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Abstract

The complex chromosomal aberrations found in therapy related acute myeloid leukemia (t-AML)
suggest that the DNA double strand break (DSB) response may be altered. In this study we
examined the DNA DSB response of primary bone marrow cells from t-AML patients and
performed next-generation sequencing of 37 canonical homologous recombination (HR) and non-
homologous end-joining (NHEJ) DNA repair genes, and a subset of DNA damage response genes
using tumor and paired normal DNA obtained from t-AML patients. Our results suggest that the
majority of t-AML patients (11 of 15) have tumor cell-intrinsic, functional dysregulation of their
DSB response. Distinct patterns of abnormal DNA damage response in myeloblasts correlated
with acquired genetic alterations in TP53 and the presence of inferred chromothripsis.
Furthermore, the presence of trisomy 8 in tumor cells was associated with persistently elevated
levels of DSBs. Although tumor-acquired point mutations or small indels in canonical HR and
NHEJ genes do not appear to be a dominant means by which t-AML leukemogenesis occurs, our
functional studies suggest that an abnormal response to DNA damage is a common finding in t-
AML.
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INTRODUCTION

Therapy-related acute myeloid leukemia/myelodysplastic syndrome (t-AML/MDS) is a
well-recognized complication of chemotherapeutic and/or radiation therapy for a primary
malignancy.(1) Approximately 10-15 % of AML and MDS cases are therapy-related,(2, 3)
although the incidence is expected to rise due to increasing cancer surviviorship.
Abnormalities of chromosome 5 (5g—/-5) and 7(7q—/-7) are associated with alkylators
and/or radiation, and rearrangements involving the MLL gene on chromosome 11g23 with
topoisomerase Il inhibitors.(2, 4, 5) The overall prognosis in t-AML is poor,(5, 6) in part
due to the presence of adverse risk karyotypes such as abnormalities of chromosomes 5 and
7, MLL gene rearrangements(2, 4, 5) and complex and monosomal karyotypes commonly
observed in t-AML/t-MDS. (2, 4, 6)

The chromosomal aberrations frequently found in t-AML cells suggest that the DNA
double-strand break (DSB) response may be altered. There is evidence from patients with
inherited mutations in key genes of the DSB DNA damage response and DNA DSB repair
pathways that dysregulation of these pathways can predispose patients to myeloid
malignancies. For example, mutated Fanconi pathway genes result in impaired DNA repair
following exposure to DNA damaging agents such as alkylators and are associated with
development of AML. Furthermore, patients with germline mutations in TP53 (Li-Fraumeni
syndrome) a key regulator of the DNA damage response pathway, can develop leukemias.
(7-9) Several groups have reported that polymorphisms in DNA repair genes are associated
with t-AML development, most notably in the RAD51 and XRCC3 genes, which are
involved in homologous recombination (HR).(10, 11)

Somatic alterations in the TP53 gene are the most commonly reported mutations associated
with t-AML.(12, 13) Not surprisingly, acquired TP53 aberrations have been identified in up
to 38% patients in t-AML(12-14) and are associated with —5/-5¢,(12, 13)complex
karyotypes(12, 15, 16) and highly derivative chromosomes.(15) However, the role of
acquired alterations in other DSB response and repair genes in t-AML has not been
systemically studied.

The major DSB repair pathways in mammalian cells are the homologous recombination
(HR) and non-homologous end-joining (NHEJ) pathways (recently reviewed in(17)). We
hypothesized that dysregulation of DSB repair by HR or NHEJ exists in t-AML and may
result from acquired mutations in HR/NHEJ pathway genes. To test this possibility, we
performed functional studies of DSB repair using primary bone marrow cells from t-AML
patients. In parallel, we used next-generation sequencing to identify somatic genetic variants
in 37 genes, including canonical HR and NHEJ DNA repair genes, and DNA damage
response genes using tumor and paired normal DNA obtained from the bone marrow of t-
AML patients. In addition, a custom high-resolution array comparative genomic
hybridization platform to interrogate copy number alterations of 170 DNA repair genes was
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performed. We show that a dysfunctional DSB response is present in the majority of t-AML
patients tested and that somatic mutations in TP53 and gains on chromosome 8 are
associated with distinct and abnormal patterns of DNA DSBs, indicative of abnormal
response and/or repair.

Patient samples

Samples were obtained from t-AML patients seen at Washington University. All patients
provided written informed consent under a protocol approved by the Institutional Review
Board of Washington University School of Medicine. A bone marrow sample and a 6-mm
punch biopsy of skin (for analysis of unaffected somatic cells) were obtained. Bone marrow
samples were frozen as viable cells in fetal calf serum and 10% DMSO in liquid nitrogen.
Bone marrow CD34+ cells were obtained from normal healthy volunteers after informed
written consent according to institutional guidelines or purchased from Lonza (Walkersville,
MD).

