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ABSTRACT

The therapeutic efficacy of histone deacetylase inhibitors (HDACi) for
hematologic malignancies and solid tumors is attributed to their ability to remodel
chromatin, normalize dysregulated gene expression, and inhibit repair of damaged
DNA. Studies on the interactions of HDACi with PARP inhibitors in hematologic cancers
are limited, especially when combined with chemotherapeutic agents. Exposure of
hematologic cancer cell lines and patient-derived cell samples to various HDACi
resulted in a significant caspase-independent inhibition of protein PARylation, mainly
catalyzed by PARP1. HDACi affected the expression of PARP1 at the transcription
and/or post-translation levels in a cell line-dependent manner. HDACi-mediated
inhibition of PARylation correlated with decreased levels and phosphorylation of
major proteins involved in DNA repair. Combination of HDAC and PARP1 inhibitors
provided synergistic cytotoxicity, which was further enhanced when combined with
a chemotherapeutic regimen containing gemcitabine, busulfan and melphalan as
observed in lymphoma cell lines. Our results indicate that the anti-tumor efficacy of
HDACI is partly due to down-regulation of PARylation, which negatively affects the
status of DNA repair proteins. This repair inhibition, combined with the high levels
of oxidative and DNA replication stress characteristic of cancer cells, could have
conferred these hematologic cancer cells not only with a high sensitivity to HDACi but
also with a heightened dependence on PARP and therefore with extreme sensitivity
to combined HDACi/PARPi treatment and, by extension, to their combination with
conventional DNA-damaging chemotherapeutic agents. The observed synergism of
these drugs could have a major significance in improving treatment of these cancers.

INTRODUCTION

Histone acetylation is an epigenetic modification,
catalyzed by histone acetyltransferases, where positively
charged lysine residues at the N-terminal tails of
histones are acetylated, consequently decreasing their
interactions with the negatively charged DNA and
relaxing the chromatin structure. Relaxed chromatin
is generally associated with increased transcriptional

activation [1]. This process is reversed by histone
deacetylases (HDACs) which catalyze the removal of the
acetyl group resulting in a transcriptionally deactivated
condensed chromatin. The dynamic process of histone
acetylation/deacetylation may also cause structural
changes in distant locations in the chromosome and
contribute to a more global effect on gene expression
and other cellular processes including DNA replication
and cell division [2].
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Overexpression of HDACs has been associated with
tumorigenesis by down-regulation of tumor suppressor
genes [3, 4]; hence, HDAC inhibitors (HDAC:i) including
vorinostat (SAHA), romidepsin (Rom), panobinostat
(Pano) and belinostat have been approved by the United
States Food and Drug Administration for the treatment of
hematologic and other malignancies [5]. These inhibitors
restore appropriate gene expression, resulting in induction
of cell differentiation, cell cycle arrest and apoptosis [6].
Despite their preclinical efficacy, HDACi do not seem
to be clinically highly effective as monotherapy, and
potentially more effective anti-tumor activity is observed
when they are combined with other anti-cancer drugs [7—
9]. In this context, the differential effects of HDACi on the
expression of cellular drug transporters must be considered
before applying them in combination chemotherapy; e.g.,
they are known to decrease the level of MRP1 protein and
increase MDR1 in human hematologic cancer cell lines
[10]. Such mechanisms may explain the lack of clinical
efficacy when Rom is combined with MDR1 ligands such
as doxorubicin or vincristine [11].

The efficacy of HDACi in combination chemotherapy
may also be attributed to their ability to induce DNA double-
strand breaks (DSBs); in fact, HDACi-mediated changes
in chromatin structure directly activate the DNA damage
response [12, 13]. HDAC:I affect the acetylation status of
proteins involved in different DNA repair mechanisms and
may have an impact on the genomic instability of cancer

cells [14]. Despite the numerous studies on the effects of
HDACI on genomic integrity, and their interactions with
poly(ADP ribose) polymerase (PARP) inhibitors (PARP1)
in solid tumors [15-19], analysis of their direct effects on
protein poly(ADP-ribosyl)ation (PARylation), which is
critical for DNA repair, warrants a more thorough study
in hematologic cancers. PARylation is catalyzed by PARP
enzymes which bind to DNA breaks, self-ribosylate, and
recruit and PARylate DNA repair proteins [20].

