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Individuals with history of chemo- or radiotherapy frequently exhibit somatic mosaicism in the blood, often involving mutations in
genes responsible for DNA damage responses (DDR), such as CHEK2. However, the mechanisms by which CHEK2 mutations
promote the expansion of mutant cells following chemo- or radiotherapy remain poorly understood. Here, we demonstrate that
loss of CHEK2 confers resistance to chemotherapy in hematopoietic stem and progenitor cells (HSPCs). Through a CRISPR-based
screen, we identified CHEK2 as a gene whose loss enhances resistance to cytotoxic chemotherapies. A complementary drug screen
revealed that CHEK2-mutant cells are also resistant to DNA hypomethylating agents. Chek2-deficient HSPCs persist in vivo following
chemotherapy exposure and exhibit elevated levels of DNA damage compared to wild-type cells. Our findings establish that CHEK2
loss promotes chemoresistance in HSPCs, offering new insights into the role of CHEK2 in therapy-related clonal hematopoiesis

observed in cancer patients.
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INTRODUCTION

Accrual of somatic mutations becomes prevalent in multiple
tissues with age. Clonal hematopoiesis (CH) refers to somatic
mosaicism in the blood system wherein mutations in genes such
as DNMT3A, TET2, and ASXL1 are found increasing with age in
healthy individuals [1, 2]. CH not only elevates the risk of
hematologic malignancies but is also associated with a range of
age- and inflammation-related disorders, including cardiovascular,
liver, and kidney diseases. The risk of these conditions correlates
with the variant allele frequency (VAF) of CH, supporting the idea
that mutant hematopoietic cells act as a reservoir for further
mutagenesis and contribute to systemic inflammation.

The fitness of CH clones is shaped by environmental factors
such as inflammation, smoking, and chemotherapy [3]. These
factors apply selective pressure favoring specific mutations: for
instance, inflammation tends to select for DNMT3A or TET2
mutations, while smoking is associated with ASXL7-mutant CHIP
[4-7]. In cancer patients with prior chemotherapy exposure, blood
samples are often enriched for mutations in DNA damage
response (DDR) genes such as TP53, PPM1D, and CHEK2 [8-12].
This phenomenon, known as therapy-related CH (t-CH), illustrates
how environmental stressors can drive the selection of particular
mutational profiles [13].

The DDR pathway orchestrates cellular responses to DNA
damage, preserving genomic integrity and suppressing tumor-
igenesis [14]. It is initiated by the DNA damage-sensing kinases
ATM and ATR, which activate downstream kinases CHEK1 and
CHEK2. PPM1D (also known as WIP1) acts as a negative regulator
by dephosphorylating key DDR components, including TP53,

CHEK1, and CHEK?2, thereby terminating the DDR signal [15, 16].
This cascade coordinates cell cycle arrest, DNA repair, and
apoptosis. Loss-of-function mutations in DDR genes are linked to
human syndromes characterized by genomic instability and
cancer predisposition—for example, ATM and TP53 mutations
underlie ataxia telangiectasia and Li-Fraumeni syndrome, respec-
tively [17]. CHEK2 mutations are similarly associated with familial
cancer predisposition syndromes [18-20]. In line with this, Chek2-
deficient mice exhibit radioresistance but are more susceptible to
genotoxic stress-induced skin cancers [21-24]. More recently,
germline CHEK2 mutations have been linked to CH, particularly in
association with the acquisition of somatic DNMT3A (but not
biallelic CHEK2 loss) mutations [25]. These findings support a role
for CHEK2 in restraining cellular proliferation following DNA
damage. However, whether CHEK2 functions within hematopoie-
tic stem/progenitor cells (HSPCs) to confer resistance to genotoxic
stress in vivo remains unclear.

Using a genome-wide CRISPR/Cas9 screen, we found that loss of
CHEK2 confers resistance to cytotoxic chemotherapy in hemato-
poietic cells. Chek2-deficient HSPCs were positively selected
following chemotherapy treatment in vivo, mimicking the
dynamics of t-CH. These cells persisted despite accumulating
elevated levels of DNA damage, consistent with the role of CHEK2
in activating the DNA damage checkpoint. Furthermore, we
discovered that DNA hypomethylating agents—commonly used
frontline therapies for hematologic malignancies—also select for
Chek2-deficient HSPCs. This selection appears to be driven by DNA
damage resulting from the formation of toxic DNA-protein
conjugates, rather than by DNA hypomethylation.
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METHODS

Animals

All procedures were approved by Baylor College of Medicine (BCM)
Institutional Animal Care and Use Committees (protocol #AN-5858). Chek2"
(C57BL/6N-A™Bd  Chekotm1aEUCOMMBMOU j\ myed) was obtained from
MMRRC. Mx1-Cre (B6.Cg-Tg™<"®1¢9"/), JAX:003556), CD45.1 (B6.SJL-
Ptprc® Pepc®/Boy), JAX: 002014), and C57BL/6 mice (C57BL/6J, JAX:
000664) were from JAX. Cisplatin was dissolved in 0.9% NaCl for
intraperitoneal injection. Mice were not randomized nor excluded.
Investigators were not blinded. Sample sizes were chosen based on
observed effect sizes and standard errors from previous experiments.

