www.oncotarget.com

Oncotarget, 2020, Vol. 11, (No. 37), pp: 3432-3442
Research Paper

ATM inhibition overcomes resistance to histone deacetylase
inhibitor due to p21 induction and cell cycle arrest
Luigi Scotto1, Xavier J. Serrano1, Kelly Zullo1, Cristina Kinahan1, Changchun
Deng1,2, Ahmed Sawas2, Susan Bates3 and Owen A. O’Connor1,2
1

Division of Experimental Therapeutics, Department of Medicine, Columbia University Medical Center, New York, NY, USA

2

Center for Lymphoid Malignancies, Department of Medicine, Columbia University Medical Center, New York, NY, USA

3

Division of Hematology and Oncology, Department of Medicine, Columbia University Medical Center, New York, NY, USA

Correspondence to: Owen A. O'Connor, email: owenaoconnor@gmail.com
Keywords: lymphoma; HDAC inhibitor; ATM inhibitor; p21; cell cycle
Received: March 14, 2020

Accepted: June 20, 2020

Published: September 15, 2020

Copyright: © 2020 Scotto et al. This is an open access article distributed under the terms of the Creative Commons Attribution License (CC
BY 3.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

ABSTRACT
The antiproliferative effect induced by histone deactylase inhibitors (HDACi) is
associated with the up-regulated expression of the cyclin-dependent kinase inhibitor
p21. Paradoxically, the increased expression of p21 correlates with a reduced cell
killing to the drug. The direct targeting of p21 is not feasible. An alternate approach
could selectively target factors upstream or downstream of p21 that affect one or more
specific aspects of p21 function. HDAC inhibitors appear to activate p21 expression via
ataxia telangiectasia mutated (ATM) activity. KU60019, a specific ATM inhibitor, has
shown to decrease the p21 protein levels in a concentration dependent manner. We
explored the potential synergistic interaction of the ATM inhibitor with romidepsin,
given the potential complementary impact around p21. A synergistic cytotoxic effect
was observed in all lymphoma cell lines examined when the HDACi was combined
with KU60019. The increase in apoptosis correlates with decreased expression of
p21 due to the ATM inhibitor. KU60019 decreased expression of the cyclin-dependent
kinase inhibitor at the transcriptional level, compromising the ability of HDACi to
induce p21 and cell cycle arrest and ultimately facilitating a shift toward the apoptotic
phase. Central to the increased apoptosis observed when romidepsin is combined
with KU60019 is the reduced expression of p21 and the absence of a G2/M cell cycle
arrest that would be exploited by the tumor cells to evade the cytotoxic effect of the
HDAC inhibitor. We believe this strategy may offer a promising way to identify rational
combinations for HDACi directed therapy, improving their activity in malignant disease.

INTRODUCTION

promising synergistic combinations. p21 plays a complex
role in cancer, displaying functions identified as both
tumor suppressor and tumor promoting; and as anti- or
pro-apoptotic, each depending on the cellular context [5,
6]. The direct targeting of p21 is probably not feasible
given the strong evidence for the tumor-suppressor
functions of p21 as a regulator of genomic stability,
and its role in control of senescence in normal cells.
Selectively targeting factors upstream or downstream of
p21 function may affect a more specific aspect of p21
control. Ataxia telangiectasia (A-T) is a disorder caused
by mutations in the ataxia telangiectasia mutated (ATM)
gene which controls cell division and DNA repair [7].
Induction of p21 by HDAC inhibitors is compromised in

