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ABSTRACT

Background

Aberrant or impaired repair of double-strand DNA breaks is a common feature of de novo
acute myeloid leukemia and myelodysplastic syndromes. Since poly (ADP-ribose) poly-
merase (PARP) inhibitors have been recently shown to selectively target cells with defects
in double-strand DNA repair, the aim of this study was to explore the possibility of
exploiting defects in DNA repair in leukemic cells using PARP inhibitors.

Design and Methods

Leukemic cell lines were exposed to various PARP inhibitors alone and in combination
with non-cytotoxic concentrations of DNA methyltransferase inhibitor, 5’ aza-2’-deoxy-
cytidine and/or the histone deacetylase inhibitor, MS2795, to test for potentiation of apop-
tosis with these agents.

Results

PARP inhibitors, KU-0058948 and PJ34, induced cell cycle arrest and apoptosis of primary
myeloid leukemic cells and myeloid leukemic cell lines i vitro. Immunofluorescence
analysis also revealed that PARP inhibitor sensitivity in these leukemic cells was due to a
defect in homologous recombination DNA repair. Addition of 5’ aza-2’-deoxycytidine
failed to increase the cytotoxicity of PARP inhibitors. In contrast, MS275 potentiated the
cytotoxic effect of KU-0058948 and PJ34 in all PARP inhibitor-sensitive leukemic cells.
Immunofluorescence analysis supported the idea that histone deacetylase inhibitors
potentiate cytotoxicity by inhibiting DNA repair processes.

Conclusions

On the basis of the data presented here, we suggest that PARP inhibitors can potentially
exploit defects in double-strand DNA break repair in leukemic cells, paving the way for
testing the therapeutic potential of these agents in myelodysplastic syndromes and acute
myeloid leukemia.
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PARP inhibitors target leukemic cells to apoptosis

Introduction

Despite major advances in the understanding of the biol-
ogy and pathogenesis of myelodysplastic syndromes
(MDS) and acute myeloid leukemias (AML) identification
of the most effective and safe form of treatment continues
to present a formidable challenge. Standard chemothera-
peutic interventions still fail to induce remission in up to
40% of AML patients over the age of 60 years. Further-
more, relapse is common and only 20-30% of mainly
young patients enjoy long-term disease-free survival”
underscoring the need for novel therapeutic strategies.

Drugs that interfere with epigenetic control of gene
transcription, such as DNA methyltransferase inhibitors
and histone deacetylase (HDAC) inhibitors, represent new
classes of anti-leukemic agents. Clinical trials of the DNA
methyltransferase inhibitors, 5 aza-cytidine and
decitabine, using different dose-schedules have confirmed
their anti-leukemic activity in both AML and MDS.?
Similarly, HDAC inhibitors have shown promise in phase
I/1I studies in both myeloid as well as lymphoid malignan-
cies.* Given the different modes of action of these agents,
it is not surprising that a number of clinical trials have
reported encouraging results with combinations of both
DNA methyltransferase and HDAC inhibitors.*

Aberrant or impaired repair of double-strand DNA
breaks is a common feature of congenital genomic insta-
bility syndromes, as well as de novo AML and MDS > We
have shown previously that myeloid leukemia cells exhib-
it pronounced error-prone DNA repair” In the present
study, we explored the possibility of exploiting defects in
DNA repair in leukemic cells using inhibitors of poly
ADP-ribose polymerase (PARP). PARP is a single-strand
break sensing protein that catalyses the addition of ADP-
ribose to surrounding histones and other nuclear proteins.®
PARP inhibitors have been shown to selectively target
cells with a defective homologous recombination path-
way of double-strand DNA break repair.” BRCA1, BRCA2,
and ATM deficient cells demonstrate extreme sensitivity
to PARP inhibitors, resulting in chromosomal instability
and death of the responsive cells.”" Furthermore, wild-
type and BrCA*” heterozygote clones are resistant to
PARP inhibitors, suggesting that these compounds can be
used to selectively target cancer cells with abnormal dou-
ble-strand DNA break repair. We suggest that patients
with MDS and AML are prime candidates for PARP
inhibitor therapy alone or with DNA methyltransferase
and HDAC inhibitors. Combination therapy may further
enhance killing of leukemic cells, without an accompany-
ing increase in the cytotoxicity to residual normal
hematopoietic cell progenitors, therefore providing yet
another novel therapeutic strategy for these difficult to
treat hematologic malignancies.

Design and Methods

Drugs

PARP inhibitors PJ34 (ICs: 30 nM) and EB47 (ICs:
45nM) and the HDAC inhibitors, MS275 and apicidin,
were purchased from Calbiochem, Nottingham, UK.