Cell lines and cell culture

MOLM-13 cells (authenticated by Cytogenetic and Cell Authentication Core
at the University of Texas MD Anderson Cancer Center) were cultured in
RPMI-1640 with 10% FBS and 1% Penicillin-Streptomycin (ThermoFisher
Scientific). HEK293T cells were cultured in DMEM with 10% FBS and 1%
Penicillin-Streptomycin. Mouse lineagec-kit"Sca-1* (LSK) cells were sorted
and cultured in X-Vivo 15 (#04-418Q, Lonza) supplemented with 50 ng/ml
SCF, 50 ng/ml TPO, 10 ng/ml IL-3, and 10 ng/ml IL-6 (all from Peprotech).
For competitive culture assays, sgRNA/BFP*-transduced cells were sorted
and mixed with BFP™ cells and treated with cisplatin (0.6 uM), azacitidine
(0.5 uM), decitabine (0.1 uM), or DMSO. Gene editing with Cas9-sgRNA RNP
complex was performed as previously described [26].

Whole genome CRISPR knockout screening

Whole genome CRISPR knockout screening was performed as previously
described, with minor modifications [27]. Cas9-expressing MOLM-13 cells,
generated by transducing MOLM-13 cells with a lentiviral Cas9 vector
(pKLV2 EF1aBsd2ACas9-W, Addgene # 68343), were transduced with a
lentiviral whole-genome sgRNA library (Addgene #67989) at a multiplicity
of infection of 0.3. Cells were then treated with 0.5 uM cisplatin, 0.6 uM
melphalan, or DMSO, and cultured for 25 days. On day 25, 10% were
harvested for genomic DNA (gDNA) preparation, PCR amplification, library
preparation, and data analysis as before [27].

Com!)etitive bone marrow transplantation

5x10° experimental bone marrow cells (CD45.2*) were mixed with 2x10°
competitor bone marrow cells (CD45.1") and transplanted into lethally
irradiated (two doses of 500cGy) CD45.1" recipient mice via tail vein
injection. Peripheral blood was collected from recipient mice at the
indicated time point after transplantation, and donor chimerism was
assessed in Mac-1*Gr-1" myeloid cells, B220* B-cells, and CD3* T-cells
within CD45.1* and CD45.2" cells by flow cytometry.

Flow cytometry and HSPC isolation

Extraction of bone marrow cells and isolation of HSPCs, including
immunofluorescence staining of HSPCs, were done as previously described
[28]. Hematopoietic progenitor populations analyzed include hematopoie-
tic stem cells (HSCs, CD150*CD48"°"lineage Sca-1*c-kit*(LSK)), multi-
potent  progenitor  populations  (CD150°CD48~/°%[SK),  HPC1
(CD150°CD48*LSK), HPC2 (CD150"CD48*LSK), granulocyte-macrophage
progenitors (GMPs, lineage Sca-1c-kit* CD347CD16/32*), megakaryocyte
erythroid progenitors (MEPs, lineageSca-1"c-kit" CD34CD16/32), and
common myeloid progenitors (CMPs, lineage’Sca-1"c-kit" CD34"CD16/
32). BrdU incorporation was assessed using the APC BrdU kit (BD
Biosciences, #552598) according to the manufacturer’s instructions.
Apoptosis was assessed using the Annexin V-APC Apoptosis Detection
Kit I (BD Pharmingen, #550475) following the manufacturer’s instructions.
Nonviable DAPI™ cells were excluded from sorts and analyses. Unless
otherwise noted, antibodies were obtained from BiolLegend, BD Bios-
ciences, or eBioscience. Flow cytometry was performed with LSR I,
LSRFortessa, or FACSSymphony flow cytometers (BD Biosciences).

Drug screening

The Approved Oncology Drugs Set X (plates 4893-4895) was obtained from
the National Cancer Institute. A 1:1 mixture of BFP" CHEK2 WT and BFP*
CHEK2 KO cells was plated into 96-well plates at 10000 cells/well and
exposed to the drugs diluted to 200 or 500 nM with RPMI-1640 along with
DMSO as a control. After 3-4 days of drug treatment, cells were analyzed by
flow cytometry. Drugs that were selected for or against CHEK2-mutant cells
were identified by z-score ranking. Drugs with a z-score greater than 2
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were used to profile the enriched drug category, positively selecting CHEK2
mutations.

Statistical analysis

Statistical analyses were performed by one-way ANOVA, unpaired two-
tailed Student’s t-test, or multiple t-tests using GraphPad Prism 8.0.2
(GraphPad Software). A p-value of 0.05 or lower was considered significant.
Animal studies were performed without blinding.