Tissue Culture

Cryopreserved samples were cultured in in EGM2 media (Lonza) and 10 ng/mL of the
following human cytokines: SCF, TPO, IL-3, IL-6, and FLT-3 ligand in 5% CO2. All cells
were “rested” for 24 hours post-thaw prior to experiments, i.e. baseline measurements for all
experiments were made 24 hours post-thaw.

YH2AX Assay

Bone marrow cells were mock irradiated or subjected to 2 Gray of irradiation from a Cesium
source and cultured for 0.5, 4, 6, 8, and 24 hours, and stained with an antibody cocktail
containing CD45, CD3, and CD19 (except for UPN 377512, which had 31% myeloblasts
and was stained with CD33). Cells were fixed in BD Cytofix/Cytoperm (BD Biosciences,
San Diego, CA), permeabilized in BD Perm/Wash (BD Biosciences) and stained for yH2AX
(H2A.X Phosphorylation Assay Kit, Millipore, Temecula, CA) per the manufacturer’s
instructions. YH2AX levels were quantified by flow cytometry in myeloblasts (CD45 dim,
low side scatter population) and lymphocytes (CD45 bright, low side scatter or CD3/CD19+,
low side scatter). Fluorescently labeled beads with known levels of fluorophore (Quantum
MESF Microsphere Kit, Bangs Laboratories, Fishers, IN) were included with each
experiment to generate a standard curve, and the geometric mean of the fluorescence
intensity of the yH2AX signal was converted to mean equivalent soluble fluorophore
(MESF) per the manufacturer’s instructions.

Array Comparative Genomic Hybridization Analysis and Validation

A custom high-resolution array comparative genomic hybridization platform (3X 720 K
array, NimbleGen, Madison, WI) to interrogate copy number alterations of 170 DNA repair
genes (Supplementary Table 2) was generated by dense tiling of probes (80 base pair
intervals) spanning each gene and 5 kilobases of flanking genome. This array also contained
dense tiling of probes designed to interrogate 835 miRNA genes and 44 miRNA processing
genes as previously reported.(18) In addition, probes uniformly spaced throughout the
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genome at approximately 8600 base pair intervals were included. Two micrograms of
genomic DNA from unfractionated bone marrow (tumor) and paired normal tissue (skin)
was fragmented, labeled, and hybridized to the array as previously described.(19) (see
Supplementary Methods). Full access to the array comparative genomic hybridization data
will be made publically available upon publication.

37 candidate genes were selected for mutation screening based on annotation from the
Human DNA Repair Genes database (http://sciencepark.mdanderson.org/labs/wood/
dna_repair_genes.html, 2010) (21 homologous recombination, 7 non-homologous end-
joining, 2 DNA polymerases, and 7 additional regulators of DNA repair).(see
Supplementary Methods) (Supplementary Table 3).

Neutral Comet Assay

Bone marrow samples were thawed as above, rested for 24 hours, and subjected to the single
cell gel electrophoresis assay using neutral electrophoresis buffer with the Comet Assay Kit
(Trevingen, Gaithersburg, MD), per the manufacturer’s instructions. Samples were stained
with SYBR green, viewed at 10X on the Nikon Microphot SA microscope, and Comets
were scored with CometScore (TriTek, Sumerduck, VA) per the manufacturer’s instructions.

S-Phase and Apoptosis Measurement

Cells were labeled for 16 hours with 10 uM EdU prior to the time point of interest,
harvested, and subsequently prepared for flow cytometry analysis of EdU incorporation as a
measure of S-phase using the Click-iT EdU Flow Cytometry Assay Kit (Invitrogen).
Apoptosis was quantified by flow cytometry by measuring levels of bound, fluorescently
labeled fluoromethyl ketone peptide inhibitor of caspase-3 (and 7) using the CaspaTag
Caspase-3/7 In Situ Assay Kit (Millipore, Billerica, MA).

Gene Expression Analysis

Microarray analysis was performed using Affymetrix U133plus2 chips. RNA was extracted
from bone marrow samples and array data was generated from the same batch analysis for
all 14 samples. Affymetrix U133plus2 data is available in GEO (GSE52478). Pathway
analysis using Gene Set Enrichment Analysis (GSEA) was used with 1000 phenotype
permutations(20) of a set of canonical upregulated human MYC target genes derived from
Dang and colleagues.(21)

Retroviral transduction of murine c-kit enriched bone marrow cells

Bone marrow mononuclear cells were harvested from 6-12 week old C57BI/6 mice and
mononuclear cells were stained with MACS CD117+ (c-kit) mouse microbeads (Miltenyi
Biotech, Auburn, CA),and subjected to two rounds of positive selection on the autoMACS
Separator. The Myc expressing MSCV-Myc-IRES-GFP and the control MSCV-IRES-GFP
viruses were generated as previously described.(22) Viral transduction of c-kit enriched cells
was performed as previously described.(22) Three or 6 days post-transduction, GFP+/
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propidium iodide negative cells were sorted (MoFlo) and harvested. DSB quantification was
performed by the Neutral Comet assay as above.