HDAC inhibitors, trichostatin A, sodium butyrate, and
the DNA methyltransferase inhibitor, 5" aza 2’deoxycyti-
dine (5-aza-2’CdR), were purchased from Sigma
Biochemicals, Poole, UK. The PARP inhibitor KU-0058948
(KU) (ICs0: 3.4 nM) was donated by Kudos Pharmaceuti-
cals, Cambridge, UK.

Cell culture

The leukemic cell lines HL60, K562, NB4, U937, Kasumi,
OC-1, Raji, KG-1 and ME-1 cells were obtained from the
American Type Culture Collection. The myelomonocyt-
ic/myelodysplastic cell line, P39, was kindly donated by
Richard Darley, (University of Wales, Cardiff, UK). Mutz-3
and OCI-AML3 were obtained from the DSMZ,
Braunschweig, Germany. Cell lines were cultured at 37° C
(5% CO») in Dutch-modified, RPMI 1640 medium, supple-
mented with 10% fetal calf serum, 4 mM glutamine and
1% penicillin/streptomycin (all purchased from Sigma-
Aldrich Co. Ltd. Poole, UK). Mutz-3 and OCI-AML3 were
supplemented with 20% supernatant from the urinary car-
cinoma cell line, 5637 (DSMZ). Peripheral blood lympho-
cytes from normal subjects were prepared from
heparinized blood using Hypaque-Ficoll (Sigma) gradients
and cultured at 1x10°/mL in RPMI 1640 supplemented with
10% fetal calf serum, 4 mM glutamine and 1%
penicillin/streptomycin. Peripheral blood lymphocytes
were stimulated by adding phytohemagglutinin (Sigma) for
48 h, washed several times to remove the phytohemagglu-
tinin, and then cultured in 1 U/mL of interleukin-2 for a
maximum of 14 days. For primary cell cultures, bone mar-
row aspirates and peripheral blood were taken from
patients with AML. Mononuclear cells were extracted
using Hypaque-Ficoll (Sigma) gradients and cultured at
1x10%/mL in RPMI 1640 supplemented with 20% fetal calf
serum, 4 mM glutamine, 1% penicillin/streptomycin, 10 ng
interleukin-3 and 20 ng stem cell factor for 10 days. All pri-
mary AML samples from patients contained between 90-
100% AML blasts, as determined by May-Grinwald-
Giemsa staining and CD34" phenotyping. Approval for this
research was obtained from King’s College Hospital Local
Research Ethics Committee before the study was started.
Written informed consent was obtained in accordance with
the Declaration of Helsinki prior to blood or bone marrow
sample collection. The World Health Organization French
American British classification of AML for each patient is
listed in Online Supplementary Table S1.

Table 1. Apoptosis induced in P39 and Mutz-3 cells by 1 uM KU,
100 nM MS275 and 250 nM 5’ aza 2’ CdR, as indicated.

% apoptotic cells at day 7
(early and late stages): annexin V/Propidium iodide
P39 Mutz-3
Untreated 35 25.3
+ 1 uMKU 72.5 65.3
+1uMKU
+ 100 nM MS275 05 8038
+ 1 uM KU
+ 100 nM MS275 97 88.8
+ 250 nM 5’aza-2CdR

Apoptosis was calculated as the total of early and late stages as determined by
annexin V/propidium iodide FACS analysis at day 7 (n=3).
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Immunofiuorescence
Immunofluorescence studies were performed as
described previously.”

Cell cycle analysis

Drugs were added to log phase cells. At the indicated
times, aliquots of 2x10° cells were taken and centrifuged
at 400xg for 10 min. The supernatant was aspirated and
then 70% (v/v) ethanol (at -20°C) was added to the cells
and gently vortexed. The cell suspension was again cen-
trifuged at 400xg for 10 min. The supernatant was aspi-
rated and then 1 mL of staining solution (phosphate-
buffered saline plus 5 ng fluorescein isothiocyanate, 40 g
propidium iodide, 500 ug RNAase) was added. Samples
were analyzed using a FACScan flow cytometer (Becton
Dickinson, Franklin Lakes, NJ, USA). An apoptotic index
was derived by calculating the percentage sub-G: events
as a fraction of the total sub-G: + G1 events.

Annexin V staining

Annexin V staining was used as a marker of apoptosis
evaluated by FACS analysis. Following exposure to the
drugs, cells were incubated with anti-annexin V-fluores-
cein isothiocyanate and propidium iodide and analyzed
by FACS immediately.