RESULTS

CHEK2 loss confers chemotherapy resistance

To identify genes that confer chemotherapy resistance to
hematopoietic cells, we performed a whole-genome CRISPR knock
out (KO) screen with MOLM-13 AML cells expressing Cas9 (Fig. 1A).
We transduced cells with a human genome-wide CRISPR library
consisting of 90,709 single guide RNAs (sgRNAs) targeting 18,010
genes [29] and treated them with cisplatin, melphalan, or DMSO
control. The cells were harvested after 15-20 cell doublings, and the
sgRNA representation was analyzed by MAGeck [30]. By comparing
the sgRNA abundance with or without chemotherapies, we
identified 763 and 1,479 genes significantly enriched following
cisplatin or melphalan treatment, respectively. These positively
selected genes were enriched for biological processes such as
responses to stimuli and stresses, telomerase and cellular aging, and
regulation of cell cycle progression (Supplementary Fig. 1A-D,
Supplementary Table 1). In particular, CHEK2 was among the most
significantly dropped out genes following both treatments (Fig. 1B,
Q). CHEK2 encodes checkpoint kinase 2 (CHK2), a key regulator of
the DNA damage response (DDR) involved in cell cycle activation,
apoptosis, and DNA repair. This finding aligns with previous studies
demonstrating that hematopoietic clones carrying mutations in
DDR genes, such as PPM1D, TP53, and CHEK2, are positively selected
after exposure to chemotherapies [9-12].

To determine how CHEK2 mutations affect chemosensitivity, we
deleted CHEK2 from MOLM-13 AML cells by using two methods: a
lentiviral CRISPR-Cas9 system to generate CHEK2 KO cells that can
be tracked by BFP or by a Cas9-sgRNA ribonucleoprotein complex
strategy to create clonal CHEK2 KO cells after single-cell cloning
(Supplementary Figs. 1E-G). Cisplatin treatment activated the DDR
in a dose-dependent manner, as indicated by increased phospho-
CHEK2 Thr68 and phospho-p53 Ser15 (Fig. 1D and Supplementary
Fig. 1M), key signal transducers in response to DNA damage.
Consistent with the role of CHEK2 in activating p53, phosphoryla-
tion of p53 at Ser15 was reduced in CHEK2 KO cells. CHEK2
deletion significantly enhanced resistance to cisplatin, melphalan,
and bleomycin (Supplementary Figs. 1H-J), suggesting that
blunted DDR may confer resistance to chemotherapies.

To better understand how CHEK2 mutation affects the fitness of
cells upon chemotherapy exposure, we performed in vitro
competitive assays. We mixed blue fluorescent protein (BFP) CHEK2
wild-type (WT) and BFP" CHEK2 KO cells at a 7:3 ratio and treated
them with cisplatin or control DMSO. CHEK2 KO cells exhibited no
growth advantage without chemotherapies. However, CHEK2 KO
cells outcompeted their WT counterparts following cisplatin
treatment, leading to the expansion from 28.5% to 86.4% over
17 days (Fig. 1E, F). Similarly, deletion of TP53 alone or together with
CHEK2 also conferred competitive growth advantage in the
presence of cisplatin (Supplementary Figs. 1K, L). The expansion
of CHEK2 mutant cells correlated with dysregulated DNA damage
responses. In contrast to WT cells that exhibited G2/M-arrest and
apoptosis, CHEK2 KO cells maintained cell cycle progression as
evidenced by a higher frequency of cells in S-phase and the
expansion of cell numbers under cisplatin treatment compared to
WT cells (Fig. 1G-I). Apoptosis was notably suppressed in CHEK2 KO
cells, indicated by a reduced proportion of PI"/Annexin V* cells
compared to WT cells (Fig. 1J) and lower protein levels of cleaved
caspase-3 (Fig. 1D and Supplementary Fig. 1N). These findings
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Fig. 1

CHEK2 loss confers resistance to genotoxic stressors. A Schematic representation depicting the CRISPR screening approach to

identify genes that confer chemoresistance to AML cells. Volcano plots showing the genes that were enriched or dropped out upon cisplatin
(B) or melphalan (C) treatment. Genes with log(fold change)>0.5 or <-0.5 with p-value < 0.05 are displayed. D Immunoblot analysis of CHEK2
wild type (WT) and knock out (KO) AML cells treated with the indicated doses of cisplatin. Representative histograms (E) and quantification (F)
of competitive cell culture assays with CHEK2 WT and KO cells with or without cisplatin treatment (n = 3). Representative flow cytometry plots
(G) and quantification (H) of cell cycle distribution in CHEK2 WT and KO cells with or without cisplatin treatment (n = 3). The effects of cisplatin
on cell expansion (l), and apoptosis (J) of CHEK2 WT and KO cells (n =4 for I; and n =3 for J). All data are represented as mean + standard
deviation (SD). *, p < 0.05; **, p < 0.01; and ***, p < 0.001. p values were calculated by one-way ANOVA with Sidak’s multiple comparison analysis
(F, I, and J), multiple t-test with Holm-Sidak correction (alpha = 0.05) (H). See also Supplementary Fig. 1.

suggest that the attenuated DDR caused by CHEK2 deletion confers
resistance to genotoxic chemotherapies.

