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SUMMARY
BCR::ABL1-independent pathways contribute to primary resistance to tyrosine kinase inhibitor (TKI) treatment
in chronic myeloid leukemia (CML) and play a role in leukemic stem cell persistence. Here, we perform
ex vivo drug screening of CML CD34+ leukemic stem/progenitor cells using 100 single drugs and TKI-
drug combinations and identify sensitivities to Wee1, MDM2, and BCL2 inhibitors. These agents effectively
inhibit primitive CD34+CD38� CML cells and demonstrate potent synergies when combined with TKIs.
Flow-cytometry-based drug screening identifies mepacrine to induce differentiation of CD34+CD38� cells.
We employ genome-wide CRISPR-Cas9 screening for six drugs, and mediator complex, apoptosis, and
erythroid-lineage-related genes are identified as key resistance hits for TKIs, whereas the Wee1 inhibitor
AZD1775 and mepacrine exhibit distinct resistance profiles. KCTD5, a consistent TKI-resistance-conferring
gene, is found to mediate TKI-induced BCR::ABL1 ubiquitination. In summary, we delineate potential
mechanisms for primary TKI resistance and non-BCR::ABL1-targeting drugs, offering insights for optimizing
CML treatment.
INTRODUCTION

Chronic myeloid leukemia (CML) is a myeloproliferative

neoplasm characterized by the reciprocal translocation t(9;22)

(q34;q11) that generates the hallmark hybrid gene BCR::ABL1.1

Targeting BCR::ABL1 fusion protein using tyrosine kinase inhib-

itors (TKIs) has revolutionized CML management and enabled

almost normal life expectancy for most CML patients.2 Hence,

a new goal of CML management has emerged: the achievement

of durable treatment-free remission (TFR) after TKI discontinua-

tion.3 However, a subset of TKI-treated CML patients who lack

mutations in BCR::ABL1 develop primary resistance to treat-

ment attributed to BCR::ABL1-independent mechanisms.4,5 In
Cell Reports Medicine 5, 101521,
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addition, CML leukemic stem cells (CML-LSCs) can intrinsically

activate several BCR::ABL1-independent pathways and thus

resist BCR::ABL1 inhibition by TKIs.4 Even potent TKIs are un-

able to eradicate CML-LSCs,6,7 which are themain culprit of dis-

ease relapse upon TKI discontinuation. TKI treatment has also

been shown to induce a stemness signature in CML-LSCs.8,9

Therefore, targeted therapies tackling BCR::ABL1-independent

survival mechanisms are needed to overcome CML cell persis-

tence and enable curative approaches.

High-throughput ex vivo drug screening is a powerful tool to

identify effective compounds and drug repurposing candi-

dates,10,11 but characterization of the drug sensitivity profile of

CML-LSCs is challenging.12 In contrast to acute leukemia,
May 21, 2024 ª 2024 The Authors. Published by Elsevier Inc. 1
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patients with chronic-phase (CP)-CML have low numbers of

blasts in peripheral blood and bone marrow samples even at

diagnosis. Screening of drug sensitivities from bulk unsorted

samples does not reflect the in vivo responses, because the dif-

ferentiation status of cells affects the drug sensitivity profile.13,14

Sorted CD34+ cells, including leukemia stem and progenitor

cells (LSPCs), from CML samples could better reflect the in vivo

treatment responses.13 The paucity of primitive CD34+CD38�

cells in CML patients’ samples also hinders the direct application

of flow-cytometry-based drug sensitivity screening, which has

been successfully applied in other leukemias.14,15 Considering

these limitations, previous studies have focused on profiling sen-

sitivities of CML-LSCs to individual candidate drugs rather than

running high-throughput drug screening.

Genome-wide CRISPR-Cas9 screening is an efficient

technology for discovering cancer cell vulnerabilities and

prioritizing therapeutic targets.16 In addition, this functional

genomics tool can be applied to decipher the potential mech-

anisms of resistance and sensitization to candidate targeted

drugs and immunotherapies.17,18 To the best of our knowl-

edge, only a single previous study has applied genome-wide

CRISPR-Cas9 screening in CML to identify imatinib-specific

resistance genes,19 yet comprehensive characterization of

the pan-TKI resistance and sensitivity mechanisms is still

lacking.

In this study, we implemented ex vivo drug sensitivity and

resistance testing (DSRT), using a library of 82 single drugs in

addition to 18 TKI-drug combinations to evaluate the drug sensi-

tivities of primary CML-LSPCs. In addition, we performed flow-

cytometry-based DSRT (FC-DSRT) of CML samples to delineate

the effect of the drug candidates on different cell populations.

We identified promising candidate drugs and drug combinations

that effectively target CD34+CD38� CML cells. We further

applied genome-wide CRISPR-Cas9 gene-perturbation screens

to CML cells to identify potential BCR::ABL1-independent resis-

tance-inducing pathways to six selected drugs, including TKIs

and DSRT-based top candidate drugs, and further validated

the results in individual gene-knockout (KO) models. Our study

provides insights into the mechanisms underlying primary TKI

resistance and also identifies potential effective therapeutic

approaches.
Figure 1. High-throughput screening identifies VEGFR, Wee1, and MD

(A) Schematic of the high-throughput drug sensitivity and resistance testing expe

donor samples were screened using a library of 82 drugs in five different conce

resented <20%, as well as in healthy donor samples, CD34+ cells were sorted usin

*In addition to the indicated 16 sorted samples, unsorted samples from 4CP-CML

status of samples assigned to DSRT can be found in Table S1.

(B) Heatmap of the drug sensitivity of CP-LSPC (n= 11), AP/BP (n= 4), unsorted CP

of themost variable 20 drugs are shown. Explanatory tracks from top to bottom sh

and blast percentage in the initial sample prior to sorting. (+) indicates a BP patie

method was used for production of the heatmap.

(C) Bar plot of the selective drug sensitivity of CML-LSPCs (n = 16) compared to h

height represents the specific DSS (sDSS) as calculated by the average of DSS re

healthy samples. (*) indicates drugs that were tested only in a subset of samples

(D) Dose-response curves of TKIs (imatinib, dasatinib), VEGFR inhibitors (tivoza

HDAC inhibitor belinostat, and the JAK2 inhibitor ruxolitinib in CP-LSPCs (n = 11), B

for each group. Plots showing the individual sample’s dose-response curves for

Tables S1, S2, and S3.
RESULTS

Drug sensitivity profiling reveals vulnerabilities of CML-
LSPCs to VEGFR, Wee1, and MDM2 inhibitors
To assess the drug sensitivity profile of CML-LSPCs, we per-

formed ex vivo DSRT for samples from 20 CML patients

(Table S1), including 4 accelerated phase/blast phase (AP/BP)-

and 16 CP-CML patients, in addition to 3 healthy controls (Fig-

ure 1A). Samples from 1 AP-CML and 12 CP-CML patients as

well as from healthy donors were sorted to enrich for the

CD34+ fraction. Demographic characteristics of the patients

subjected to DSRT profiling are summarized in Table 1. We

used a library of 82 approved or investigational drugs targeting

several functional pathways (Table S2). The culturemedium con-

ditions were first optimized to support the viability of CML-

LSPCs and to minimize cell differentiation (Figure S1).

StemSpan medium was selected, preserving best the cell

viability and original CD34 phenotype.

In contrast to unsorted bulk CML and healthy CD34+ samples,

CML-LSPCs showed high sensitivity to TKIs driven by the sensi-

tivity of the dominant CD34+ progenitor population (Figures 1B

and S1K; Table S4). Interestingly, also drugs targeting other

functional classes showed activity against CML-LSPCs,

including HSP90 inhibitors, VEGFR inhibitors, and the BCL2 in-

hibitor navitoclax. Other drugs, such as the MDM2 inhibitor

(RG7112) and mepacrine, were effective in a subset of samples

(Figures 1B and S2A–S2C). In contrast to CP-LSPCs, we

observed a functional diversity of active drugs in BP-LSCs

(Figures S2D and S2E), including sensitivity to STAT3/STAT5 in-

hibitors and dexamethasone, underscoring the activation of

additional signaling pathways during CML progression.

