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Abstract

Mutational signatures in cancer genomes have implicated the APOBEC3 cytosine deaminases in
oncogenesis, possibly offering a therapeutic vulnerability. Elevated APOBEC3B expression has
been detected in solid tumors, but expression of APOBEC3A (A3A) in cancer has not been
described to date. Here we report that A3A is highly expressed in subsets of pediatric and adult
acute myeloid leukemia (AML). We modeled A3A expression in the THP1 AML cell line by
introducing an inducible A3A gene. A3A expression caused ATR-dependent phosphorylation of
Chk1 and cell cycle arrest, consistent with replication checkpoint activation. Further, replication
checkpoint blockade via small molecule inhibition of ATR kinase in cells expressing A3A led to
apoptosis and cell death. Although DNA damage checkpoints are broadly activated in response to
A3A activity, synthetic lethality was specific to ATR signaling via Chk1 and did not occur with
ATM inhibition. Our findings identify elevation of A3A in AML cells, enabling apoptotic
sensitivity to inhibitors of the DNA replication checkpoint and suggesting it as a candidate
biomarker for ATR inhibitor therapy.
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INTRODUCTION

Mutational signatures in cancer genomes have elucidated potential etiologies of DNA
damage and oncogenesis (1,2). Possible mutagens include both endogenous and exogenous
sources. One mutational signature, which consists of clustered cytosine mutations and
predominantly C—T transitions within a TC context, has been attributed to the APOBEC3
(A3) family of DNA cytosine deaminases. A3 enzymes are best defined by their ability to
mutate viral DNA and restrict infection, although the full scope of their endogenous function
is unknown (3). Two A3 family members, A3A and A3B, are localized in the nucleus (4)
and their activity results in cellular DNA damage (5-7). A3 enzymes are postulated to be
under tight regulation to prevent detrimental genotoxicity.

The association between A3 family members and cancer mutagenesis has emerged through
identification of the A3 mutational signature in cancer genomes, as well as increased A3
expression in human tumors. Most notably, several studies have detected elevated A3B
expression correlated with mutational hallmarks in breast cancer (7,8). The related A3A has
also been implicated in mutational signatures identified in cancer genomes (9,10). The
mutational signatures of A3A and A3B are similar but distinguishable and that of A3A is the
more prominent signature in cancer genomes (9). A germline polymorphism that deletes the
A3B coding sequence and fuses A3A to the 3’'UTR of A3B has been associated with
increased stability of A3A transcripts, a higher burden of A3 mutational signatures, and
cancer susceptibility (11-13). Despite these strong associations between A3A and
mutational burden in cancer genomes, A3A expression in human cancers has not been
established. Endogenous expression of A3 enzymes is largely restricted to immune tissues,
although variations exist across A3 family members (14). A3A is highly expressed in
myeloid lineage cells and is interferon-inducible in lymphocytes (15-17). Although A3A
expression in peripheral blood mononuclear cells represents the highest level of endogenous
expression of any A3 family member in human tissue (14), A3A expression in hematologic
malignancies has not been investigated.

A3A expression results in robust activation of cellular DNA damage responses (5,6). Ectopic
A3A expression has been shown to cause phosphorylation of histone variant H2AX and
ATM (Ataxia-Telangiectasia Mutated) kinase, indicative of a cellular response to double-
stranded DNA breaks (DSBs) (6). We recently showed that A3A expression also causes
replication stress, as evidenced by activation of ATR (ATM- and Rad3-related) kinase,
phosphorylation of downstream Chk1 (Checkpoint Kinase 1), and cell cycle arrest (5). The
ATR-Chk1 pathway is activated in response to replication stress when Replication Protein A
(RPA) binds exposed ssDNA and recruits ATR localization and activation (18). ATR
signaling promotes replication fork stability and enforces the replication checkpoint which
arrests cellular division to allow for repair of damaged DNA prior to mitosis (19). Inhibition
of the replication checkpoint promotes replication fork collapse into DSBs and genotoxicity,
particularly in the context of DNA damage that impedes DNA polymerase progression.
These conditions can be cancer-associated, including the effects of oncogene expression
(20,21). Thus, the ATR-Chk1 pathway has been investigated as a target for cancer therapy
(22,23).