Statistical Methods

The yH2AX response of myeloblasts post-IR of individual patients was compared to CD34+
controls and categorized phenotypically based on comparisons of mean yH2AX values at
baseline, 0.5 and 4 hours with the Student’s t-test (GraphPad Prism, San Diego, CA) (see
Supplementary Methods). The resulting phenotypic groups were further compared to CD34+
controls using a linear mixed model analysis, incorporating a random intercept to account
for the correlation between different time points within a subject. Group effect and its
interaction with time were included in the model. This model was also used to compare
patient lymphocytes in each phenotypic group to normal donor bone marrow lymphocytes.
The analysis was generated with SAS 9.2 (SAS Inc, Cary, NC). The p-values generated by
the linear mixed model analysis are reported in the results. Differences in the mean percent
DNA in tail and Olive moment of Comets were compared using the Mann-Whitney test
(GraphPad Prism, San Diego, CA). Means between the groups for S-phase timepoints,
apoptosis timepoints, and the yYH2AX MESF levels in unirradiated myeloblasts at the 24
hour timepoint were compared using the student’s t-test (Graphpad Prism).

RESULTS

Patient samples

Thirty t-AML patients were chosen for study based on the availability of paired bone
marrow (tumor) and skin (normal) DNA samples. Fifteen of these patients had
cryopreserved bone marrow specimens available for functional studies. Patient
characteristics and assays performed for each patient are shown (Supplementary Table 1).
The median time to t-AML from first chemotherapy exposure was 3 years (range, 1.1-13.3
years). Cytogenetic analysis revealed —5/-5q and/or -7 in seven patients (23%),
translocations involving chromosome 11g23 (MLL gene rearrangement) in 6 (20.0%),
complex cytogenetics (3 or more changes) in eleven patients (36.7 %), and a normal
karyotype in 6 (20%) patients. The median myeloblast percentage in the bone marrow was
76 (range, 31-95).

Detection of DNA double-strand breaks in primary t-AML samples

To test the hypothesis that myeloblasts from t-AML patients respond inappropriately to
DSBs, we interrogated the kinetics of DSB repair in primary bone marrow cells from 15 t-
AML patients and bone marrow obtained from five normal donors as controls. We measured
phosphorylated histone H2AX (yH2AX), a well-established marker for DSBs(23, 24) in
matched myeloblasts (CD45 dim, side scatter low) (tumor) and lymphocytes (CD3+ or
CD19+, side scatter low) (a surrogate for normal cells) from the same patient. Baseline
yH2AX measurements in primary cells, coupled with a time course to measure yH2AX
induction and resolution after 2 Gray of irradiation (IR) were used to assess the basal DSB
burden and the response to acute damage, respectively. The peak induction of yH2AX was
evaluated at 30 minutes after IR based on prior reports.(23, 24) An IR dose of 2 Gray
optimally induced DSBs in normal donor CD34+ hematopoietic control cells while
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minimizing changes in cell proliferation and apoptosis compared to higher IR doses (data
not shown).

We found that 4 of 15 t-AML patients had myeloblasts that displayed statistically equivalent
yH2AX kinetics compared to bone marrow CD34+ cells from normal adults (n=5) (p=
0.867), including baseline and post-damage induction and resolution of yH2AX levels, while
11/15 patients had abnormal yH2AX levels which fell into one of three statistically defined
patterns (Figure 1). Myeloblasts from the first subset of patients (n=4) had evidence of
higher basal yH2AX levels compared to CD34+ controls (p< 0.001) suggesting an increased
basal DSB burden in these cells (Figure 1B). Both at baseline (non-irradiated, defined as
time=0) and 24 hours post-irradiation, when yH2AX levels in CD34+ controls have
decreased to their baseline levels, the yYH2AX levels in this subset of t-AML patients
remained elevated (Figure 1B). These myeloblasts also showed impaired yYH2AX fold-
induction compared to CD34+ controls (mean 1.53 vs. 2.97 fold increase at 30 minutes over
baseline, respectively; p<0.001) (Figure 2C), likely due to their elevated basal yYH2AX
levels. The elevation of basal levels of YH2AX is likely acquired and tumor-cell intrinsic as
myeloblasts, but not lymphocytes, from these patients are abnormal (Figure 2).