Chek2 deficiency provides a selective advantage under
cisplatin treatment

To investigate how Chek2 loss affects the hematopoietic system
following exposure to genotoxic chemotherapies, we generated a
Chek2 conditional KO model by crossing Chek2" with Mx1-Cre
mice. Mx1-Cre; Chek2™", Mx1-Cre; Chek2*", and control Mx1-Cre;
Chek2™* mice were treated with polyinosinic:polycytidylic acid
(poly(l:Q)) to induce Cre (hereafter referred to as Chek2 KO, HET,
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and WT; Supplementary Figs. 2A-C). We found that Chek2
homozygous or heterozygous deletion had no impact on
peripheral blood cell counts, bone marrow cellularity, the
composition of cells in the bone marrow, or the numbers of
bone marrow hematopoietic stem and progenitor cells (HSPCs;
Fig. 2A-F; Supplementary Fig. 2D-H). Specifically, we found no
differences in the number of lineageSca-1"c-kit" (LSK) cells,
CD150*CD48LSK HSCs, common myeloid progenitors (CMP),
granulocyte-monocyte progenitors (GMP), and megakaryocyte-
erythroid progenitors (MEP) in the bone marrow (Fig. 2F, G). Thus,
Chek2 function is dispensable for steady-state hematopoiesis.
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To begin to determine whether Chek2-deficient HSPCs gain
competitive advantage upon genotoxic stresses, we performed
competitive culture assays in which we co-cultured Chek2 WT and
KO LSK cells and exposed them to cisplatin. Similarly to CHEK2-
deficient AML cell lines, Chek2-deficient LSK cells outcompeted WT
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LSK cells only when they were exposed to cisplatin (Fig. 2H, I). We
then examined the fitness advantage of Chek2 mutant cells in vivo
by competitive bone marrow transplantation assays. We trans-
planted a mixture of 20% CD45.2* Chek2 HET cells and 80%
CD45.1" Chek2 WT cells, and the CD45.2:CD45.1 ratio was

Leukemia
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Fig.2 Chek2 mutant HSPCs outcompete WT cells upon cisplatin treatment. Cell counts of white blood cells (WBC, A), red blood cells (RBC,
B), and platelets (PLT, C) of Chek2 WT, HET and KO mice (n =4 per group). D Bone marrow cellularity of Chek2 WT, HET, and KO mice from two
hindlimbs (n =4 per group). E The frequencies of the indicated cell population in the bone marrow (n =4 per group). The absolute cell
number of the indicated immature hematopoietic stem/progenitor cell populations (F) and myeloid progenitor populations (G) in mice as in
(A-E). A schematic representation of competitive culture assays (H) and quantification (I) performed with Chek2 WT or KO LSK cells treated
with or without cisplatin (n = 3 per group). J A schematic representation of the competitive bone marrow transplantation assay with Chek2 WT
and HET whole bone marrow (WBM) cells. Mice were treated with weekly cisplatin or saline treatment for 6 consecutive weeks from week 6-12
after transplantation. K The overall peripheral blood chimerism from Mx1-Cre; Chek2™" (Chek2 HET) cells in recipient mice treated with saline
or cisplatin (n =7 for saline-treated group; and n = 6 for cisplatin treated group). Terminal analysis of recipient mice shown in (K) at 21 weeks
post-transplantation. Donor type chimerism from Chek2 HET cells in whole bone marrow WBM, thymus, and spleen (L), as well as peripheral
blood (PB), B-, T-, myeloid (Mye) cells, LSK, and HSC (M) are shown. All data are represented as mean +SD. p values in this figure were
calculated by one-way ANOVA with Sidak’s multiple comparison analysis (I), and multiple t-test with Holm-Sidak correction (alpha=0.05) (K-M).

See also Supplementary Fig. 2.

monitored over time before and after cisplatin treatment (Fig. 2J).
We studied the effects of Chek2 heterozygosity since it better
models human CHIP than homozygous deletion. Chek2 hetero-
zygosity did not affect the reconstitution levels of mice treated
with control saline, consistent with our observation that Chek2 loss
does not affect steady-state hematopoiesis. On the contrary,
Chek2 HET cells significantly outcompeted WT cells upon cisplatin
treatment, increasing their overall chimerism from an average of
13.8% (range of 11.1-17.0%) at 5 weeks to 35.5% (range of
23.3-43.3%) at 20 weeks (Fig. 2K). Chek2 HET cells in all three
hematopoietic lineages (myeloid, T-, and B-cell lineages) and all
major hematopoietic organs analyzed (bone marrow, thymus,
spleen) showed enhanced fitness after cisplatin treatment (Fig. 2K,
L, and Supplementary Figs. 21-K). This fitness advantage could be
traced back to the top of the hematopoietic hierarchy, since Chek2
heterozygous HSCs and LSK cells outcompeted WT cells upon
cisplatin treatment (Fig. 2M). Together, these data indicate that
Chek2 mutations confer a selective advantage to HSCs and
hematopoiesis when exposed to genotoxic stressors.