Cancer Res. Author manuscript; available in PMC 2018 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Green et al.

Page 3

Effective cancer therapy relies on differences between healthy cells and cancer cells that
present opportunities for selective targeting. Traditional chemotherapeutics target
fundamental cellular processes, such as DNA replication, which results in death of rapidly
dividing cancer cells but have a high level of toxicity in proliferating healthy cells. One
potential for more refined therapies occurs in the context of synthetic lethality, in which two
abnormal gene products co-operate to impair cell fitness more than either one alone (24).
Synthetic lethality can be prompted by drug-induced inhibition of essential pathways in
genetically altered cancer cells. Here, we investigate the hypothesis that inhibition of
genome-protective DNA damage responses enables A3A-induced genotoxicity and can
result in synthetic lethality.

In this study, we show that A3A expression is elevated in subsets of human acute myeloid
leukemia (AML). Our findings present the first demonstration of elevated A3A expression in
human cancer, and the first association of A3 enzymes with hematologic malignancies. To
model the effects of high A3A expression, we developed an AML cell line with inducible
A3A expression. We demonstrate that the DNA replication checkpoint is robustly activated
by A3A in leukemia cells and that A3A sensitizes AML cells to treatment with small
molecule inhibitors of ATR and Chk1 kinases. We determined that A3A deamination renders
cancer cells dependent on the replication checkpoint for genome protection and that this can
be exploited to induce synthetic lethality. Taken together, our data contribute to a new,
targeted treatment paradigm for human cancers with elevated A3A expression.

MATERIALS AND METHODS

Cell lines

Authenticated THP1, K562, CEM, Ramos, and U20S cells were purchased from the
American Type Culture Collection (ATCC). U937 cells were a kind gift from Sarah Tasian.
Cell lines were not further authenticated. All cells were obtained within 5 years prior to use
in experiments described. Cells were tested and confirmed to be mycoplasma free. All cell
lines were maintained in Roswell Park Memorial Institute medium (RPMI) containing 100
U/mL of penicillin and 100 pg/mL of streptomycin, and supplemented with 10% tetracycline
free fetal bovine serum (FBS). Cells were used within 8 weeks of thawing for experiments
described. To construct inducible A3A cell lines, HA-tagged A3A cDNAs were inserted into
an entry vector with the CMV promoter and upstream Tetracycline Response Element
(PEN_Tmcs). Cloning primer sequences are available upon request. A pSLIK-A3A plasmid
was generated by Gateway cloning of the pEN_Tmcs-A3A plasmid into a pSLIK lentivirus
vector with a constitutively expressed neomycin resistance gene and tetracycline
transactivator (rTA) (25) to generate a single vector system of doxycycline-inducible
expression of A3A-HA. Production of lentiviral particles was achieved by transfection of
293T cells as previously described (26). Following transduction with the pSLIK-A3A
lentivirus, cells were selected in 1 mg/mL neomycin. After selection, cells were maintained
in 0.5 mg/mL neomycin. Knockdown of endogenous A3A in U937 cells was achieved by
stable expression of short hairpin RNA against A3A (shA3A). Lentivirus vectors (pLKO)
containing shA3A and shControl were purchased from Sigma. Production of lentivirus was
achieved as above, and following transduction with the pLKO-shRNA lentivirus, cells were
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selected in 1 ug/mL puromycin. All cells were grown at 37°C in a humidified atmosphere
containing 5% CO,.

Small molecule inhibitors

The ATR kinase inhibitor VE-822 (Vertex), Chk1 kinase inhibitor PF-477736 (Pfizer), and
ATM kinase inhibitor KU55933 (Abcam) were each dissolved in dimethyl sulfoxide
(DMSO) to make a stock solution and stored at —20°C. Solutions were further diluted in
DMSO for treatment of cells in culture. Controls were treated with an equal volume of
vehicle (DMSO).

Cell-cycle analysis

THP1, K562, CEM, and Ramos cells were grown in the presence or absence of doxycycline
(1 pg/ml, Clontech), fixed in 70% ice-cold ethanol, washed in PBS, and resuspended in
staining solution containing 20 mg/ml propidium iodide (Sigma) and 200 mg/ml RNAse A
(Roche). Data were collected using an Accuri C6 Flow Cytometer (BD Bioscience) and
analyzed by FlowJo software (Version 10.2). Experiments were each performed three times,
and at least 20,000 cells were analyzed per sample.