HDAC inhibitors (HDACi) have emerged as
valuable drugs in the treatment of select lymphomas and
synergize with a diverse range of pharmacological and
biological agents [1]. A common feature of many HDAC
inhibitors involves induction of cell cycle arrest which is
explained in part by the induction of CDKN1A (encoding
p21WAF1/CIP1) [2, 3]. Ironically, up-regulation of
p21 has been shown to reduce the sensitivity to killing
by HDAC inhibitors [4]. The observation leads to the
following hypothesis: if induction of p21 compromises the
efficacy of HDAC inhibitors, then strategies to mitigate
HDAC inhibitor induced p21 expression could lead to
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A-T cells given that ATM activity is essential for HDAC
inhibitor-induced p21 expression [8]. Collectively, these
observations have led to the following hypothesis: If ATM
activity is necessary for HDAC inhibitor mediated p21
induction, then selective ATM inhibitors (KU60019) could
mitigate the HDAC induced p21 expression and potentiate
its cytotoxic effect. We report herein that romidepsin
and KU60019 are highly synergistic in in vitro models
of lymphoma. The increased cell death correlates with
increased activation of programmed cell death proteins
(Caspase 3 and Caspase 8) and a substantial decrease in
the expression of anti-apoptotic genes (BCL-2 and BCLXL). The increase in apoptosis seen with KU60019 is
associated with a coincident absence of p21 induction by
romidepsin. The ATM inhibitor nullifies HDAC induction
of p21 expression resulting in a synergistic interaction.
KU60019 reduces p21 expression at the transcriptional
level and antagonizes romidepsin transcriptional induction
of p21. In both instances the result is a markedly downregulation of p21 expression at the protein level.

for the phosphorylation of RB and the consequent release
and activation of E2F-dependent gene expression [11].
Fluorescence-activated cell sorting (FACS) analysis of
Jeko-1 cells exposed to romidepsin revealed an induced
G2/M arrest. Romidepsin induced cell cycle arrest in 36.2
and 38.4% of Jeko-1 cells when compared to 21% of
untreated cells (Figure 1C), with a concurrent decrease in
G1 and S phase cell populations.

The KU60019 ATM inhibitor and romidepsin are
highly synergistic in in vitro models of MCL
Up-regulation of p21 reduces sensitivity to killing
by HDACi [4]. Ju et al. (2003) [8] reported that p21
induction by HDAC inhibitors is defective in Ataxia
telangiectasia (AT) cells, supporting the idea that ATM
activity is necessary for HDAC inhibitor-induced p21
expression. We reasoned that inhibiting ATM activity (with
KU60019) in presence of romidepsin would interfere with
the HDACi induced expression of p21 and would increase
its cytotoxic effects.
KU60019 exhibited concentration-dependent
cytotoxicity against a panel of MCL cell lines with an
IC50 between 10 to 20 μmol/L (Figure 2A). Synergy
analyses were performed using Jeko-1, Maver-1, and
Z-138 cells treated with different concentrations of
romidepsin corresponding to the IC10-20 in combination
with KU60019. A synergistic effect was observed in
all cell lines when the HDACi was combined with
KU60019 throughout the range of concentrations explored
(Figure 2B). The relative risk ratio (RRR) analysis
revealed a strong synergism at 48 and 72 hours in all
combinations in all three cell lines with RRR values at 72
hours ranging between 0.5 and 0.1. The cell viability data
following treatment with the single agents or combinations
at 48 hours are shown in Figures 2B. Synergy analyses
were also performed using peripheral blood mononuclear
cells (PBMC) isolated from two patients diagnosed with a
classic MCL and a blastoid variant of MCL, respectively.
A strong synergistic effect was observed with the
combination (Figure 2C). The RRR values at 72 hours
ranged between 0.6 and 0.03. Cell viability data after
treatment with the single agents showed less than 10%
or 40% viability when the HDACI was combined with
KU60019. On the contrary, RRR values between 0.8 and
0.7 and 60% viability were observed for PBMC isolated
from two healthy donors throughout the same range of
concentrations (Figure 2C and Supplementary Figure 1).
These data suggest a favorable therapeutic window with
less toxicity against normal lymphocytes.

