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ABSTRACT
Cladribine (2CdA), a synthetic purine analog interfering with DNA synthesis, is a medication used to treat
hairy cell leukemia (HCL) and B-cell chronic lymphocytic leukemia. Entinostat, a selective class I histone
deacetylase (HDAC) inhibitor, shows antitumor activity in various human cancers, including hematolo-
gical malignancies. The therapeutic potential of cladribine and entinostat against multiple myeloma
(MM) remains unclear. Here we investigate the combinatorial effects of cladribine and entinostat within
the range of their clinical achievable concentrations on MM cells. While either agent alone inhibited MM
cell proliferation in a dose-dependent manner, their combinations synergistically induced anti-prolif-
erative/anti-survival effects on all MM cell lines (RPMI8226, U266, and MM1.R) tested. Further studies
showed that the combinations of cladribine and entinostat as compared to either agent alone more
potently induced mitotic catastrophe in the MM cells, and resulted in a marked increase of the cells at
G1 phase associated with decrease of Cyclin D1 and E2F-1 expression and upregulation of p21waf−1.
Apoptotic ELISA and western blot analyses revealed that the combinations of cladribine and entinostat
exerted a much more profound activity to induce apoptosis and DNA damage response, evidenced by
enhanced phosphorylation of histone H2A.X and the DNA repair enzymes Chk1 and Chk2. Collectively,
our data demonstrate that the combinations of cladribine and entinostat exhibit potent activity to
induce anti-proliferative/anti-survival effects on MM cells via induction of cell cycle G1 arrest, apoptosis,
and DNA damage response. Regimens consisting of cladribine and/or entinostat may offer a new
treatment option for patients with MM.

Abbreviations: MM, multiple myeloma; HCL, hairy cell leukemia; HDAC, histone deacetylase; Ab, anti-
body; mAb, monoclonal Ab; FBS, fetal bovine serum; CI, combination index; PAGE, polyacrylamide gel
electrophoresis; ELISA, enzyme-linked immunosorbent assay; PARP, poly(ADP-ribose) polymerase; MTS,
3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium,inner salt
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Introduction

Multiple myeloma (MM) is a malignant hematological disease
characterized by proliferation of clonal plasma cells mainly in
the bone marrow. Although recent progress in understanding
the biology of MM and developing novel agents and strate-
gies, the prognosis of majority of MM patients remains poor,
and resistance to chemotherapy frequently occurs [1–3].
Recent studies have focused on exploring the combinations
of multiple agents and their mechanisms in regulation of
aberrant signaling pathways [4], with a hope to identify
novel strategies overcoming chemotherapy resistance for the
treatment of MM.

Cladribine (2-chloro-2ʹ-deoxyadenosine, 2CdA) is designed
as a purine nucleoside analogue to inhibit adenosine deaminase
in B cell lymphocytes. It has been tested to be safe (or tolerated)
[5] and effective, either by single use or in combination with
other cytotoxic agents, in the treatment of several lymphocyte
leukemia [6–10]. Cladribine functions as an inhibitor of DNA
synthesis to block DNA damage repair, leading to

accumulation of DNA strand breaks [11]. It is believed that
cladribine induces caspase-dependent apoptosis via mitochon-
drial and death receptor pathways [6]. Recent studies indicate
that cladribine in combination with other agents exerts syner-
gistic cytotoxicity in several lymphoma cell lines [12–15]. We
also showed that cladribine either alone or combined with a
STAT3 inhibitor was able to induce growth inhibition, apop-
tosis, and DNA damage response in MM cells [16,17], suggest-
ing that addition of cladribine into therapeutic regimens may
be an effective strategy against MM.