Immunoblotting and immunofluorescence

Antibodies

For immunoblotting, lysates were prepared by harvesting cells in 10% SDS sample buffer
(Novex) and 5% b-Mercaptoethanol (Sigma) and boiling for 10 minutes, then run on bis-tris
gels and transferred to a polyvinylidene fluoride membrane (PVDF, Amersham). For
immunofluorescence, cells were fixed with 4% paraformaldehyde and permeabilized with
0.5% Triton X-100 for 10 minutes. Nuclei were visualized by staining with 4,6-diamidino-2-
phenylindole (DAPI, Sigma). Images were acquired using a Zeiss LSM 710 confocal
microscope. Quantification of cell staining was performed on at least 50 cells per condition.
Representative images are shown.

Commercially available antibodies used in this study were obtained from Cell Signaling
(Chk2-p-T68, Chk1-p-S345, Chk1-p-S317), Millipore (Chk2), Epitomics (ATM), Abcam
(ATM-p-S1981), Santa Cruz (Chk1, Actin), Bethyl (RPA32), GeneTex (GAPDH), Biolegend
(HA), and the NIH AIDS Reagent Program (A3A/A3G C-terminal polyclonal antibody).
Secondary antibodies for immunoblotting included goat anti-rabbit 1gG and goat anti-mouse
IgG (Jackson ImmunoResearch).

Proliferation, viability and apoptosis assays

Proliferation assay. Leukemia cells were plated at density of 1,000-5,000 cells/well in a 96
well plate. Cells were pre-cultured for 24 hours, then treated with doxycycline (1 ug/ml) and
a range of small molecule inhibitor doses or vehicle control (DMSO). Cells were then
cultured for 48 hours. Water-soluble tetrazolium salt reagent (CCK-8, Dijoundo) was added
2-4h prior to analysis. Data were collected using an Infinity M1000 Pro plate reader
(Tecan). Viability assay: Leukemia cells were plated at density of 300,000 cells/well in a 6
well plate. Cells were treated with doxycycline (1 ug/ml) and small molecule inhibitor or
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vehicle control for 48 hours. Cells were stained using the Live/Dead Kit (Invitrogen)
according to the manufacturer’s instructions. Data were collected using an Accuri C6 Flow
Cytometer (BD Bioscience). Apoptosis assay: Leukemia cells were plated at density of
300,000 cells/well in a 6 well plate. Cells were treated with doxycycline (0.1 ug/ml) and
small molecule inhibitor or vehicle control. Cells were cultured for 48hr following treatment
and then stained using FITC Annexin-V Kit (BD Bioscience) according to the
manufacturer’s instructions.

RNA isolation, cDNA synthesis and gPCR

Primary acute myeloid leukemia samples were obtained from the University of Pennsylvania
Stem Cell and Xenograft Core. RNA was extracted from primary samples and cell lines
using the RNeasy Minikit (Qiagen). cDNA was made using the High Capacity RNA to
cDNA kit (Applied Biosystems). Quantitative PCR (gPCR) was performed with SYBR
Green PCR Master Mix (Applied Biosystems) on a ViiA 7 real-time PCR instrument
(Applied Biosystems). Primers were designed to distinguish A3A from A3B and are as
follows: A3A forward CACAACCAGGCTAAGAATCTTCTC, A3A reverse
CAGTGCTTAAATTCATCGTAGGTC, A3B forward
GAATCCACAGATCAGAAATCCGA, and A3B reverse TTTCACTTCATAGCACAGCCA.
The housekeeping gene cyclophillin was used for normalization. For comparison of primary
AML samples, a pool of all primary samples was used for delta delta CT analysis. For
comparison of THP1-A3A to primary AML samples, all samples were normalized to THP1-
A3A cells induced with dox for delta delta CT analysis. For comparison of AML cell lines, a
pool of all cell lines was used for delta delta CT analysis.