RESULTS
Romidepsin influences expression of proteins
involved in cell cycle regulation and induces a
G2/M arrest in mantle cell lymphoma
In vitro romidepsin exhibited concentrationdependent cytotoxicity against a panel of MCL cell lines
with a half maximal inhibitory concentration (IC50) in the
2.5–5.0 nmol/L range after 24 hours. (Figure 1A). Protein
expression analysis of Jeko-1 cells exposed to romidepsin
produced a decrease in E2F1 and Emi1 protein levels when
compared to the untreated cells (Figure 1B, upper panel).
The decrease in Emi1 expression was associated with a
concomitant decrease in expression of the E3 ubiquitin
protein ligase Skp2, known to mediate the ubiquitination
and subsequent proteasome mediated degradation of
phosphorylated cyclin-dependent kinase inhibitor p27.
While no increase in p27 expression was observed
upon addition of the HDACi, the expression of p21 was
markedly up-regulated. Simultaneous accumulation of p27
and p21 was observed in Jeko-1 cells exposed for 24 hours
to 3.5 nmol/L bortezomib (Figure 1B, upper panel). The
decrease in Emi1 and increase in p21 protein levels were
also observed in four other romidepsin treated mantle cell
lymphoma lines as noted (Figure 1B, lower panel). The
expression of other key regulators involved in the control
of cell cycle was also affected by romidepsin, including
reduction in Cyclins D1, A, and B1, and an increase in
expression of Cyclin E and Cdh1 (APC) (Figure 1B, upper
panel).
The induced expression of p21 is considered to be
a contributing factor to the G1/S and G2/M cell cycle
arrest [9, 10]. p21 inhibits cell cycle progression primarily
through the inhibition of CDK2 activity, which is required
www.oncotarget.com
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increase in apoptotic cells when the effect of single
agents was compared to romidepsin plus KU60019
combination (Figure 3A). Protein expression analysis of
Jeko-1, Maver-1, and Z-138 treated with single agents
or combinations for 48 hours revealed changes in a host
of proteins known to be involved in cell cycle control
and apoptosis. First, there was no increased p21 protein
expression associated with romidepsin when all three cell
lines were treated concurrently with KU60019. Second,
there was a marked decrease in p21 protein compared
to the untreated cells as a function of increasing ATM
inhibitor concentration (Figure 3A and Supplementary
Figure 2), suggesting a dominant negative effect of
KU60019 over the HDACi on the expression of the cyclin
dependent kinase inhibitor. Thirdly, there was increased
activation of the programmed cell death proteins with
the combination, resulting in an increased cleavage
of Poly(ADP-ribose)-polymerase (PARP). Finally the
abundance of the anti-apoptotic proteins Bcl-XL and BCL2 showed a significant decrease after treatment with the
combination compared with their abundance following
exposure to either of the single agents (Figure 3B). These
data validated the hypothesis: interfering with the HDACi

induced expression of p21 by inhibiting the catalytic
activity of its upstream effector would translate into
increased sensitivity to the HDACi.
Considering the synergistic effect observed
when romidepsin was combined with KU60019 in
the in vitro models of MCL a panel of B- and T-cell
derived lymphoma lines that included four diffuse large
B-cell lymphoma (DLBCL), two CTCL, four adult
T- cell leukemia/lymphoma (ATLL), and two acute
T-lymphoblastic leukemia/lymphoma (TALL) were
studied. A strong synergistic effect (RRR < 0.5) was
observed for all cell lines (Figure 4A). Western analysis
of PARP and phosphorylated H2AX expression levels
in one representative cell line for each lymphoma
subtype confirmed that addition of the ATM inhibitor to
romidepsin increases the apoptotic effects of the HDACi
(Figure 4B).

KU60019 affects the ability of romidepsin to
induce expression of p21
The results of the protein expression analysis of
MCL lines untreated and treated with the single agents and

Figure 1: Romidepsin affects expression of proteins involved in cell cycle regulation in MCL. (A) Growth inhibition
curves were generated for a panel of MCL cell lines following 24 hours treatment with increased concentrations of romidepsin. (B) Protein
expression analysis of Jeko-1 cells following 24 hours treatment with bortezomib or romidepsin (upper panel). Emi 1 and p21 protein
expression in a panel of MCL cell lines following 24 hours romidepsin exposure (lower panel). (C) Cell cycle analysis of Jeko-1 cells
following 24 hours romidepsin treatment. Error bars represent SD.
www.oncotarget.com
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combination suggested that upon addition of the HDACi,
Jeko-1, Maver-1, and Z-138 cells undergo cell cycle arrest
and apoptosis. However in combination with KU60019
the increase in PARP cleavage and the accumulation of
phosphorylated H2AX, critical for DNA degradation,
suggests a preferential shift toward apoptosis (Figure 3A
and 3B) as result of the ATM inhibition. By compromising
the induced expression of p21 and the G2/M cell cycle
arrest, KU60019 appears to potentiate romidepsins’
cytotoxic effect. The ATM inhibition mediated by
KU60019 over-rides the protective effect seen with p21
induction following romidepsin.
Expression of p21 is controlled at the transcriptional
level by both p53-dependent and -independent
mechanisms [5]. HDACi induced expression of p21 is p53
independent [12] and the transcription factors Sp1 and Sp3
are believed to mediate HDACi induced p21 transcription
through their interaction with the p21 promoter [13]. To
gain insights into the molecular mechanisms involved
in KU60019 interference of p21 induced expression by

