1 allele(31). 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 taking place. It was shown that CK2 also
phosphorylates Evil to enhance its activity, providing a potential explanation for the
observed phenotype(32). As a validation of our CRISPR/Cas9 screen, we established that
the CK2 inhibitor Silmitasertib synergized with AraC in both Sem wildtype cells and IKZF1"
cells, although the highest synergy was observed in IKZF1 deficient cells (ICso decrease of
~2,3 fold in wildtype vs ~3,5 fold in IKZF1" cells), (Figure 5f, Supplemental Figure 6e).
These findings indicate that inhibition of CK2, a modulator of both Evil and IKZF1 activity,

may offset the effects of IKZF1 loss on AraC therapy resistance.
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DISCUSSION

In this study we used genetic and pharmacological targeting of IKZF1 to show that loss of
IKZF1 function reduces the response to AraC, a component of both upfront and relapsed
BCP-ALL protocols. This observation contrasts with an earlier observation suggesting that
IKZF1 loss induces sensitivity to this nucleoside analog(33). However, 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 the
reduced Ara-CTP incorporation (Figure 3a), a causality that was established already
decades ago(34). We attribute this diminished incorporation, to a reduced availability of
intracellular AraC because of lower hENTL1 expression. The expression of this transporter is
rate-limiting for AraC influx(35), particularly at the AraC concentrations that are used in the
upfront treatment of BCP-ALL(36) and has been linked to AraC sensitivity in AML(37) and
BCP-ALL(38). 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 fludarabine or clofarabine.

In addition to controlling cellular metabolism, IKZF1 is regarded as key regulator of lymphoid
differentiation(39) while loss of IKZF1 has been associated with stemness(40). In this
context, the enhanced expression of the prominent oncogene Evil upon loss of IKZF1
function is intriguing. Evil is essential for preventing differentiation of hematopoietic stem
cells(41) and is best known for its role as an oncogene in myeloid leukemia. Overexpression
of Evil is an independent poor prognostic factor in AML and associated with therapy
resistance, including a decreased sensitivity to AraC(42, 43), but the prognostic value of high
Evil expression in BCP-ALL remains unclear(44). We find upregulation of Evil mRNA
expression upon genetic or pharmacological targeting of IKZF1 (Figure 4c-e) while BCP-ALL
samples displaying high Evil expression are enriched for leukemias with an IKZF1 deletion.
Although in publicly available ChlP-Seq datasets IKZF1 does not seem to directly bind the
MECOM locus(45), there are clear suggestions of a genetic interaction. Despite the facts
that IKZF1 aberrations are less common in AML, recurrent mutations are observed in
(pediatric) AML and associated with poor outcome(46, 47). Moreover, isolated IKZF1
deletions and monosomy 7 in AML appear to be enriched in Evil-rearranged leukemias(48).
Future studies should reveal whether Evil is directly suppressed by IKZF1 or that the
induction of Evil expression upon IKZF1 loss is an indirect effect of the stem cell phenotype
that is promoted by IKZF1 loss(40). Moreover, the functional consequences of elevated Evil
expression in IKZF1 deleted leukemias and whether high Evil mRNA expression can serve
as a potential biomarker for poor outcome in BCP-ALL remains to be established. Our model

cell lines do not tolerate modulation of Evil itself, suggesting that this protein plays an
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important role in cell survival and/or proliferation. Although Evil itself is not targetable, we
show 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 Evil and
IKZF1(30, 32), can reverse IKZF1-loss induced resistance to AraC. Together, it is an
attractive hypothesis that the resistance phenotype of IKZF1 deleted BCP-ALL and high
expression of Evil is, at least in part, due to a genetic or functional interaction between
IKZF1 and Evil.

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 tumor suppressor IKZF1. Consistent with our previous observations(9), we
find that targeting the MAPK pathway not only reverses glucocorticoid resistance but also
increases sensitivity to AraC in IKZF1 deleted leukemia. Additionally, we find that targeting
CK2, the upstream activator of both IKZF1 and Evil, may represent an Achille’s 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 the clinic clinical
application in BCP-ALL seems feasible(49). Another promising combination therapy involves
drugs targeting the mediator kinases CDK8/19. Importantly, the sensitizing effects of these
inhibitors are not limited to IKZF1-deleted cells, but also enhance AraC response in wildtype
cells. Of note, CDK8/19 inhibitors are also under clinical investigation for the treatment of
AML, albeit currently as a single agent(50). Therefore this combination therapy is not limited
to BCP-ALL but could also be applied in the treatment of other malignancies such as AML,
where AraC is a cornerstone drug playing a crucial role in achieving remission(51). Future in
vivo experiments will have to demonstrate which of the identified targeted therapies will be

most effective in reversing therapy resistance in IKZF1 deleted BCP-ALL.