Bioinformatic analysis

Primary tumor RNA sequencing data were obtained from public sources. Raw count data for
genes expressed in TCGA-LAML (n=151) and TARGET-AML (n=282) were downloaded
from the GDC Data Portal. Data were normalized using the bioconducter package DESeq2
(27). The normalized gene expression for A3A was separated into two groups, using the 1.5
times the IQR to determine high-expression outliers (28). The results shown here are based
upon data generated by the TCGA Research Network (http://cancergenome.nih.gov), and by
the Therapeutically Applicable Research to Generate Effective Treatments (TARGET)
initiative managed by the NCI (http://ocg.cancer.gov/programs/target). The data used for this
analysis are available at GDC Data portal (https://gdc-portal.nci.nih.gov/).

Statistical analysis

To distinguish significant differences between high and low A3A expression groups we
applied the Mann-Whitney U-test. Boxplot statistics were computed with the function
“boxplot” of R programming language. £ values and standard error of the mean (SEM) for
cell cycle analysis, Annexin V staining, and Live/Dead staining were obtained by paired
two-tailed #tests. Pvalues and SEM for proliferation assays were determined by sum-of-
squares F-test. Results were considered significant at p < 0.05. GraphPad Prism 7 software
was used for statistical analysis.
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RESULTS
A3A is highly expressed in a subset of pediatric and adult AML

To determine which types of human leukemia are most impacted by A3A activity, we
examined RNA-sequencing (RNA-seq) data from two major databases of primary
leukemias: The Cancer Genome Atlas (TCGA) which comprises expression data from adult-
onset tumors, and Therapeutically Applicable Research to Generate Effective Treatments
(TARGET), which includes expression profiles of childhood cancers. We limited our
evaluation of A3A expression to samples with RNA-seq data, since microarray probes are
insufficient to distinguish specific A3 transcripts given their high degree of homology (7).
Analysis of RNA-seq from available data showed that high A3A expression occurs in
subsets of both pediatric and adult AML (Fig 1a—b, Table S1). A3A expression levels 1.5
times greater than the interquartile range (IQR) were considered high expression outliers
(28). The remaining values were assigned to the low expression group. The high A3A
expression group comprised 14% of the TCGA samples and 11% of the TARGET samples.
Since A3B is reported to be overexpressed in many human cancers (29), we evaluated
expression levels of A3B in the same patient samples (Fig 1a-b, Fig Sla—b). When the high
A3A and low A3A groups were analyzed in aggregate, we found no difference in average
A3B expression between the groups (Fig 1a—b). An additional analysis of samples with
outlier A3B expression showed that this group did not overlap with samples in the outlier
A3A expression group. There were fewer samples with A3B outlier expression (6% of
TCGA and 4% of TARGET), and A3B outlier expression was several log-fold lower than
the expression of A3A outliers (Fig Sla-b).

We obtained primary AML samples from a biorepository at the University of Pennsylvania
(PENN) and evaluated A3A mRNA expression by quantitative real-time PCR (qPCR).
Consistent with results from TCGA and TARGET datasets, 13.3% of PENN patient samples
exhibited high outlier A3A expression (Fig 1c, Table S1). Analysis of high A3A and low
A3A groups indicated no difference in average A3B mRNA levels in either group (Fig 1c).
Additionally, in primary AML samples, outlier A3B expression did not correlate with
elevated A3A expression (Fig S1c). Together, these data indicate that A3A is highly
expressed in a subset of pediatric and adult AML.

The replication checkpoint is activated by A3A in leukemia cells

We previously showed that replicating cells are more susceptible to DNA damage by A3A
than quiescent cells (5), likely due to deamination of single-stranded DNA (ssDNA)
substrate at replication forks (30,31). We sought to evaluate whether this process occurs in
leukemia cells in which A3A is active. We constructed a model AML cell line (THP1) with
a doxycycline-inducible HA-tagged A3A gene, in which titration of doxycycline dosing
enables control of A3A expression levels. In our inducible THP1-A3A cell line, treatment
with 1 ug/mL doxycycline resulted in A3A expression similar to that of primary AML
samples from PENN categorized as having high A3A expression (Fig 2a). We examined
checkpoint activation by immunoblotting with phospho-specific antibodies that recognize
sites attributable to ATR kinase activity. We observed a dose-response relationship between
A3A protein level and Chk1 phosphorylation at serines 317 and 345 (32) (Fig 2b). To
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evaluate whether deaminase activity is required for ATR activation, we generated a THP1
cell line with an inducible HA-tagged A3A mutant (C106S) lacking enzymatic activity (15).
Immunoblotting showed that when A3A-C106S was induced there was no significant
change in phosphorylation of Chk1 at serines 317 and 345 (Fig S2). Thus, the enzymatic
activity of A3A appears to be required for replication checkpoint activation. We also show
that RPA foci accumulate upon A3A expression, supporting the conclusion that A3A
expression results in replication stress and accumulated ssSDNA (Fig S3). We then evaluated
THP1 cell cycle profiles upon A3A induction by propidium iodide staining. A3A induction
resulted in G2 arrest, consistent with replication checkpoint activation (Fig 2c—d). Similar
results were observed in a panel of A3A-inducible leukemia cell lines representative of
chronic myeloid leukemia (K562), acute T-lymphoblastic leukemia (CEM), and B-
lymphoblastic leukemia (Burkitt, Ramos) (Fig S4a—c). These data indicate that A3A
deamination results in replication checkpoint activation in hematopoietic cells.