romidepsin, protein and transcript levels of p21, Sp1 and
Sp3 were determined in Jeko-1, Maver-1, and Z-138 cells
following 24 hours treatment with the single agents and
combination (Figure 5A). Increase of p21 protein and
transcript levels were observed in all cell lines following
24 hours exposure to romidepsin when compared to
untreated cells. In contrast, a decrease in p21 protein
and transcript levels was detected following exposure to
KU60019 when compared to untreated cells. However,
no change in protein or transcript levels for Sp1 and Sp3
transcription factors were observed. When romidepsin
and KU60019 are combined a decreased expression at the
transcriptional and/or translational level of SP1, Sp3, and
p21 was observed,
To confirm that KU60019 affects the ability of
romidepsin to induce p21 at transcriptional level we
used p21 promoter deletion-luciferase reporters, with the
longest construct extending to 2489 bp upstream of the
transcription initiation site in the human p21 gene. The
deletion constructs contained 2489 bp and 121 bp of p21

Figure 2: The ATM inhibitor KU60019 and Romidepsin are highly synergistic in in vitro models of MCL. (A) Growth

inhibition curves were generated for the panel of MCL cell lines following 48 hours of KU60019 exposure. (B) Cytotoxicity effects
observed at 48 hours of exposure to single agents and combination for Jeko-1, Maver-1, and Z-138 MCL cell lines. (C) Cytotoxicity effects
observed at 48 hours of exposure to single agents and combination for PBMC isolated from a patient diagnosed with classic MCL, blastoid
variant of MCL and a healthy donor. Also shown are RRR values at 24, 48, and 72 hours of exposure to romidepsin in combination with
KU60019. Error bars represent SD.
www.oncotarget.com
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promoter region, respectively (Figure 5B), cloned upstream
of the luciferase gene in the pGL3 vector. The sequence of
the p21 promoter between −121 and +20 bp contains six
Sp1 binding sites that could mediate super-activation of the
p21 promoter via a Sp1-dependent mechanism [14]. Jeko1 cells, evenly transfected with the luciferase reporters,
were exposed for 24 hours to the single agents and
combination to assess the effect of romidepsin, KU60019
and combination on luciferase expression via luciferase
activity. A 3.75- and 2.25-fold increase in luciferase
activity was observed in presence of romidepsin with each
construct but not in the presence of the ATM inhibitor or
the combination. The results support the hypothesis that
KU60019 affects the ability of romidepsin to induce the
expression of the p21 gene at the transcriptional level and
that other transcription factors besides SP1 (i.e., SP3) play
a role in the p53-independent expression of p21.

of cdc2 at tyrosine residue (Tyr-15) indicates entry into
mitosis [17]. Histone H3-serine-10 phosphorylation
as well as reduced cdc2 phosphorylation have been
used previously as mitotic markers for transition from
G2 to M phase of cell cycle. Western blot analysis
of Jeko-1, Maver-1, and Z-138 exposed to single
agents or combination reveals an increase histone H3serine-10 phosphorylation and correlated cdc2-Tyr-15
dephosporylation in the presence of KU60019 that persist
or increase when cells are exposed to the combination,
suggesting the release of a potential checkpoint in early
mitosis (Figure 6A).
HDACi kills cancer cells by inducing aberrant
mitotis and premature mitotic exit, which result in the
rapid onset of apoptosis. Blocking mitotic exit in the
presence of the HDACi has been reported to inhibit
apoptosis [18]. Cell cycle analysis of Jeko-1 cells exposed
to single agents and the combination confirmed that
KU60019 compromises the ability of romidepsin to induce
a G2/M cell cycle arrest in Jeko-1 cells allowing them to
proceed into mitosis (Figure 6B). Ultimately, KU60019
contributes to tumor cell killing by blocking the HADCi
mediated p21 transcriptional induction facilitating the G2
to M transition while romidepsin induce aberrant mitosis
and premature mitotic exit (Figure 6C).