A second subset of patients (n=3) had impaired yH2AX induction compared to normal
donor CD34+ cells (p<0.001) (Figure 1C). Myeloblasts from this group showed
approximately two-fold reduction in peak yYH2AX levels at 30 minutes post-IR compared to
CD34+ controls (p<0.001) (Figure 1C) and a mean 1.44 vs. 2.97 fold increase in yH2AX
levels at thirty minutes relative to baseline, respectively (p=0.08) (Figure 2C), suggesting a
defect in the ability to detect DSBs. Deficient induction of yYH2AX in response to IR was
tumor-specific in 2 of these patients (Figure 2 C-D). In one patient, UPN 856024, a slight
defect in yYH2AX induction was observed in lymphocytes, possibly indicating an inherited
defect in the DSB response.

Myeloblasts from the final group of patients (n=4) had delayed resolution of yH2AX levels
compared to CD34+ controls post-IR (p=0.007) (Figure 1D). Lymphocytes from these
patients did not display a pattern of decreased YH2AX resolution compared to lymphocytes
from normal donors (data not shown), suggesting that this finding was also tumor-cell
intrinsic.

Collectively, these data suggest the functional integrity of double-strand break repair and/ or
response is abnormal in the majority of t-AML patients tested (11 out of 15). The functional
alterations were restricted to myeloblasts (with the possible exception of one patient),
suggesting that they may be driven by somatic events. To test this possibility, we assessed
the role of genetic mutations in the two major pathways of mammalian DSB response, HR
and NHEJ.

Genetic Alterations in homologous recombination and non-homologous end-joining genes

in t-AML

We sequenced the 21 canonical HR and 7 NHEJ DNA repair genes, as well as a subset of 9
DNA damage response and polymerase genes, using tumor DNA and paired normal DNA
obtained from 25 t-AML patients (Supplementary Table 3). We identified 5 heterozygous
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somatic mutations in 3 genes (EMEL, RAD51D and TP53) all with predicted translational
consequences (Table 1) (Supplementary Results). In one patient, UPN 189941, whole
genome sequencing previously identified a novel heterozygous 3-kilobase deletion spanning
exons 7-9 of TP53 in the patient’s skin (normal) DNA, which was homozygous in the tumor
DNA as a result of uniparental disomy.(16) In sum, 6 of 25 patients, including UPN 189941,
had somatic changes in 3 genes [RAD51D (n=1), EMEL (n=1), TP53, (n=4)] (Table 1).

Next, we used a custom, genome-wide array comparative genomic hybridization platform
containing high resolution coverage of 170 DNA repair genes (Supplementary Table 2) in
order to identify copy-number alterations (amplifications and deletions) involving DNA
repair genes. We identified 119 acquired CNAs in 18 of 30 t-AML genomes spanning from
1,367 bp to 243 Mb in size (Figure 3, Supplementary Figure 1, Supplementary Table 4)
(Supplementary Results). CNAs involving DNA repair genes were typically found in copy
altered regions greater than 5 Mb in size (99.2% of the time). Fifty-eight of the 119 CNAs
contained at least one DNA repair gene. Permutation analysis showed no significant
enrichment of DNA repair genes in CNAs in the t-AML genomes greater than would be
expected by chance alone (p=0.09). Of note, three of the four patients (UPNs 189941,
530447, 377512) with a TP53 mutation also displayed inferred (based on copy number
analysis rather than direct sequencing) chromothripsis (chromosomal shattering and
reanastomosis)(25, 26) consistent with the recent description of chromothripsis occurring in
AML with TP53 mutations.(25) (Supplementary Table 5, Supplementary Figure 2.)

Correlation of genotype and DSB response phenotype

Tumor cells from UPN 864484 contained a deleted region on chromosome 11 that included
several genes known to be involved in the YH2AX response to DSBs, including MRE11A,
H2AFX, and ATM. Gene expression analysis revealed that MRE11A (but not H2AFX or
ATM) expression in UPN 864484 was the lowest of the 14 t-AML samples tested, which
was confirmed by quantitative RT-PCR analysis, consistent with a concordant decrease in
gene expression associated with the deletion (Supplementary Figure 3).

We observed TP53 mutations in 3 of 4 patients with myeloblasts showing delayed yH2AX
resolution post-acute damage (Figure 1D, Table 1, Supplementary Table 4). However, TP53
mutations were not sufficient to result in this phenotype as UPN 530447 had normal yH2AX
kinetics (Figure 1A, Table 1). In addition, we observed that myeloblasts in 5 of 5 patients
who harbored trisomy 8 (UPNs 180365, 180866, 501254, 982895) or large copy number
gains on chromosome 8 (UPN 377512) (defined by array CGH and/or metaphase
cytogenetics), had elevated baseline YH2AX levels compared to normal donor CD34+ cells
[Figure 1B and 1D (UPN 377512), Figure 3, Supplementary Figure 4, Supplementary Table
4]. Of note, no somatic (tumor) sequencing variants were identified in the interrogated
canonical HR and NHEJ genes in any of these samples. Only UPN 377512, which displayed
elevated baseline yYH2AX levels and delayed yH2AX resolution after irradiation, (Figure
1D), as well as inferred chromothripsis, (Supplementary Table 4, Supplementary Figure 2)
also had a TP53 mutation, as noted above.
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Elevated double-strand breaks are present in bone marrow cells isolated from patients
with Trisomy 8