In conclusion, our study shows that loss of IKZF1 induces resistance to AraC in BCP-ALL.
This high-risk patient group 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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FIGURE LEGENDS

Figure 1: Deletion of IKZF1 drives resistance to AraC in Vitro

(@) Immunoblot analysis of IKZF1 protein expression in single cell clones upon
CRISPR/Cas9-based targeting of IKZF1l. Representative blot of three independent
experiments. (b) Schematic overview representing the workflow used to determine drug
responses. Sem wildtype (WT) and Sem IKZF1-deleted cells were seeded into 384 wells
plates and treated with drugs used in contemporary treatment protocols for pediatric B-cell
precursor acute lymphoblastic leukemia (BCP-ALL) patients. After 3 days of incubation, cell
death was analyzed by fluorescence intensity using the live cell staining CyQuant. (c) Fold
change in cell viability (AUC) relative to cells wild type for IKZF1 upon drug exposure.
Corresponding dose response curves can be found in Supplemental Figure 1. (d) AraC
induced cell death as determined by quantification of cells positive for amine-reactive dyes
using flow cytometry in Sem wt and Sem IKZF1 deleted cells after a 3-day treatment with
increasing concentrations of AraC. (Mean * standart error of the mean (SEM), n=3,
**p=0.0011, T-test two sided based on AUC values). (e) Schematic overview representing
the workflow used to determine ex-vivo drug responses in patient derived xenograft (PDX)
samples. BCP-ALL PDX, either wildtype or carrying a heterozygous clonal deletion of IKZF1
(IKZF1*"), were seeded on hTERT immortalized mesenchymal stem cells, allowed to settle
for 24hr 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 patient derived xenografts
either wild type (black, n=6) or carrying a heterozygous deletion (blue, n=10) of IKZF1 as
dose response curves. Of note, the least responsive WT sample, Patient #7148 harbors a
t(17::19), a chromosomal translocation known to induce multiagent drug resistance and
these patients have an extremely poor prognosis (g) Representative PDX sample for
pharmacological targeting of the Ikaros protein using lberdomide. 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 cytometry after a 3-day
treatment with increasing concentrations of AraC in the presence or absence of indicated
doses of Iberdomide. Other tested PDX Samples (n=6) can be found in Supplemental figure
2d.

Figure 2: IKZF1 deleted leukemias show resistance to AraC in Vivo
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(a) Timeline of in vivo mouse trial. Each BCP-ALL PDX was injected into 2 mice at day 0 and
leukemia growth was measured weekly by Flow Cytometry. At 1% of human cells in the
blood, mice were treated for 2x 5 days with a break of 2 days in between, one of the pair
receiving AraC and the other vehicle. Leukemia growth was traced weekly by Flow
Cytometry and mice were sacrificed at >50% of human cells in the blood. (b) In vivo delay of
leukemia growth upon AraC treatment in PDX wildtype for IKZF1 and IKZF1*" samples.
(Mean + SEM, *p=0.034, T-test, two sided). (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 >107? at timepoint 1 (TP1,
day 33) and the response at timepoint 2 (TP2, day 79) was followed. (d) MRD levels at TP1
of patients wildtype for IKZF1 (n=35) or patients carrying a heterozygous deletion of IKZF1
(n=25). P=0.7867, Mann Whitney, two-tailed. (d) Ratio of MRD between TP1 and TP2 log10
transformed (TP1>TP2) of patients wildtype for IKZF1 or carrying a heterozygous deletion of
IKZF1 after receiving a therapy block including AraC and 6-mercapto purine (6MP). (**p=
0.0065, Mann Whitney, two-tailed)

Figure 3: Decreased expression of solute carrier ENT1 observed upon loss of IKZF1

(a) Mass spectrometry was used to measure the DNA incorporated AraC in Sem wildtype vs
Sem IKZF1" cells after treatment with AraC. The measurement of incorporation is
expressed as ng AraC per ug 2dC after 24 hr and 72 hr of treatment with AraC. After 24hr
0,654 ng was measured in wildtype cells vs 0,552 ng in IKZF1” cells, z comparable ratio as
found after 72hr where 1,78 ng and 1,47 ng was measured in wildtype vs IKZF1” cells.
(Mean + SEM, n=3, *p= 0.044 and *p=0.034 unpaired t-test, two-tailed). (b) Gene expression
levels from RNAseq dataset, shown as Z-score, of genes associated with AraC resistance in
either BCP-ALL or acute myeloid leukemia show a decreased expression of hENT1 in Sem
IKZF1™" cells versus control cells. (c) Validation of mMRNA expression of hENT1 by RT-gPCR
in Sem IKZF1™" cells versus control 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-gPCR in
4 different BCP-ALL PDX samples, pretreated with iberdomide for 24hr 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 wildtype for IKZF1 (n=252), extracted
from the GEO patient database (Ref: GSE87070). We included the BCP-ALL subtypes that
have = 3 IKZF1% patients in this database, combining the B-other group, high hyperdiploid
and BCR-ABL1 like.
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Figure 4: Gene expression changes in the MAPK pathway reveal upregulated
expression of Evil (MECOM) in IKZF1™" cells