In this study, we show that HDACi inhibit protein
PARylation and exhibit synergistic cytotoxicity with
PARPi and DNA damaging agents in various hematologic
cancer cell lines and patient-derived cell samples. The
results provide another level of mechanistic insight into
the previously reported observations on the HDACI-
mediated inhibition of DNA repair in hematologic cancers
and its exploitation for therapeutic purposes.

RESULTS

HDAC: inhibit protein PARylation in various
hematologic cancer cell lines

We initially determined the ~IC,, of SAHA/
vorinostat, Pano, Rom and trichostatin A (TSA) in the
MV4-11 acute myeloid leukemia (AML) cell line based
on cell proliferation (MTT) and apoptosis (Annexin V)
assays (Figure 1A). It was apparent that all four HDACi
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Figure 1: Cytotoxicity of various HDAC inhibitors and their effects on protein poly(ADP-ribosyl)ation and other
modifications. MV4-11 AML cell line was exposed to two different concentrations of the HDAC inhibitors SAHA (Vorinostat),
panobinostat (Pano), romidepsin (Rom) and trichostatin A (TSA) for 48 h and analyzed for cell proliferation and activation of apoptosis by
MTT and Annexin V (AnnV) assays, respectively (A), and for protein modifications (B). Different cell lines were exposed to romidepsin
(Rom, close to IC50) for 48 h and analyzed for poly(ADP-ribosyl)ation by Western blotting (C). The PAR antibody recognized PARylated

proteins with 2 to 50 poly(ADP)ribose units.
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inhibited cell proliferation and induced apoptosis over
a wide range of drug concentrations (Figure 1A). We
then determined the effect of these inhibitors at ~IC,
concentrations on histone acetylation and on the status of
total protein PARylation in MV4-11 cells (Figure 1B). Of
the four HDAC: used in this study, Rom (at nM range)
was the most efficacious in inhibiting both deacetylation
of histone 3 at residue lysine 9 and protein PARylation,
followed by SAHA (Figure 1B). All four HDACi down-
regulated the level of PARP1 and caused slight cleavage
of the enzyme, although a significant level of full-length
PARP1 was still present; the DNA damage response was
also activated as indicated by increased phosphorylation
of H2AX (Figure 1B). The HDACi-mediated inhibition
of PARylation by Rom was also observed in PEER (T-cell
acute lymphoblastic leukemia: T-ALL), Toledo (diffuse
large B-cell lymphoma), and RPMI8226 (multiple
myeloma) cells, suggesting a universal effect across
various hematologic cancer cell lines (Figure 1C).

We then focused on PEER, the most sensitive cell
line to Rom in terms of PARylation inhibition (Figure 1C).

A

Again, MTT and Annexin V assays were used to determine
the IC, values of Rom and SAHA in the PEER cell line
(Figure 2A). Using these concentrations, Rom and SAHA
strongly inhibited PARylation (both by Western blot and
ELISA), and caused acetylation of histone 3, NFkB and
a-tubulin (Figure 2B, 2C). Rom substantially decreased
the level of the histone deacetylases HDAC6 and
SIRT7 whereas SAHA had minimal effects (Figure 2B).
Figure 2D shows the kinetics of PARylation inhibition,
histone acetylation, and level of poly(ADP-ribose)
glycohydrolase (PARG), the major enzyme that removes
poly(AD-Pribose), for both Rom and SAHA. Inhibition
of PARylation, which occurred after 4-h drug exposure,
preceded the acetylation of histone 3 at K9. The level of
PARG enzyme decreased after 48-h exposure (Figure 2D).