Inhibition of ATM mediated activation of the
G2/M checkpoint by KU60019 facilitates mitotic
exit
Phosphorylation at a highly conserved serine residue
(Ser-10) in the histone H3 tail is coincident with mitotic
chromosome condensation [15, 16]. Phosphorylation

Figure 3: Romidepsin plus KU60019 enhances apoptosis in MCL. (A) Cytofluorimetric detection of apoptosis in Jeko-1,
Maver-1 and Z-138 MCL cell lines after 48 hours of exposure to single agents and combination. (B) Expression analysis of p21, pH2AX,
pro- and anti-apoptotic proteins in Jeko-1, Maver-1, and Z-138 MCL cell lines after 48 hours of exposure to single agents and combination.
www.oncotarget.com
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DISCUSSION

The combination of romidepsin and KU60019 is
synergistic in a xenograft model of MCL

The cyclin-dependent kinase inhibitor p21 was
initially identified for its ability to cause cell cycle
arrest. Induced upon stress by p53-dependent and p53independent mechanisms, the cyclin-dependent kinase
inhibitor allows the cells to pause during cell cycle and
repair DNA damage. Because of its ability to inhibit cell
proliferation p21 has been considered a tumor suppressor
[19]. Recent analyses of its functions have suggested a
dual role for p21 as both a classical tumor suppressor and
an oncogene. In particular, the differential effects of p21
on apoptosis and sensitivity to cancer chemotherapy is
under study in view of a more rational approach to drug
design and therapeutic strategy.
One of the mechanisms by which p21 can prevent
apoptosis involves p21-dependent cell cycle arrest.
Several anticancer agents interfere with or damage the
basic mechanisms of DNA synthesis activating the DNA
repair pathway and promoting the induction of the cyclindependent kinase inhibitor p21 leading to cell cycle arrest
[20]. Resistance to drug treatment, not related to p21
induced cell cycle arrest, has also been associated with
up-regulated expression of p21 [21, 22].

The in vivo efficacy of romidepsin (1 mg/kg)
combined with KU60019 (100 mg/kg) was evaluated
in a xenograft mouse model of MCL using the Z-138
cell line. Figure 7A shows the median tumor volume
in each cohort over time during treatment displaying a
pattern of statistically significant growth delay favoring
the combination over single agents and vehicle control.
Statistical analysis revealed that the combination of
romidepsin plus KU60019 was superior to romidepsin,
KU60019 or the vehicle control. Two animals in the
romidepsin treated group and one in the KU60019 treated
cohort had to be sacrificed because of progressive disease
(tumor volume exceeding 2000 mm3) before day 18, while
all animals in the control group were sacrificed by day
18 (tumor volume exceeding 2000 mm3) (Figure 7A).
Survival was improved in the cohorts of mice treated with
the combination of romidepsin and KU60019 compared
to mice treated with single agent alone or vehicle
control (Figure 7B). Importantly, a statistical significant
improvement in survival was only seen in the combination
cohort.

Figure 4: The ATM inhibitor KU60019 and Romidepsin are highly synergistic in in vitro models of DLBCL, CTCL,
TALL, ATLL. (A) Romidepsin and KU60019 were used as single agents and combination to assess their cytotoxicity on a panel of

human derived lymphoma cell lines. The relative risk ratio values at 24, 48, and 72 h of exposure are shown. RRR values < 1 represent the
synergistic effect of the 2 drugs; values equal to 1 indicate the mean additive effect of the drugs; and values > 1 represent an antagonistic
effect. (B) Protein expression of PARP and pH2AX after 48 hours of exposure to single agents and combination. One lymphoma cell line
per tumor type is shown.
www.oncotarget.com
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Figure 5: KU60019 affects the ability of romidepsin to induce expression of p21. (A) Protein and RT-PCR expression analysis

of p21 and transcription factors Sp1, Sp3 in Jeko-1, Maver-1, and Z-138 cells after 24 hours of exposure to single agent and combination.
(B) Transient transcription analysis of p21 promoter luciferase gene fusion constructs. Reporter plasmids were transiently transfected in
Jeko-1 cells and luciferase activity was measured after 24 hours exposure to single agents and combination. Schematic representation of
p21 promoter region with depicted Sp1 binding sites and cloned DNA regions. Sp3 primers were designed so to identify both alternative
transcripts. Luciferase basal activity of the two constructs is arbitrarily set to 1.0. Error bars represent SD.