In order to directly measure DSBs in samples with gains on chromosome 8, we performed
the Neutral Comet Assay, specific for DSBs(27) using bone marrow cells from patients
harboring gains on chromosome 8 and compared them to CD34+ cells from normal donors,
and bone marrow cells from t-AML patients in which the YH2AX levels were not different
than normal donor CD34+ (Figure 1A), henceforth referred to as normal t-AML responders.

Four of 5 patients with gains on chromosome 8 (UPNs 180365, 501254, 982895, and
377512) had elevated basal DSB compared to normal donor CD34+ cells (Figure 4A).
Furthermore, when Comet data were pooled for the normal YH2AX responders, and those
with gains on chromosome 8, the mean percent DNA in tail from t-AML patients with
chromosomal 8 gains (28.3%) was significantly higher than patients with normal yYH2AX
(13.2%) (p<0.001) and CD34+ controls (11.8%) (p<0.001). Similar results were observed
when Comets were evaluated by Olive moment (p<0.001). Thus, the elevated basal yYH2AX
levels observed in myeloblasts of patients with gains on chromosome 8 correspond to
elevated levels of DSB measured directly by the neutral Comet assay. The elevated levels of
DSB in these samples was not associated with alterations in cell cycle parameters or
apoptosis (Figure 5), which could induce DSBs, compared to normal t-AML responders,
suggesting that myeloblasts harboring gains on chromosome 8 may tolerate persistently
elevated levels of DSB burden.

MYC expression signature is present in t-AML harboring Trisomy 8

Although multiple genes located on chromosome 8 may contribute to the elevated DSBs
observed in trisomy 8 samples, we first examined MYC mRNA expression in t-AML
samples with trisomy 8 as MYC is located on chromosome 8 and its overexpression is
known to induce DNA damage, including DSB.(28-30) Although the average level of MYC
was upregulated in the bone marrow from trisomy 8 subjects compared to normal yH2AX
responders by gene expression array analysis (Affymetrix mean signal intensity 30,249 vs.
10,653, respectively; p=0.16) (Supplementary Figure 5) and quantitative RT-PCR analysis
(fold change 1.69-4.3 vs. 1.0 —1.43, respectively; p=0.08), the differences were not
statistically significant, likely due to our small sample size. UPN 377512, which had
elevated baseline yYH2AX levels and DSBs (Figures 1D and 4A) harbored large
discontinuous gains on chromosome 8 that did not contain MYC. However, MYC expression
was elevated compared to normal yH2AX responders in this sample (Affymetrix mean
signal intensity 21,314 vs. 10,653, respectively) (data not shown).

When we examined a larger dataset of de novo AML patients and compared MYC
expression between those harboring trisomy 8 (n=22) and those with normal cytogenetics
(n=84)(31), MYC was significantly overexpressed in trisomy 8 AML samples (Affymetrix
mean signal intensity 33,669 vs. 19,108; p<0.001), in agreement with previously published
work.(32) In addition, t-AML patients with trisomy 8 displayed upregulation of a canonical
MYC target gene set described by Dang and colleagues(21) compared to normal t-AML
vH2AX responders using gene set enrichment analysis (GSEA) (FDR g-value= 0.06; FWER
p-value<0.001)(Figure 6, Supplementary Table 6). We also observed elevated reactive
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oxygen species levels, known to be induced by MYC(28, 30) in patients with trisomy 8, as
compared to normal t-AML yH2AX responders (mean 169,300 vs. 46,770 MESF,
respectively; p<0.05) (Supplementary Figure 6). Taken together, these data suggest that
MYC is upregulated in t-AML patients with trisomy 8 and may partially contribute to
elevated DSBs. The gene expression levels of additional putative DNA repair genes located
on chromosome 8 were not consistently altered in patients with trisomy 8 (Supplementary
Figure 5).

Overexpression of Myc in primary murine hematopoietic progenitors results in elevated

DSBs

Prior reports have shown that MYC can induce genotoxic stress and DSB formation.(28-30,
33) To directly test if Myc overexpression is sufficient to cause DSB in primary mouse
hematopoietic myeloid progenitor cells, we transduced c-kit+ enriched cells with a murine
Myc-expressing retrovirus.(22) Murine c-kit+ enriched cells were transduced with MSCV-
Ires-GFP or MSCV-Myc-Ires-GFP and transduced cells were sort purified (GFP+/propidium
iodide negative) after 3 days. Quantitative RT-PCR analysis confirmed 3-fold higher Myc
expression levels in MSCV-Myec-Ires-GFP transduced cells compared to control MSCV-
Ires-GFP transduced cells. To directly measure DSBs, purified cells were subjected to the
neutral Comet assay. DSBS, as assessed by percent DNA in tail, is significantly higher in
Myc-overexpressing cells compared to control cells (22.67% vs. 13.85%, respectively;
p<0.001) (Figure 7). Similar results were obtained when Comets were evaluated by the
Olive moment (p<0.001) (data not shown).