Chek2-deficient HSPCs are spared from genotoxic stressor
exposure
To explore the mechanism underlying the clonal expansion of
Chek2 mutant cells, we compared the responses of Chek2 WT and
KO hematopoietic cells to cisplatin treatment. We treated Chek2 WT
and KO mice with four daily injections of cisplatin and analyzed the
hematopoietic compartment four days after the last injection (day
8) (Fig. 3A). Both Chek2 WT and KO mice exhibited reduced bone
marrow cellularity (Fig. 3B), white blood cell, red blood cell, and
platelet counts with no differences between the two genotypes
(Fig. 3C-E, and Supplementary Figs. 3A-C). While cisplatin treatment
did not alter the lineage distribution in peripheral blood
(Supplementary Fig. 3D), it led to an increased frequency of
myeloid cells and a reduction in B- and erythroid cells in the bone
marrow (Fig. 3F). Chek2 deletion partially mitigated these changes.
In contrast to these modest differences between WT and Chek2
KO hematopoiesis upon cisplatin treatment, WT and Chek2 KO
HSPCs exhibited significant differences in response to cisplatin.
Continuous exposure to cisplatin resulted in substantial depletion
of immature HSPCs, including LSK, CD150 CD48*LSK hematopoie-
tic progenitor cell 1 (HPC1), multipotent progenitors (MPPs), and
HSCs (Fig. 3G, and Supplementary Fig. 3E). Myeloid progenitors
CMPs, GMPs, and MEPs were also reduced by cisplatin treatment
(Fig. 3H, and Supplementary Fig. 3F). The depletion of these HSPC
populations was significantly ameliorated by Chek2 deficiency.
Collectively, these results establish that Chek2 loss confers
chemotherapy resistance to HSPCs.

Chek2-deficient HSCs persist with increased DNA damage
after genotoxic stressors

Previous studies have suggested that HSPCs harboring mutations
in DDR genes, such as PPM1D, TP53, and SRCAP, display altered
levels of DNA damage when exposed to cytotoxic chemotherapy
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[31-33]. Chek2 WT and KO LSK cells displayed comparable yH2AX
levels, an indicator of DNA double-strand breaks (DSBs), in saline-
treated controls. Four days after four daily cisplatin exposure (as in
Fig. 3), YH2AX levels in Chek2 WT LSKs were significantly increased
compared to those treated with saline (Fig. 3I), consistent with the
finding that cisplatin significantly depleted HSPCs in WT mice
(Fig. 3G). Notably, Chek2-mutant LSKs exhibited higher levels of
YH2AX foci formation than WT LSKs after cisplatin treatment
(Fig. 31, J).

To capture DNA damage levels in HSPCs when the hemato-
poietic system recovers from cisplatin treatment, we analyzed the
mice ten days after four daily cisplatin treatment (day 14). At this
time point, bone marrow cellularity, white blood cell, red blood
cell, and platelet counts largely recovered and showed no
difference between the two genotypes or with saline-treated
control mice (Supplementary Fig. 3H-K). The frequencies of
mature hematopoietic cells in the peripheral blood and bone
marrow were also indistinguishable between cisplatin- and saline-
treated mice (Supplementary Figs. 3L, M).

In contrast to mature hematopoieic cells, HSPCs exhibited
delayed recovery following cisplatin treatment. While both Chek2
WT and KO HSPC populations such as LSK, HPC1, MPP, GMP, and
CMP were significantly reduced at day 14 of cisplatin treatment
compared to saline-treated mice, Chek2 KO mice exhibited
accelerated recovery compared to Chek2 WT mice (Supplementary
Figs. 3N, O). By day 14, DNA damage (as assessed by the numbers
of yH2AX foci) had largely resolved in Chek2 WT LSK cells. In
contrast, Chek2 KO LSK cells retained high levels of yH2AX foci,
similar to those observed on day 8, with no significant change
between days 8 and 14 (Fig. 3J and Supplementary Fig. 3P).
Colony-forming assays revealed that Chek2 WT HSCs had slightly
reduced colony-forming capacity in semi-solid medium, suggest-
ing that cisplatin-induced DNA damage modestly impaired HSC
function. Chek2 KO HSCs exhibited a similar reduction in colony-
forming capacity (Supplementary Fig. 3G). These findings suggest
that Chek2 KO HSCs retain the ability to repair DNA damage,
potentially upon exiting quiescence and entering the cell cycle, as
previously reported [34]. Combined with the observation that
Chek2-deficient cells undergo attenuated cell cycle arrest and
apoptosis following DNA damage (Fig. 1), these results indicate
that Chek2 deficiency enables HSPCs to persist despite sustained
DNA damage.