Figure 6: Inhibition of ATM mediated activation of the G2/M checkpoint by KU60019 facilitates mitotic exit. (A) Protein

expression analysis of ATM, H3, and CDC2 in Jeko-1, Maver-1, and Z-138 cells exposed 24 hours to romidepsin and KU60019 as single
agents and combination (B) KU60019 inhibit HDACi mediated p21 transcriptional induction facilitating G2 to M transition. Premature
mitotic exit induced by romidepsin promote apoptosis (C) Cell cycle analysis of Jeko-1 cells following 24 hours exposure to romidepsin
and KU60019 as single agents and combination.
www.oncotarget.com
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The direct targeting of p21 is not feasible due to its
role in maintaining genomic stability and allowing DNA
repair in normal tissue. An alternate approach to target the
unfavorable influences of p21 on cancer cell treatment
could selectively target factors upstream or downstream
of p21 that affect one or more specific aspects of p21
function. In this context the compromised induction of
p21 by HDAC inhibitors in A-T cells and the observation
that ATM appears to be necessary for HDAC inhibitorinduced p21 expression [8] has led us to interrogate the
potential synergistic effects of ATM inhibition, as one
means to augment sensitivity to HDACi. We have used
a panel of MCL cell lines and extended our analysis to
other lymphoma sub-types including DLBCL, CTCL,
ATLL, and TALL. In all scenarios, the combination of the
HDAC and ATM inhibitor produced a significant increase
in the tumor cell killing when compared to the untreated
or single agent treated cells. Moreover the increase in
apoptosis was also observed in PBMC isolated from two
patients diagnosed with MCL.

The increased synergy was clearly associated with the
inability of romidepsin to induce the expression of the cell
cycle regulatory protein p21 in the presence of KU60019.
The ATM inihibitor, decreased p21 protein expression and
in combination with romidepsin interferes with the ability of
the HDACi to induce p21 at the transcriptional level.
Inhibition of the catalytic activity of ATM for the
treatment of cancer has been a target for antineoplastic
based drug discovery. Cancer cells routinely carry
mutations in genes affecting the cell cycle and DNA repair
[23]. ATM-deficient cells cannot induce checkpoint arrest
following DNA damage and the cell is directed to a suicide
route by an alternative, p53-independent mechanism
[24]. New and more selective ATM inhibitors are in
development given the therapeutic effects seen in in vitro
and in vivo model studies and an improved understanding
of the multiplicity of critical cellular operations regulated
by ATM and ATM dependent pathways.
HDACi are thought to kill tumor cells by driving
premature exit from aberrant mitosis and inducing the

Figure 7: The combination of romidepsin and KU60019 is synergistic in a xenograft model of MCL. (A) The in vivo

therapeutic efficacy of romidepsin and KU60019 as single agents and combination was evaluated using a SCID Beige xenograft mouse
model of MCL. The effectiveness of romidepsin in combination with KU60019 was evaluated in a 3 week cycle administration. Romidepsin
was administered weekly at days 1, 8, and 15. KU60019 was given at days 1, 2, 3, 4, and 5 of each week. The data are expressed as average
tumor volume (mm3) per group as a function of time. A two-tailed t test confirmed that combination was statistically superior to both the
single agents and the control in inhibiting tumor growth (0.001 < P < 0.05). (B) Statistical analysis of survival following the 3 weeks
administration cycle. When compared to control, only the romidepsin plus KU60019 combination was statistically significant. P-value,
standard error of the mean (SEM), coefficient of determination (R squared), and coefficient of correlation (r) of comparisons.
www.oncotarget.com
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consequent rapid onset of apoptosis. Blocking mitotic exit
in presence of HDACi has been reported to inhibit apoptosis
[18, 25]. It is conceivable to think that the G2/M arrest
observed in Jeko-1 cells exposed to romidepsin protect
them from the cytotoxic effects of the HDACi and assure
survival once the drug is removed and hyperacetylation
reversed. In this case, by affecting romidepsins’ ability to
induce p21 transcriptionally, KU60019 can enable the cells
to proceed to mitosis. In view of the recent role described
for ATM in the activation of the spindle checkpoint it is
plausible that the premature exit from an aberrant mitosis is
also enhanced by the ATM catalytic inhibition [26].
It is intuitive that pleotropic drugs like HDACi
are likely to have both favorable and unfavorable
effects on cell growth and survival. Strategies directed
toward understanding how to mitigate the unfavorable
influences of the class can lead to improved efficacy in
rational combinations. Many examples of drug synergy
with HDAC inhibitors have been driven by random
efforts in mixing and matching in order to identify
possible complementary partners. Obviously, a clear
understanding of the molecular pharmacologic features of
pleotropic drug classes like HDAC inhibitors can afford
unique opportunities to think about logical combinations.
Ultimately, these approaches need to be translated to the
clinic in order to establish therapeutic merit in the clinic.