Using the drug sensitivity score (DSS) responses of healthy

CD34+ samples as reference, we calculated the specific DSS

(sDSS), which represents the ability to selectively inhibit CML-

LSPCs, sparing normal hematopoietic cells. TKIs exhibited

the highest sDSS responses on CML-LSPCs, followed by

VEGFR, Wee1, and MDM2 inhibitors. On the other hand, the

JAK inhibitor (ruxolitinib) and HDAC inhibitors showed higher

activity in healthy CD34+ samples (Figures 1C, 1D, S2,

and S3A). We were able to collect enough CD34+ cells from an

individual CP patient to run the 82-drug library for sorted
M2 inhibitors as specific effective drugs against CML-LSPCs

riments. Sixteen primary CML samples (12 CP, 1 AP, and 3 BP) and 3 healthy

ntrations. In 12 CP and 1 AP-CML samples in which the blast population rep-

g magnetic sorting to enrich for the stem and progenitor cell (SPC) population.

patients were also tested. Further information about disease phase and sorting

-CML (n= 4), and healthy CD34+ (n= 3) samples. Drug sensitivity scores (DSSs)

ow disease status (CML, healthy), sorting status, phase of CML (CP, AP, or BP),

nt with ABL T315I pan-TKI resistance mutation. Ward’s hierarchical clustering

ealthy CD34+ (n = 3). Drugs are colored by their targeted functional classes. Bar

sponses in CML samples after subtraction of the average of DSS responses in

.

nib, axitinib), the MDM2 inhibitor RG-7112, the BCL2 inhibitor navitoclax, the

P (n = 5), and healthy CD34+ (n = 3) samples. Dots represent themedian values

the drugs shown here are shown in Figure S2C. See also Figures S1–S3 and
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Table 1. Demographic characteristics of patients subjected to DSRT profiling

All CP BP

Number of patients 25 16 9

Age, median (range) years 55 (24–81) 58 (25–81) 53 (24–74)

Gender, male/female/N/A (%) 10/10/5 (40/40/20) 5/6/5 (31/38/31) 5/4/0 (56/44/0)

Disease stage at diagnosis, CP/AP/BP (%) 21/1/3 (84/4/12) 16/0/0 (100/0/0) 5/1/3 (56/11/33)

WBC count, median (range), 3109/L 107 (0.9–317) 140.8 (15.6–261) 54.6 (0.9–317)

PB blast (%) 3 (0–70) 0.5 (0–5) 46 (6–70)

BM blast (%) 6 (1–90) 1 (1–5) 48 (6–90)

Sokal score, low/intermediate/high/N/A 4/5/1/15 4/5/1/6 N/A

Frontline treatment, imatinib/2G TKI/chemotherapy/N/A 13/4/3/5 8/3/0/5 5/1/3/0

Clinical response, poor/suboptimal/optimal/N/A 0/0/9/16 0/0/9/7 N/A

CP, chronic phase; BP, blast phase; AP, accelerated phase; WBC, white blood cell; PB, peripheral blood; BM, bone marrow; 2G, second generation;

clinical response, patients who achievedmajor molecular response (MMR) either by 12months (optimal) or after 12 months (suboptimal), patients who

never achieved MMR or progressed to BP (poor); N/A, not available (clinical data not available).
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CD34+/CD38� stem (LSCs) and CD38+ progenitor (LPCs) popu-

lations (Figures S3B–S3D). As expected, LPCs showed higher

sensitivity to TKIs and other drug families, whereas some other

drugs, such as RG7112, weremore effective in LSCs. In addition,

LSCs shared DSS response profile similarities with healthy

CD34+, such as increased sensitivity to ruxolitinib and belinostat.
Flow-cytometry-based drug sensitivity profiling reveals
enhanced sensitivities of CD34+CD38� CML cells to
mepacrine and MDM2 and BCL2 inhibitors
Since the drug sensitivity profiling of the CD34+ LSPCs may

potentially be driven by the dominant LPC rather than the less

frequent CD34+CD38� putative leukemia-initiating LSC popula-

tion,20–22 we next aimed to delineate population-specific drug

sensitivity profiles of CML-LSPCs by implementing FC-DSRT

in samples from 12 CML patients, including 6 CP-LSPC and 6

BP-bone marrow mononuclear cell (BMNC) samples. Apoptosis

and differentiation readouts were measured for 20 drugs over

four log concentrations (Figure 2A; Tables S1 and S2). TKIs

showed comparable sensitivities in both CD34+CD38� and

CD34+CD38+ populations but were still unable to completely

eradicate CD34+CD38� cells even at the highest tested concen-

trations, more prominently in BP samples (Figures 2B and S4).

Interestingly, we identified additional drugs, such as mepacrine

and RG7112, which exhibited selective activity against the

CD34+CD38� population. Other drugs, such as navitoclax, ona-

lespib, and tivozanib, inhibited both populations at comparably

high activities (Figure 2B). In contrast, drugs of other func-

tional classes, including drugs suggested as adjuvants to TKIs

(PPARg inhibitors and leukotriene modifiers), exhibited mild to

moderate sensitivity profiles, with no remarkable activity against

CD34+CD38� cells (Figure S4A). In general, both CD34+CD38�

and CD34+CD38+ populations in BP samples were less sensitive

to most of the tested drugs compared to CP counterpart popu-

lations (Figure S4B).

Analysis of FC-DSRT data revealed a distinct mechanism of

mepacrine inducing eradication of CML CD34+CD38� cells

compared to the other tested drugs (Figure 2C). Mepacrine

induced a significant differentiation of CD34+CD38� cells as
4 Cell Reports Medicine 5, 101521, May 21, 2024
evident by induced surface expression of CD11b and CD38, in

contrast to the other drugs (Figures 2D and S5A–S5D). In addi-

tion, mepacrine demonstrated significant inhibition of the col-

ony-forming capacity of CML-LSPCs alone and in combination

with imatinib, but only a minimal effect on the long-term-col-

ony-initiating cell (LTC-IC) capacity of CML-LSPCs was

observed (Figures S5E–S5H). Using RNA sequencing of mepa-

crine-treated and untreated LSPCs from four CML patients, we

identified mepacrine-activated pathways in CML-LSPCs. We

identified 6,919 differentially expressed genes (DEGs) between

mepacrine-treated and control samples (Figure 2E; Table S4).