Inhibition of protein PARylation is caspase-
independent

HDAC: activate Caspase 3 [21] and may lead to
cleavage of PARP1 [22]. This cascade of events may
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Figure 2: Comparison of the effects of romidepsin (Rom) and SAHA on protein poly(ADP-ribosyl)ation in the PEER
T-cell leukemia cell line. Cells were exposed to the indicated drug concentrations for 48 h and analyzed by the MTT and Annexin V
(AnnV) assays (A). The levels of poly(ADP-ribosyl)ation were determined by Western blotting (B) and ELISA (C). Protein levels and

modifications were determined at various time points (D).
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contribute to the observed inhibition of PARylation. To
determine if HDACi-mediated inhibition of PARylation is
caspase-dependent, PEER cells were exposed to various
concentrations of Rom in the absence or presence of 40
uM Z-VAD-FMK, a pan caspase inhibitor. Z-VAD-FMK
decreased the proportion of Annexin V-positive cells due
to Rom treatment (Figure 3A) and inhibited the cleavage
of Caspase 3 (Figure 3B), but it did not relieve the Rom-
mediated inhibition of PARylation (Figure 3B). These
results indicate that the observed inhibition of PARylation
due to Rom does not depend on Caspase 3 activity.

HDAC: inhibit protein PARylation in patient-
derived cell samples

To determine the potential clinical significance
of our observations, we determined the effects of Rom
and SAHA on cell samples derived from three leukemia
patients (Figure 4A). The two HDACi induced acetylation
of histone 3 at lysine 9 as expected (Figure 4B) and
strongly inhibited global protein PARylation as evidenced
both by Western blot analysis and ELISA (Figure 4B, 4C).

The effect of HDACi on PARylation is mediated
through PARP1

To determine if the PARylation of proteins that
is inhibited by HDACIi is catalyzed by PARPI, the
expression of the enzyme was knocked-down using
shRNA lentivirus. A quantitative RT-PCR analysis
showed decreased expression of PARP1 in two shRNA
clones, Sh-3 and Sh-4 (Figure 5A). These two clones

A

B

exhibited slight resistance to Rom; the IC_ values for
the parental B5/Bu cells and vector-transduced cells
were ~5—6 nM Rom and >7 nM Rom for the two shRNA
clones (Figure 5B). Western blot analysis confirmed the
down-regulation of PARP1 expression in the shRNA
clones without a significant effect on PARP2 protein
level (Figure 5C). PARylation in the PARP1-shRNA
knockdown clones was remarkably low in the untreated
control and abrogated by treatment with Rom, suggesting
that PARP1 catalyzes the PARylation that is inhibited by
HDAC:.

HDAC: inhibit PARP1 at the transcription level

Epigenetic changes caused by HDACi are
typically associated with alterations in gene expression
[3, 4]. We, therefore, determined if HDACi affected
the transcription of the PARPI gene. Cells from PEER,
MV4-11 and MOLMI13 cultures that were exposed to
Rom and SAHA all showed inhibition of PARylation by
Western blotting (Figure 6A). Partial cleavage of PARP1
in PEER and MV4-11 cells was observed after exposure
to Rom and SAHA, but not in MOLM13 cells (Figure
6A). At equi-cytotoxic concentrations of each HDAC
inhibitor in the three cell lines, quantitative RT-PCR
analysis showed inhibition of PARPI gene transcription
by both Rom and SAHA in PEER cells but not in MV4-
11 and MOLMI3 cells, suggesting that the effects
of HDACi on PARPI gene transcription are cell line-
dependent (Figure 6B). On the other hand, the PARPi
Olaparib (Ola), which inhibits PARP1 primarily at the
protein level by binding to and inhibiting the active

~J
o

%
=)
S

o
o

+Z-VAD-FMK

1n 12 1

=
o

N
(—]

Ann V-positive cells,
oo
>

—_
o

.i||‘
3
S 1n n u
¢

[Rom], nM

& —
[Rom],nM ¢ 11 12 14 11 12 14

N
L
+Z-VAD-FMK

-‘.E W%  PAR

o—
— -
—

IR

O S e o= = @ =@ PARP1

i — - - -

Cleaved Casp 3

D D e ey e e (-ACTIN

Figure 3: The inhibition of poly(ADP-ribosyl)ation is caspase independent. PEER cells were exposed to the indicated
concentrations of romidepsin (Rom) with or without caspase inhibitor Z-VAD-FMK for 48 h prior to Annexin V (AnnV) (A) and Western

blot (B) analyses. Abbreviation: Casp: Caspase.
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A Characteristics of patients whose cell samples were used in the study