(a) Compiled heatmap created by unsupervised clustering of differential expressed genes to
AraC treatment or as result of IKZF1 loss from bulk RNA-seq data on Sem IKZF1" and
control cells. Cells were treated with 1uM AraC for 16 hours and samples were harvested in
triplicates. (b) KEGG pathway overrepresentation analysis was performed on the compiled
list of differential expressed genes from a, showing here the 10 highest scoring pathways.
(c) Cell viability determined in Sem IKZF1*" and control cells by amine staining as dose
response curves for AraC treatment in combination with AKT inhibitor MK2206 And ERK
inhibitor Uprosertib. (Mean + SEM, n=3, *p=0.0011, ANOVA followed by Tukey's 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. Heatmap is created using the FPKM values transformed into Z-scores. (e)
Validation of Evil (MECOM) mRNA expression by RT-gPCR in Sem IKZF1” cells versus
control cells upon treatment with 1uM AraC for 16 hours. (Mean = SEM, n=3, ANOVA
followed by Tukey's multiple comparisons test). (f) mMRNA expression of MECOM by RT-
gPCR in 5 different BCP-ALL PDX samples, pretreated with Iberdomide for 24hr. (Mean +
SEM, n=2 technical duplicate). (g) MECOM expression in patients harboring an IKZF1
deletion (n=100) versus patients wildtype for IKZF1 (n=352), extracted from the GEO
database GSE87070. Here we included those BCP-ALL subtypes that counted = 3 IKZF1%!
patients in this database, combining here the B-other, BCR-ABLL1 like and high hyperdiploid
subgroups. A chi-square test was performed to calculate the correlation between IKZF1

mutations and elevated Evil expression (x’=5.574, *p=0.018).

Figure 5: CRISPR/Cas9 kinome screen revealing targetable genes to sensitize AraC
treatment

(a) Schematic representation 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
ug/mL Doxycyclin to induce Cas9 expression. Then, Cells were Split into 3 pools and treated
for 22 days with either OnM, 30nM or 50nM AraC. DNA was isolated and subjected to
lllumina Next generation sequencing. (b) Vulcano-plot of sgRNA targets that significantly
modulate AraC response, based on p-value and log fold change as analyzed using the
MaGeCK Test algorithm. The top depleted genes are overlapping between the 30nM and
50nM AraC (supplemental figure 6C) screen as marked in red. (c) Counts of individual
sgRNAs targeting CDK8, CDK19, CK2A1 and CK2A2 respectively between the untreated
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cells and cells treated with 30nM 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 a 5-day treatment with in-
creasing concentrations of AraC and CDK®8/19 inhibitor CCT251921. Each data point repre-
sents a mean (+/- SEM) of 3 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<0.001, ****p<0.0001). Absolute ICs, values in wildtype cells is
80.8nM for AraC only versus 14.9nM in combination with 2uM CCT251921 respectively to
155.8nM for only AraC and 30.9nM for the combination in IKZF1™ cells. (e) Synergy scores
generated by Synergy finder software, using the values from figure 5D. (f) Combination ther-
apy 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 a 5-day treatment with
increasing concentrations of AraC and CK2 inhibitor Silmitasertib. Each data point repre-
sents a mean (+/- SEM) of 3 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 ICsy values in
wildtype cells is 35.9nM for AraC only versus 15.7nM in combination with 2uM CCT251921
respectively to 69.2nM for only AraC and 19.6nM for the combination in IKZF1™” cells. (g)
Synergy scores generated by Synergy finder software, using the values from figure 5D.
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SUPPLEMENTAL METHODS

Cell viability assays

Cell viability was determined using a MTS assay and flow cytometry using amine staining to
discriminate between live and dead cells. For the MTS assay 100,000 cells were seeded in a
well of a 96 well plate, flow cytometry cells were seeded in a 96-well plate, 24-well plate or in
a 6-well plate at 500,000 cells per mL. After the indicated incubation times, relative cell viability
was assessed using the CellTiter 2 96® AQueous One Solution Cell Proliferation (MTS) Assay
(Promega, Madison, WI). Absorbance was acquired using a plate reader (Infinite F50; TECAN,
Mannedorf, Switzerland). Alternatively, cells were stained with LIVE/DEAD™ Fixable Dead
Cell Stain Sampler Kit (Thermo-Fischer, L34960) according to the manufacturer’s instructions
or by incubating the cells with 7,5 pug/ml Hoechst 33342 (Sigma Aldrich (Zwijndrecht, the
Netherlands) for 45 minutes at 37 °C in culture medium. Stained cells were analyzed by
Fluorescence Activated Cell Sorting (FACS) using an LSRII flow cytometer (BD Biosciences,
Breda, The Netherlands) or CytoFLEX LX (Beckman Coulter). For co-culture experiments,
MSCs were gated out via FSC/SSC gating. The data were collected and analyzed by FlowJo
V10 software (FlowJo, Ashland, Oregon).

Cell culture

Sem cells (ACC 546) were obtained from the Leibniz Institute DSMZ (German Collection of
Microorganisms and Cell Cultures, Braunschweig, Germany) and K562 wildtype and t(3.8)
were a gift from Ruud Delwel. Both cell lines are maintained in RPMI (Invitrogen, Thermo
Fisher Scientific, Breda, the Netherlands), supplemented with 10% fetal bovine serum (FBS,
Greiner Bio-One, Essen, Germany) and 1% penicillin/streptomycin solution (P/S) (Invitrogen)
at a cell density between 0.2 and 3x10° cells per milliliter. Cell line identity was confirmed by
DNA fingerprinting.