Pathway enrichment analysis of the top DEGs (>3-fold changes)

revealed upregulation of TP53, TNF-a, and WNT signaling path-

ways in mepacrine-treated samples. On the other hand, genes

controlling the G2M checkpoint of the cell cycle, as well as tar-

gets of E2F and MYC transcription factors, were significantly

downregulated (Figures S5I and S5J).
Synergistic effects of idasanutlin, venetoclax, and
AZD1775 combinations with imatinib in co-inhibiting
CML CD34+CD38� cells
To identify synergistic TKI-drug combinations that effectively co-

inhibit CML CD34+CD38� cells, we screened 12 CML-LSPC

samples (6 CP and 6 AP/BP) using a library of 18 imatinib-drug

combinations that were selected based on DSRT screening of

CML-LSPCs (Figure 3A; Table S2). The most promising imatinib

drug combinations included combinations with idasanutlin, ven-

etoclax, and AZD1775, which showed potent synergy (HSA syn-

ergy score >5) in most of the samples (Figures 3B–3D, S6A, and

S6B; Table S3). We also tested these drug candidates with Ba/f3

cells carrying a T315I BCR::ABL1 kinase domain mutation and

noticed that AZD1775 especially retained its activity against

the T315I BCR::ABL1 mutant form, whereas imatinib, dasatinib,

and idasanutlin lost their activity (Figure S6C). Similarly, one pa-

tient sample with the T315I BCR::ABL1 mutant was rather resis-

tant to idasanutlin, whereas a sample carrying the E255Kmutant

was more sensitive (Figures S5D and S5E). Other imatinib com-

binations showing potent synergy in a subset of samples (in

at least 25% of samples) were with cobimetinib, idelalisib,
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everolimus, and LCL161 (Figure 3B), which also showed moder-

ate activity as single agents. In addition, imatinib combinations

with ipatasertib, zileuton, and asciminib showed mild synergy

or rather an additive effect (HSA synergy score >3) in individual

samples. Despite showing high activity as single agents,

VEGFR inhibitors tivozanib and axitinib, as well as drugs with a

narrow activity window, such as mepacrine, demonstrated a

mild additive effect when combined with imatinib (Figures 3B

and S6B). We also tested the most effective imatinib combina-

tions (idasanutlin, venetoclax, and AZD1775) with either second-

(dasatinib) or third- (asciminib) line TKIs. Interestingly, both TKIs

showed significant synergy with venetoclax but to a lesser de-

gree with idasanutlin and AZD1775 (Figure S6F).

Genome-wide CRISPR-Cas9 loss-of-function screens
identify BCR::ABL1-independent TKI-resistance
pathways and potential candidate drug targets
To investigate BCR::ABL1-independent resistance pathways in

CML, we applied a functional genomic approach employing

genome-wide CRISPR-Cas9 gene perturbation screens to

K562 cells using the Genome-Scale CRISPR Knockout version

2 (GeCKO v.2) lentiviral single guide RNA (sgRNA) library target-

ing �19,000 genes in the presence of six selected drugs (Fig-

ure 4A). In addition to exploring BCR::ABL1-independent resis-

tance mechanisms by screening different TKIs (imatinib,

dasatinib, and asciminib), we screened three DSRT-based

candidate drugs (tivozanib, AZD1775, and mepacrine) to identify

potential targetable pathways and resistance mechanisms. By

comparing sgRNA barcode sequencing data between the

drug-treated and the control conditions usingMAGeCK analysis,

we determined the relative enrichment or depletion of sgRNAs,

which indicates potential resistance or sensitizing roles of the

targeted genes to the drug treatment.

Exploration of gene perturbation-induced resistance/sensi-

tivity profiles revealed that TKIs shared many resistance hits,

suggesting a common BCR::ABL1-independent TKI-resistance

machinery (Figures 4B, 4C, and S7A). The top resistance hits

included genes encoding components of the mediator complex

(MED23, MED17, CCNC), erythroid markers (KLF1, HBA1), and

apoptosis (APAF1, CASP3), as well as unrelated genes such as

KCTD5 and EIF2AK1. In addition, some gene perturbations

induced resistance to individual TKIs, such as CCDC101-KO
Figure 2. Flow-cytometry-based drug sensitivity profiling revealed sele

CD34+CD38� CML cells

(A) Schematic of the flow-cytometry-based drug sensitivity and resistance testing

screened for sensitivity of 20 drugs in four different concentrations. A flow cytome

well as viability stains, was used to estimate the drug-induced differentiation and

samples assigned to FC-DSRT is in Table S1.

(B) Dose-response curves of selected drugs, including TKIs (imatinib, dasatinib,

pacrine, the MDM2 inhibitor RG-7112, and the HSP90 inhibitor onalespib in puta

mean values from 12 CML patient samples. Plots showing the individual sample

(C) Bar plot of the efficiency of the tested drugs in targeting the CD34+CD38� cell f

values from DMSO-treated samples. Bar length represents median value with er

(D) Flow cytometry showing the expression of myeloid differentiation markers CD

and mepacrine-treated CML cells over three log concentrations.

(E) Volcano plot of differentially expressed genes (DEGs) in mepacrine-treated prim

with false discovery rate (FDR) values <0.001 (Bayesian statistical test) are colo

value) > 20 are labeled with gene names. See also Figures S3–S5 and Tables S1
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with imatinib and PTEN-KO with asciminib. On the other

hand, RAB10-KO was among the top sensitization hits in TKI

screens. Other potential sensitizing hits to specific TKIs

included YBX1-KO with dasatinib and IGF1R-KO with both as-

ciminib and dasatinib. The resistance/sensitivity profile of the

VEGFR inhibitor tivozanib shared many similarities with

BCR::ABL1-inhibiting TKIs, suggesting that tivozanib mainly

targets the same TKI-actionable pathways in CML cells.

Tivozanib’s profile exhibited some specific hits, such as

BCL2L1-KO as a sensitizing and CD47-KO as a resistance hit

(Figures 4B and 4C). Unlike tivozanib, AZD1775 and mepacrine

showed distinct resistance/sensitivity profiles compared to

TKIs. The only significant resistance hit for the Wee1 inhibitor

AZD1775 was CDK2-KO. For mepacrine, HIST1H3F-KO was

the top resistance hit, while KO of autophagy regulator genes,

SLC12A9 and SPNS1, sensitized cells to mepacrine effects

(Figures 4B and 4C).

Transcriptional profiling of individual-gene-KO cells to
identify the mechanisms underlying the perturbation-
induced phenotype
To validate the resistance and sensitization hits identified by the

genome-scale screens, we next targeted selected top-ranking

genes using CRISPR-Cas9 in K562 cells. The selected genes

represent different pathways and drug specificities, including

KCTD5 and APAF1 as examples of consistent resistance hits

for multiple TKIs and IGF1R as a multi-TKI sensitization hit, in

addition to CDK2 as a non-TKI-specific resistance hit. KO effi-

ciencies of the targeted genes ranged between 60% and 94%

(Table S5). While KCTD5-KO and APAF1-KO showed reduced

sensitivity to all TKIs but not to AZD1775, CDK2-KO cells

showed specific reduction of sensitivity to AZD1775 in 3-day

DSRT screens (Figures 5A, 5B, and S7B–S7E). In concordance

with the K562 results, KCTD5-KO and APAF1-KO demonstrated

reduced sensitivity to imatinib and dasatinib in the LAMA84 CML

cell line (Figures S7F–S7I). Furthermore, analysis of previously

published RNA-sequencing data24 from TKI-resistant K562 cells

revealed significant downregulation of KCTD5, EIF2AK1, and

APAF1 and upregulation of IGF1R genes in resistant cells

(Figure S8A).

We next investigated the mechanisms underlying gene pertur-

bation-associated phenotypes using transcriptional profiling of
ctive activities of mepacrine and MDM2 and BCL2 inhibitors against

experiments (FC-DSRT). Twelve primary CML samples (6 CP, 6 AP/BP) were

try antibody panel, including stem cell and myeloid differentiation markers, as

killing activity. Further information about disease phase and sorting status of

ponatinib), the VEGFR inhibitor tivozanib, the BCL2 inhibitor navitoclax, me-

tive CML-LSCs (CD34+CD38�) and LPCs (CD34+CD38+). Dots represent the

s’ dose-response curves for the drugs shown here are shown in Figure S3D.

raction of total CD34+ cells in the studied cohort (n = 12). Control represents the

ror bars representing the interquartile range.

