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Abstract
Histone deacetylase (HDAC) inhibitors induce chromatin destabilization. We sought to determine
whether HDAC inhibition may amplify alkylator-induced mitotic cell death in multiple myeloma
(MM) cells. The combination of SNDX-275, a class I HDAC inhibitor, with melphalan, showed a
powerful synergism on growth inhibition with the combination index ranged from 0.27 to 0.75 in
MM1.S and RPMI8226 cells. Their combinations as compared with either agent alone promoted
much more caspase-dependent apoptosis. Flow cytometry analysis showed that SNDX-275 had
minimal effects on cell cycle progression of MM1.S cells, but clearly increased the percentage of
S phase in RPMI8226 cells associated with an upregulation in p21waf1 and a reduction in cyclin
D1 and E2F1. Melphalan alone significantly arrested both MM1.S and RPMI8226 cells at S phase
and enhanced expression of p53 and p21waf1. Furthermore, studies on DNA damage response
revealed that phospho-histone H2A.X (γH2A.X), a hall marker of DNA double strand break, along
with phosphorylated CHK1 (P-CHK1) and CHK2 (P-CHK2) was dramatically induced by
SNDX-275 or melphalan. The increase in γH2A.X and P-CHK1 was considerably higher on
combination than either agent alone. These molecular changes correlated well with the significant
increase in mitotic catastrophe. Our data indicate that SNDX-275 synergistically enhances
melphalan-induced apoptosis in MM cells via intensification of DNA damage, suggesting that
SNDX-275 in combination with melphalan may be a novel therapeutic strategy for MM.
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1. Introduction
Multiple myeloma (MM) is a plasma cell disorder characterized by specific genetic
aberrations and abnormal gene expression of several proto-oncogenes and tumor suppressor
genes. Despite recent advances in treatment, MM remains incurable in the majority of
patients [1;2]. In addition to autologous stem cell transplantation following high dose
melphalan, other chemotherapeutic agents, such as bortezomib, thalidomide, doxorubicin,
and dexamethasone, have been the mainstay of treatment for MM [3]. Over the last several
years, significant insights into the pathogenesis of MM have identified multiple signaling
pathways that have become potential therapeutic targets in tumor cells and its bone marrow
microenvironment [4;5]. Among these, histone acetylation has emerged as one of the
potentially important areas in the development of specific inhibitors for MM treatment.
Alterations in chromatin structure by histone modification play a vital role in the regulation
of gene transcription. Acetylation of core nucleosomal histones is regulated by the opposing
behaviors of histone acetyltransferases (HATs) and histone deacetylases (HDACs) [6;7].
The discovery that drastic changes in histone modifications are commonly found in human
cancers, including MM [8], has inspired various laboratories and pharmaceutical industry to
develop and study the potential therapeutic activities of HDAC inhibitor (HDACi) [9;10].
Indeed, numerous studies demonstrate that HDACis possess anti-cancer activity in a variety
of tumor cell models via influencing cell cycle progression, apoptosis, differentiation, and
tumor angiogenesis [11;12]. It has been shown that HDACis, such as suberoylanilide
hydroxamic acid (SAHA), SNDX-275, sodium butyrate (NaB), and valproic acid (VPA),
induce potent apoptosis on both MM cell lines and tumor cells from patients, both sensitive
and resistant to conventional chemotherapeutic agents or proteasome inhibitor bortezomib
[13;14;15]. These data indicate that the use of HDACis, probably in association with
classical chemotherapy drugs could be promising for cancer patients [16].

One of the main mechanisms of action of HDACi is the transcriptional reactivation of
dormant tumor-suppressor genes [17], however the pro-apoptotic activity of HDACi also
comes from their non-transcriptional mechanisms on cell cycle, DNA recombination and
repair, extrinsic and intrinsic apoptotic pathways, angiogenesis, autophagy and senescence
[11;18;19]. Recent studies have shown that several HDACis sensitize cancer cells in either
culture or mouse xenograft to DNA damage induced by ionizing radiation [20;21].
SNDX-275 and SAHA also augment apoptosis by DNA damaging agents, such as
mitomycin C, cisplatin, bleomycin, topotecan, doxorubicin, etoposide, 5-fluorouracil and
Ara-C [22;23]. HDACis increase H2A.X phosphorylation-induced by radiation and DNA
damaging drugs, alter the global chromatin configuration, and subsequently promote DNA
damage signaling pathways [21;24;25].