Histone deacetylase (HDAC) was discovered to play a pivotal
role in several biological processes by regulating eukaryotic gene
transcription [18]. It influences cell survival, proliferation, angio-
genesis, inflammation and immunity [19,20] in a reversible man-
ner of epigenetic regulation [21]. As a pathogen, overexpression of
the HDAC isoforms, especially class I HDACs, correlates with
malignant tumorigenesis [22] and predicts a worse outcome
[23]. Thus, HDACs are considered to be a trademark of human
cancers [24]. In order to achieve anticancer activity, HDAC
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inhibitors are designed as small molecules [25] to target different
HDACs [26]. Several clinical trials have shown that HDAC inhi-
bitors can inhibit expression of oncogenes [27] to induce powerful
anticancer effects via growth inhibition, differentiation, and induc-
tion of apoptosis and anti-metastasis and anti-angiogenesis activ-
ity [25,28,29]. Mechanistic studies reveal that HDAC inhibitors
interfere with DNA repair, cell cycle checkpoints, and genomic
integrity in lymphoma [30]. Although several HDAC inhibitors
have been proved to be effective in breast cancer, lung cancer, and
hematologicmalignancies [31], the precisemechanismof action of
each HDAC inhibitor is still unclear and varies widely from each
other [19]. Entinostat (or SNDX-275/MS-275) is a selective class I
HDAC inhibitor. In clinic testing, entinostat shows benefit in
estrogen receptor-positive breast cancer [32], non-small cell lung
cancer [33], melanoma [34], and some T cell lymphoma [35–38].
Its combination with chemotherapy demonstrates enhanced effi-
cacy in B cell lymphoma [37,39–41]. In the current study, we have
attempted to seek the combinatorial effects of cladribine and
entinostat on cell proliferation and survival in MM cells, and
explore the underlying mechanism that cladribine combined
with entinostat serves as a novel therapeutic strategy against MM.

Results

Cladribine in combination with entinostat synergistically
induces growth inhibition and mitotic catastrophe in MM
cells

To determine the combinatorial effects of cladribine and entino-
stat on cell proliferation and survival in MM cells, we first
examined the inhibitory effects of either cladribine or entinostat
alone on RPMI8226, U266 and MM1.R cells. Pharmacokinetic
analysis shows that when given as a 2-hour bolus at 0.14 mg/kg,
cladribine’s mean peak plasma concentration reaches 198 nmol/
L and the intracellular concentration of cladribine is several
hundred-fold higher than that of cladribine in plasma [42].
The clinically achievable range of entinostat in the plasma of
cancer patients is less than 1 μmol/L [43]. Thus, the doses of
cladribine and entinostat used in the current report have been
kept within the range of low micromolar levels with clinical
relevance. Cell growth MTS assays showed that cladribine or
entinostat significantly inhibited proliferation of RPMI8226
(Figure 1(a) left) and U266 (Figure 1(b) left) cells in a dose-
dependent manner. MM1.R cells were less sensitive to the treat-
ment of either cladribine or entinostat (Figure 1(c) left). We next
investigated whether the combinations of cladribine and entino-
stat would further inhibit proliferation of the MM cells. With a
fixed ratio of each treatment group, the combinations of cladri-
bine and entinostat as compared to either agent alone exhibited a
much more potent activity to induce anti-proliferative/anti-sur-
vival effects in all three MM cell lines. These data suggested that
cladribine in combination with entinostat possibly exerted a
synergistic effect on growth inhibition in MM cells. Indeed,
analysis of the combination index (CI) according to Chou-
Talalay equation showed synergy between cladribine and enti-
nostat in the concentrations we used for all three cell lines
(Figure 1 right columns). Furthermore, we performed Giemsa
staining assays to test whether the combination treatment might
also promote mitotic catastrophe in MM cells. By cell slides

staining and morphologic observations, it appeared that single
agent treatment slightly increased the mitotic catastrophe,
whereas the combinations of cladribine and entinostat caused a
profound increase in mitotic catastrophe in MM cells (Figure 2
(a)). After calculating all the aberrant cells with mitotic cata-
strophe, we transferred the data into bar graphs for quantifica-
tion comparison (Figure 2(b)). Statistical analysis revealed that
cladribine combined with entinostat more significantly induced
mitotic catastrophe in MM cells. Collectively, our data indicate
that the combinations of cladribine and entinostat synergistically
induce anti-proliferative/anti-survival effects on MM cells.