DISCUSSION

In this article, we describe the DNA DSB response of bone marrow cells from t-AML
patients. Our results suggest the majority of t-AML patients have tumor cell-intrinsic,
functional dysregulation of their DSB response. Distinct patterns of abnormal DNA damage
response correlated with genetic alterations in TP53 and were associated with an abnormal
response to acute DSB damage, chromothripsis, or both. Furthermore, the presence of
trisomy 8 was associated with elevated levels of basal DSB. Although tumor-acquired point
mutations or small indels in canonical HR and NHEJ genes do not appear to be a dominant
means by which t-AML leukemogenesis occurs, our functional studies suggest that an
abnormal response to DNA damage may be a common finding in t-AML.

We observed a subset of patients with reduced H2AX phosphorylation 30 minutes after
acute DNA damage compared to normal controls and other t-AML patients. Phosphorylation
of H2AX is required for amplification of the DNA damage signal by augmenting the
concentration of key DNA damage response proteins at the site of DSBs(34) and
haploinsufficiency of H2AX results in genomic instability(35, 36) and increased
susceptibility to tumorigenesis.(35) Thus, defective YH2AX signaling may have played a
role in promoting leukemogenesis in these patients. Of note, an abnormal karyotype was
observed in 2 of the 3 patients with blunted induction of phosphorylated H2AX following
DNA damage (UPN 856024 and UPN 864484). We found that in one patient, deficient
H2AX phosphorylation was associated with a large acquired deletion spanning MRE11A and
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concordant low MRE11A expression levels. MRE11A is necessary for optimal signaling of
the ATM signaling in response to DSB, which along with the P13-K like kinase DNA-
dependent protein kinase catalytic subunit (DNA-PKcs, official gene symbol PRKDC)
functions to phosphorylate H2AX after IR.(37) Interestingly, the yH2AX response pattern
displayed by this patient, with defective yH2AX induction followed by a delayed rise in
vH2AX levels, is reminiscent of the phenotype displayed by ATM deficient fibroblasts
isolated from ataxia-telangiectasia patients(38) and consistent with what would be expected
with loss of MRE11A in this patient. The potential basis of the defective yH2AX signaling
in response to IR in the other two patients is not known. Nonetheless, defective yYH2AX
responses to DSB in these patients raises the possibility that traditional cytotoxic
chemotherapy, that relies on cell death by inducing and sensing DNA DSB, may be less
effective in these patients that do not sense DSB formation normally.

TP53 aberrations are one of the most common mutations in t-AML(12-14) and are
associated with complex karyotypes and highly derivative chromosomes.(12, 15)
Furthermore, among complex karyotype AML, those with TP53 alterations, accounting for
70% of cases, have a higher degree of genomic complexity, monosomal karyotypes, and
inferior overall survival compared to those with unaltered TP53.(39) We noted that all t-
AML patients with mutated TP53 had an abnormal DNA DSB response, as evidenced by of
delayed yH2AX resolution post-acute damage, and/or inferred (based on copy number
analysis rather than direct sequencing) chromothripsis (where catastrophic DNA alterations
are tolerated). Previous reports have noted that p53-deficient cell lines show delayed yH2AX
resolution post-irradiation,(40, 41) and fibroblasts from patients with Li-Fraumeni syndrome
display delayed resolution of DSBs after IR compared to normal fibroblasts, similar to our
observations here.(38) Recent reports have implicated p53 in DNA repair after IR through
its role in heterochromatin relaxation and induction of WIPI1, the wild-type p53-induced
phosphatase that dephosphorylates yH2AX, likely important in homeostasis of the DDR.(41,
42) The mechanism of the dysregulated DSB response in t-AML is likely to be
multifactorial and to contribute to the genomic instability and poor outcome to conventional
therapies seen in these patients. Further work is needed to elucidate the role(s) of p53 in
myeloblasts post DNA damage.