SNDX-275 (Entinostat; formerly MS-275) is a synthetic benzamide derivative class I
selective HDACi. It inhibits cancer cell growth with an IC50 in the submicromolar range.
The inhibition of cell growth is accompanied by a cell cycle arrest and an induction of the
cyclin-dependent kinase (CDK) inhibitor p21waf1, which is one of the most commonly
induced genes by HDACis [26]. SNDX-275 exhibits both in vitro and in vivo activities
against various cancer types, including colorectal cancer, lung cancer, ovary cancer, and
pancreatic cancer [27], pediatric solid tumors [28], leukemia [27;29;30;31], prostate cancer
[32], and breast cancer [33;34;35]. While other broad spectrum HDACis, such as SAHA,
LAQ824 and LBH589 exhibit potent antimyeloma activities [36;37], SNDX-275’s
therapeutic potential and its combinational effects with alkylators on MM remain unclear. In
this study, we sought to determine whether SNDX-275 might synergistically enhance
melphalan-induced apoptosis in MM cells, and to explore the molecular mechanisms,
especially of DNA damage response. The combinations of SNDX-275 and melphalan in
MM cells showed a significant synergism. SNDX-275 intensified DNA damage response by
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melphalan and increased mitotic catastrophe, suggesting a potential role of DNA damage for
non-transcriptional induction of cell death. The combinational strategy using an HDAC
inhibitor with melphalan expands therapeutic options for patients with MM.

2. Materials and Methods
2.1 Reagents and antibodies

Melphalan (10mg, Sigma Chemical Co., St. Louis, MO) was first dissolved in 100 µl Acid-
Ethanol (47 µl concentrated HCl with 1 ml of 100% Ethanol) and then brought up to 1 ml of
sterile PBS to make a 33 mM stock solution. SNDX-275 (kindly provided by Syndax
Pharmaceuticals, Inc., San Diego, CA) was dissolved in DMSO to make a stock solution at
200 mM. The stock solutions of both Melphalan and SNDX-275 were stored at −20°C.

Antibodies for western blot analysis were from following sources: caspase-8 mouse mAb
(1C12), caspase-9 polyclonal antibody, caspase-3 rabbit mAb (8G10), Ac-Histone H3
(Lys9), Histone H3, p53 rabbit polyclonal antibody, γH2A.X (Ser139) rabbit antibody,
H2A.X rabbit polyclonal antibody, P-CHK1 (Ser345) (133D3) rabbit mAb, CHK1 rabbit
antibody, P-CHK2 (Thr68) rabbit polyclonal antibody, and CHK2 rabbit polyclonal
antibody (Cell Signaling Technology, Inc., Beverly, MA); Cyclin D1 (M-20), E2F1 (KH95),
p21waf1 (F-5) (Santa Cruz Biotechnology Inc., Santa Cruz, CA); Poly (ADP-ribose)
polymerase (PARP) mAb (C-2-10) (BIOMOL Research Laboratories Inc., Plymouth
Meeting, PA); β-actin mouse mAb (clone AC-75) (Sigma Chemical Co., St. Louis, MO). All
other reagents were purchased from Sigma unless otherwise specified.

2.2 Cells and cell culture
Human MM cell line RPMI8226 was purchased from the American Type Culture Collection
(ATCC, Manassas, VA). Human MM cell line MM1.S [38] was kindly provided by Dr.
Steven Rosen (Department of Medicine, 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
atmosphere containing 95% air and 5% CO2 and were split twice a week.

2.3 Cell proliferation assay
The CellTiter96™ AQ non-radioactive cell proliferation kit (Thermo Fisher Scientific Inc.,
Waltham, MA) was used to determine cell viability as we previously described [33]. In
brief, cells were plated onto 96-well plates with either 0.1 ml complete medium with 5%
FBS as control, or 0.1 ml of the same medium containing a series doses of melphalan or
SNDX-275 alone or combination of melphalan and SNDX-275, and incubated for 72 hrs in
a 37°C humidified atmosphere containing 95% air and 5% CO2. After reading all wells at
490 nM with a micro-plate reader, the percentages of surviving cells from each group
relative to controls, defined as 100% survival, were determined by reduction of MTS (3-
(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium,
inner salt).

2.4 Flow cytometric analysis of cell cycle
Flow cytometric analyses were performed as described previously [33] to define the cell
cycle distribution for treated 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 FACScan flow cytometer (BD
Biosciences, San Jose, CA).
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2.5 Quantification of apoptosis
An apoptosis ELISA kit (Roche Diagnostics Corp., Indianapolis, IN) was used to
quantitatively measure cytoplasmic histone-associated DNA fragments (mononucleosomes
and oligonucleosomes) as previously reported [33]. This photometric enzyme immunoassay
was performed according to the manufacturer’s instructions.