Cell survival assays

For cell lines, soft agar, clonogenic assays were per-
formed. Cells were incubated with or without inhibitors
in 2.5% bacto-agar (DIFCO) in culture medium. Cells
were then seeded to evaluate colony formation. After
more than 12 days, viable colonies were fixed in
methanol, visualized by staining with MTT solution in
phosphate-buffered saline and counted. The plating effi-
ciency of cells exposed to the same concentration of
DMSO and untreated controls was determined. For pri-
mary cells (AML or peripheral blood lymphocytes) cell
survival was determined using trypan blue exclusion
analysis. Counts were performed daily for a period of 5
days after addition of the drugs. Non-cytotoxic concen-
trations of inhibitor were calculated from the dose-
response curves constructed from cell survival assays.

Cell staining

Cells were incubated with and without treatment for 7
days. Cells were then cytopspun onto glass slides, fixed in
ethanol and stained with May-Griinwald-Giemsa. Images
were taken at x40 magnification

Preparation of nuclear extracts

Nuclear extracts were prepared based on the Sigma
protocol (Sigma Biochemicals, Poole, UK). The nuclear
extracts were dialysed for 2 X 8 h against E buffer (20 mM
Tris-HCI pH 8.0, 0.1 mM KOAc, 20% (v/v) glycerol, 0.5
mM EDTA and 1 mM DTT, Sigma). Finally, nuclear
extracts were fast-frozen and stored at -80°C.

Assay of PARP activity

PARP enzyme activity was quantified using the PARP
universal colorimetric assay kit (R & D Systems Ltd.,
Abingdon, UK). This assay measures the incorporation of
biotinylated ADP-ribose onto histone proteins bound to a

96-well plate, detected by streptavidin-conjugated horse-
radish peroxidase, followed by the addition of a horserad-
ish peroxidase substrate. PARP inhibitors were incubated
with the recombinant human PARP enzyme prior to
detection. PARP inhibitors were also added to cells prior
to nuclear extraction to test for abrogation of cellular
PARP activity.

Assay of histone deacetylase activity

HDAC activity was quantified using the HDAC colori-
metric assay kit (Biomol, PA, USA). Color de Lys™ sub-
strate was incubated with nuclear extract from the P39
leukemic cell line or the Hela nuclear extract, provided
with the kit, as a source of HDAC activity. Inhibitors of
HDAC activity were incubated with the nuclear extract
and substrate prior to the colorimetric assay.

Assay of DNA methyltransferase activity

The activities of DNA methyltransferase 1 and DNA
methyltransferase 3b were quantified using a colorimet-
ric assay kit (Epigentek, NY, USA) according to the man-
ufacturer’s instructions. Nuclear extracts of KG-1 and P39
treated with or without 5-aza-2’CdR were prepared.

NAD*/NADH quantification

Total cellular NAD*/NADH levels were assayed using a
colorimetric assay kit (Biovision, CA, USA) according to
the manufacturer’s instructions.

Bisulfite genomic sequencing

DNA was treated with bisulfite using the Epitect con-
version kit (Qiagen, Crawley, UK) and 20 ng were ampli-
fied using specific primers for the CDKN2B (p15) promot-
er. The forward primer sequence, p15F (GGT TIT TTG
GTT TAG TIG AAA A) and reverse primer sequence
p15R (GGT AGT GGT GAA TAT TTT TAA AAT ATT
AGT) would amplify a region of 287 bp, -43 to +243
across the p15 promoter encompassing 30 CpG sites. The
polymerase chain reaction conditions were 94° C for 15
min, then (94°C, 30 sec, 55°C, 30 sec, 72°C 30 sec) for 45
cycles plus extension at 72° C for 10 min. The polymerase
chain reaction product was cloned into the TOPO TA
cloning vector (Invitrogen, Paisley, UK) and, after E. coli
transformation, eight colonies were picked from each
treatment for sequencing.

Evaluation of the effects of drug combinations

The data from cell survival assays used to construct the
dose-response curves were then used to determine the
effects of combinations of drugs. Varying concentrations
of one drug were used with varying concentrations of the
other combination drug at non-cytotoxic or cytotoxic
doses. Calcusyn for Windows (Cambridge, UK) software
for dose-effect analysis was used to determine whether
there were synergistic, additive or antagonistic effects
between drugs in combination.

Results

Myeloid leukemia cells are sensitive to PARP inhibitors
AML and MDS cells are characterized by chromosomal
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instability that is thought to be associated with defects in
DNA repair.”®” We, therefore, investigated the possibility
that these cells might be sensitive to PARP inhibitors by
exposing a panel of exponentially growing leukemia cell
lines to these drugs. When the myelomonocytic/
myelodysplastic cell line, P39, and the acute promyelocyt-
ic leukemic-like cell line, HL60, were exposed to KU, we
observed an accumulation of cells in S phase and an
increase in the Go/M population, features characteristic of