Patient | Age, yrs [ Gender| Race Diagnosis Cytogenetics

1 63 Male | Hispanic [T-cell prolymphocytic leukemia (45 xv,i(8)(q10),add(12)(q24.3),inv(14)(q11.2432),add(15)(p11.2),der(17;22)(q10;q410) [ 10]/46,XY[10]
68~85<3n>XXY,+X,+Y,+1,add(1)(p36.1),add(1)(q32),add(4)(q31),5,+6,+6,del(6)(q21)x2,+7,+7,+8,

2 19 | Female| Black |Mixed phenotype acute leukemia Jas,xx,-9,-15 del(16)(p11.2p12.2),+der(2)t(2:9)(2:32)[10)/45,idem,add(17)(q25)(10]
3 45 Female [Caucasian|Acute myeloid leukemia Not determined
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and Sh-4) were analyzed for expression of PARP1 by RT-PCR (A) and Western blotting (B). Cells were exposed to romidepsin (Rom) and
analyzed by MTT and Annexin V (Ann V) assays (C). The numbers on the left side of panel B refer to the molecular weight markers (kDa).
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catalytic site [23], strongly inhibited PARylation in these
cell lines (Figure 6C) but did not affect the transcription
of the PARPI gene (Figure 6D).

HDACi down-regulate proteins involved in DNA
repair

PARylation and acetylation are known to occur in
some proteins involved in DNA repair [20, 24]. These
post-translational modifications affect the stability of the
proteins as previously shown for UHFR1 and BRCA1
[15, 19]. We, therefore, examined the effects of Rom and
SAHA on their levels (total and phosphorylated) in the
PEER and MV4-11 cell lines. While minimal changes
were observed for ATM (which functions in DNA DSB
repair), the level and phosphorylation of BRCA1 (which
functions in homologous recombination (HR) repair)
greatly decreased; the level of DNA ligase 1 (which
functions in base excision repair and DNA replication)
also significantly decreased (Figure 7).

ATRX is a chromatin remodeling protein involved
in HR [25]. Both Rom and SAHA decreased the level of
ATRX in PEER and MV4-11 cells with minimal effects
on other HR proteins including Rad51AP, BRCA2 and
RPA70 (Figure 7).

While the level of the non-homologous end
joining (NHEJ) repair protein DNA-PKcs decreased in
cells exposed to Rom and SAHA, its phosphorylation
at serine 2056 remarkably increased; the levels of other
NHEJ proteins - Artemis and Ku80 - slightly decreased
(Figure 7).

The NuRD complex is involved in chromatin
remodeling and deacetylation processes [26] and plays
a key role in the cellular DNA damage response by
regulating DNA damage signaling and repair events [27].
The levels of the CHD3, CHD4, and MTA1 subunits of
NuRD decreased in both cell lines exposed to Rom and
SAHA; the RBAP46 subunit decreased in MV4-11 but not
in PEER cells and the HDACI subunit was obliterated in
PEER cells but was unchanged in MV4-11 cells (Figure
7). HDAC2 was not affected by Rom or SAHA in either
cell line.

HDAC: provide synergistic cytotoxicity with
PARP inhibitors in hematologic cancer cells

The observed inhibition of PARylation mediated
by HDAC: highlights the strong potential for PARP and
HDAC inhibitors to exhibit a synergistic activity in these
hematologic cancer cell lines, as reported previously in

Mv4-11 MOLM13

.”--—— e = PARP1

AcH3K9

B-ACTIN

Cleaved Casp 3

Fold change in RNA

o
o

PARP1 RNA with Rom and SAHA, 48 h

Control 11nM 4um Control 4.7nM 0.9 uM Control 4.5nM 1.3uM
Rom  SAHA Rom SAHA Rom  SAHA

PEER Mv4-11 MOLM13

18

1.6

B
N

-

4
o

°

FS

o
N

o

PEER
24 30

4-

=Y
[y

MOLM13
24 30
-

NS
s <

- Control
w
o

* control

PAR

)