We observed that myeloblasts from t-AML patients that harbored large gains on
chromosome 8 had persistently elevated basal levels of DSBs that were not attributable to
increased S-phase or apoptosis when compared to normal donor CD34+ control cells and t-
AML patients who had normal yYH2AX kinetics, suggesting that myeloblasts from these
patients may tolerate an elevated DSB burden. Elevated DSBs in these patients could result
from ongoing DNA damage, impaired repair of DSBs, or both. MYC expression is increased
in MDS and AML from patients with trisomy 8,(32, 43) and we showed t-AML patients
with trisomy 8 had upregulation of a MYC expression signature compared to t-AML patients
with normal yH2AX Kinetics, all of whom lacked trisomy 8. In agreement with previous
reports that dysregulated MYC expression can induce DSB and disrupt DSB repair in a
variety of contexts,(28-30, 33) we showed that Myc overexpression is sufficient to induce
DSB in primary murine hematopoietic precursors. Further work is needed to evaluate the
mechanism by which MYC may be leading to DSB persistence and to dissect the potential
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role of other genes on chromosome 8 in the elevated DSB burden observed in myeloblasts,
including studies of UBE2V2, a DNA repair gene that was upregulated in trisomy 8 samples.
The ability of myeloblasts to persist despite DNA damage may have implications for
chemoresistance with conventional therapies. Recently, BET bromodomain inhibition has
been shown to target MYC in experimental models of hematologic malignancies and may
provide a novel therapeutic strategy in treating malignancies with pathologic MYC
activation.(44, 45)

It is not known whether the dysfunctional DSB response observed in t-AML myeloblasts
sensitizes or confers resistance to cell killing by specific chemotherapy. Testing drug
sensitivity in vitro is biased because only a subset of AML samples grow adequately to test
and there is emerging evidence that selection of leukemic subclones occurs during in vitro
culturing that does not represent the clonal architecture observed in the patient (Klco and
Ley, unpublished data). An ideal approach to address whether a dysfunctional DSB response
confers drug sensitivity would be to screen a large set of t-AML patients enrolled in a
clinical trial where the drug treatment, clinical response, and longitudinal follow-up are
uniform. Thus innovative therapeutic approaches exploiting dysfunctional DNA response
will likely require large clinical trials to test the clinical significance of a dysfunctional DSB
response with the long-term goal of identifying more tolerable and efficacious regimens.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Primary myeloblasts from t-AML patients have abnormal yH2AX levels at baseline and
post-DNA damage. YH2AX levels were measured in primary myeloblasts from t-AML
patients at baseline and post-irradiation (IR) with 2 Gray. The mean fluorescent intensity of
the yH2AX signal measured using flow cytometry was converted to mean equivalent soluble
fluorophore (MESF) using calibration beads included in each experiment. (A) Myeloblasts
from four t-AML patients showed similar baseline, induction yYH2AX levels, and yH2AX
resolution kinetics as CD34+ cells from normal donors (n=5). (B) Myeloblasts from four t-
AML patients showed elevated basal yH2AX levels compared to CD34+ controls at baseline
(t=0, unirradiated) (average MESF 23,107 vs. 11,490, respectively; p<0.001) and t=24
(average MESF 25,810 vs. 13,030,repectively; p<0.001). IR-induced DSB formation at t=30
minutes was comparable to CD34+ controls (average MESF 36,580 vs. 34,160, respectively,
p=0.29). (C) Myeloblasts from three t-AML patients showed impaired yH2AX induction at

30 minutes post IR compared to CD34+ controls (average MESF 19,520 vs. 34,160,
respectively p<0.001). (D) Myeloblasts from four patients showed delayed yYH2AX

resolution kinetics compared to CD34+ controls (p=0.007). UPN 377512 also had an
elevated baseline yYH2AX level. Samples were interrogated 2-5 independent times, with the
exception of UPN 501254, which was performed once. **p<0.01, *** p<0.001. NL, normal,

BM, bone marrow
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Figure2.

Determination of yH2AX levels in myeloblasts and lymphocytes from t-AML patients.
Myeloblasts (A), but not lymphocytes, (B) have elevated baseline YH2AX levels compared
to CD34+ cells from normal donors (n=5). Similarly, myeloblasts (C), but not lymphocytes
(D) (with the exception of UPN 856024) have impaired induction (measured by fold change
of yH2AX at 30 min. post-irradiation (IR) over baseline level) of yH2AX compared to
CD34+ cells from normal donors. Samples were interrogated 2-5 independent times, with
the exception of UPN 501254, which was performed once. MESF was determined as in Fig.
1. Dashed line indicates the mean MESF of normal donor bone marrow CD34+ cells or
lymphocytes. *p<0.05; ** p<0.01
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Figure3.