The combinations of cladribine and entinostat profoundly
elicit cell cycle G1 arrest in MM cells

To determine the mechanisms of cladribine/entinostat-
mediated inhibitory effects on MM cells, we first per-
formed flow cytometry assays to study whether the com-
binations of cladribine and entinostat would impair cell
cycle progression. When RPMI8226 cells were treated
with either cladribine (Clad, 0.5 μmol/L) or entinostat
(Ent, 0.125 μmol/L) alone, as compared to control, we
did not observe significant changes of the percentage of
cells at G1, S, or G2/M phase. However, the combinations
of cladribine and entinostat dramatically increased the
cells at G1 phase accompanied by a significant reduction
of S phase (Figure 3(a)). Similar results were also
obtained in U266 and MM1.R cells untreated or treated
with cladribine and/or entinostat (Supplementary Fig. S1).
In general, the treatment of cladribine and/or entinostat
had little effect on G2/M phase in all three MM cell lines.
According to the flow cytometry results, the percentage of
cells at G1, S, or G2/M phase for each cell line was
further presented as bar graphs for comparison
(Figure 3(b)). Thus, cladribine in combinations with enti-
nostat significantly accumulated MM cells at G1 phase of
the cell cycle, likely via blockade of the G1 phase cells
entering S phase. Further studies with western blot ana-
lyses were then carried out to examine the molecular
markers responsible for G1-S checkpoint of the cell
cycle. We found that treatment of RPMI8226 (Figure 4
(a)), U266 (Figure 4(b)), and MM1.R (Figure 4(c)) cells
with both cladribine and entinostat as compared to either
agent alone resulted in a striking decrease in expression
of Cyclin D1, a critical positive regulator of G1-S check-
point, and a clear upregulation of p21waf−1, an inhibitor
of CDK2 that promotes G1-S transition. Cladribine and/
or entinostat had little effect on expression of E2F-1,
another positive regulator of G1-S checkpoint, in
RPMI8226 and MM1.R cells (Figure 4(a,c)), whereas the
combinations of cladribine and entinostat more potently
than either agent alone downregulated E2F-1 in U266
cells (Figure 4(b)). Unlike p21waf−1, the expression of
another CDK inhibitor p27kip−1 was not significantly
induced by cladribine and/or entinostat in MM cells
(Figure 4). Taken together, our studies conclude that
cladribine in combination with entinostat profoundly eli-
cits G1 arrest in MM cells, correlated with alteration of
the expression levels of both positive (Cyclin D1) and
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Figure 1. Combination of cladribine and entinostat significantly induces growth inhibition of MM cells, and is synergistic over a wide range of concentrations. Human
MM cells were plated onto 96-well plates with fresh RPMI1640 medium (2.5% FBS) or same medium containing indicated concentrations of cladribine (Clad) or
entinostat (Ent) or their combinations (Combo) with a fixed ratio for 48 hrs. The percentages of surviving cells as compared to controls, defined as 100% survival,
were determined by reduction of MTS. Data shows the representative of three independent experiments. Bars, SD. P values vs single agent treatments. The
combination index (CI) curves were calculated using Calcusyn software according to the Chou–Talalay equation. (a) RPMI8226, (b) U266, (c) MM1.R.
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negative (p21waf−1) regulators of G1-S transition. Since
entinostat is a class I HDAC inhibitor, we wondered if
its combination with cladribine could potently induce
Histone H3 acetylation, which might correlated with
their effects on Cyclin D1 and p21waf−1. We found that
treatment of the MM cells with entinostat alone, as
expected, resulted in a striking increase in Histone H3
acetylation (Ac-Histone H3) (Supplementary Fig. S2). In
U266 cells, combination of entinostat and cladribine

showed additional increase of Ac-Histone H3 than either
agent alone, which was correlated with the changes of
Cyclin D1 and p21waf−1 we observed (Figure 4).
However, we found that the combo treatment even
decreased Ac-Histone H3 as compared to entinostat
alone in RPMI8226 and MM1.R cells. These data suggest
that the acetylation status of Histone H3, in general,
might not be a major indicator of the synergistic effect
we observed in MM cells.