CHEK2 deficiency confers resistance to

hypomethylating agents

Previous studies with solid tumor cell lines and models have
shown that CHEK2 KO cells exhibit resistance to a wide spectrum
of DNA-damaging agents. This raised the possibility that CHEK2
loss may confer chemoresistance to hematopoietic cells against a
broader spectrum of chemotherapies than currently known,
including those that are used to treat hematologic malignancies.
To address this question, we performed a drug screening to
identify therapies that select CHEK2 mutant hematopoietic cells.
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We mixed CHEK2 WT (BFP’) and KO (BFP*) MOLM-13 cells at a 1:1
ratio and exposed them to a panel of FDA-approved cancer
chemotherapies (Fig. 4A). As expected, we found that cytotoxic
chemotherapies such as melphalan, doxorubicin, etoposide, and
bleomycin positively selected CHEK2 mutant cells (Supplementary
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Table 2). Interestingly, top hits that selected for CHEK2-mutant
cells included two hypomethylating agents (HMAs): azacitidine
(AZA) and decitabine (DAC) (Fig. 4A, B). Given that HMAs are
frontline therapies to treat hematologic malignancies, including
myelodysplastic syndrome (MDS), myeloproliferative neoplasm
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Fig. 3 Chek2-deficient are resistant to cisplatin treatment. A An experimental scheme to analyze the effects of cisplatin treatment on
hematopoiesis. B Bone marrow cellularity of Chek2 WT and KO mice treated with or without cisplatin (n =5 per group, except n==6 for
cisplatin-treated Chek2 KO mice). Cell counts of white blood cells (WBC, C), red blood cells (RBC, D), and platelets (PLT, E) of mice as in (B). F The
frequencies of the indicated cell population in the bone marrow of Chek2 WT or KO mice treated with or without cisplatin. The absolute
numbers of the indicated immature hematopoietic stem/progenitor cell populations (G) and myeloid progenitor populations (H) in mice as in
(B-F). Representative immunofluorescence images (I) and quantification of the numbers of yH2AX foci per cell (J) in LSK cells isolated from
Chek2 WT or KO mice treated with or without cisplatin at day 8 and day 14. Scale bar, 5 pm. All data are represented as mean + SD. p-values in
this figure were calculated by one-way ANOVA with Sidak’s multiple comparison analysis (B-D, and J), multiple t-test with Holm-Sidak

correction (alpha=0.05) (F-H). See also Supplementary Fig. 3.
<

(MPN), and AML, we focused on understanding the mechanisms
driving HMA resistance in CHEK2 KO cells. We validated the effects
of HMA by conducting competitive culture assays in which BFP*
CHEK2 KO cells are mixed with BFP" CHEK2 WT at a starting ratio of
3:7 and treated with HMAs. CHEK2-mutant cells did not show any
growth advantage when treated with vehicle control, but they
outcompeted CHEK2 WT cells upon exposure to AZA or DAC
treatment (Fig. 4C). Consistently, the cytotoxic/cytostatic effects of
AZA and DAC were mitigated by CHEK2 mutations (Fig. 4D,
Supplementary Figs. 4A, B).

To test whether CHEK2 loss confers selective advantage to
HSPCs when exposed to HMAs, we conducted an ex vivo
competitive culture assay with 80% Chek2 WT (CD45.1%) and
20% Chek2 KO (CD45.2%) LSK cells (Fig. 4E). Similarly to the results
obtained with AML cells, Chek2 KO LSK cells outcompeted WT cells
when exposed to HMAs but not to vehicle (Fig. 4F). Thus, HMAs,
similarly to genotoxic stressors such as cisplatin and melphalan,
select for CHEK2-mutant cells, including immature HSPCs.

To better understand how CHEK2 mutations confer a selective
advantage under HMA exposure, we examined apoptosis and
proliferation. AZA and DAC increased apoptotic cells and reduced
cells in the S-phase; both of these changes were mitigated by
CHEK2 deletion (Fig. 4G, H), consistent with the finding that CHEK2
KO cells expanded more than WT cells when exposed to AZA or
DAC (Fig. 4D). These results suggest that the resistance of CHEK2
mutant cells to HMAs is associated with defective cell cycle arrest
and reduced apoptosis.

CHEK2 mutations in blood are enriched in cancer patients
receiving genotoxic chemotherapies such as platinum agents or
topoisomerase inhibitors, but it has not been shown whether
CHEK2-mutant hematopoietic cells expand in individuals treated
with HMA, or whether CHEK2 expression affects HMA sensitivity.
To begin to gain insights into this question, we analyzed a
published RNA-seq dataset of myelodysplastic syndromes/chronic
myelomonocytic leukemia (MDS/CMML) patients treated with AZA
[35]. As shown previously [35], DDR-related pathways such as G2/
M DNA damage checkpoint signaling, G1/S checkpoint regulation,
and ATM signaling, were activated in AZA responding patients. To
begin to understand the role of the DDR pathway in HMA
sensitivity, we took the intersection of 3288 differentially
expressed genes (DEG) between AZA non-responders and
responders and 975 DDR-related genes from UniProtKB, resulting
in 220 genes. To determine whether these 220 DDR genes
differentially expressed between AZA non-responders and
responders are enriched for CHEK2 substrates, we analyzed a
published serine/threonine kinome substrate profiling study [36].
We found that these 220 genes were significantly more enriched
in CHEK2 substrates than the remaining 775 DDR genes that were
not differentially expressed between AZA non-responders and
responders (61 out of 220 vs. 157 out of 775, odds ratio = 1.46,
p =0.0375; Fig. 4l, Supplementary Fig. 4C, and Supplementary
Table 3). The CHEK2 substrates that were differentially expressed
between AZA responding vs. non-responding patients include
CDC25A, CDC25C, CDK1, and CDK2, which are known to regulate
cell cycle progression as well as MDM2, an established p53
regulator involved in apoptosis (Supplementary Fig. 4C and
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Supplementary Table 3). Collectively, these findings suggested
that HMA treatment triggers the DDR in myeloid malignancies,
partly through CHEK2 which triggers cell cycle arrest and
apoptosis, and that the failure to mount the DDR is associated
with HMA resistance.