W
W apgw e — -~ = = PARP1
. - -

Vo ey EDemvEIEDET  B-ACTIN

« Cleaved Casp 3

Fold change in RNA

PARP1 RNA with Olaparib, 48 h

Control 24 uM 30 uM
Ola Ola

PEER

0
Control 24 pM 30 uM
Ola Ola

MV4-11

Control 24 pM 30 uM
Ola Ola

MoLm13

Figure 6: Effects of HDAC and PARP inhibitors on the transcription of the PARP1 gene. Cells were exposed to either
romidepsin (Rom) or SAHA and the expression of PARP1 was analyzed by Western blotting (A) and RT-PCR (B). Cells were exposed to
the indicated concentrations of olaparib (Ola) for 48 h and analyzed by Western blotting (C) and RT-PCR (D). Abbreviation: Casp: Caspase.

www.oncotarget.com

1127

Oncotarget



cell lines derived from various types of human cancer
[15-19, 28]. Cells were exposed to HDACi and PARPi,
individually or in combination, and their effects on
apoptosis (level of Ann V-positive cells and cleavage of
Caspase 3) were determined. Exposure of MV4-11 and
MOLM13 cells to individual HDACi (Rom, SAHA)
or PARPi (Ola, niraparib (Npb)) slightly increased the
proportion of Ann V-positive cells (Figure 8A) and
cleavage of Caspase 3 (Figure 8B). These effects were
significantly increased when the two classes of drugs
were combined. Similar effects were observed for
PARP1 cleavage and histone acetylation (Figure 8B). The

calculated combination indexes for all drug combinations
were less than 1.0, suggesting synergistic cytotoxicity
(Figure 8C).

Efficacy of combining HDAC and PARP inhibitors
with chemotherapy drugs in lymphoma cells

Both pre-clinical and clinical studies in our
laboratory showed the efficacy of combined gemcitabine
(Gem), busulfan (Bu) and melphalan (Mel) in inhibiting
the proliferation of lymphoma cells [29, 30]. We sought
to determine if addition of [HDACi + PARPi] to these
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chemotherapy drugs would enhance their cytotoxicity.
Using drug concentrations close to their IC , values, the
combination of Gem, Bu, Mel, SAHA and Ola inhibited
cell proliferation by ~55% and ~65% relative to the
control in Toledo and J45.01 lymphoma cells, respectively,
and Ann V-positivity increased to 60% and 85% (Figure
9A). As with the previously described cell lines, SAHA
(HDAC:) and Ola (PARP1i) inhibited PARylation in these
two lymphoma cell line models and their combination
with Gem, Bu, and Mel did not affect this inhibition
as shown by ELISA and Western blotting (Figure 9B,
9C). The 5-drug combination had more dramatic effects

on the cleavages of PARPI and Caspase 3 and on the
phosphorylation of H2AX compared with the individual
drugs or the [Gem+Bu+Mel] combination (Figure 9C).
These results indicate a potential synergy in the efficacy
of combining chemotherapy drugs with [HDACi+PARPi]
for inhibition of lymphoma cell proliferation.

DISCUSSION

The antitumor efficacy of HDAC! involves several
mechanisms that revolve around epigenetic regulation of
gene expression by remodeling chromatin. The present
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study reports the HDACi-mediated inhibition of protein
PARylation in hematologic cancer cell lines, which
correlates with decreased levels and phosphorylation
of major proteins involved in DNA repair. Such down-
regulation of PARylation is seen across different
hematologic cancer cell lines and also in patient-derived
leukemic cell samples. This observation is consistent with
the synergism of HDACi with agents that inhibit PARP1,
the enzyme that catalyzes this PARylation.

Our study suggests that the observed HDACI-
mediated inhibition of PARylation mainly involves PARP1
in our cell line models. Depletion of PARP1 using shRNA
resulted in abrogation of protein PARylation, suggesting
that PARP1 is the major enzyme that catalyzes PARylation,
consistent with previous reports [31]. HDACi down-