Hek293FT cells were purchased from Invitrogen and maintained in DMEM, supplemented with
10% FBS, 1% Non-essential amino acids (Gibco, Thermo Fischer) and 1% P/S. Cell cultures

were tested regularly for the presence of mycoplasma.

Plasmids

The following plasmids were obtained via Addgene: pS-Pax2 (#12260), pMGD2 (#12259), pL-
CRISPR.EFS.GFP (#57818), pLKO5.sgRNA.EFS.tRFP (#57823). IKZF1 KD plasmids were
purchased from sigma (pLKO1-Puro). For targeted knockout, gRNA sequences (Supplemental
Table 3) were cloned into pL-CRISPR.EFS.GFP and pLKO5.sgRNA.EFS.tRFP using the
BsmBl sites and the resulting vector was verified using Sanger sequencing. The hENT1

overexpression vector was obtained from Twist Bioscience (San Francisco, California). The
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hENT1 protein sequence (NP_001071643.1) was used as a template to generate and synthesize
a DNA sequence that was cloned into the pTwist Lenti SFFV. Sequence was verified using Sanger

sequencing. The empty plasmid was used as control.

Reagents
Cytarabine (AraC), Prednisone, Dexamethasone, Vincristine, Methotrexate, Asparaginase,
6TG, Doxorubicin, 6MP, Etoposide, Mitoxantrone, Daunorubicin were ordered from

Selleckchem (Munich, Germany) and dissolved as instructed by the manufacturer.

Lentivirus production and transduction

HEK293FT packaging cells (Invitrogen) were co-transfected with a viral backbone encoding
the sgRNAs or Cas9 and the helper plasmids for virus production (psPAX2 and pMD2.G),
using Polyethylenimine (PEI). Virus containing supernatant was collected 2 days after
transfection. Virus was concentrated by centrifugation at 25,000G for 1 hour at 4°C and
resuspended in the cell culture medium required by the target cells. Target cells (0.5-1x10°)
were transduced with 1 mL virus (1-10 times concentrated) using spinoculation for 45 min at
700g (30°C) in the presence of 5 ug/mL polybrene (Santa Cruz Biotechnology, Dallas, TX).
Selection was started 72-96 hours after transduction (2ug/mL puromycin) or GFP/RFP positive

cells were sorted by Flow cytometry using the H800S Cell Sorter (Sony Biotechnology).

Real-time quantitative polymerase chain reaction

Total RNA was extracted using the RNeasy mini-kit (Qiagen). Subsequently, cDNA was
synthesized of 500 ng RNA template using the iScriptTM cDNA synthesis kit (Bio-Rad,
Hercules, CA). mRNA expression levels were determined by use of Power SYBR®Green PCR
master mix using gene-specific primers (Supplemental table 4) and the CFX96 TouchTM Real-
Time PCR detection system (Bio-Rad, Hercules, CA, USA). TBP mRNA expression was used
as a reference to obtain the relative fold expression of target genes using the comparative
cycle threshold 2(-AACt) method.

Immunoblotting

Cells were lysed in Laemmli protein buffer and treated with benzonuclease for 30 minutes,
prior to boiling. Extracted proteins were separated by SDS-PAGE and transferred to PVDF or
nitrocellulose membranes (Amersham Biosciences). After protein transfer, membranes were
blocked in TBS-5% low fat milk (Elk, Campina, Amersfoort, the Netherlands) and stained with
primary antibodies according to the specific antibody (Supplemental Table 5), washed in TBS-
0.02% Tween, followed by IRDye conjugated secondary antibody (Li-cor, Biotechnology).

Proteins were visualized with Odyssey®CLx (Li-cor, Biotechnology).



Ex vivo culture of patient derived xenografts

PDXs were generated as described by intrafemoral injection of 0.25 x 10°to 1 x 10° viable
primary BCP-ALL cells in NOD.Cg-Prkdc®®“l12rg™"/SzJ (NSG) mice(1). The ex vivo co-
culture has been described previously(2). hTERT immortalized MSCs (3) were seeded in a 96-
wells format (14,000 cells/well) 24 hours prior to the addition of ALL xenografts (140,000
cells/well) or ALL xenografts were seeded as mono-culture in case Zebularine was used
(140,000 — 200,00 cells/well). ALL cells were allowed to settle for 24 hours before drugs was
added in increasing concentrations. After 3 days of drug incubation, cells were stained with
LIVE/DEAD™ Fixable Dead Cell Stain Sampler Kit (Thermo-Fischer, L34960) as described

above. Cytogenetics of all PDX can be found in supplemental table 6.

In vivo mouse trial

This in vivo experiment was approved by the Animal Experimental Committee of the Radboud
University (RU-DEC-2019-0036). Female Mice were housed in groups of 3-5 mice and cages
were randomly distributed. For each leukemia, 2 mice NSG mice were randomly assigned and
transplanted with 1.0 x 10° viable cells via intravenous injection and leukemia load was
monitored by flow cytometric detection of human cells by staining blood samples for human
CD10, CD45 and CD19 and murine CD45. When a particular sample reached a load of 1%
human cells, mice were randomly assigned to treatment or control group and treated with 17,5
mg/kg cytarabine for two weeks (5 days on, 2 off treatment). Mice were weighed daily during
treatment and weekly afterwards. Leukemia development was monitored by flow cytometry
and the delay in growth was determined by calculating the reduction in time to event, defined
as 30% of human cells in the blood. To account for differences in growth speed between
leukemias, we first normalized all the times to leukemia and calculated the treatment related

delay relative to this normalized growth.