AZA and DAC are metabolized to 2’-deoxy-5-azacytidine-
triphosphate (5-aza-dCTP), which is incorporated into DNA during
replication and covalently traps DNA methyltransferases, primarily
DNMT1, on the DNA. This depletes DNMT1, leading to hypo-
methylation of DNA. It also produces DNMT1-DNA covalent
adducts, a form of highly toxic DNA damage [37] (Fig. 5A). On
the contrary, a non-covalent DNMT1 inhibitor GSK3484862
competes with the active-site loop of DNMT1 [38]. The two
distinct mechanisms by which HMAs and GSK3484862 inhibit
DNMT1 provided an opportunity to distinguish the effects of DNA
hypomethylation and DNA damage induction in selecting CHEK2-
mutant cells. To this end, we performed a competitive culture
experiment with CHEK2 WT and KO cells treated with HMA with or
without GSK3484862. If DNA hypomethylation selects for CHEK2-
mutant cells, HMA, GSK3484862, and HMA + GSK3484862 double
treatment should all select for CHEK2-mutant cells. However, if
DNA damage caused by HMA selects for CHEK2-mutant cells, the
effect of HMA should be mitigated by GSK3484862 because
GSK3484862 will prevent the formation of DNMT1-DNA conju-
gates (Fig. 5A). Consistent with the latter possibility, we found that
the ability of HMAs to enrich CHEK2 KO cells was significantly
blunted by the addition of GSK3484862, while GSK3484862 alone
did not select for CHEK2 KO cells (Fig. 5B, C). Both AZA and DAC
activated the DDR as evidenced by increased yH2AX, phospho-
TP53 Ser15, and phospho-CHEK2 Thr68 (Fig. 5D). The observed
DDR induction was attenuated by the co-treatment with
GSK3484862 (Fig. 5D, E).

To establish whether sensitivity to HMAs depends on DNMT1
protein, we deleted DNMT1 in both CHEK2 WT and KO MOLM13
cells with CRISPR and examined the DNA damage response after
DAC treatment (Supplementary Figs. 4D, E). DAC treatment
induced a DNA damage response as evidenced by elevated levels
of phosphorylation at CHEK2 Thr68, p53 Ser15 and Ser20, and
cleaved caspase-3 (Supplementary Fig. 4E). CHEK2 deletion
abolished phospho-CHEK2 and reduced cleaved caspase-3 and
p53 phosphorylation levels. Deletion of DNMT1 largely reduced
CHEK2 and p53 phosphorylation as well as cleaved caspase-3,
consistent with the model that HMAs covalently trap DNMT1 to
DNA. In a competitive growth assay, CHEK2 KO, DNMT1 KO, and
CHEK2/DNMT1 double KO (dKO) all exhibited a competitive
advantage after DAC treatment over wild-type cells (Supplemen-
tary Fig. 4F). These results highlight the underappreciated effects
of HMA in causing DNA damage through DNMT1 and suggest that
CHEK2-mutant cells may expand upon HMA treatment in vivo.

DISCUSSION

Recent studies have consistently reported an enrichment of DDR
mutations in the blood cells of cancer patients. Mutations in DDR
genes are widely considered to be a precursor for therapy-related
myeloid neoplasms [13]. The expanded clones with DDR
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Fig. 4 CHEK2 loss renders cells resistant to HMA. A An experimental scheme (left) to identify drugs that selects for CHEK2-mutant cells and
the waterfall plot showing the z-scores of drugs tested (right). Drug z-scores are plotted against their ranks. B Top 10 significantly enriched
drug classes ranked by statistical significance identified by the drug screening. C Competitive culture assays with CHEK2 WT and KO MOLM-13
cells with or without AZA or DAC treatment (n = 3). D Relative rates of cell expansion upon AZA or DAC exposure of CHEK2 WT or KO cells at
day 2 (n=3). A schematic representation of the competitive culture assays (E) and quantification (F) with Chek2 WT or KO LSK cells treated
with or without AZA or DAC (n = 3). The effects of AZA or DAC on apoptosis (G), and cell cycle distribution (H) of CHEK2 WT and KO MOLM-13
cells (n=2). 1 A schematic representation of the identification of 220 DDR genes that are differentially expressed between AZA responders
and non-responders, and the enrichment of these genes in CHEK2 phosphorylation targets. The 220 DDR genes were significantly enriched
for CHEK2 phosphorylation targets. All data are represented as mean + SD. p values in this figure were calculated by log-rank test (B), one-way
ANOVA with Sidak’s multiple comparison analysis (C, and F), and multiple t-test with Holm-Sidak correction (alpha=0.05) (D, G, and H). See
also Supplementary Fig. 4.
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Fig. 5 DNA damage induced by HMA selects for CHEK2-deficient cells. A Schematic representation of two distinct mechanisms of action of
HMAs and GSK3484862 in causing DNA hypomethylation and DNA damage. HMAs trap DNMT1 by forming DNMT1-DNA conjugates, leading
to DNA damage (upper panel). GSK348462 (GSK) binds to the active site of DNMT1, preventing it from forming the DNMT1-DNA conjugates.
B, C The frequencies of CHEK2 KO MOLM-13 cells in competitive culture assays against WT cells with the indicated treatments. The competitive
advantage that CHEK2 KO cells had under HMA exposure was at least partially mitigated by cotreatment with GSK3484862 (n=3).
Immunoblot analysis (D) and quantification of YH2AX levels (E) of MOLM-13 cells treated with the indicated compounds. The DDR activation
observed after AZA or DAC treatment was largely mitigated by GSK3484862 (n = 5). All data are represented as mean =+ SD. p-values in this
figure were calculated by multiple t-test with Holm-Sidak correction (alpha=0.05) (B and C) or unpaired, two-tailed Student’s t-test (E).