Copy number alteration heat map for 30 t-AML genomes. The results of copy number

No functional data

05 Log, Ratio
 ——

analysis of 30 paired tumor and normal DNA samples assayed on a custom genome-wide
array CGH platform with high resolution coverage of 170 DNA repair genes. Copy number
is represented as the logs ratio of tumor/normal DNA designated by a color range from
white (deletion) to red (amplification). The Y-axis represents the chromosome number, with
1 on the top and Y on the bottom. The X-axis displays samples grouped by functional DSB

category.
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Figure4.
Elevated double-strand breaks (DSBs) are present in bone marrow cells isolated from t-

AML patients harboring gains on chromosome 8. DSB were measured in bone marrow cells
by the neutral Comet assay and Comets were scored by Comet Score software. (A) Four of 5
patients with gains on chromosome 8 (UPNs 180365, 501254, 982895, and 377512) had
elevated basal DSB compared to normal donor CD34+ cells, while the DSB levels in t-AML
patients with normal yH2AX levels (normal t-AML responders, UPNs 476204, 514901,
779828) did not differ from CD34+ controls. Box-whisker plots were generated, with the
box showing the 25t to 75™ percentiles, the bar representing the median, and the whiskers
representing the 10 to the 90t percentiles of the percent of DNA in the tail. The percent of
DNA in the tail for CD34+ cells was compared to the percent of DNA in the tail for each
UPN. The median number of Comets scored per UPN was 133 (range 44-256). (B) Comet
data were pooled for the patients with normal yH2AX kinetics (n=3 patients, 317 total
Comets) and those harboring gains on chromosome 8 (n=>5 patients, 646 total Comets) and
analyzed as above. The mean percent of DNA in the tail from t-AML with trisomy 8
(28.2%) is significantly higher than patients with normal yH2AX (13.2%) and CD34+
controls (11.8%). (C) Representative Comets from a t-AML patient with normal yH2AX
kinetics (normal t-AML responder) (UPN 514901) and from a patient with trisomy 8 (UPN
501254) are shown. ***p<0.001.
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Figure5.

Measurements of S-phase, apoptosis, and proliferation in myeloblasts from t-AML patients.
Myeloblasts from patients harboring large gains on chromosome 8 (UPNs 180365, 180866,
501254, 982895, 377512) were compared to myeloblasts from normal yH2AX t-AML
responders (UPNs 476204, 514901, 779828). (A) The percent of myeloblasts in S-phase
from patients with gains on chromosome 8 was not significantly different than those with
normal yH2AX kinetics at baseline (mock treated) (mean 21% vs 25.7%, respectively,
p=0.42) and (B) after a further 24 hours in culture (mean 49.7% vs 48.1%, respectively,
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p=0.92). (C) Apoptosis was measured in myeloblasts by the presence of caspase 3+ or 7+
and PI+ cells by flow cytometry and was not significantly different than those with normal
yH2AX kinetics at baseline (mean 2.57% vs 1.87%, respectively; p=0.77) and (D) after a
further 24 hours in culture (mean 0.32 % vs 0.94 %, respectively; p=0.39). (E) Myeloblasts
were enumerated by flow cytometry using Spherotech counting particles in unirradiated
cells at baseline and after 24 hours. There was no attrition of myeloblasts from patients with
gains on chromosome 8 compared to those with normal yH2AX kinetics after 24 hours in
culture (mean fold increase in cells over baseline 1.72 vs 0.88, respectively; p=0.13). The
fold change of each sample over the 24 hour period is shown.
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FDR g-value= 0.06
FWER p-value<0.001

Trisomy 8

Figure®6.

Normal Responders

A MYC gene expression signature is present in trisomy 8 bone marrow. Gene set enrichment
analysis (GSEA) of MYC upregulated target genes comparing transcriptional profiles from
the bone marrow of t-AML patients with trisomy 8 (UPNs 180365, 180866, 501254,
982895) vs. normal yYH2AX t-AML responders (UPNs 476204, 514901, 779828).
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Figure?7.
Overexpression of Myc in primary mouse hematopoietic progenitors results in elevated

DSBs. (A) Murine c-kit+ enriched cells were transduced with MSCV-Ires-GFP control virus
or MSCV-Myc-lres-GFP and virally transduced cells were sort purified (GFP+/propidium
iodide negative) after 3 days. DNA was subjected to the neutral Comet assay. The
experiment was repeated 2 times, and 100 Comets were scored for each experiment. Box-
whisker plots were generated as previously described in Figure 4. (B) Representative
Comets from c-kit+ enriched cells transduced with control virus (MSCV) and the Myc
overexpressing virus (MSCV-Myc) are shown.
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Table 1

Somatic Sequence Variants in DNA Repair and Response Genes in t-AML

UPN Gene Amino Acid Change Pathway

860923 EME1 p.L549V HR
751407 RADS51ID p.S144Y HR
377512  TP53 p.R273C DDR
530447 TP53 p.R248Q DDR
942008 TP53 p.R175H DDR

189941 TP53 4ol ofaa225-3311  DDR

l3 kb deletion of exons 7-9 homozygous in the tumor secondary to UPD, ref (16)

HR, homologous recombination; DDR, DNA damage response
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