Quantification of incorporated cytarabine by mass spectrometry

The method to determine DNA incorporated AraC was based on a LC-MS/MS method for the
analysis of genomic DNA incorporated B-decitabine and 5-methyl-2’-deoxycytidine developed
by J. Roosendaal et al(4). Sem wildtype and IKZF17 cells were seeded in triplicates and
treated with either 1uM AraC for 24 hours or 30nM AraC for 72 hours. Genomic DNA was
isolated using the DNA Blood mini kit (Qiagen) following manufactures protocol. Isolated DNA
was degraded into single monophosphate nucleotides by adding 4 units of Nuclease P1
(Sigma-Aldrich, St. Louis, MO) and 100 pL digest buffer (0.04 mM deferoxamine mesylate,
3.25 mM ammonium acetate pH 5.0, 0.5 mM zinc chloride) to 50 uL of extracted DNA solution
(ranged from 3.7 to 11.4ug DNA/50 pL in the measured samples) and incubated at 65°C for



10 min. The nucleotides were converted into nucleosides by adding 20 yL of 100 mM
Trizma®base, pH 8.5 and 4 units of alkaline phosphatase (Roche Life Science, Indianapolis,
IN) and incubating at 37°C for 1 h. After incubating, the reaction was stopped by adding 20 pL
of 300 mM ammonium acetate pH 5.0 and 6 yL 0.25 mM DFOM/50 mM EDTA to the sample.
10 uL of internal standard working solution (containing 100 ng/mL cytarabine-">C3 and 10,000
ng/mL 2’-deoxycytidine ['*C"°N,] in water) was added to each sample before evaporating to
dryness (40°C using and a gentle stream of nitrogen). The dry extract was reconstituted in 50

uL 5mM ammonium formate in ACN-water (98:2, v/v) by vortex mixing for 1 min.

Sample analysis was performed by injecting 10 uL of the processed sample onto the LC-MS
system which consisted of an UPLC Acquity | Class pump, autosampler and column oven
(Waters, Milford, MA,USA) coupled to a QTRAP5500 tandem mass spectrometer (Sciex,
Framingham, MA, USA). Cytarabine and 2’-deoxycytidine were chromatographic separated on
a Nova-Pak silica column (150 x 3.9 mm ID, 4 uym particle size from Waters, Milford, MA,USA)
using a gradient elution with 5 mM ammonium formate in water (mobile phase A) and 5mM
ammonium formate in ACN-water (98:2, v/v) (mobile phase B). The flow rate was 1.4 mL/min
and a spitter (1:4) was used to introduce 25% of the flow in the QTRAP5500. The QTRAP5500
was equipped with a turbo ionspray interface and operated in positive ionization mode.
Cytarabine (244.1>112.1), 2’-deoxycytidine (228.0>112.0), cytarabine-">C3 (347.1>115.1)
and 2’-deoxycytidine ['*C "°N] (231.0>115.0) were measured by multiple reaction monitoring.
Since cytarabine and cytidine (endogenous nucleoside) are diastereomers, cytidine
(244.101>112.1) was monitored to confirm that they were separated chromatographically. A
correction for the amount of isolated and digested DNA was performed by expressing the DNA
content of cytarabine as a cytarabine/2’-deoxycytidine ratio. Data acquisition was performed

using Analyst 1.6.3 software (Sciex).

RNA sequencing

MRNA was isolated on triplicate samples using an RNeasy minikit (74106; Qiagen, Venlo, The
Netherlands) after treatment with 1TuM AraC for 16 hours. Sample sequencing and data
analysis, including differential gene expression analysis, were performed by NovoGene
(Cambridge, United Kingdom). Differentially expressed genes (FDR <0.05) of the following
comparisons were combined for overrepresentation analysis: IKZF1*' treated/IKZF1"
untreated, IKZF 17~ untreated/IKZF 17" treated, IKZF 1" untreated/IKZF 17~ untreated and IKZF 1"
treated//IKZF1"- treated. Overrepresentation analysis was performed in Rstudio using the
clusterProfiler package, the Kyoto Encyclopedia of Genes and Genomes (KEGG) database.
FDR values were calculated using the Benjamini&Hochberg multiple testing method.
Heatmaps were created from FPKM values transformed into Z-scores and the

ComplexHeatmap package.