Figure 2. Combination of cladribine and entinostat causes a profound mitotic catastrophe in MM cells. (a) MM cells were cultured with RPMI1640 (2.5% FBS) in the
absence or presence of entinostat (Ent), cladribine (Clad) alone or their combinations for 48 hrs. Cells were collected and subjected to cytospin onto cell slides
followed by Giemsa staining and examination under a light microscope (×200 magnification). Arrows indicate the cells with mitotic catastrophe. (b) Cells that
showed atypical mitotic figures, multi-nucleation, atypical chromosome clusters, and/or apoptosis were counted against normal cells, and reported in percentage.
Data shows the representative of three independent experiments. Bars, SD.
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Figure 3. Entinostat and cladribine block cell cycle progression. U226 cells and MM1.R were cultured with RPMI1640 (2.5% FBS) in the absence or presence of
entinostat (Ent), cladribine (Clad) alone or the combinations of entinostat and cladribine for 48 hrs. (a) Cells were harvested and subjected to flow cytometric analysis
of cell cycle distribution. The percentages of RPMI8226 cells in each cell cycle phase were presented in the table underneath. (b) The bar graph reflects the
percentage of cells in G1, S, or G2/M phase of the cell cycle for all three MM cell lines (RPMI8226, U266, and MM1.R). Data shows the representative of three
independent experiments.
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Figure 4. The combinations of cladribine and entinostat markedly alter expression of several key molecular markers critical for G1-S transition. MM cells were cultured with
RPMI1640 (2.5% FBS) in the absence or presence of entinostat (Ent), cladribine (Clad) alone or their combinations for 48 hrs. Cells were collected and subjected to western
blot analyses with specific antibody directed against Cyclin D1, E2F-1, p21waf−1, p27kip−1, or β-actin. The densitometry analyses of p21waf-1 and Cyclin D1 signals are shown
underneath, and the arbitrary numbers indicate the intensities of each cell line relative to controls, defined as 1.0. (a) RPMI8226; (b) U226; (c) MM1.R.
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Combinations of cladribine and entinostat significantly
induce apoptosis in MM cells

To further explore the combinatorial effects of cladribine and
entinostat on MM cells, we next considered whether cladri-
bine and/or entinostat would trigger apoptosis in MM cells. A
specific apoptotic ELISA showed that cladribine at the con-
centrations we used could not induce apoptosis, whereas
entinostat alone clearly promoted MM cells undergoing apop-
tosis. Importantly, the combinations of cladribine and entino-
stat exhibited a much more potent activity than entinostat
alone to trigger apoptosis in all three MM cell lines (Figure 5
left columns). Consistently, western blot assays revealed that
the combinations of cladribine and entinostat more pro-
foundly than entinostat alone induced PARP cleavage, a hall-
mark of apoptosis (Figure 5 right columns). Additional
studies showed that cladribine in combination with entinostat
strongly activated caspases in MM cells, evidenced by
increased cleaved caspase-3, caspase-8, and caspase-9
(Figure 5). These data suggest that the combinations of cla-
dribine and entinostat significantly induce apoptosis in MM
cells via caspase-dependent signaling pathways.

Cladribine and/or entinostat enhances DNA damage
response in MM cells

To define the molecular changes of mitotic catastrophe-
initiated by cladribine and/or entinostat (Figure 2), we sur-
veyed expression of the crucial markers for DNA damage
response. In MM cells treated with cladribine and/or entinostat
for 48 hrs, we found that the combinations of cladribine and
entinostat more potently than either cladribine or entinostat
alone increased the levels of phosphorylated H2A.X (P-H2A.
X), a hallmark of DNA damage response and Chk2 (P-Chk2)
(Figure 6). Cladribine and/or entinostat displayed distinct
effects on the phosphorylation levels of Chk1 (P-Chk1) in the
MM cell lines. While cladribine alone increased P-Chk1 in all
three cell lines, entinostat alone clearly decreased P-Chk1 levels
in U266 and MM1.R cells (Figure 6). However, the combina-
tions of cladribine and entinostat did not further increase the
levels of P-Chk1 in RPMI8226 cells (Figure 6(a)), slightly
increased P-Chk1 in U266 cells (Figure 6(b)), and dramatically
reduced P-Chk1 levels in MM1.R cells (Figure 6(c)). Thus, our
data suggest that the combinations of cladribine and entinostat
significantly enhance DNA damage response in MM cells
accompanied by increased levels of P-H2A.X and P-Chk2.