38 (x axis) and CD11b (y axis) on CD34+-gated cells from control and imatinib-

ary CML-LSPCs (n = 4) compared tomatched DMSO-treated samples. Genes

red in red. In addition, DEGs with >3-fold-change differences and �log10 (p

, S2, S3, and S4.
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individual gene-KO cells. In addition to the above-described

genes, we performed RNA sequencing of additional resistance

hits, including EIF2AK1-KO and CCNC-KO K562 cells. Expres-

sion levels of the targeted genes were significantly reduced in

the edited cells. The number of DEGs varied widely between

the gene KOs, ranging from 298 genes in APAF1-KO cells to

7,981 genes in EIF2AK1-KO cells (Figure 5C; Table S4). Pathway

analysis revealed activation of various signaling pathways in as-

sociation with individual gene KOs. For example, EIF2AK1-KO

cells showed significant downregulation of heme-deficiency-

responsive genes and upregulation of erythroid transcription

factor KLF1 and many hemoglobin genes. APAF1 KO was asso-

ciated with upregulation of TP53 and MCM signaling pathways.

CCNC KO showed upregulation of fatty acid metabolism and

MTORC1 signaling. Interestingly, KCTD5 KO was associated

with a relatively large number of DEGs (n = 1,898), showing up-

regulation of multi-drug-resistance genes, hematopoietic stem

cell (HSC) differentiation, and TP53 and PI3K/AKT pathways

(Figure 5D). Taken together, modulation of hematopoietic cell

differentiation and the TP53 apoptosis related pathways as

well as activation of additional signaling pathways such as

PI3K/AKT/mTOR represent shared resistance mechanisms by

different resistance-conferring gene KOs.

Regulation of KCTD5-mediated ubiquitination as a
primary resistance mechanism to TKIs in CML
Given the consistency of KCTD5 as a top resistance hit in TKI

screens, we further investigated the role of KCTD5 in mediating

TKI resistance in CML. We analyzed RNA-sequencing data from

CML patients,25 which revealed concordant downregulation of

the KCTD5 gene in diagnostic BP- and CP-LSPCs compared

to HSCs (Figure S8B). Similar KCTD5 downregulation was noted

in a CP-LSPC sample with a low imatinib response (DSS < 15)

compared to CP-LSPC samples showing a high imatinib

response (DSS > 15) (Figure S8C). KCTD5-KO K562 cells

showed significant resistance to TKIs in long-term cultures (Fig-

ure 6A). A similar but less prominent effect was observed in

LAMA84 cells (Figures S8D–S8G). Because KCTD5 is reported

to function as a substrate adapter for E3 ubiquitin ligase, we first

investigated whether BCR::ABL1 is interacting with KCTD5/

CUL3 complex. Immunoprecipitation using ABL antibody

confirmed the presence of both CUL3 and KCTD5 proteins in

the precipitated complexes (Figure 6B). Interestingly, imatinib

treatment (0.5 mmol) was associated with increased KCTD5

and, to a minor extent, CUL3 in parental K562 cells (Figures 6C
Figure 3. Drug combination screening identified potential synergistic c

CML-LSPC samples

(A) Schematic of the drug combination testing experiments. Twelve primary CML

seven different concentrations. HSA synergy scores and most synergistic area s

formation about disease phase and sorting status of samples assigned to comb

(B) Dot plot of the synergy scores of imatinib-drug combinations in the studied CM

BP. HSA synergy score >5 is indicated by a dotted line.

(C) Heatmaps of dose-combination responses in CML-LSPC samples (n = 12) sh

inhibitor idasanutlin, and BCL2 inhibitor venetoclax across the tested concentra

maps. Drug combination heatmap matrices for individual samples are provided

(D) Dose-response curves for combinations of imatinib with AZD1775, idasanutlin

in CML-LSPC samples (n = 12). Dots represent the mean values with error bar r

bination responses of individual samples for the combinations shown here are s
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and S8H). However, only CUL3 levels increased in ABL com-

plexes fromKCTD5-KOcells upon imatinib treatment (Figure 6B).

Immunoblotting showed enhanced ubiquitination of BCR::ABL1

in K562 cells upon imatinib treatment, but not in imatinib-treated

KCTD5-KO cells (Figure 6C).

Next, we investigated the potential downstream effects of

impaired ubiquitination of proteins other than BCR::ABL1 in

KCTD5-KO cells, by investigating their sensitivity to targeted

drugs using single-agent and drug-combination DSRT. Interest-

ingly, we identified potential TKI-drug synergies in KCTD5-KO

cells, including imatinib combinations with the AKT inhibitor ipa-

tasertib, MEK inhibitor cobimetinib, and mTOR inhibitor everoli-

mus, in addition to an additive effect of the deubiquitinase (DUB)

inhibitor, VLX1570 (Figures 6D and S8J–S8M). On the other

hand, the single-drug DSS responses of these drugs were com-

parable between KCTD5-KO and control cells (Figure S8N). This

synergy of AKT/mTOR and DUB inhibitors with imatinib in

KCTD5-KO cells suggests a potential contribution of these path-

ways to TKI resistance (Figure 6E), which was supported by

elevation of p-AKT levels in imatinib-treated KCTD5-KO cells

(Figure S8I). We also tested imatinib combinations with MEK/

mTOR inhibitors utilizing primary CML-LSPCs and noticed effec-

tive inhibition of the clonogenicity in short-term cultures,

whereas no similar effects were seen in the LTC-IC assays

(Figures S8O–S8P). However, it should be noted that the tested

patient samples were from diagnostic CML-CP patients with

presumably normal KCTD5 levels.

Finally, we investigated the effect of KCTD5 gene KO in pri-

mary CML-LSPC CD34+ cells from two CP patients with

CRISPR editing and RNA sequencing. We identified 45 pro-

tein-coding DEGs in KCTD5-KO CML-LSPCs, including 41

upregulated and 4 downregulated genes (Figure 6F; Table S4).

Interestingly, the majority of the significantly upregulated genes

in KCTD5-KO LSPCs were similarly upregulated in KCTD5-KO

K562 cells (32/41 genes), such as FOSB, GBP4, SHANK1,

AXL, NR4A1, and NR4A2. Upregulated genes in KCTD5-KO

LSPC samples showed enrichment of genes involved in HSC dif-

ferentiation, TNF-a, and TP53 pathways (Figure 6G).

DISCUSSION

Novel drugs and drug combinations targeting BCR::ABL1-inde-

pendent pathways are needed to provide therapeutic options to

overcome primary TKI resistance and enable efficient eradica-

tion of CML-LSCs. The application of ex vivo drug profiling and
ombinations of imatinib with idasanutlin, venetoclax, and AZD1775 in

samples (6 CP, 6 AP/BP) were screened with 18 imatinib-drug combinations in

cores were calculated using the SynergyFinder web application.23 Further in-

ination DSRT is in Table S1.

L cohort (n = 12). Dots are colored brown or red according to CML phase CP or

owing the combinations of imatinib with the Wee1 inhibitor AZD1775, MDM2

tion matrices. Average percentage inhibition values are indicated in the heat-

in Figure S6A.

, and venetoclax (each partner drug in three different indicated concentrations)

epresenting standard error of the mean (SEM). Plots showing the dose-com-

hown in Figure S6C. See also Figure S6 and Tables S1, S2, and S3.
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flow-cytometry-based drug screening of primary CML-LSPCs in

our study enabled identification of potentially effective

drugs, including mepacrine and MDM2, BCL2, and Wee1 inhib-

itors, which represent promising candidates for TKI-drug

combination strategies in CML management. Using FC-DSRT,

we further discovered drugs that specifically target the primitive

CD34+CD38� CML population. In addition, we employed

genome-wide CRISPR-Cas9 screens to explore primary resis-

tance mechanisms in CML and to identify targets for the

identified drug candidates. We identified resistance pathways

common to different TKIs, such as ubiquitination, apoptosis,

and cell-cycle regulation, which can be targeted to overcome

primary TKI resistance. Finally, we identified KCTD5 in mediating

primary TKI resistance through regulation of BCR::ABL1 ubiqui-

tination, which represents a promising targetable hub in CML.