Patient RNA expression data extracted from GSE87070

Log transformed microarray gene expression data from newly diagnosed pediatric ALL
patients was derived from NCBI's Gene Expression Omnibus (GEQO) data set GSE87070(5, 6)
using additional subtype annotations and IKZF1 deletion status (as available in R2,
Supplemental Table 1). IKZF1 copy number was annotated as either wildtype or deleted with
no distinction between type of deletion. We included those BCP-ALL subtypes that have = 4
patients with an /KZF1 deletion making a cohort of in total n=252 patients wildtype for IKZF1
and n=100 patients with an IKZF1 deletion. Subtypes included are the high hyperdiploids (=
51 chromosomes) (Wildtype n=130, IKZF1% n=17), BCR-ABL1 (Wildtype n=24, |KZF1%
n=15), and B-other, defines as BCP-ALL negative for ETV6-RUNX1, high hyperdiploidy, BCR-
ABL1, KMT2A-rearranged, TCF3-PBX1 and BCR-ABL1-like signature (Wildtype n=198,
IKZF1°¢ n=68). Expression levels of SLC29A1 (hENT1) and MECOM (Evi1) were visualized
using ggplot. The cut off for high MECOM expression was defined by the 95" percentile of
MECOM expression in the IKZF 1 wildtype population. A Chi-square test was used to determine
dependency of IKZF1 status on MECOM expression. Expression levels of stemness markers
were visualized using the ComplexHeatmap package and patients ordered based on MECOM

expression.

Crispr/Cas9 screen

The kinase sgRNA library is used as earlier described(7). For this Crispr/Cas9 screen, Sem
IKZF 17" cells, previously transduced with Cas9, were now transduced with the kinase library at
an MOI<1 and cells were selected using blasticidin. Cas9 expression was induced for 2 weeks
by adding 1 ug/mL of doxycycline to the cells. Subsequently, cells were split in 3 pools of which
1 was left untreated and the others were exposed to 30nM and 50nM for a duration of 22 days,
all in triplicates. To maintain library complexity, transduced cells were always cultured with a
minimum of 1000 cells per guide, totaling to a minimum of 5 million cells per condition. After
selection, genomic DNA was isolated from these pools and by PCR using lllumina barcode
primers the sgRNA region was amplified (Supplemental Table 4). Then, sgRNA abundance
was determined by deep sequencing on the lllumina Nextseq500 by the Utrecht sequencing
facility, The Netherlands (USEQ). We confirmed that the library complexity was sufficiently
maintained in samples at the start of the screen, before and after doxycycline treatment. Then,
enriched and depleted genes were identified using the MAGeCK Test alogorithm (Galaxy
Version 0.5.8.1)(8) (Supplemental Table 2).

Statistical analyses
All statistical analyses were performed using PRISM6 (GraphPad Software, La Jolla, CA). For
the Amine staining, AUC was calculated of the dose response curves and either a two-tailed

student’s t test or ANOVA with ad hoc Turkey’s multiple comparison test was performed. For

6



gRT-PCR, either a two-tailed student’s t test was performed or ANOVA with ad hoc Turkey’s
multiple comparison test. On in vivo PDX data a two-sided student’s T test is performed. For
MRD patient data significance was tested by two sided Mann Whitney. For patient expression
data extracted from R2, a Shapiro-Wilk test was performed to determine normality, followed

by two sided Mann Whitney.
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SUPPLEMENTAL TABLES

Supplemental Table 1 Microarray gene expression data from NCBI's Gene Expression
Omnibus (GEO) data set GSE87070 using additional subtype annotations and IKZF1

deletion status provided as Excel file.

Supplemental Table 2 CRISPR-Cas9 screen results from MaGeck Test analysis:

Ranking gene lists of depleted and enriched genes. Provided as Excel file.