stalled DNA replication and DNA damage (Figure 1A,
n=3). However, while HL60 recovered by 96 h and then
appeared to have a normal cell cycle profile, P39 showed
a sizable sub-G: population (apoptotic index, inset Figure
1A), which suggests continued sensitivity to PARP
inhibitors. Apoptotic responses were also recorded using
100 nM KU (Oanline Supplementary Figure S1A).
Furthermore, using an annexin V marker for apoptosis,
P39 exhibited significant apoptosis by 48 h which contin-
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Figure 1. The effect of PARP inhibitors on
leukemic cells with defective DNA repair.
(A) 1 uM KU was added to cells for 120 h
and the cells were then analyzed by flow
cytometry. The frequency of apoptotic cells
was determined by estimating the cells in
the sub-G: compartment (lower left quad-
rant). The apoptotic index (sub-G: popula-
tion as a fraction of sub-G: + G: popula-
tions) is shown in the right inset. (B) 1 uM
KU was added to P39 for 120 h before the
cells were treated with annexin V-fluores-
cein isothiocyanate (FL-1, X-axis) and pro-
pidium iodide (FL-2, Y-axis). The figures
show the percentages of early and late
apoptotic cells in the population. (C) The
effect of PARP inhibitors on cell survival.
Cell survival was assessed by a soft agar
clonogenic assay in cell lines and trypan
blue exclusion in primary cells. Cells were
continuously exposed to PARP inhibitors.
KU was added at variable concentrations to
human leukemic cell lines, P39, Mutz-3 and
cells from AML patients. 1 uM KU was also
added to cells from AML patients 1-12 con-
tinuously for 5 days and the cells then ana-
lyzed by trypan blue exclusion assay. (D)
Immunostaining of nuclei from leukemic
cells treated with 1 uM KU for 24 h. Cells
were probed for YH2AX-P foci (green stain),
rad51 foci (red stain) and nuclei were
stained with DAPI (blue). The figure shows
the frequency of cells displaying YH2AX-P
foci(%) (black bars) or rad51 foci(%) (diago-
nal bars), as detected by immunofluores-
cence following addition of KU. More than
300 nuclei were counted per experiment,
n=3.
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ued to increase for up to 120 h (Figure 1B, n=3, Table 1).
The clonogenic survival assay revealed that P39 and the
AML cell line, Mutz-3, were very sensitive to KU (Figure
1C, n=3). By contrast, the acute promyelocytic leukemia
cell lines, HL60 and NB4, the chronic myeloid leukemia
transformed to erythroleukemia cell line, K562, the lym-
phoma cell line, Raji, the AML lines, ME-1, OCI-AMLS3,
Kasumi-1, U937, OC-1 and normal peripheral blood lym-
phocytes were insensitive to KU at the same concentra-
tions (Online Supplementary Figure S2A). We next added
PARP inhibitors to a panel of primary cells from AML
patients. We found that two from a total of 12 cell sam-
ples from patients with AML were extremely sensitive to
1 uM KU (Figure 1C) using the trypan blue exclusion
assay to determine cell numbers. Furthermore, sensitivity
to KU in these two AML patients was at least 2-fold
greater than that shown for PARP-sensitive cell lines
(Figure 1C).

Immunocytochemical analysis was used to determine
whether PARP inhibitor sensitivity was attributable to
defective DNA repair by homologous recombination.
The cell lines that were sensitive to PARP inhibitors,
namely P39 and Mutz-3, and the cells from the two PARP
inhibitor-sensitive AML patients demonstrated increased
YH2AX phosphorylation foci compared to PARP
inhibitor-insensitive cells (Figure 1D, Online Supplemen-
tary Figure S1B, p<0.01, n=3). Furthermore, P39, Mutz-3
and the two cell samples from patients with AML also
demonstrated decreased rad51 foci compared to resistant
cell lines and the remaining AML patients’ cells suggest-
ing that the sensitivity to PARP inhibitors was the result
of homologous recombination deficiencies in these cells
(Figure 1D, Online Supplementary Figure S1B; p<0.01,
n=3). In addition, our data also showed that YH2AX phos-
phorylation was significantly increased in all AML
patients’ cells compared to cell lines regardless of their
sensitivity to PARP inhibitor (Figure 1D, Ounline
Supplementary Figure S1B p<0.01, n=3).