2.6 Morphologic evaluation of mitotic catastrophe
Cultured MM.1S (or RPMI8226) MM cells were harvested and cytocentrifuged for 2 min at
400 rpm. Cells were fixed in acetone for 10 min and then in chloroform for 5 min and
processed. Cells were rehydrated once in 100% alcohol for 2 min, in 90% alcohol for 2 min,
in 70% alcohol for 2 min and rinsed twice in deionized water for 2 min. Samples were then
incubated for 1 hr in Giemsa's solution diluted 1:5 in deionized water at room temperature,
rinsed in acetic acid diluted 1:400 in deionized water for 30 sec and dehydrated in 90% and
100% alcohols and in xylene. Slides were examined under a photomicroscope (Olympus).
Pathologist was blinded on each slide set regarding the treatment groups. Cells that showed
abnormal mitotic figures, chromatin condensation and fragmentation were counted against
normal cells, and reported in percentage.

2.7 Western blotting analysis
Protein expression levels were determined by western blot analysis as previously described
[33]. Briefly, 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
leupeptin, and 25 µg/ml aprotinin. The lysates were centrifuged at full speed in a
microcentrifuge for 20 min and the supernatants were collected for protein concentration
determination by the Coomassie Plus protein assay reagent (Pierce Chemical 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.

2.8 Statistical analysis
Assessment of synergy versus antagonism between SNDX-275 and melphalan was
performed by the Calcusyn software program (Biosoft, Ferguson, MO). Combination index
(CI) was calculated by the Chou-Talalay method [39;40]. The following equation was used
to determine the value of CI. Drug synergism and antagonism are defined by CI of less than
1 and of above 1, respectively. CI of 1 represents additive effects.

3. Results
3.1 SNDX-275 synergistically enhances the inhibitory effects of melphalan on MM cells

To explore whether SNDX-275 might be a potential therapeutic agent against MM, we
investigated the anti-proliferative/anti-survival activities of SNDX-275 as a single agent or
in combination with melphalan in MM cell lines. In 72 hrs cell proliferation MTS assays,
either SNDX-275 or melphalan alone inhibited proliferation of RPMI 8226 cells in a dose-
dependent manner, although SNDX-275 exhibited a much potent inhibitory effect than
melphalan (Fig. 1A & B). The combinations of SNDX-275 and melphalan revealed
significant anti-proliferative/anti-survival effects on RPMI 8226 cells as compared with
SNDX-275 at higher doses (0.2 µM and 0.5 µM) and melphalan at all three doses tested
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(P<0.002). The combination index (CI) curves were calculated according to the Chou-
Talalay equation [39; 40]. The curves represent CI + 1.96 × standard deviation (Fig. 1C).
The CIs were 0.573 between 100 nM of SNDX-275 and 1 µM of melphalan, 0.668 between
200 nM of SNDX-275 and 5 µM of melphalan, and 0.073 between 500 nM of SNDX-275
and 10 µM of melphalan, suggesting a powerful synergy. Similar results were obtained with
another cell line MM1.S (data not shown). Thus, SNDX-275 synergistically enhances
melphalan-induced growth inhibition in MM cells.