Supplemental Table 3 IKZF1 targeting gRNA sequences

Application Name Sequence

sgRNA gRNA_IKZF1_exon3.1_FW | TCATCTGGAGTATCGCTTAC

gRNA_IKZF1_exon3.2_FW | GACCTCTCCACCACCTCGGG

gRNA_IKZF1_exon3.3_FW | CTCCAAGAGTGACAGAGTCG

gRNA_control_FW GTAGCGAACGTGTCCGGCGT




Supplemental Table 4 RT-gPCR and PCR primer sequences

Target Use Name Sequence
ENT1 RT-gPCR Forward primer | ACCTCAACTCCTTGCATCAGA
RT-gPCR Reverse primer | ACCAGGATGGCAGTGATCAGAAAC
Evi1 RT-gPCR Forward primer | AGTGCCCTGGAGATGAGTTG
RT-gPCR Reverse primer | TTTGAGGCTATCTGTGAAGTGC
PCR FW primer AATGATACGGCGACCACCGAGATC
TACACCGACTCGGTGCCACTTTT
PCR RV Barcode CAAGCAGAAGACGGCATACGAGATC
primer 1 ATCACGTTTCTTGGGTAGTTTGCAGTTTT
PCR RV Barcode CAAGCAGAAGACGGCATACGAGATC
primer 2 CGATGTTTTCTTGGGTAGTTTGCAGTTTT
RV Barcode CAAGCAGAAGACGGCATACGAGATC
primer 3 TTAGGCTTTCTTGGGTAGTTTGCAGTTTT
RV Barcode CAAGCAGAAGACGGCATACGAGATC
primer 4 TGACCATTTCTTGGGTAGTTTGCAGTTTT
RV Barcode CAAGCAGAAGACGGCATACGAGATC
primer 5 ACAGTGTTTCTTGGGTAGTTTGCAGTTTT
RV Barcode CAAGCAGAAGACGGCATACGAGATC
primer 6 GCCAATTTTCTTGGGTAGTTTGCAGTTTT
RV Barcode CAAGCAGAAGACGGCATACGAGATC
primer 7 CAGATCTTTCTTGGGTAGTTTGCAGTTTT
RV Barcode CAAGCAGAAGACGGCATACGAGATC
primer 8 ACTTGATTTCTTGGGTAGTTTGCAGTTTT
RV Barcode CAAGCAGAAGACGGCATACGAGATC
) primer 9 GATCAGTTTCTTGGGTAGTTTGCAGTTTT
Kinase RV Barcode | CAAGCAGAAGACGGCATACGAGATC
CRISPR/Cas9 orimer 10 TAGCTTTTTCTTGGGTAGTTTGCAGTTTT
screen RV Barcode CAAGCAGAAGACGGCATACGAGATC
primer 11 GGCTACTTTCTTGGGTAGTTTGCAGTTTT
RV Barcode CAAGCAGAAGACGGCATACGAGATC
primer 12 CTTGTATTTCTTGGGTAGTTTGCAGTTTT
RV Barcode CAAGCAGAAGACGGCATACGAGATC
primer 13 AGTCAATTTCTTGGGTAGTTTGCAGTTTT
RV Barcode CAAGCAGAAGACGGCATACGAGATC
primer 14 AGTTCCTTTCTTGGGTAGTTTGCAGTTTT
RV Barcode CAAGCAGAAGACGGCATACGAGATC
primer 15 ATGTCATTTCTTGGGTAGTTTGCAGTTTT
RV Barcode CAAGCAGAAGACGGCATACGAGATC
primer 16 CCGTCCTTTCTTGGGTAGTTTGCAGTTTT
RV Barcode CAAGCAGAAGACGGCATACGAGATC
primer 18 GTCCGCTTTCTTGGGTAGTTTGCAGTTTT
RV Barcode CAAGCAGAAGACGGCATACGAGATC
primer 19 GTGAAATTTCTTGGGTAGTTTGCAGTTTT
lllumina Read1 primer CGGTGCCACTTTTTCAAGTTGATAACGGACTAG
sequencing CCTTATTTTAACTTGCTATTTCTAGCTCTAAAAC
lllumina Index primer TTTCAAGTTACGGTAAGCATATGATAGTCCATTTTA

sequencing

AAACATAATTTTAAAACTGCAAACTACCCAAGAAA




Supplemental Table 5 List of antibodies

Blocking and staining conditions for antibodies used in western blotting

Antibody Supplier Cat. number Solvent Dilution
actin Sigma Aldrich A4700 1% milk in TBS 1:10000
ENT1 Protein tech 11337-1-AP 1% milk in TBS 1:1000
Evi1 Cell Signaling 2265 1% milk in TBS 1:1000
Ikaros Santa Cruz sc-398265 1% milk in TBS 1:1000
PARP Cell Signaling 9542 1% milk in TBS 1:4000

tubulin Genetex GTX628802 1% milk in TBS 1:10000
vinculin Sigma Aldrich V9131 1% milk in TBS 1:4000
Supplemental Table 6 Characteristics of BCP-ALL PDXs
Patient Cytogenetics IKZF1 Sample
number status type
#0202 TCF3-PBX1_1(1::19) Wildtype | Diagnosis
#2451 | B-other Wildtype | Diagnosis
#4818 | Not available Wildtype | Diagnosis
#0770 | TP53 deletion Wildtype | Diagnosis
#8153 TCF3-PBX1_1(1::19) Wildtype | Diagnosis
#6523 TCF3-PBX1_1(1::19) Wildtype | Diagnosis
#3862 | TP53 deletion (25%), PAX5/CDKN2A Wildtype | Diagnosis
#7148 | TCF3-HLF_t(17::19) Wildtype | Diagnosis
#2796 TCF3-HLF, t(17::19) Wildtype | Diagnosis
#8076 | TYK2 Wildtype | Diagnosis
#1502 ETV6-RUNX1 Wildtype | Diagnosis
#2103 TCF3-PBX1, t(1::19), PAX5 deletion 1-10 Wildtype | Diagnosis
#7811 BTG1 + IKZF1 deletion Deletion | Diagnosis
#6609 | IKZF1 deletion Deletion | Diagnosis
#6439 | BTG1 + IKZF1 deletion Deletion | Diagnosis
#2072 | IKZF1 deletion Deletion | Diagnosis
#2400 IKZF1 deletion, PAX5 translocation Deletion | Diagnosis
#3134 | low hypodiploid, TP53 WT, IKZF1 deletion Deletion | Diagnosis
#7558 | IKZF1 deletion Deletion | Diagnosis
ion1- tion2-8, ETV letion : Diagnosi
w707 | SF Sl 16 A0 Sller 28 ETVS 49T | i | 005
#9377 ABL1+, CDKN2A/B dele.tion, PAXS5 deletion, IKZF1 Deletion Diagnosis
deletion 1-8, TP53 deletion
#6273 | IKZF1 deletion 4-7, CDKN2A deletion Deletion | Diagnosis
#2179 CRLF2, ETV6, IKZF1 deletion 2-3 Deletion | Diagnosis
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SUPPLEMENTAL FIGURES
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Supplemental Figure 1: CRISPR/Cas9-mediated targeting of IKZF1 drives resistance to
AraC