Discussion

Identifying novel therapeutic strategy against multiple mye-
loma (MM) has been a challenge. Purine nucleoside analogues
are antimetabolites that inhibit lymphocyte proliferation by
interfering DNA synthesis. As a specific one, cladribine was
designed to treat hairy cell leukemia (HCL); and it has been
proved to be safe and effective in some B cell originated
leukemia [44,45]. However, its activity in MM remains elu-
sive. HDAC inhibitors exert potent anti-tumor activity in a
variety of human cancers, including lymphomas. Although
the underlying mechanisms are not clear, HDAC inhibitors

are wildly used in combination with chemotherapeutic agents
to enhance anticancer activity [46–49]. As a selective class I
HDAC inhibitor, entinostat has shown promising efficacy in
the treatment of B cell lymphomas [39,40,50]. Our previous
studies also revealed that entinostat in combination with
melphalan or bendamustine synergistically induced growth
inhibition and apoptosis in MM cells [51,52]. Thus, the syner-
gistic enhancement made entinostat as a potential agent in
combination with other anticancer drugs for the treatment of
MM. In the current report, we provide experimental evidence
showing that cladribine is capable of inhibiting proliferation
of MM cells. Moreover, the combinations of cladribine and
entinostat exhibit a synergistic anti-MM activity.

In clinic, single drug treatment is hard to reach a satisfying
efficacy for cancer patients. It is expected to have a better outcome
by practicing multi-drug combination in the treatment of MM.
Combined with proteasome inhibitors, some HDAC inhibitors,
including panobinostat and vorinostat have been shown synergis-
tic effects in growth inhibition of MM [53,54]. It is also reported
that HDAC inhibitors combined with traditional chemotherapies
synergistically induced apoptosis in MM cells. In most of these
studies, the investigators emphasized on growth inhibition or pro-
apoptosis regulation separately. Our data presented here revealed
remarkable changes in cell cycle progression, DNA damage
response, and apoptosis regulation simultaneously in MM cells
upon combinatorial treatment of cladribine and entinostat, sup-
porting the notion that combinations of the two agents exerted a
synergistic activity to induce anti-proliferative/anti-survival effects
on MM cells. Our studies also suggest that cross-talks among the
multiple signaling pathways – cell cycle G1 arrest, DNA damage
response, and caspase-dependent apoptosis – may exist. Further
investigations are warranted to test this hypothesis.

In general, our studies on the molecular changes were in the
agreement with the flow cytometry analysis showing cell cycle
G1 arrest and the mitotic catastrophe revealed by Giemsa stain-
ing, yet we had two in-consistent observations of the molecular
markers in the signaling pathways. First, while we found an
upregulation of p27kip−1 expression in MM1.R cells upon treat-
ment with cladribine and/or entinostat, the expression of p27kip
−1 in RPMI8226 cells was dramatically decreased by the combi-
natorial treatment (Figure 4). By screening gene type in the MM
cells, we discovered that MM1.R and RPMI8226 cells contained
distinct gene phenotype of p53, which could serve as the
upstream signaling protein of p27kip−1 [55,56]. Thus, we specu-
lated that the mutant p53 gene expression might cause the
different response of p27kip−1 in the two MM cell lines.
Additionally, we also found a reduction of P-Chk1 levels in
MM1.R cells, which was very different from that of U266 and
RPMI8226 cells (Figure 6). Nonetheless, a striking induction of
P-H2A.X, the hallmark of DNA damage response and a pro-
found mitotic catastrophe were observed in all three MM cell
lines by the combinatorial treatment. To the best of our knowl-
edge, there is currently no studies to explain the discordant
expression of P-Chk1 and P-H2A.X in MM1.R cells, but we
cannot exclude the possible involvement of dexamethasone
resistance and/or p53 gene mutation.