The cellular response to the combination of PARP
inhibitors with either 5’-aza-2’-deoxycytidine
or the histone deacetylase inhibitor MS275

We investigated the possibility that PARP inhibitors
might potentiate the cytotoxic responses to DNA methyl-
transferase or HDAC inhibitors, by adding KU in combi-
nation with 5-aza-2’CdR or MS275, respectively. Cells
from AML patient n. 2 (PARP inhibitor-sensitive) were
subjected to a range of 5-aza-2’CdR concentrations added
48 h prior to a non-cytotoxic concentration of KU (5 nM).
Figure 2A shows that addition of KU to 5-aza-2’CdR
added 48 h previously resulted in no potentiation of cyto-
toxicity compared to treatment with 5-aza-2’CdR alone.
Addition of a non-cytotoxic concentration of KU (10 nM)
to P39, HL60 and Mutz-3 also failed to potentiate the
cytotoxicity of 5-aza-2’CdR (Online Supplementary Figure
2B, n=3). Addition of 5-aza-2’CdR 24 h and simultaneous-
ly with KU again failed to potentiate cytotoxicity (Online
Supplementary figure S1C). Similarly, adding a non-cyto-
toxic concentration of 5-aza-2’CdR in combination with
increasing concentrations of KU failed to have a signifi-
cant effect on the cytotoxicity produced by KU alone in
P39, HL60 and Mutz-3 cell lines (Online Supplementary

Figure S2C, n=3). Addition of a non-cytotoxic dose of 5-
aza-2'CdR 24 h and simultaneously with KU again failed
to potentiate cytotoxicity (Online Supplementary Figure
S1D). The combination index (CI) of 5-aza-2’CdR + KU
in P39 cells was between 0.8-1.25, which is suggestive of
an additive effect of KU on 5-aza-2’CdR cytotoxicity
(Table 2, Omnline Supplementary Figure S3A). Similarly,
adding a non-cytotoxic concentration of 5-aza-2’CdR in
combination with increasing concentrations of KU failed
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Figure 2. The effect of a non-cytotoxic concentration of PARP
inhibitor in combination with 5° aza 2’ dCR and/or MS275. (A)
Trypan blue exclusion assays were used to determine cell survival
in cells from patient n. 2 with primary AML. The cells were cultured
with 5 nM KU and varying concentrations of 5’ aza 2’ dCR and/or
MS275 continuously for 5 days. KU + 5’ aza 2’ dCR (dashed line),
5’ aza 2’ dCR alone (crosses and solid line), 5 nM KU + MS275 (tri-
angles), 5’ aza 2’ dCR + KU + MS275 (diamonds), and MS275
alone (squares). (B) Soft agar clonogenic assays were used to
determine cell survival in leukemic cell lines in response to non-
cytotoxic concentrations of PARP inhibitor alone or in combination
with MS275. The cells were exposed continuously for 12-14 days
to 10 nM KU and 250 nM 5’ aza 2’ dCR with varying concentra-
tions of MS275. The figure shows cell survival in the presence of
KU + MS275 (triangles), 5’ aza 2’ dCR + KU + MS275 (diamonds),
and MS275 alone (squares) in P39, HL60, K562 and Mutz-3 cells.
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to have a significant effect on the cytotoxicity produced
by KU alone in P39, HL60 and Mutz-3 cells (Table 2).
Addition of 5 nM KU to increasing concentrations of the
HDAC inhibitor, MS275, potentiated the cytotoxic effects
of MS-275 by 2-fold (Figure 2A, n=3) in the cells from
AML patient n. 2. Non-cytotoxic concentrations of KU (10
nM) also potentiated the cytotoxic effect of MS275 in P39,
HL60, K562 and Mutz-3 cells (Figure 2B, n=3). Non-cyto-
toxic concentrations of KU (10nM) also potentiated the
cytotoxic effect of MS275 in P39, HL60, K562 and Mutz-3
cells (Figure 2B, n=38). The CI for MS275 + a non cytotox-
ic dose of KU was less than 0.5 suggestive of a very strong
synergistic relationship between the two compounds
(table 11, Online Supplementary Figure S3B). Furthermore,
addition of a non-cytotoxic concentration (250 nM) of 5-
aza-2'CdR added 48 h previously, and KU (10 nM) to
MS275 potentiated the cytotoxic response more than the
combination of KU and MS275 in all cell lines studied
(Figure 2B). The CI for MS275 + a non-cytotoxic dose of
KU and 5-aza-2’CdR was less than 0.8, which is sugges-
tive of a synergistic relationship between the three com-
pounds (Table 2, p<0.005, n=3). Similarly, addition of a
non-cytotoxic concentration of 50 nM MS275 (100 nM for
cell lines) in combination with increasing concentrations
of KU, resulted in potentiation of cytotoxicity in myeloid
leukemic cells that were only sensitive to PARP inhibitors
(those from AML patients n. 1 and n. 2 and the P39, and
Mutz-3 cell lines) and not in HL60 cells (PARP inhibitor-
insensitive). (Figures 3A,B, Online Supplementary Figure
S2D, n=3). The CI for KU + a non-cytotoxic dose of
MS275 was less than 0.8, suggesting a synergistic relation-
ship between the two compounds (Table 2, Omnline
Supplementary Figure S3C). Furthermore, a non-cytotoxic

Table 2. Evaluation of synergy. The relationship between drugs in combination
was evaluated using dose-response curves determined through cell survival
assays. Calcusyn software was used to determine the combination index'.