Using FC-DSRT, we identified drugs specifically targeting the

TKI-persistent CD34+CD38� CML cells, including mepacrine,

navitoclax, and MDM2 inhibitors. Our results highlighted the

efficiency of mepacrine in ablating these cells through the induc-

tion of cell differentiation. Mepacrine is an anti-malarial drug

recently suggested to be repurposed as a cancer treatment.26

Mepacrine exerts inhibitory effects through targeting several

pathways, including autophagy, TP53-dependent apoptosis,

and DNA damage repair.27 Transcriptional profiling of mepa-

crine-treated CML-LSPCs revealed a dual effect significantly up-

regulating TP53 and downregulating MYC pathways, a strategy

reported to be efficient in eradicating CML-LPSCs.28 Our

CRISPR-Cas9 screens suggested autophagy to partially

mediate mepacrine effects in CML cells, as supported by the

enrichment of lysosomal genes, such as SLC12A929 and

SPSN1,30 as sensitization hits to mepacrine. This finding was

further substantiated by a strong positive correlation observed

between the DSSs of mepacrine and another autophagy inhibi-

tor, hydroxychloroquine, in our CML-LSPC DSRT screens

(Spearman’s correlation coefficient r = 0.92, p = 0.0005). Surpris-

ingly, in the LTC-IC assay, mepacrine showed only a minimal

effect, but this could be due to the challenges in the assay con-

ditions, as mepacrine has a very narrow active concentration

window, and suboptimal dosage/drug incubation times needed

to be used to avoid wiping out all colonies in the short-term as-

says. Thus, further optimization of mepacrine dosage and com-

bination regimes is needed to prove its potential benefit in erad-

icating LSCs.31,32 Our results also highlighted the efficiency of

apoptotic modulators, including BCL2 and MDM2 inhibitors,

against CD34+CD38� CML cells and their synergy with TKIs,

emphasizing apoptosis targeting as a promising approach to

eradicate CML-LSCs.33,34 Congruently, genes of the apoptosis

pathway, such as APAF1 and BCL2L1, were among the top-

ranking genes modifying TKI sensitivity. Results agree with pre-
Figure 4. Genome-wide CRISPR screens identified resistance and sen

CML cells

(A) Schematic of the CRISPR-Cas9 loss-of-function screening approach.

(B) Positively selected hits of CRISPR-Cas9 screens in K562 cells treated with sele

compared with control K562 cells. Genes are ranked by �log10 of the MAGeCK

(C) Bubble plot of the significant resistance and sensitization hits (FDR < 0.15,MAG

of the bubble represents the significance level (�log(p value)); the color indicates

red or blue, respectively; and the color intensity represents the log fold change o
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vious CRISPR-Cas9 screens, underscoring the role of apoptotic

regulatory genes in modifying sensitivity to cancer therapy.35

DSRT profiles of CML-LSPCs demonstrated specific sensitiv-

ities to additional functional drug classes, which represent

potential combination candidates to synergize with TKIs. The

Wee1 inhibitor AZD1775 showed high efficacy against CML-

LSPCs both as a single agent and in combination with imatinib.

AZD1775 exerts anti-tumor effects through controlling the cell-

cycle regulators and modulating DNA damage response.36,37

Notably, CDK2-KO was the top resistance hit to AZD1775 in

CRISPR-Cas9 screens, suggesting that AZD1775 exerts its

inhibitory effect in CML cells through the previously reported

inhibition of CDK2-dependent response to DNAdamage.38 Inter-

estingly, a recent study highlighted the AZD1775-TKI combina-

tion as efficiently targeting CML-LSCs.39 In addition, a VEGFR in-

hibitor, tivozanib, showed specific activity against CML-LSPCs.

We previously identified tivozanib to inhibit BP-CML cells.40 We

also reported that another VEGFR inhibitor, axitinib, exhibits a

potent BCR::ABL1-inhibitory activity with clinical translation po-

tentials especially in T315I-mutated cases.41 Notably, VEGFR in-

hibitors showed a mild additive effect when combined with ima-

tinib, which can be attributed to their potential reliance on

BCR::ABL1 inhibition as the main mechanism of action in CML

cells.

CRISPR-Cas9 screens have been increasingly used to identify

druggable hits to overcome therapy resistance in cancer,42

including hematological malignancies.43 They have, however,

seldom been applied to study BCR::ABL1-independent TKI

resistance in CML. One previous study employed the genome-

scale GeCKO v.2 library to investigate mechanisms of imatinib

resistance in K562 cells.19 Interestingly, many of the reported im-

atinib-resistance genes, such as KLF1, EIF2AK1, APAF1, and

MED23, were similarly identified in our study, representing an

important cross-validation and highlighting the reproducibility

of CRISPR-Cas9 screens to study drug resistance mechanisms.

The results demonstrated some differences between the two

studies, which can be attributed to technical differences such

as the targeted depth coverage of the gRNA (2503 vs. 7003)

and incubation period (4 days followed by 3 days drug-free cul-

ture vs. 14 days) between the Lewis et al.19 study and our study,

respectively. The longer drug incubation with optimized selec-

tion pressure in our design allows better identification of imati-

nib-specific resistance hits. In addition, we used both pre- and

post-treatment controls for filtering nonspecific essential and

tumor-suppressor genes.

Results from CRISPR-Cas9 screens revealed a gene-perturba-

tion signature associated with primary BCR::ABL1-independent

resistance to TKIs, including imatinib, dasatinib, the allosteric in-

hibitor asciminib, and tivozanib. Enriched in the TKI-resistance
sitization gene-perturbation signatures for TKIs and other drugs in

cted drugs (imatinib, dasatinib, asciminib, tivozanib, AZD1775, andmepacrine)

RRA score for positive selection.

eCK analysis) for the six tested drugs and their functional annotations. The size

the selection direction being positive (resistance) or negative (sensitization) as

f the level of the gene-targeting gRNAs. See also Figure S7 and Table S5.
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signature were many genes encoding components of the medi-

ator complex, a multi-unit transcriptional co-activator complex.

Many of the identified mediator complex components were

concordantly associated with resistance to other targeted cancer

therapies,44,45 but were also controversially identified as essential

genes in CML cells.46 The mechanisms by which specific medi-

ator complex componentsmediate resistance to targeted therapy

remain to be explored. Enrichment of erythroid genes as TKI-

resistance hits can be presumably attributed to the erythroleuke-

mia phenotype of K562 cells. However, a recent study suggested

that erythroid transcription factors are a marker of good response

to TKI treatment in CMLpatients, further supporting the role of this

pathway inmodifying TKI sensitivity.47 In addition, other TKI-resis-

tance hits, such as EIF2AK1 and CCDC101, are key regulatory

factors of erythroid differentiation of HSCs.48,49 On the other

hand, potential TKI-sensitization hits included RAB10, IGF1R,

and YBX1 genes. RAB10 is one of the small GTPases, implicated

in regulating cellular processes such as vesicular trafficking and

lysosomal functions.50 RAB10 KO was associated with tumor

suppression in solid tumors.51 Confirming the TKI-sensitization ef-

fect of IGF1RKO, IGF1R inhibitorswere reported to overcomeTKI

resistance in CML.52 YBX1 is an oncogenic pro-survival factor in

leukemia,53,54 and therefore, YBX1 depletion is expected to

enhance dasatinib killing through impairment of the DNA damage

response in CML cells.55 Furthermore, dasatinib-induced SRC in-

hibition has been reported to inhibit YBX-1 phosphorylation and

activation, which may explain the specific enrichment of YBX1

KO as a sensitization hit to dasatinib.56

Interestingly, our results highlighted KCTD5 as a consistent

resistance hit to all tested TKIs. KCTD5 functions as a substrate

adaptor for cullin3-based ubiquitin E3 ligases.57 Ubiquitination of

BCR::ABL1 can destine it to aggresomal sequestration or protea-

somal degradation with further block of downstream signaling.58

Our results confirmed the direct interaction between KCTD5,

CUL3, and BCR::ABL1 proteins, with impairment of TKI-induced

BCR::ABL1 ubiquitination upon KCTD5 KO. In addition, KCTD5

KOwas reported as a negative regulator of AKT signaling,59 which

can play a role inmediating TKI resistance.60 Interestingly,KCTD5

KO was reported to induce resistance to EGFR inhibitors in lung

cancers,61 underscoring the importance of this pathway in medi-

ating multi-drug resistance. The ubiquitination pathway appears

to play a pivotal role in CML TKI resistance, as evidenced by the

frequent mutations affecting genes related to ubiquitin during
Figure 5. Drug sensitivity and transcriptional profiling of individual gen
(A) Bar plots of the drug sensitivity scores (DSSs) of imatinib, dasatinib, and AZD