mutations is thought to arise from the chemoresistance conferred
by defective DDR pathways: rare cells harboring DDR mutations
prior to treatment can evade DNA damage-induced cell cycle
arrest or apoptosis, while DDR-proficient cells are eliminated [13].
This selective pressure leads to the expansion of mutant clones.
Supporting this hypothesis, murine studies have shown that
Trp53-mutant HSPCs outcompete WT HSPCs in chimeric mice
exposed to genotoxic stress [39, 40].

Similarly, a C-terminal truncation mutation in Ppm1d—which
results in constitutive phosphatase activity and attenuated DDR—
confers hematopoietic cells with both chemoresistance and a
competitive advantage over WT cells [11, 12]. Our study
demonstrates that loss of CHEK2, a recently recognized CH driver
[41], also renders hematopoietic cells resistant to genotoxic stress
and enables CHEK2-mutant cells to outcompete WT counterparts.
Under genotoxic stress, immature HSPCs, including HSCs, gain a
competitive edge through Chek2 heterozygosity, explaining the
observed dominance of Chek2-mutant cells across all three
hematopoietic lineages. Similarly, Chek2 deficiency protects
primordial oocytes from chemotherapy-induced attrition [42, 43].
We speculate that this advantage stems from the ability of Chek2-
mutant cells to evade apoptosis and/or cell cycle arrest. Consistent
with this, we show that Chek2-mutant HSPCs with elevated DNA
damage persist in vivo. However, CHEK2 somatic mutations are
rarely found in myeloid malignancies, raising questions regarding
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the leukemogenic potential of CHEK2-mutant CH clones. Further
studies investigating the role of CHEK2 in leukemogenesis and
larger CH cohort studies are needed to delineate the role of CHEK2
in CH and transformation into myeloid malignancies.

Beyond somatic mutations, germline CHEK2 mutations also
predispose individuals to CH and hematologic malignancies
[25, 44-47]. However, the mechanism in this context likely differs:
since all cells carry the CHEK2 mutation in the germline carrier, the
selective advantage model does not apply. Instead, germline
CHEK?2 loss may facilitate the emergence or persistence of mutant
clones by increasing genomic instability or reducing apoptosis
and cell cycle arrest. Supporting this hypothesis, AML cases in
CHEK2 germline carriers are enriched for chromosomal transloca-
tions involving genes such as CBFB, MECOM, and KMT2A [47].
Germline CHEK2 variants are also associated with loss of
chromosome Y (LOY) [48], a known risk factor for hematologic
malignancies [49-51]. We propose that CHEK2-deficient HSPCs
may act as precursors for these genetic lesions as they can persist
with unresolved DNA damage, including double-strand breaks.
Thus, our study provides a mechanistic basis for how somatic or
germline CHEK2 deficiency promotes HSPC expansion under
genotoxic stress and facilitates further mutagenesis.

We show that CHEK2-mutant cells are resistant to HMAs (DAC
and AZA) that are widely used to treat hematologic malignancies
[52]. Our results indicate that HMAs select for CHEK2-mutant cells
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through DNA damage rather than DNA hypomethylation. This is
supported by the observation that a selective DNMT1 inhibitor,
GSK3685032, neither enriched CHEK2-mutant cells nor enhanced
HMA-driven selection; instead, it attenuated this effect. These
findings suggest that other DDR-mutant CH may also be positively
selected under HMA exposure. Indeed, TP53 mutations have been
associated with poor outcomes following HMA treatment [53-58],
and isogenic TP53-mutant AML models confirm that TP53 loss
confers HMA resistance [59]. However, a prospective trial of DAC
monotherapy in MDS/AML patients reported favorable responses
in TP53-mutant cases [60], despite their usual association with
poor outcomes under standard cytotoxic chemotherapy. Our
results support the former view that DDR mutations confer
resistance to HMAs, and the DNA-damaging effects of HMAs—
rather than their hypomethylating activity—drive the selection of
DDR-mutant clones. Further supporting this notion, we show that
DDR pathway and CHEK2 target genes are reduced in a subset of
HMA-nonresponsive myeloid malignancies. Exploiting defective
DDR through synthetic lethality—for example, using PARP
inhibitors—may provide a targeted therapeutic strategy for
HMA-resistant malignancies.
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