Treatment Mean Combination Inde;
Cell line concentrations

in brackets AML Patient2 P39 Mutz-3 HL60

5aza-2CdR - - - -

5'aza-2CdR + 5 nM 1.0+0.25 0.98+0.06  0.85+0.15  1.1+0.05
(10 nM for cell lines) KU

MS275 - - - -

MS275 + 5 nM 0.52+0.08 0.66+0.1 0.69+0.03  0.75+ 0.1
(10 nM for cell lines) KU

MS275 + 5 nM KU 0.40+0.05 0.56+0.2 0.55+0.15 0.7+ 0.8
(10 nM for cell lines)
+ 200 nM (250 nM for cell
lines) 5'aza-2CdR
KU - - - -
KU + 50 nM (100 nM 0. 55+0.25 0.55+0.5 0.5+0.4 1.1+ 0.1
for cell lines)MS275

KU + 50 nM 0.36 £0.1 0.44+0.4 045+03  0.750.15
(100 nM for cell lines)

MS275 + 200 nM

(250 nM for cell lines) 5’aza-2CdR

!The combination index was interpreted as indicating synergism when values were < 0.8,
antagonism when values were > 1.1 and ‘additive/no interaction when values were between

0.8 and 1.1.°Mean combination index is defined as the mean of the values at varying
concentrations of a drug.

concentration (200 nM, 250nM for cell lines) of 5-aza-
2'CdR added 48 h prior to a combination of KU and
MS275 was able to further potentiate cytotoxicity. The CI
for KU + a non-cytotoxic dose of MS275 and 5-aza-2’CdR
was less than 0.8, suggesting a synergistic relationship
between the three compounds (Table 2, p<0.05, n=3). The
sequence of drug addition also appears to be critical as
addition of 5-aza-2’CdR at the same time or 24 h prior to
KU and MS275 significantly reduced the increase in cyto-
toxicity (Online Supplementary Figure S1E and S1F).

Using bisulfite sequencing we confirmed that the non-
cytotoxic concentration of 5-aza-2’CdR partially induced
promoter demethylation of the p15 gene in KG-1 cells.
However, DNA methyltransferase 1 and 3b activities were
fully abrogated (data not shown). Giemsa staining of P39
cells after 7 days of incubation with KU and MS275
revealed a substantially decreased number of cells and a
significant number of apoptotic cells compared to cells
treated with KU alone (Figure 3C). These results were also
confirmed by annexin V/propidium iodide FACS analysis
(Figure 3D, Table 1) which showed that MS275 signifi-
cantly potentiated PARP inhibitor cytotoxicity in P39 and
Mutz-3 cells (p<0.01, n=3) and addition of a non-cytotox-
ic dose of 5-aza-2’CdR 48 h previously increased the
potentiation  still further p<0.05, n=3). Immuno-
cytochemical analysis also revealed that P39 and Mutz-3
cells demonstrated substantially increased YH2AX phos-
phorylation foci in response to adding a non-cytotoxic
concentration of MS275 (100 nM) in combination with
100 pM KU, compared with those produced in response
to treatment with 100 uM KU alone (Figure 4AB,
»<0.0001). Significantly, a non-cytotoxic concentration of
5-aza-2’CdR in combination with 100 uM KU did not
increase YH2AX phosphorylation foci, compared with
those produced by treatment with 100 uM KU alone
(Figure 4A B, n=3).

PARP inhibitors do not inhibit histone deacetylase
activity directly and the histone deacetylase inhibitor
MS275 does not inhibit PARP activity directly