approximate the IC10-IC30. For all cytotoxicity
experiments, Cell-Titer-Glo Reagent (Promega), a
Synergy HT Multi-Detection Microplate Reader (Biotek
Instruments, Inc.) were used as previously described [28].
Synergistic interactions were measured using the Relative
Risk Ratio (RRR) [27, 28].

Flow cytometry
Cells (3 × 105 cells/mL) were incubated for 24
or 48 hours with romidepsin and KU60019, alone or in
combination at concentrations approximating the IC10IC30. A minimum of 1 × 105 events were acquired for
each sample. To quantitate apoptosis, cells were stained
with Alex Fluor 488/Annexin V and 7-aminoactinomycin
D (7-AAD) (Invitrogen) according to the manufacturer’s
instruction. For cell cycle analysis cells were stained
with propidium iodide (Invitrogen) according to the
manufacturer’s instruction. Flow cytometry was performed
on a FACS Calibur System and the data were analyzed
with Flowjo 8.8.6 software.

Western blotting
Western blotting was performed as previously
described [28]. Primary antibody anti-Emi1 (Invitrogen),
anti-Sp1, -Sp3 (Santa Cruz Biotechnology). All other
primary and secondary antibodies (Cell Signaling
Technology).

MATERIALS AND METHODS
Cell lines

Semiquantitative reverse-transcribed PCR

Authentication of cell lines was performed by ATCC
through short tandem repeat (STR) profiling. All cell lines
were tested for mycoplasma and were cultured in RPMI
1640 medium or Iscove modified Dulbecco medium
(Invitrogen) containing 10% (v/v) heat inactivated fetal
bovine serum (Invitrogen) at 37°C under 5% CO2. Patients
and donor venous blood was obtained following informed
consent. Venous blood was drawn into sodium heparin and
peripheral blood mononuclear cells (PBMC) separated
immediately. PBMC were isolated from anticoagulated
venous blood by centrifugation over Ficoll Hypaque (GE
Healthcare Bio-Sciences).

Reverse transcription was performed in a 20μL reaction volume with a total of 2 ug of RNase free
DNase-treated RNA using Omniscript RT kit (QIAGEN)
and oligo-d(T). Polymerase chain reactions were run
in 30 thermal cycles; PCR products were observed by
electrophoresis on 2% agarose gel and visualized after
staining with ethidium bromide. Primers are listed in
Supplementary Table 1.

Transient transfection
The Jeko-1 cells were transiently transfected using
Nucleofector 1 (Amaxa) according to the manufacturer’s
protocol. Each transfection was done in triplicate and
luciferase activity was measured 24 hours after treatment
using the Luciferase Assay System (Promega) according
to the manufacturer’s instructions. Normalized values
are reported as the mean. Standard deviation (SD) is
calculated from three independent transfections.

Materials
Romidepsin (FK228, Depsipeptide) and KU60019
were purchased from Selleckchem.

Cytotoxicity assays
For all in-vitro assays, cells were counted,
incubated, and processed as previously described [27, 28].
Romidepsin and KU0019 were diluted in DMSO to a final
concentration of ≤ 0.01%. For combination experiments,
the final concentration of all drugs was selected to
www.oncotarget.com
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software (Biosoft) [29]. Relative risk ratio (RRR) was used
as a model for establishing synergy between 2 drugs. RRR is
based on calculating the ratio between the actual value and
expected value (EV). In the case of 2 cytotoxic compounds
EV is calculated by formula: EV = NA × NB/100, where
NA represents the percentage of viable cells in the sample
treated with drug A and NB represents the percentage of
viable cells in the sample treated with drug B. RRR values
< 1 represent the synergistic effect of the 2 drugs, values
equal to 1 indicate the mean additive effect of the drugs, and
values > 1 represent an antagonistic effect [28].
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