72-h DSRT experiments (see STAR Methods) and were normalized and expresse

by dotted line). CRISPR-Cas9-expressing K562 cells transduced with nontargeti

replicates used for each gene-KO condition. Bar height represents the median v

(B) Dose-response curves of imatinib, dasatinib, and AZD1775 in individual gene

represented by dashed curves. Viability of the cells at different concentrations is

dotted line indicates 50% viability of cells. Dots represent the median value for e

number in (A).

(C) Volcano plots of differentially expressed genes (DEGs) in different individua

targeting gRNA). Experiments were performed using biological triplicates of each c

red. The number of DEGs is indicated for each condition.

(D) Dot plot of pathway analysis of DEGs in individual gene KOs using gene set enr

indicates up- (red) or downregulation (blue). The color intensity represents the

adjusted p = 0 in GSEA output were replaced by p = 0.0001 for data presentatio
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CML progression.62 In addition, the enrichment of ubiquitination-

related genes among TKI-resistance hits in CRISPR screens

furtherunderscores thepotential significanceof targeting theubiq-

uitination pathway in the context of high-risk CML.63

In conclusion, we consider our data utilizing primary CML pa-

tient cells to be a valuable resource for understanding

BCR::ABL1-independent TKI resistance in CML-LSPCs and

believe they serve as a foundation for future translational

research aiming to identify clinically efficient treatment strategies

dually targeting BCR::ABL1-dependent and -independent path-

ways, which may enable eradication of CML-LSCs and achieve-

ment of a CML cure.
Limitations of the study
Our approaches do have certain limitations, such as the inability

to evaluate the effects of candidate drugs or gene KOs in an

in vivo setting, which would offer more conclusive clinical in-

sights. In addition, it would be optimal to test drug combinations

in samples from patients with primary BCR::ABL1-independent

TKI resistance in addition to BP-CML and CP-CML samples

used in this study. In addition, further functional studies are

required to explore and validate the role of the KCTD5 gene in

primary TKI resistance in CML.
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Figure 6. KCTD5 KO induces TKI resistance in CML cells through impairment of KCTD5-mediated BCR::ABL1 ubiquitination

(A) Viability of KCTD5-KO and control K562 cells treated with imatinib (1 mmol) in long-term culture. Experiments were performed using biological triplicates of

each condition. Dots represent median value and error bars indicate 95%CI. *p< 0.05, **p < 0.01, ***p< 0.001, ****p < 0.0001 (adjusted p value,multiple unpaired t

test corrected for multiple comparisons).

(B) Protein levels of KCTD5 and CUL3 proteins in complexes immunoprecipitated by ABL antibody from untreated and imatinib-treated (0.5 mmol) control and

KCTD5-KO K562 cell lysates. Densitometric analysis revealed an imatinib-induced increase in the CUL3 levels, with treated to untreated CUL3 level ratios of 1.71

(legend continued on next page)
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Viral constructs and cell lines generated in this study will be made available on request with the Materials Transfer Agreement.

Data and code availability
d The amplicon sequencing data fromCRISPR-Cas9 screens as well as RNA-sequencing data from individual gene-KO cell lines

are deposited to Zenodo (zenodo.org). De-identified individual participants’ gene expression data are deposited to Zenodo

(zenodo.org) under restricted access due to GDPR, and access request for research use can be sent to the corresponding au-

thors. DOIs are listed in the key resources table. This paper does not generate original code.

d Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon

request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines and cell culture
K562 and LAMA84CML cell lines were obtained fromDSMZ (German Collection of Microorganisms and Cell Cultures). Both cell lines

were cultured in RPMI-1640 (Lonza) supplementedwith 10%FBS, 2mML-glutamine (Lonza), and 100U/mL penicillin and 100 mg/mL

streptomycin (Gibco). The 293HEK-FT cell line used for lentivirus production was obtained from Thermo Fisher Scientific and cultured

in DMEM (Lonza) with 10% FBS, 2 mM L-glutamine, 100 U/mL penicillin, and 100 mg/mL streptomycin (Gibco) (D10).

Patient samples
Primary bone marrow and/or peripheral blood samples were collected from 25 CML patients at diagnosis and subsequently used in

different drug screening experiments as indicated in Table S1. Samples from 3 healthy donors and from CML patients, where blasts

constitute <20% of bone marrow mononuclear cells (BMNCs), were sorted for CD34+ fraction using magnetic cell sorting (Miltenyi

Biotec, Germany). For CML patients, disease diagnosis and progression were defined according to the 2016 edition of World Health

Organization criteria.75 In line with the analysis of drug sensitivity profiles of CD34+ samples from CML patients described in the main

manuscript, we have also analyzed DSRT data of unsorted samples from our previously published patient’ cohort including 34 CML

and 4 atypical CML patients.13 All subjects gave their written informed consent in accordance with the declaration of Helsinki and

study was approved by the Helsinki University Hospital ethics committee.

METHOD DETAILS

Processing and culture of patient samples
BM or peripheral blood (PB) samples were enriched for mononuclear cells (MNCs) using Ficoll gradient centrifugation. For samples

from CML patients, where blasts constitute <20% of bone marrow mononuclear cells (BMNCs), as well as from 3 healthy donors,

CD34+ fraction was enriched using magnetic cell sorting (Miltenyi Biotec, Germany), according to the manufacturer recommenda-

tions, and purity were checked using antiCD34-FITC (BDbioscience, Cat# 345801). Thawed samples were resuspended in

StemSpanTM SFEMII (STEMCELL Technologies), supplemented with 1% penicillin-streptomycin. After thawing, samples were

treated with 50 ml of RQ1 RNase-Free DNase (Promega, #M6101) for 30 min in 1 ml of media, if cell clumps were if needed. Samples

were recovered for 2-4 h in appropriate amount of StemSpan (at a concentration of 1 million/ml) before plating on drug plates. For

media optimization, StemSpanTM CD34+ Expansion Supplement (STEMCELL Technologies), StemRegenin1 (STEMCELL Technol-

ogies, Cat#72342) and UM729 (STEMCELL Technologies, Cat#72332) were tested.