It was conceivable that the observed potentiation of
MS275 cytotoxicity was due to a direct effect of the PARP
inhibitor on HDAC activity. We, therefore, added increas-
ing concentrations of KU or PJ34 to the HDAC assay. We
observed that even at millimolar concentrations, there
was no inhibition of HDAC activity (Figure 4C, n=3). In
contrast, MS275 and standard inhibitors of HDAC activi-
ty, such as trichostatin A and apicidin, were able to inhib-
it HDAC activity at nanomolar concentrations (Figure 4C).
Potentiation of cytotoxicity was also not attributable to an
inhibition of PARP activity by MS275. This HDAC
inhibitor was only able to modify the PARP enzyme activ-
ity at ten times the concentration used in the combination
experiment (Figure 4D). By contrast, KU was able to abro-
gate recombinant human PARP activity at nanomolar con-
centrations used in the combination experiments. Nuclear
extracts were also prepared from AML patients’ samples
to determine equivalent PARP enzyme activity across
samples. Figure 4D shows that the standard error in PARP
activity between patients’ samples is very low suggesting
there is little difference in PARP enzyme activity between
PARP inhibitor-sensitive and insensitive samples from
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Figure 3. The effect on leukemic cells of the PARP inhibitor, KU, in combination with non-cytotoxic concentrations of 5’-aza-2’-dCR
and/or HDAC inhibitor. (A) The effect of the PARP inhibitor, KU, in combination with the HDAC inhibitor, MS275, and with 5’-aza-2’-dCR
on primary AML cells. KU was added at variable concentrations to cells from AML patient # 2 continuously for 5 days with 50 nM MS275
and 200 nM 5’-aza-2’-dCR or KU alone and the cells were then analyzed by flow cytometry. The apoptotic index (sub-G: population as
a fraction of sub-G: + Gz populations) is shown in the right inset. (B) Trypan blue exclusion assays were used to determine cell survival
in primary AML cells from patient # 2 exposed to KU, MS275 and 5’-aza-2’-dCR. Cells from AML patients # 1 and # 2 were exposed
continuously for 5 days to 50 nM MS275 and 200 nM 5’-aza-2’-dCR with varying concentrations of KU. KU + MS275 (triangles), 5'-aza-
2-dCR + KU + MS275 (diamonds), and KU alone (squares). (C) P39 cells were cultured in 1 uM KU, 1 uM KU + 100 nM MS275 or left
untreated for 7 days. At 7 days cells were cytospun onto slides and stained with May-Griinwald stain. Images were taken at X40 mag-
nification. (D) 1 uM KU, 100 nM MS275 and 250 nM 5’-aza-2CdR were added as indicated to P39 cells for 7 days before the cells were

treated with annexin V-fluorescein isothiocyanate (FL-1, X-axis) and propidium iodide (FL-2, Y-axis).

AML patients (Figure 4D, n=3). There was also a 10-fold
decrease in sensitivity using PARP derived from patients’
samples compared to recombinant PARP enzyme.
Furthermore, total NAD/NADH levels were assayed to
determine whether the level of cellular NAD and NADH
influenced PARP activity. From nuclear extracts prepared
from AML samples we saw that all AML samples demon-
strated equivalent levels of total NAD/NADH (data not
shown).

Discussion

In this report we show, to our knowledge for the first
time, that the PARP inhibitors KU, PJ34 and EB47 exert
specific cytotoxic effects in leukemia cells. Cells from two
patients with AML, the MDS/AML cell line, P39, and the
AML line, Mutz-3, demonstrated abnormal cell cycle pro-
files, increased double-strand DNA damage and subse-
quent apoptosis. The HDAC inhibitor, MS275, was also
able to potentiate the cytotoxicity of the PARP inhibitors,
while addition of 5-aza-2’CdR 48 h prior to MS275 and

KU treatment was able to further potentiate cell killing.
We suggest that PARP inhibitors alone or in combination
with DNA methyltransferase and HDAC inhibitors offer
a viable therapeutic option for the treatment of MDS and
AML.

Patients with MDS and AML are predominantly over
60 years of age and the rates of both treatment-related
mortality and morbidity following intensive chemothera-
py are high; as a consequence, treatment options are often
limited."” Reduced intensity conditioned allogeneic stem
cell transplantation is the only potentially curative treat-
ment, but this is often associated with significant trans-
plant-related mortality and graft-versus-host disease.””
The therapeutic effectiveness of DNA methyltransferase
and HDAC inhibitors in the treatment of MDS and AML
offers hope for patients who are otherwise ineligible for
intensive chemotherapy. Potentially, PARP inhibitors, by
virtue of their selectivity for malignant cells and lack of
toxicity for non-malignant cells, offer attractive options.
Cells from two of 12 AML patient and two of 11
leukemia cell lines were sensitive to the PARP inhibitors,
suggesting that responsiveness to PARP inhibitor therapy
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Figure 4. The effect of PARP and HDAC inhibitors on YH2AX-P foci, as indicators of double-strand DNA break repair. (A) Immunostaining
of nuclei (DAPI stained in blue) from P39 cells treated for 24 h with 1 uM KU (top left panel); 100 nM MS275 (top right panel); 1 uM
KU + 100 nM MS275 (bottom left panel) and 2 ug mitomycin C (MMC) (bottom right panel). Cells were probed for YH2AX-P foci (red
stain). Representative nuclei are shown. (B) Frequency of cells displaying YH2AX-P foci (%), as detected by immunofluorescence, follow-
ing drug addition. More than 300 nuclei were counted per experiment, n=3. C,D PARP inhibitors do not block HDAC enzyme activity, nor
do HDAC inhibitors block PARP enzyme activity. (C) HDAC enzyme activity assays were conducted according to the manufacturer’s
instructions with increasing concentrations of MS275 (red line), trichostatin A (black line), apicidin (blue line) and KU (green line). (D)
PARP enzyme activity assays were conducted according to the manufacturer’s instructions with recombinant PARP enzyme using
increasing concentrations of MS275 (triangles) and KU (squares) or nuclear extracts of patients’ samples (PARP-sensitive and insensi-
tive) as the source of PARP enzyme activity (diamonds, dashed line) and increasing concentrations of KU. PARP activity in the patients’

samples is the mean of the activity in five patients.