regulated the transcription of the PARPI gene in the PEER
cell line but not in MV4-11 or MOLM13 cells (Figure 6B),
suggesting that the effects on transcription are cell-context
dependent. Exposure of cells to HDAC: slightly decreased
the level of PARP1 protein and caused its partial cleavage
(Figures 1B, 5B, 6A), but such effects did not correlate
with the significant decrease in PARylation observed in
the same cells. This HDACi-mediated down-regulation
of PARP1 is consistent with our previous clinical
observations where isolated cell samples from patients
treated with vorinostat/SAHA, Gem, Bu and Mel showed
a marked decrease in the level of PARP1 protein [32].
PARylation of chromatin factors such as histones,
topoisomerases and DNA repair proteins plays a critical
role in the DNA damage response by modulating their
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Figure 9: HDAC and PARP inhibitors enhance the cytotoxicity of nucleoside analog-alkylating agents in combination.
Cells were exposed to drugs, individually or in combination, for 48 h and analyzed for proliferation (MTT assay) and activation of apoptosis
(Annexin V (Ann V) assay) (A). The level of poly(ADP-ribosyl)ation was determined by ELISA (B). Western blotting was used to determine
changes in the levels of PARylated proteins, PARP1 and Caspase 3 (Casp 3) cleavages, and y-H2AX (C). Abbreviations: Gem: gemcitabine;

Bu: busulfan; Mel: melphalan; Ola: olaparib; SAHA: vorinostat.
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localization, stability and activity [33, 34]. Our results
show that the observed HDACi-mediated inhibition
of PARylation correlates with changes in the status of
proteins involved in DSB repair (HR, NHEJ) and the
NuRD complex (Figure 7). HDACi are known to target
DSB repair by regulating the acetylation status of key HR
and NHEJ proteins [35].

There are other mechanisms through which HDACi
may inhibit DNA repair. Exposure of HuT 78 cutaneous
T-lymphocyte and LOX-IMVI melanoma cell lines to
Rom resulted in chromatin hyperacetylation and caused
accumulation of DNA-RNA hybrids (R-loops) which
repressed transcription of genes involved in DNA repair
and consequently provoked and amplified single-stranded
DNA damage leading to cell death [36]. The selective
HDACI1/2 inhibitor Entinostat inhibits HR repair by
reducing BRCA1 expression and stalling replication
fork progression, leading to irreparable DNA damage
and ultimate cell death [37]. A recent study showed that
HDAC: sensitize HR-proficient human ovarian cancer
cells to PARP inhibitors [38], and although the authors
showed that Pano+Ola combination decreased cell
viability and HR repair and enhanced DNA damage, the
effects on PARylation were not determined.

At concentrations of HDACi that mediate partial
inhibition of PARylation, it is intuitive that addition
of PARP inhibitor would at least provide an additive
cytotoxicity. Indeed, combination of HDAC and PARP
inhibitors resulted in synergistic cytotoxicity in the
hematologic cancer cell lines studied here (Figure 8). It is
possible that HDACi increase the acetylation of proteins
which consequently blocks their ADP-ribosylation, as has
been shown for histone H3 [20]. Moreover, combination
of HDACi and PARPi have been shown to cause PARP1
trapping to chromatin and could have resulted in the
inhibition of its enzymatic activity [39]. The observed
HDACi-mediated down-regulation of key DNA repair
proteins (Figure 7) combined with the high levels of
oxidative and replication stress characteristic of many
human cancers could have made these cancer cells not
only very sensitive to HDACi via DNA repair inhibition
but also highly dependent on PARP and therefore
extremely sensitive to combined HDACi/PARPi treatment.

The synergistic effect of HDACi and PARPi and
the implied magnified inhibition of DNA repair also
provides a platform for combining these inhibitors
with chemotherapeutic agents as previously shown
for triple negative breast cancers when such inhibitors
were combined with cisplatin [15]. Our results show
that combination of [Ola+SAHA] with [Gem+Bu+Mel]
efficiently inhibited cell proliferation and activated
apoptosis in lymphoma cell line models (Figure 9). The
cytotoxicity of the [HDACi+PARPi+Gem+Bu+Mel]
combination might be mediated in part at the level of the
initial DNA damage invoked by the nucleoside analog
and two DNA alkylating agents, as we previously showed

[29]. Repair of the damaged DNA is known to require
the initial binding of PARP1 at the damage sites [40],
which poly(ADP-ribosyl)ates itself, histones and certain
chromatin-associated proteins; the PARylated complex
facilitates chromatin remodeling and provides a scaffold
for recruitment of the DNA repair machinery [41]. This
process could be abrogated by the combined effects of
HDACI and PARPi through inhibition of PARylation.
These results are consistent with the clinical efficacy of
[SAHA/vorinostat+Gem+Bu+Mel] with autologous stem
cell transplantation in patients with refractory lymphomas
[32], which may also be partly due to SAHA-mediated
inhibition of PARylation and down-regulation of MRP1
protein, a transporter for Bu and Mel [10].