Based on the pharmacokinetic analysis, the concentrations
of both cladribine and entinostat we used in this study have
been kept in low levels – within their clinically achievable
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Figure 5. Combination of cladribine and entinostat significantly promotes MM cells undergoing apoptosis. MM cells were cultured with RPMI1640 (2.5% FBS) in the
absence or presence of either entinostat (Ent) or cladribine (Clad) alone, or their combinations for 48 hrs. Cells were collected and subjected to apoptotic ELISA or
western blot analyses with specific antibody directed against PARP (F-PARP, full length PARP; C-PARP, cleaved PARP), caspase-3 (F-Casp-3, full length caspase-3;
C-Casp-3, cleaved caspase-3), caspase-8 (F-Casp-8, full length caspase-8; C-Casp-8, cleaved caspase-8), caspase-9 (F-Casp-9, full length caspase-9; C-Casp-9, cleaved
caspase-9), or β-actin. Bars, SD. (a) RPMI8226; (b) U226; (c) MM1.R.

992 B. WANG ET AL.



ranges [42,43]. Entinostat could cause strong inhibition
towards HDAC1 and HDAC3 with IC50 for 0.51 μmol/L
and 1.7 μmol/L, respectively. It was also tested in patients

with lymphoma with healthy volunteers as comparison, and
the results of continuous treatment showed that entinostat
functioned significant and high in selective to lymphoma
than normal leukocytes, with LC50 = 0.32 μmol/L in lym-
phoma [57]. Additionally, the peak plasma concentration of
entinostat has been calculated to be 0.34 μmol/L in clinical
trials of MM patients [52]. The concentrations of entinostat
we used in the current report were much lower than that in
those publications, and our CI analyses demonstrated that
entinostat exhibited synergistic effects within such a low
dose when combined with cladribine in MM cells. Taken
together, our studies make entinostat a promising therapeutic
agent for further evaluations in animal experiments and even
clinical trials for patients with MM.

In summary, we demonstrate that the combinations of
cladribine and entinostat exert a synergistic enhancement in
growth inhibition by inducing cell cycle G1 arrest, DNA
damage response, and caspase-dependent apoptosis in MM
cells. This combination approach may be added into the
treatment regimens for effective management of MM patients.

Materials and methods

Reagents and antibodies

Cladribine (Sigma Co., St. Louis, MO) and entinostat (LC
Laboratories, Inc., Woburn, MA) were dissolved in dimethyl
sulfoxide (DMSO) to make a stock solution at 250 mmol/L
and 200 mmol/L, respectively. The stock solutions were stored
at −20°C.

The sources of antibodies for western blot assays were as
follows: caspase-3 rabbit mAb (8G10), caspase-8 (1C12) mouse
mAb, caspase-9 (Asp353) rabbit mAb, PARP rabbit mAb,
P-Histone H2A.X (Ser139) rabbit antibody, Acetyl-Histone H3
(Lys9), Histone H3, P-CHK1 (Ser345) (133D3) rabbit mAb,
CHK1 rabbit antibody, P-CHK2 (Thr68) rabbit polyclonal anti-
body, CHK2 rabbit polyclonal antibody and p21Waf1/Cip1 (12D1)
rabbit mAb (Cell Signaling Technology, Inc., Beverly, MA);
Cyclin D1 rabbit mAb, E2F-1 mouse mAb (KH95), p27 (F-8)
mouse mAb (Santa Cruz Biotechnology Inc., Santa Cruz, CA); β-
actin mouse mAb (clone AC-75) (Sigma Co.). All other reagents
were purchased from Sigma Co. unless otherwise specified.

Cells and cell culture

Human MM cell lines RPMI8226 and U266 were purchased
from the American Type Culture Collection (ATCC, Manassas,
VA). Human MM cell line MM1.R was kindly provided by Dr.
Steven Rosen (Robert H. Lurie Comprehensive Cancer Center,
Northwestern University, Chicago, IL). All cell lines were
maintained in RPMI1640 cell culture medium supplemented
with 10% fetal bovine serum (FBS) at a 37°C humidified atmo-
sphere containing 95% air and 5% CO2 and were split twice a
week.