A3A sensitizes AML cells to ATR inhibition

Since A3A activates the replication checkpoint, we hypothesized that inhibition of
checkpoint signaling would result in genotoxicity in AML cells with high A3A expression.
We therefore treated the THP1-A3A AML cell line with the ATR kinase inhibitor VE-822
(ATRI), a potent and specific drug that is currently being evaluated in clinical trials in
combination with chemotherapy for refractory solid tumors (33-35). We examined the
impact of ATR inhibition in our THP1-A3A cells by inducing A3A and then treating with a
range of doses of ATRi. THP1 cells that were induced to express A3A had significantly
decreased viability after treatment with ATRi when compared to uninduced cells (Fig 3a,
left). Notably, A3A induction resulted in an impressive shift of the ATRi half maximal
effective concentration (ECsp) from 5700 nM to 150 nM. Immunoblotting showed decreased
phosphorylation of Chk1 in cells treated with ATRI, confirming inhibition of ATR activity
(Fig 3a, right).

We further assessed cytotoxicity of ATRi treatment in THP1-A3A cells using a DNA stain
and a fluorescent-labeled cell membrane stain (calcein AM) that permeates intact cells. Flow
cytometric analysis showed a significant increase in the fraction of dead cells when A3A
expression was combined with low-dose ATRi as compared to controls (Fig 3b).
Additionally, we found increased Annexin V staining in cells treated with both dox and
ATRI, suggesting that cell death occurs by apoptosis (Fig 3c). Together, these findings
indicate that A3A expression sensitizes AML cells to treatment with a selective ATR
inhibitor.

To determine the contribution of endogenous A3A to sensitivity of AML cells by ATR
inhibition, we used two approaches. First, we evaluated expression of A3A in AML cell
lines and found that the U937 cell line had relatively high A3A expression compared to
THP1 (Fig 3d, inset). We assessed viability of these cell lines after treatment with ATRi and
found that U937 cells were more susceptible to ATRi treatment than THP1 (Fig 3d). Second,
we knocked down endogenous A3A in U937 cells using short hairpin RNA against A3A
(shA3A). By immunoblotting, we show that A3A expression is decreased in cells with stable
expression of ShA3A compared to a control sShRNA (Fig 3e, inset). We treated U937-shA3A
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and U937-shCtrl cells with ATRi and observed decreased viability in cells with higher A3A
expression (Fig 3e). Thus, high endogenous A3A expression correlates with increased
sensitivity of AML cell lines to ATRi treatment.

Synthetic lethality with high A3A expression is specific to the ATR-Chk1 pathway

We previously showed that A3A activates parallel arms of the DNA damage response via
both ATM and ATR kinases (5,6). Based on the finding that A3A sensitizes leukemia cells to
ATRI, we hypothesized that an ATM inhibitor (ATMi) would also result in synthetic
lethality. We tested this hypothesis by treating the THP1-A3A cell line with a specific ATMi
(KU55933) (36) but found no difference in viability of induced and uninduced cells (Fig 4a).
Immunoblotting confirmed that ATMi efficiently decreased Chk2 phosphorylation, and
therefore blocked ATM activity (Fig 4b). To strengthen this finding we used two cell models
of inducible A3A expression with genetic abrogation of ATM. First, we knocked down ATM
expression by siRNA in a U20S-A3A cell line. A3A expression resulted in phosphorylation
of ATM and Chk2, which was effectively inhibited by siRNA knock-down of ATM (Fig Sba,
right). However, we observed that ATM knockdown had no effect on cell viability (Fig S5a,
left). Second, we examined immortalized human fibroblasts derived from a patient with
Ataxia-Telangiectasia that express non-functional ATM (-ATM), and compared to isogenic
cells complemented with wild type ATM (+ATM) (37). When ectopic A3A was expressed in
both cell lines, no difference in viability was observed (Fig S5b). Together, these data show
that A3A activity does not sensitize cells to ATM inhibition.