Drug sensitivity and resistance testing (DSRT)
The drug library for patient sample screening consisted of 82 approved drugs and investigational oncological compounds. For the

individual gene-KO cell lines, a broader library of 134 compounds were used. An extensive library of 528 compounds (156

approved, 372 investigational) was specifically used for the KCTD5-KO K562 cells. The drugs included in different libraries that

were used in this study can be found from Table S2. All drugs were purchased from commercial vendors and dissolved in either

100% dimethyl sulfoxide (DMSO) or water. DSRT was performed as previously described.76 In short, each compound was tested

in five different concentrations, covering a 10 000-fold concentration range, that were pre-printed on 384-microwell plates (Corn-

ing) using an acoustic liquid handling device (Echo 550, Labcyte Inc.). Five ml culture medium per well was first added to dissolve

the pre-plated drugs and plates were shaken for 10 min. Cells were thawed and or processed into a single-cell suspension (10000

cells for CML-LSPCs and 5000 cells for cell lines, in 20 ml per well), that was dispensed using Multi-Drop Combi peristaltic

dispenser (Thermo Scientific) and MultiFlo FX Liquids dosing dispenser (BioTek). Patient samples were suspended in

StemSpanTM SFEMII (STEMCELL Technologies), supplemented with 1% penicillin-streptomycin, while cell lines were suspended

in RPMI media (Lonza Bioscience), supplemented with 10% fetal bovine serum (FBS), 1% L-glutamine and 1% penicillin-strepto-

mycin. Plates were then incubated for 72 h at 37 �C and 5% CO2. CellTiter-Glo 2.0 reagent (Promega) was used to measure cell

viability according to the manufacturer’s instructions using a Pherastar FS plate reader. Luminescence measurements of cell

viability were normalized to 100 mM benzethonium chloride-containing wells (positive control) and DMSO-only wells (negative
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control). DSRT data was analyzed using Breeze,64 a web-based DSRT data analysis platform (https://breeze.fimm.fi). Drug re-

sponses were quantified using the drug sensitivity score (DSS) model.65

Drug combination testing
For the combination drug screening, 18 imatinib-drug combinations were tested using dose-response matrices comprising of seven

different concentrations for each drug (Table S2). Combination drug testing was performed as previously described.77 Sample pro-

cessing for combination drug screening was carried out as above-described for single agent drug testing. Drug combinations were

pre-plated on 384-well plates with dose-response matrices comprising 7 different concentrations for each drug as well as DMSO

controls. SynergyFinder 3.0 web-tool23 was utilized to quantify drug combination synergy with the highest single agent (hsa) synergy

score. cNMF algorithm78 implemented in SynergyFinder was utilized for the outlier detection and replacement. A combinatorial syn-

ergistic activity was reported if the corresponding summary hsa synergy score was above 5, and antagonistic if less than -5, other-

wise combination effect was considered as additive.

Flowcytometry-based drug sensitivity profiling (FC-DSRT)
For the FC-DSRT, 20 compounds were tested in four different concentrations (Table S2). FC-DSRT were performed as previously

described.79 Compounds were dissolved in 100% dimethyl sulfoxide or water, and dispensed on a 96-well polypropylene plate

(Corning) in a four doses log concentration series using an Echo 550 acoustic liquid handling device (Labcyte). CML-LSPCs were

dispensedwithMultiFlow FX.RAD (BioTek) to compound plates, 20,000 live cells in 100 ml StemSpanTM SFEMII in each well and incu-

bated for 72 h at 37�C and 5% CO2. Monoclonal antibodies were added on cells and stained for 30 min at room temperature using

optimized no-wash protocol. Dead cell exclusion dye 7-AAd (BD Biosciences, #559925) were added for 2 minutes before acquisition

of samples by iQue Screener Plus flow cytometer (Intellicyt).

Colony forming (CFA) and long-term colony initiating cell (LTC-IC) assays
For CFA, 1.5x104 BM CD34+ sorted cells from a CP-CML patient were re-suspended in 0.4 ml StemSpanTM SFEMII (STEMCELL

Technologies) and the samples were mixed with 4 ml of methylcellulose (MethoCultTM H4434, STEMCELL Technologies). Drugs

(imatinib, mepacrine, navitoclax) were added in the indicated concentrations. 1.1 ml were plated on 35–mm-dishes in triplicate ac-

cording to instructions of the manufacturer (STEMCELL Technologies). Colonies were counted after 14 days using an inverted mi-

croscope. LTC-IC assay was performed following the instructions from STEMCELL Technologies. 1.5x104 BM CD34+ sorted cells

from a CP-CML patient were cultured in human long-term culture medium (MyeloCultTM H5100, STEMCELL Technologies) on irra-

diated M2-10B4 cells (STEMCELL Technologies) monolayer in duplicates on a 6-well plate for five weeks with half-weekly change of

the media. Cells were then collected and 5x104 transferred to 4 ml of methylcellulose (MethoCultTM H4435, STEMCELL Technolo-

gies) and were then processed similar to CFA to determine the drug effects on the colonogenic capacity of long-term culture cells.

Genome-scale CRISPR-Cas9 screens
CRISPR-Cas9 gene-perturbation screenswere performed as previously described.18 TheGenome-ScaleCRISPRKnock-Out version 2

(GeCKOv2) sgRNA library in the lentiGuide-Puro plasmid 44(Addgene #1000000049) was amplified in Endura competent cells (Lucigen)

according to instructions providedby the Zhang lab and Lucigen. PlasmidDNAwas extracted usingNucleoBond-MidiEF kit (Macherey-

Nagel), with maximum 0.5g bacterial pellet per column. Sufficient sgRNA representation from half libraries was confirmed by deep

sequencing of the resulting plasmid pool. The ratio between the 10th and 90th percentile of sgRNA read counts was less than

6-folds. For lentivirus production, 10 mg of both libraries’ plasmids were transfected into 293FT cells, seeded one day before at 11.4

million cells per T-225 flask, together with 10 mg of pCMV-VSV-G and 15 mg of psPAX2 using 100 ml Lipofectamine 2000 (Thermo Fisher

Scientific) and 200 ml of PlusReagent (Thermo Fisher Scientific). After 6 hours incubation, the culturemediumwas replacedwith 30ml of

D10 containing 1% BSA. Viral supernatant was harvested after 60 hours, filtered using a 0.45 mm filter, and stored in -70�C.
To generate K562-Cas9 cells, K562 were transduced with virus produced using the lentiCas9-EGFP plasmid (Addgene, #63592),

single-cell sorted using a Sony SH800 cell sorter, and a clone with high and uniform EGFP expression was selected for the subse-

quent steps. The amount of lentivirus to be used for screen was first titrated to select the concentration achieving 10-20% transduc-

tion efficiency to ensure that majority of the cells receive only one sgRNA. For the GW screen, K562-Cas9 transduced with the

genome-wide library, 429 million cells were transduced in 12x12-well plates, where in each well 3 million cells were suspended in

the titrated virus volume (16 ml of GeCKO v2 library virus + 64 ml R10) and 80 ml Polybrene, centrifuged at 37�C at 800 g for 2 h, after

which virus was washed away. Transduced cells were then distributed to T-225 flasks (0.5 million/ml) and selected with 0.9 mg/ml

puromycin for 6 days starting 48h post-transduction.

On day 8 post-transduction, cells were divided into the following conditions with 90 million cells each in 2xT-225 flask with 90 ml

R10: 1) K562 only (DMSO), 2) K562+imatinib (900nM), 3) K562+dasatinib (1nM), 4) K562+asciminib (100nM), 5) K562+tivozanib

(800nM), 6) K562+azd1775 (1000nM). For Mepacrine (5000nM), biological triplicate was kept along with triplicate control conditions.

The selection of the three tested drugs (tivozanib, AZD1775, and mepacrine) among other DSRT-based drug candidates was made

according to their activity in K562 cells (inactive drugs in K562 cells were excluded). For example, the TP53-mutated K562 cells are

resistant to idasanutlin and RG-7112 drugs. A pre-treatment 90 million cell pellet was frozen in -70. The drug concentrations were

selected to achieve sufficient selection pressure, where the number of cells remains almost constant throughout the screen, and cells
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were passaged every 3 days, for 2 weeks. At day 14 of drug incubation, cells were pelleted, frozen in -70 �C, and later thawed for

genomic DNA extraction using Blood Maxi Kit (Qiagen).