A possible clinical efficacy of
[HDACi+PARPi+Gem+Bu+Mel] combination was
demonstrated by our preliminary results, which showed
an inhibition of PARylation in mononuclear cells obtained
from lymphoma patients enrolled in our ongoing clinical
trial (data not shown). A detailed report on this study will
be presented in a separate manuscript.

In conclusion, our results provide a molecular
explanation for the HDACi-mediated inhibition of
DNA repair in hematologic cancer cells and support
the combinatorial application of HDACi, PARPi and
chemotherapeutic agents for the treatment of hematologic
malignancies.

MATERIALS AND METHODS

Cell lines and drugs

The MV4-11 and MOLM13 AML cell lines were
kindly provided by Dr. Michael Andreeft’s laboratory
(University of Texas MD Anderson Cancer Center,
Houston, TX, USA). PEER (from Dr. Guillermo Garcia-
Manero’s laboratory, University of Texas MD Anderson
Cancer Center) is an established cell line originally
isolated from patients with T-cell acute lymphoblastic
leukemia. The busulfan-resistant KBM7/B5/Bu250°
chronic myeloid leukemia (CML) cell line was established
in our laboratory as described previously [42]. The two
lymphoma cell line models J45.01 and Toledo, and the
RPMI8226 multiple myeloma cell line, were purchased
from the American Type Culture Collection (Manassas,
VA, USA). Cells were grown in Roswell Park Memorial
Institute medium 1640 (Mediatech, Manassas, VA, USA)
supplemented with 10% heat-inactivated fetal bovine
serum (FBS: Gemini Bio-products, West Sacramento,
CA, USA) and 100 IU/mL penicillin and 100 pg/mL
streptomycin (Mediatech) at 37°C in a humidified
atmosphere of 5% CO, in air.

The following drugs were purchased from Selleck
Chemicals (Houston, TX, USA): suberoylanilide
hydroxamic acid (SAHA or Vorinostat), panobinostat
(Pano), romidepsin (Rom), trichostatin A (TSA), olaparib
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(Ola), niraparib (Npb), gemcitabine (Gem) and Z-VAD-
FMK. The stock solutions of all drugs including busulfan
and melphalan (Sigma-Aldrich, St. Louis, MO, USA)
were prepared in dimethyl sulfoxide (DMSO). The
final concentration of DMSO in all experiments did not
exceed 0.08% by volume, a level that does not induce
differentiation of these cell lines.

Patient samples

Mononuclear cells were purified from patient-
derived cell samples using lymphocyte separation medium
(Mediatech) and incubated in suspension in Roswell Park
Memorial Institute 1640 medium as described above. The
samples were obtained after obtaining written informed
consent, and all studies using these patient samples were
performed under a protocol approved by the Institutional
Review Board of the University of Texas MD Anderson
Cancer Center, in accordance with the Declaration of
Helsinki.

Cell proliferation and cell death assays

Cell proliferation was determined using the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl  tetrazolium
bromide (MTT) assay. The inhibition of cell proliferation
after 48-h drug exposure was determined relative to the
control cells exposed to solvent alone. The IC, value (the
concentration of drug that inhibited 50% proliferation) was
calculated using the CalcuSyn software (Biosoft, Ferguson,
MO, USA). Cell death was determined by flow cytometric
measurements of phosphatidylserine externalization with
Annexin-V-FLUOS (Roche Diagnostics, Indianapolis,
IN, USA) and 7-aminoactinomycin D (BD Biosciences,
San Jose, CA, USA) using a Muse Cell Analyzer
(MilliporeSigma, St. Louis, MO, USA).

Drug combination effects were estimated based on
the combination index (CI) values calculated using the
CalcuSyn software (Biosoft). This program was developed
based on the median-effect method: CI < 1 indicates
synergy, CI = 1 is additive, and CI > 1 suggests antagonism.