We hypothesized that the ATR-Chk1 function in cell cycle checkpoint activation is central to
susceptibility of cells with high A3A expression. Checkpoint activation occurs through ATR
phosphorylation of the downstream effector Chk1 (38). We examined cell cycle profiles in
THP1-A3A cells expressing A3A in the presence of either ATRi or a small molecule Chk1
inhibitor (Chkli, PF477736) (39,40). Upon A3A induction, cell cycle profiles of THP1 cells
showed an arrest in G2, which returned to baseline after treatment with either ATRi or Chk1i
(Fig 5a, Fig S6a-b). Thus, inhibition of the ATR-Chk1 pathway abrogates A3A-induced cell
cycle arrest. We then examined the susceptibility of THP1-A3A cells to Chkli. Treatment
with Chk1i led to decreased viability and cell death when A3A was expressed (Fig 5b—c).
Chk1i exhibited a very large therapeutic index with a shift in ECsg from 250,000 nM to 66
nM upon A3A induction. Inhibition of Chk1 activity by PF477736 was confirmed by
diminished phosphorylation of Chk1 at serine 296 (41) (Fig 5b, right). These data show that
the ATR-Chk1 checkpoint function is activated by A3A-induced replication stress and that
abrogation of checkpoint activation leads to death of leukemia cells.

DISCUSSION

Emerging data provide compelling evidence that APOBEC3 enzymes act on the cellular
genome. Increased expression of A3 family members has been detected in several types of
human cancer (29) and APOBEC3 mutational signatures have been discovered in tumor
genomes (1,2,8). Mutational burden associated with A3 activity has led to speculation about
their oncogenic potential (7), influence on clonal evolution of cancer cells, and contribution
to treatment-resistance and aggressive phenotypes (42). In this study, we investigate an
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alternative outcome of the interaction of A3 enzymes with cancer genomes in which A3
activity can be exploited for targeted cancer therapy.

APOBEC3 enzymes are proposed sources of both clustered and dispersed cytidine mutations
in cancer genomes (1,9,31). Clustered mutations, termed kataegis, are postulated to occur
due to A3 mutagenesis of sSDNA generated by resection of ends at DNA breakpoints.
Discontinuous synthesis at the lagging strand during replication likely provides substrate for
dispersed patterns of cytosine deamination by A3 (30,31,43). We recently showed that
replicating cells incur more DNA damage caused by A3A when compared to non-replicating
cells (5). These data point to a model of A3 deamination at replication forks, which suggests
that frequently replicating cells are particularly susceptible to damage by A3 enzymes.
Consistent with this model, the replication checkpoint, regulated by ATR-Chk1 signaling, is
activated in response to A3A expression. Our data suggest that A3A expression results in
increased ssDNA accumulation, likely due to stalling of replicative polymerases at uracil
lesions or abasic sites, providing further substrate for A3A activity. If unchecked, A3A
deamination may result in increasing levels of mutagenesis, irreversible genome damage,
and cytotoxicity. In support of this model, we find that cells with high A3A expression are
dependent on the ATR-Chk1 checkpoint for survival, and inhibition of this pathway results
in cell death.

Previous studies have shown broad DNA damage responses to A3A expression including
phosphorylation of histone variant H2AX and activation of ATM-Chk2 signaling, which is
indicative of DSBs (6,44). In our model system, we also demonstrate ATM-Chk2 activation
by A3A, yet in contrast to the ATR-Chk1 axis, inhibition of ATM does not induce cell death.
These findings suggest that the essential genome protective mechanism during A3A
mutagenesis is a response to replication stress, and not to DSBs. A possible explanation for
this conclusion is that ATR is first activated by extensive deamination at replication forks
resulting in overwhelming replication stress and fork collapse, which secondarily leads to
DSBs and subsequent ATM signaling.