Cell proliferation assays

The CellTiter96TM AQ non-radioactive cell proliferation kit
(Promega Corp., Madison, WI) was used to evaluate cell

Figure 6. The combinations of cladribine and entinostat potently influence expres-
sion of the molecular markers involving in DNA damage response. MM cells were
cultured with RPMI1640 (2.5% FBS) in the absence or presence of entinostat (Ent),
cladribine (Clad) alone or their combinations for 48 hrs. Cells were collected and
subjected to western blot analyses with specific antibody directed against P-H2A.X,
P-Chk1, Chk1, P-Chk2, Chk2, or β-actin. (a) RPMI8226; (b) U226; (c) MM1.R.
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viability as we previously described [17,51,52]. In brief, cells
were plated on 96-well plates with 0.1 ml medium containing
2.5% FBS as control, or 0.1 ml of the same medium with either
cladribine or entinostat alone, or their combinations, and incu-
bated for 48 hrs in a cell culture incubator. After reading all
wells at 490 nM with a microplate reader, the percentages of
surviving cells from each group relative to controls, defined as
100% survival, were determined by reduction of MTS.

Morphologic evaluation of mitotic catastrophe

MM cells were cultured with RPMI1640 (2.5% FBS) in the
absence or presence of entinostat (Ent), cladribine (Clad)
alone or their combinations for 48 hrs. Cultured MM cells
were harvested and suspended with FACS buffer (PBS + 0.5%
RPMI1640 medium). A total of 150 ul each cell suspension
were loaded into the bottom of SHANDON EZ Double
Cytofunnel for cytospin (500 rpm, 5 min at room tempera-
ture). After the slides were air dried on bench top, they were
incubated in KWIK DIFF Solution #1, 2, 3 sequentially. The
slides were then washed with ddH2O 5–10 times till the slides
were clear. The air-dried slides were mounted with Cytoseal
60 and examined under a light microscope. All slides were
read by two independent pathologists who were blinded on
each slide set regarding the treatment group. Cells whose
nuclei showed abnormal mitotic figures, including chromatin
condensation and DNA fragmentation were counted against
normal cells and reported in percentage.

Flow cytometric analysis of cell cycle

Flow cytometric analyses were performed as described pre-
viously [17,51,52] to define the cell cycle distribution for trea-
ted and untreated cells. In brief, cells grown in 100-mm culture
dishes were harvested and fixed with 70% ethanol. Cells were
then stained for total DNA content with a solution containing
50 μg/ml propidium iodide and 100 μg/ml RNase I in PBS for
30 min at 37°C. Cell cycle distribution was analyzed at the Flow
Cytometry Core Facility of University of Colorado Cancer
Center with a Gallios flow cytometer (Beckman Coulter
Gallios, Beckman Coulter Life Sciences, Indianapolis, IN).

Quantification of apoptosis

An apoptosis ELISA kit (Roche Diagnostics Corp., Indianapolis,
IN) was used to quantitatively measure cytoplasmic histone-asso-
ciated DNA fragments (mononucleosomes and oligonucleo-
somes) as previously reported [17,51,52].

Western blot analysis

Protein expression levels were measured as previously described
[17,51,52]. In brief, cells were lysed in a buffer containing 50 mM
Tris, pH 7.4, 50 mM NaCl, 0.5% NP-40, 50 mM NaF, 1 mM
Na3VO4, 1 mM phenylmethylsulfonyl fluoride, 25 μg/ml leupep-
tin, and 25 μg/ml aprotinin. The protein concentrations of total
cell lysates were measured by the Coomassie Plus protein assay
reagent (PierceChemical Co., Rockford, IL). Equal amounts of cell
lysates were boiled in Laemmli SDS-sample buffer, resolved by

SDS-PAGE, and western blot analysis with specific antibodies as
described in the figure legends.

Statistical analysis

Statistical analyses of the experimental data were performed using
a two-sided Student’s t test. Significance was set at a P < 0.05.
Combination index (CI) and evaluation of synergy vs. antagonism
between cladribine and entinostat were performed using the
Calcusyn software (Biosoft, Ferguson, MO), which was designed
based on Chou-Talalay method [58,59]. CI values less than, equal
to andmore than 1 represent synergistic, additive and antagonistic
effects, respectively.
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