Western blot analysis

Cells were exposed continuously to drug(s)
for 48 h, harvested and washed with cold phosphate-
buffered saline. Cells were lysed with lysis buffer
(Cell Signaling Technology, Danvers, MA, USA).
Total protein concentrations in the cell lysates were
determined using a BCA Protein Assay kit (Thermo
Fisher Scientific, Rockford, IL, USA). Western blot
analysis was done by separating protein extracts on
polyacrylamide-SDS gels and blotting onto nitrocellulose
membranes (Bio-Rad, Hercules, CA, USA). Immunoblot
analyses by chemiluminescence were done using the
Immobilon Western Chemiluminescent HRP Substrate

(MilliporeSigma). The sources of the antibodies and their
optimum dilutions are available upon request. The B-actin
protein was used as an internal control.

Determination of the level of poly(ADP-ribosyl)
ation

The levels of total PARylated proteins were
determined by Western blot analysis (as described above)
and enzyme-linked immunosorbent assay (ELISA) using
the poly(ADP-Ribose) ELISA kit from Cell Biolabs,
Inc. (San Diego, CA, USA). The monoclonal anti-PAR
antibody used for Western blotting was obtained from
R&D Systems, Inc. (Minneapolis, MN, USA). The
antibody is specific for PAR polymers 2 to 50 units long,
but does not recognize structurally related RNA, DNA,
ADP-ribose monomers, NAD, or other nucleic acid
monomers.

shRNA lentiviral particle transduction

Control vector (sc-108080) and PARP1 (sc-29437-v)
shRNA lentiviral particles were purchased from Santa Cruz
Biotechnology, Inc. (Dallas, TX, USA). In a 96-well plate,
KBM7/B5/Bu250¢ cells (5 x 10° cells in 50 pl medium)
were mixed with 50 pl viral suspension and Polybrene at a
final concentration of 5 pg/ml. The plate was centrifuged
at 2000 x g for 90 min at 30°C. Complete medium (150 pl)
was added per well and incubated at 37°C, 5% CO, for 3
h. The cells were then washed with the medium twice and
resuspended in 3 ml medium in a 6-well plate. After 24-h
incubation, cells were centrifuged and resuspended in 6
ml medium and transferred to a T25 flask for another 24-h
incubation. Selection was started with 4 pg/ml puromycin,
which was gradually increased to 5 and 6 pg/ml at 3-day
intervals. Stable clones were purified by serial dilution
in the presence of 6 pg/ml puromycin and analyzed for
decreased expression of PARP1 by Western blotting.

Quantitative real-time PCR

Real-time PCR was used to determine the level of
expression of PARP1. Total RNA was extracted from
cells exposed to the indicated drug(s) for 48 h using the
RNeasy Mini Kit (QIAGEN, Valencia, CA, USA) and
used for complementary DNA synthesis using the High
Capacity Reverse Transcription kit (Applied Biosystems,
Foster City, CA, USA). Quantitative real-time PCR was
done using TagMan™ Gene Expression Assays for GAPDH
(Hs02786624 ¢1) and PARP1 (Hs00911377 g1) and
the TagMan™ Fast Advanced Master Mix from Applied
Biosystems. The amplification method included initial
heating at 95°C for 2 min, followed by 40 cycles of 95°C
for 3 sec and annealing temperature of 60°C for 32 sec using
the 7500 Real Time PCR System (Applied Biosystems).
The quantification of gene expression was carried out by
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comparative CT methodology using the GAPDH gene as
an internal control. Fold-change in the level of PARP1
expression was calculated using the 2744“T method, where
AAC = (C C (C -C

TPARPI T,GAPDH)drng_ T,PARP1 T,GAPDH)Comml'

Statistical analysis

Results are presented as the mean + s.d. of at least
three independent experiments and statistical analysis was
performed using a Student’s paired ¢-test with a two-tailed
distribution.

Abbreviations

AML: acute myeloid leukemia; Ann V: annexin
V; Bu: busulfan; CI: combination index; CML: chronic
myeloid leukemia; CT: threshold cycle; DMSO:
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phosphorylated histone 2AX; Gem: gemcitabine; h:
hour/hours; HDACi: histone deacetylase inhibitor;
HR: homologous recombination; Mel: melphalan; min:
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