is greater in certain subgroups of myeloid leukemia. The
heterogeneity in the degree of cytotoxicity in our cell lines
upon exposure to PARP inhibitors testify to this. For
example, ‘acute promyelocytic-like’ cell lines, NB4 and
HL60, were insensitive to PARP inhibitors, while the most
sensitive cell line was P39, a MDS-derived cell line regard-
ed as less transformed and thus more chemosensitive than
the AML cell lines. In this respect, we saw that primary
cells were significantly more sensitive to PARP inhibitors
than cell lines, suggesting that as the leukemic clone pro-
gresses, it acquires genomic changes that render the cells
less apoptotic and thus more resistant to PARP inhibitors.

AML and MDS are good candidates for PARP inhibitor
therapy, exploiting the defects in DNA repair and chromo-
somal stability in leukemic cells. Chromosomal instability
disorders such as Fanconi’s anemia and Bloom’s syndrome
also have an increased propensity to transform into MDS
and AML.°® The aberrant genes in these syndromes are
components of the homologous recombination pathway
of double-strand DNA break repair. In addition, mutations
in other double-strand DNA break repair components,
such as NBS1, and DNA ligase IV, have also been detected

in leukemia."*" We and others have'®” demonstrated sen-
sitivity to PARP inhibitors in NBS™, and Fanconi’s anemia
deficient cells, FancA™ and FancD2” cells at equivalent
concentrations to those used in our assays and we have
also shown previously that leukemic cells display
increased and error-prone non-homologous end-joining of
double-strand DNA break repair.” Loss of a non-homolo-
gous end-joining factor, DNA-PK, can sensitize cells to
inhibitors of PARP." In these respects leukemic cells are
suitable candidates for PARP inhibitor therapy.

The potentiating effect of KU and the HDAC inhibitor,
MS275, has potential clinical importance, especially given
that MS275 is currently being tested in clinical trials for the
treatment of MDS and AML. HDAC inhibitors have previ-
ously been shown to have synergistic effects with DNA
methyltransferase inhibitors and to induce apoptosis or
differentiation through the re-expression of silent genes."
Inhibition of methylation must occur before reactivation of
gene expression, given that the addition of 5-aza-2’CdR 48
h prior to KU and MS275 significantly enhanced cell death.
Potentiation of PARP inhibitor induced cell death through
the addition of 5-aza-2’CdR and MS275 could be due to

haematologica | 2009; 94(5)

| 645 |



| 646 |

T.J. Gaymes et al.

the re-expression of pro-apoptotic genes. Furthermore,
both PARP and HDAC inhibitors have previously been
shown to potentiate cellular sensitivity to DNA damaging
chemotherapeutic agents” and to irradiation, respective-
ly**" The dramatic increase in YH2AX phosphorylation
upon simultaneous exposure to both PARP and HDAC
inhibitors also points to an inhibition of DNA repair by
HDAC inhibitors. We have previously shown that HDAC
inhibitors cause S-phase specific, excessive DNA damage
in leukemic cells,”” while other groups have shown that
HDAC inhibitors radiosensitize tumor cells by suppressing
DNA repair.” Thus HDAC activity should be considered
an essential component of the cellular response to certain
types of DNA damage.

The therapeutic approach offered by the use of PARP
inhibitors is exciting, exploiting a specific deficiency in
leukemic cells. Targeted therapy of this type obviates the
side-effects associated with standard chemotherapy. At
least five PARP inhibitors have already entered clinical tri-
als for the treatment of solid tumors.” Initial reports have
suggested that there is very little toxicity associated with

these drugs alone or in combination with temozolomide.”
Moreover, PARP inhibitors in combination therapy could
reduce the nephrotoxocity associated with cisplatin.”
Further insights into PARP sensitivity would also delineate
distinct subgroups of leukemia that are responsive to treat-
ment. Thus, understanding the basic cellular and molecular
biology of leukemia is vital to the development of methods
of treatment based on therapies targeting genetic lesions in
MDS and AML. Our data support the feasibility of phase I
clinical trials involving PARP inhibitors alone and in with

combination HDAC inhibitors in AML and high-risk MDS.
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