(a) Growth Curve of the Sem control versus IKZF1" cells (Mean = SEM, n=3). (b) Relative
viability as determined by a live cell staining using CyQuant in Sem control and Sem IKZF1”
cells after a 3-day treatment with increasing concentrations (as indicated in figure) of different

drugs used in the BCP-ALL treatment protocol.
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Supplemental Figure 2: Deletion of IKZF1 drives resistance to AraC in Vitro
(a) AraC induced cell death as determined by quantification of cells in subG1 using flow
cytometry of Hoechst-stained cells after a treatment of 30 nM AraC. Representative cell cycle
distribution of three independent experiments. (b) Apoptosis induction upon AraC treatment
measured by immunoblot analysis of PARP cleavage in Sem wt and Sem IKZF 17 cells after a

3-day treatment with 0, 10 or 30 nM AraC. Representative blot of three independent
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experiments. (c) Data from Figure 1f depicted as Area Under the Curve (AUC), (Mean £ SEM,
*p= 0.0195 unpaired T-test, two-tailed). (d) Collection of BCP-ALL PDX samples
pharmacologically targeted by Iberdomide for degradation of the lkaros protein. 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 cytometry after
a 3-day treatment with increasing concentrations of AraC in the presence or absence of
indicated doses of Iberdomide. Other tested PDX Samples (n=6) can be found in Supplemental

figure 2d.
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Supplemental Figure 3: In vivo Xenograft growth curves upon treatment with AraC
(a) In vivo PDX growth curves, based on weekly measurement of % human cells in the blood
from moment of Intravenous injection until start of treatment. Including here 4 PDX samples
WT for IKZF1 and 6 IKZF1*" samples. (b) In vivo PDX growth curves, based on weekly
measurement of % human cells in the blood, after treatment with either AraC or vehicle for 2
weeks until human endpoint was reached by either >50% of human cells in the blood, or based

on condition of the mouse.
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Supplemental Figure 4: the role of hENT1 in AraC metabolism and its expression in
BCP-ALL subgroups

(@) Schematic representation of AraC metabolism by the cell, from cellular uptake to
incorporated into DNA and RNA. Created with Biorender. (b) Dose response curve to 3 day
AraC treatment in IKZF1” cells and IKZF-/- cells with an overexpression of EVI1. Each data
point represents a mean (+/- SEM) of 2 independent experiments after 2 rounds of
transduction. Student’s T-test is performed on the AUC values (****p<0.0001) IC50 values shift
from 141.6 nM to 59.4 nM AraC in cells with a hENT1 overexpression (¢) hENT1 expression
extracted from the GEO database, containing microarray gene expression data on patients
harboring an IKZF1 deletion versus patients wildtype for IKZF1. These plots illustrate the 3
subgroups hyperdiploid (n=130), BCR-ABL (n=24), B-other (n=198) that include >3 patients

with an IKZF 1% deletion and are combined into one plot for Figure 3g.
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Supplemental Figure 5: Evi1l expression in different BCP-ALL subgroups and
comparison to expression in AML

(a) Heatmaps created by unsupervised clustering of the PI3K-Akt, Cytokine receptor signaling
and Focal adhesion pathway, only showing genes differentially expressed between control and
IKZF 17" cells upon AraC treatment. Heatmap is created using the FPKM values transformed
into Z-scores. (b) Relative expression of Evi1 by RT-qPCR to determine relative expression of
Evi1 between BCP-ALL cell line Sem and AML cell line K562. (Mean, n=2 technical replicate).
(c) Immunoblot analysis of Evi1 protein expression in the BCP-ALL cell line Sem and the AML
cell line K562. This is a representative blot of two independent experiments. (d) MECOM
expression extracted from RNA sequencing on patients harboring an /IKZF1 deletion versus
patients wildtype for IKZF1. These plots illustrate the 3 subgroups (hyper diploid (n=130), BCR-
ABL (n=24), B-other (n=198) that include >3 patients with an IKZF1%' deletion and are
combined into one plot for Figure 4G. (e) Log transformed RNA expression levels of stemness
markers in patients either Wildtype for IKZF1 or harboring a deletion. Patients of all BCP-ALL
subtypes (hyper diploid, BCR-ABL, B-other) were combined and ordered based on MECOM

expression (n=352).
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Supplemental Figure 6: Drug selection with AraC for kinase CRISPR/Cas9 screen

(a) Growth Curve of the Sem IKZF1" cells under selection of AraC for the CRISPR/Cas9
screen (Mean + SEM, n=3). (b) Cell viability of the of the Sem IKZF 17 cells under selection of
AraC for the CRISPR/Cas9 screen (Mean + SEM, n=3). (c) Vulcano-plot of gRNA targets that
significantly modulate AraC response under selection of 50nM AraC. Genes are plotted based
on p-value and log fold change as analyzed using the MaGeCK Test algorithm. (d) Apoptosis
induction as measured by westernblot analysis of PARP cleavage in Sem IKZF1”" cells after a
5-day treatment with AraC in combination with CCT251921. Representative blot of three
independent experiments. (e) Apoptosis induction as measured by westernblot analysis of
PARP cleavage in SEM IKZF17” cells after a 5-day treatment with AraC in combination with

Silmitasertib. Representative blot of three independent experiments.
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