Rapidly dividing cancer cells, such as AML blasts, are dependent on the replication
checkpoint to maintain genome integrity. Accordingly, replication checkpoint inhibitors
(RCi) are being investigated in clinical trials for their activity as chemotherapy sensitizers
(35,45,46). These RCi approaches are attractive therapeutic options due to limited toxicity in
healthy tissues, wide therapeutic window, and efficacy in a broad array of cancers (47). Few
studies have addressed the potential for checkpoint inhibition as a therapeutic option in
hematologic malignancies. /n vitro data have shown efficacy for ATRi in killing
hematopoietic tumor cell lines with excessive oncogene-induced replication stress, ATM-
deficiency, or in combination with oxidative stressors (21,48,49). ATRi is not frequently
investigated as monotherapy in cancers without additional DDR defects, however the
efficacy of ATRi was recently reported in a murine model of MLL-rearranged AML (50).
Here we show that the replication checkpoint is activated by A3A in AML cells, and that
A3A expression significantly increases the therapeutic index of ATR and Chk1 inhibitors.
Thus, A3A could serve as a powerful biomarker for RCi treatment in AML. Further studies
are warranted to examine the impact of cell cycle checkpoint inhibition in other tumors with
elevated expression of the A3 family members. Our data provide a strong rationale for
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further preclinical investigation of replication checkpoint inhibition in AML with high A3A
expression.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. APOBEC3A ishighly expressed in acute myeloid leukemia

APOBEC3A (red) and APOBEC3B (blue) expression was evaluated in three large cohorts of
primary AML. A3 expression in AML samples from the TCGA (a) and TARGET (b)
databases was determined by RNA sequencing analysis. Evaluation of A3 mRNA levels in
primary AML samples from the University of Pennsylvania (PENN) biological repository
(c) was performed by quantitative PCR; A3 mRNA level is displayed as fold change relative
to a pooled control. Scatter plots (left) show normalized expression of A3A and A3B in
individual samples. Vertical gray line denotes a subset of high A3A expression outliers

Cancer Res. Author manuscript; available in PMC 2018 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Green et al.

Page 14

(right) determined by 1.5x interquartile range. Box plots (far right) display aggregate
expression of A3A and A3B in high A3A and low A3A groups. Statistical analysis was
performed using the Mann-Whitney U-test.
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Figure 2. APOBEC3A expression resultsin ATR activation and checkpoint arrest in AML cells
The acute myeloid leukemia cell line, THP1, was generated to express A3A upon treatment

with doxycycline (dox). (a) Expression levels of A3A in inducible THP1 cells are similar to
those of primary AML samples with high A3A expression. Evaluation of A3A mRNA levels
was performed by gPCR in THP1-A3A cells treated with dox (1 pg/mL) alongside primary
AML samples from the PENN dataset. Primary AML samples included a selection of those
with high A3A and low A3A expression. A3A expression level is displayed as fold change
relative to dox-treated THP1-A3A cells. (b) ATR signaling is activated by A3A expression.
Cells were treated with indicated concentrations of dox and analyzed by immunoblotting
using antibodies to HA, Chk1, and phosphorylated Chk1 (S345 and S317). GAPDH was
used as a loading control. (c) A3A expression results in G2 arrest. Inducible cells were
treated with dox (1 pg/mL) for 48 hours and analyzed for cell cycle progression by
propidium iodide staining. (d) Accompanying chart shows fraction of cells in G1, S, and G2
phase pre- and post-induction. Error bars indicate SEM. Statistical analysis was performed
using a paired two-tail t test. Results are representative of three independent replicates.
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Figure 3. APOBEC3A sensitizesAML cellsto ATR inhibition