Sequencing and data analysis
Sequencing and data analysis were performed as previously described.18 A two-step PCR protocol were used to amplify amplicons

containing sgRNA sequences using primers flanking the sgRNA cassette. Following overhangs were added to locus-specific primers

to make them compatible with the index primers. Oligo primer sequences were adapted from Illumina adapter sequences document

#1000000002694. In the first PCR, the reaction mix (50 ml) included containing 1200 ng of sample DNA, 25 ml of 23 Phusion High-

Fidelity PCRMasterMix (Thermo Fisher Scientific), and 0.5 mMof each locus specific primer. Each sample was amplified for 96 sepa-

rate times, then the 96 reactions were pooled together, used as a template in the second PCR reaction (index PCR). The second PCR

was done using 1 ml of the first step pooled product, 10 ml of 23 Phusion High-Fidelity PCR Master Mix, 0.375 mM of index primer 1,

and 0.375 mM of index primer 2, in a final volume of 20 ml. Seven identical reactions were performed, using a unique combination of

dual indexes for each sample pool each. DNA Engine Tetrad 2 (Bio-Rad Laboratories) or G-Storm GS4 (Somerton) thermal cyclers

were used to cycle the PCR reactions using the recommended programs. The seven amplified and indexed reactions from each sam-

ple were pooled, then purified using Agencourt AMPure XP beads twice by adding 0.8x volume of beads compared to the sample

volume. Agilent 2100 Bioanalyzer (Agilent Genomics) was used to quantify the yield of the purified sample pools. Sample pools were

sequenced with Illumina HiSeq 2000 System (Illumina). Read length used in the run was PE100. Screen data were analyzed using

MAGeCK v0.5.6. 5 Forward direction reads were aligned to the GeCKO v2 library sgRNA sequences using the ‘mageck count’ com-

mand with default parameters. Comparisons across conditions were performed on the resulting sgRNA read count matrix using the

‘mageck test’ command with default parameters.

CRISPR-Cas9 screen hit validation using cells expressing individual sgRNAs
For validation of hits from genome-scale CRISPR-Cas9 screen, sgRNA-expressing cells were generated expressing either single-

guide RNAs targeting screen hits and control sgRNAs non-targeting sgRNAs (2 different sgRNA were used for each gene). sgRNAs

were cloned into lentiCRISPRv2-GFP backbone plasmid (Addgene, #52961), including KCTD5, APAF1, EIF2AK1, IGF1R, CCNC and

CDK2 genes (sgRNAs sequences are listed in Table S5). After lentivirus production, K562 and LAMA84 cells were transduced for

stable expression of sgRNAs. Cells were GFP-selected, sorted using single-cell sorting (Sony SH800 cell sorter), and further grown

prior to experiments. For creating KCTD5-KO in CML-LSPCs samples (n=2), KCTD5 targeting sgRNA was cloned into lenti-

CRISPRv2-GFP backbone plasmid (Addgene, #52961) and transduced into CML-LSPCs, where the transduction efficiency ranged

between 12-20% of LSPCs. Transduction efficiencies were measured by assessing GFP positivity from fixed transduced samples.

Analysis of editing efficiency was performed using Sanger sequencing and TIDE analysis.67 A list of primers used for Sanger

sequencing in addition to the detected targeting efficiencies can be found from Table S5.

RNA sequencing
RNA sequencing and gene expression analysis were performed as previously described.80 Total RNAwas isolated from drug-treated

and control LSPCs as well as from individual gene-KO cell lines using miRNeasy Mini Kit (Qiagen). Qubit RNA kit (Life Technologies)

was used to quantitate RNA in samples. We used 1.5 mg of Truseq standard total RNA preparation kit (illumina) to perform ribode-

pletion of rRNA and further for RNA-seq library preparation for all samples. RNA-sequencing libraries were purified using SPRI beads

(Agencourt AMPure XP, Beckman Coulter). High Sensitivity chips by Agilent Bioanalyzer (Agilent) was used to evaluate the library

quality. Paired-end sequencing of sequencing libraries was performed using Novaseq S2 XP NS2-200 (Illumina). For analysis of

RNA-sequencing data were pre-processed and filtered paired-end reads were aligned using STAR68 guided with EnsEMBL v82

gene models to human reference genome build 38 (EnsEMBLv82). Feature counts were generated using SubRead.69 Conversion

of feature counts expression estimates was done using Trimmed Mean of M-values (TMM) normalization.81 Genomic features

with a CPM value %1.00 in less than half of samples were removed. Differential expression testing was then performed using the

edgeR70 software. In the statistical testing, P-values were adjusted with Storey’s Q-value for multiple comparisons.82 Differentially

expressed genomic features were determined with Q %0.05 cutoff value.

Pathway enrichment analysis
Pathway enrichment analysis was done using GSEA71 software (Broad Institute) and Enrichr72,73. In the GSEA analysis, a pre-ranked

analysis was done using gene list prepared by ordering genes by their log-fold change between individual gene-KO and control

groups using CPM data. GSEA analysis was performed using default values. False discovery rate (FDR) q <0.05 was used as a

threshold to filter analysis output. When nominal P-values in GSEA analysis equals 0, it was replaced by the lowest identified

P-value in the analysis for visualization. The Enrichr was applied to the protein coding genes significantly differentially expressed be-

tween different conditions and control groups.

Western blot analysis and immunoprecipitation
Western blot was performed mainly as previously described.83 Cells were washed twice with cold PBS and further lysed in ice-cold

RIPA buffer supplemented with 13 protease and phosphatase inhibitor cocktail (Thermo Fisher Scientific, #87786). For removal of
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cell debris, samples were centrifuged for 10 min at 4 �C, 12,0003g. Total protein concentration was measured with PierceTM BCA

Protein Assay Kit (Thermo Fisher Scientific, #23225) and samples were prepared using Laemmli buffer (Bio-Rad Laboratories). After

SDS-PAGE, Trans-Blot� TurboTM Transfer System (Bio-rad) was used to transfer the proteins into a nitrocellulosemembrane (0.2 mm

pore-size nitrocellulose, Bio-rad). Primary antibodies (1:1000 dilution) were incubated overnight at 4 �C in the Odyssey blocking

buffer (LI-COR Biosciences, #927-70001) containing 0.2% Tween 20. Secondary antibodies (1:15,000 dilution) in the blocking buffer

containing 0.2% Tween 20 were then incubated for 2 h at room temperature. Proteins bands were visualized using Odyssey Imaging

Systems (LI-COR Biosciences). For co-immunoprecipitation, K562 cells were lysed using PierceTM IP lysis buffer (ThermoFisher,

Cat#87788). One milligram of cell lysates was pre-cleared with PureProteomeTM Protein A/G Mix Magnetic Beads (Merck,

Cat#LSKMAGAG02) for 1 hour at 4 �C. Pre-cleared supernatants were incubated with anti-Abl antibody overnight at 4 �Cwith gentle

rocking. Magnetic beads were added to the immune complexes, and then incubated at room temperature for 15 min with gentle

rocking. The immune complexes were washed three times in PBST, resuspended in the elution buffer and heated at 70 �C for

10 min. Bands were quantified using ImageJ.

QUANTIFICATION AND STATISTICAL ANALYSIS

Information of the statistical tests used is reported in the figure legends. Patient samples used for the individual experiments are

reported the Table S1. Mann-Whitney U-test (for non-parametric test comparisons), Two-tailed Student t-test (for parametric test

comparisons), Fisher Exact test (for categorical data), Pearson’ correlation and Spearman correlation coefficients were used

where indicated and computed using GraphPad Prism 8 software or R 3.5.0. False discovery rate approach to correct for multiple

comparisons was used where indicated.
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