(a) A3A expression was induced in THP1-A3A cells by addition of dox (1 pg/mL), and then
treated with indicated doses of a small molecule inhibitor of ATR kinase (ATRi, VE-822) 48
hours prior to analysis. Viability was determined by colorimetric change after addition of a
water-soluble tetrazolium salt. Statistical analysis of ECgg was performed using a sum-of-
squares F-test. Error bars are SEM. Accompanying immunoblot shows impact of ATRi
treatment on THP1-A3A cells treated with dox, ATRi (80 nM), or combinations. Cell lysates
were probed with antibodies to HA, Chk1, and phosphorylated Chk1l. GAPDH was used as
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loading control. (b) THP1-A3A cells were treated with dox (1 ug/mL), ATRi (200 nM), or
combinations, incubated with fluorescent-labeled calcein AM (live) and DNA (dead) stains,
then evaluated by FACS. The upper gate includes dead cells and the lower gate includes live
cells. Accompanying bar chart shows quantitation of results averaged over three replicates.
Statistical analysis was performed using a paired two-tail t-test. Error bars indicate SEM. (c)
THP1-A3A cells were treated with 0.1 ug/mL dox, ATRi (80 nM), or combinations.
Apoptosis was evaluated by FACS analysis after Annexin V staining and results are
displayed as quantitation of three replicate experiments. Statistical analysis was performed
using a paired two-tail t test. Error bars indicate SEM. (d) Endogenous A3A expression was
evaluated by gPCR in the U937 and THP1 AML cell lines (inset). A3A level is shown as
fold-change relative to a pooled control sample. AML cell lines were treated with indicated
doses of ATRi for 48 hours prior to analysis of cell viability. (€) Short hairpin RNA (shRNA)
was used to deplete endogenous A3A in the U937 AML cell line. Cells transduced with
lentivirus containing control (U937-shCtrl) and A3A (U937-shA3A) shRNAs were
evaluated by immunoblot using an antibody to endogenous A3A (inset). Actin was used as a
loading control. U937 cells were treated with indicated doses of ATRIi for 48 hours prior to
analysis of cell viability. Statistical analysis of ECgy was performed using a sum-of-squares
F-test. Error bars are SEM.
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Figure 4. APOBEC3A does not sensitize leukemiato ATM inhibition
THP1-A3A cells were treated with dox (1 pg/mL) to induce A3A expression and a small

molecule inhibitor of ATM kinase (ATMi, KU55933). (a) Viability was determined by
colorimetric change after incubation with a water-soluble tetrazolium salt. Statistical
analysis was performed using a sum-of-squares F-test. Error bars indicate SEM. (b)
Inhibition of ATM activity was analyzed by immunoblot of THP1-A3A cell lysates treated
with dox (1 ug/mL), ATMi (10 pM), and combination. Antibodies to HA, Chk2, and
phosphorylated Chk2 (T68) were used. GAPDH was used as a loading control.
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Figure 5. Sensitization to ATR inhibition by A3A is dependent on the ATR checkpoint function
THP1-A3A cells were treated with 1 ug/mL dox to induce A3A expression, and a small

molecule inhibitor of ATR or Chk1 kinase prior to analysis. (a) Checkpoint arrest is
abrogated by small molecule inhibition of ATR or Chk1. THP1-A3A cells were treated with
dox for 48 hours and analyzed for cell cycle progression by propidium iodide staining.
Accompanying chart shows fraction of cells in G2 phase before dox induction, after dox
induction, and after dox induction combined with kinase inhibitor (80 nM ATRi or 30 nM
Chk1i) treatment. Statistical analysis was performed using a paired two-tailed t-test. Error
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bars indicate SEM. (b) Viability of THP1-A3A cells was measured after treatment with
indicated doses of Chkli. Cell viability was determined by metabolism of a water-soluble
tetrazolium salt. Statistical analysis of ECs was performed using a sum-of-squares F-test.
Error bars are SEM. Immunoblotting shows inhibition of Chk1 kinase activity upon
treatment with Chk1i (30 nM) indicated by decreased phosphorylation of Chk1 at serine
296. Antibodies to HA, Chk1, and phosphorylated Chk1 (S296) were used. GAPDH was
used as a loading control. (c) Cell death was measured by staining THP1-A3A cells with
fluorescent-labeled calcein AM (live) and DNA (dead) stains after treatment with dox (1 pg/
mL), Chk1i (100 nM), or combinations. The upper gate on the FACS plot includes dead cells
and the lower gate includes live cells. Accompanying bar chart shows quantitation of FACS
results averaged over three replicates. Statistical analysis was performed using a paired two-
tailed t-test. Error bars indicate SEM.
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