3.2 SNDX-275 potentiates melphalan-induced apoptosis and cell cycle arrest in MM cells
To determine the molecular mechanisms by which SNDX-275 enhances melphalan-
mediated anti-proliferative/anti-survival effects, we first studied whether SNDX-275 might
augment melphalan-induced apoptosis in MM cells. Apoptosis specific ELISA revealed that
SNDX-275 (0.5 µM) alone induced minor apoptosis in RPMI8226 cells, but had no effect
on MM1.S cells, whereas melphalan alone induced minor apoptosis in MM1.S cells, but had
minimum effect on RPMI8226 cells. However, their combinations significantly induced
apoptosis in both RPMI8226 and MM1.S cells (Fig. 2B). Furthermore, western blot analyses
indicated that treatment with either SNDX-275 or melphalan alone induced some PARP
cleavage in RPMI8226 and MM1.S cells, respectively. Consistent with the ELISA data, the
combinations of SNDX-275 and melphalan strongly resulted in PARP cleavage and
activation of caspase-8, -9, and -3 evidenced by the increases of cleaved caspase-8, -9, and
-3 (Fig. 2A), suggesting that SNDX-275 potentiates melphalan-induced caspase-dependent
apoptosis in MM cells. Next we investigated whether SNDX-275 and melphalan might have
different modulation on cell cycle progression. Cell cycle assays showed that SNDX-275
induced a minor increase of the cells in G1 phase, whereas melphalan dramatically increased
the MM1.S cells in S phase and both agents together led to the majority of cells still staying
at S phase (Fig. 3A). In contrast, either SNDX-275 or melphalan alone, or their
combinations mainly arrested RPMI8226 cells at S phase (Fig. 3B). These data correlated
well with the western blot analyses on several key molecular markers regulating cell cycle
progression. Consistent with a previous report showing that the CDK inhibitor p21waf1 is
one of the most commonly induced genes by HDACi [26], we did discover a significant
induction of p21waf1 by SNDX-275 (Fig. 3C). Cyclin D1 and E2F1 are two important
positive regulators at the G1-S checkpoint of cell cycle. Treatment with SNDX-275 reduced
the levels of cyclin D1 and E2F1 in both RPMI8226 and MM1.S cells cells (Fig. 3C). Taken
together, the effects of SNDX-275 on p21waf1, cyclin D1, and E2F1 may contribute to its
influence on the cell cycle G1-S transition. In contrast, although melphalan also upregulated
p21waf1, but had no effect on E2F1, and might induced Cyclin D1 phosphorylation in
MM1.S cells (Fig. 3C). Thus, melphalan alone arrested the cells at S phase. It appeared that
the combinations of SNDX-275 and melphalan antagonistically compromised their
individual effects on cell cycle progression (Fig. 3A). Collectively, our results demonstrate
that SNDX-275 enhances melphalan-induces apoptosis and both SNDX-275 and melphalan
blocks cell cycle progression in MM cells.

3.3 Combination of SNDX-275 and melphalan results in strong DNA damage responses
associated with enhanced mitotic catastrophe

Our subsequent studies showed that while SNDX-275 alone clearly induced acetylation of
histone H3 in both RPMI8226 and MM1.S cells, the combinations of SNDX-275 and
melphalan significantly increased the levels of histone H3 acetylation (Fig. 4A), suggesting
that SNDX-275 and melphalan might synergistically induce gene expression/modification in
MM cells. As one of the major alkylators currently used in the treatment of MM, melphalan
induces mitotic cell death via DNA damage. Thus, we next focused on investigating if
SNDX-275 may enhance modification of genes associated with melphalan-mediated DNA
damage responses in RPMI8226 and MM1.S cells. Phosphorylation of H2A.X (γH2A.X), a
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hall marker of DNA double strand break [41], was increased upon treatment with
SNDX-275 alone in RPMI8226 cells and with melphalan alone in MM1.S cells (Fig. 4B).
Combinations of SNDX-275 and melphalan significantly increased the levels of γH2A.X in
both MM cells. Similar results were also observed on phosphorylation of CHK1, indicative
of initiation of DNA damage response [41]. The combinations of two agents induced
considerably higher levels of P-CHK1 than either agent alone in both RPMI8226 and
MM1.S cells. While melphalan alone clearly increased P-CHK2 levels, its combination with
SNDX-275 did not further increase the levels of P-CHK2 in MM1.S cells. The combinations
of SNDX-275 and melphalan induced much higher P-CHK2 levels than either agent alone in
RPMI8226 cells (Fig. 4B). These data suggest that SNDX-275 synergistically enhances
melphalan-mediated DNA damage responses mainly through induction of γH2A.X, P-
CHK1, and/or P-CHK2 in MM cells. Furthermore, morphologic assessment of MM1.S cells
treated with either agent alone or their combinations in cell culture revealed a significant
increase in mitotic catastrophe upon combinational treatment (Fig. 5). Taken together, our
studies indicate that HDAC inhibition synergizes with melphalan to induce apoptosis in MM
cells, and that intensification of DNA damage is one of the mechanisms.

4. Discussion
Recent advances in identifying novel therapeutics against myeloma have provided new hope
for this incurable disease. HDACi is one of those promising agents for treatment of MM
[42;43]. It has been shown that several HDACis, such as SAHA, LAQ824, and LBH589,
exhibit potent anti-myeloma activities in cell culture model and are currently in clinical trials
for MM patients [4;37]. While all of these HDACis are pan-inhibitors towards all classes of
HDACs, SNDX-275 is a specific class I HDACi [11;12]. Numerous studies have reported
that SNDX-275 is a more selective anti-cancer agent and has gone under clinical trials of
many human cancers (http://www.clinicaltrials.gov/ct2/results?term=SNDX-275). However,
SNDX-275’s potential therapeutic activity in MM remains unclear. Here we provide strong
evidence indicating that SNDX-275 not only shows anti-myeloma activities when used as a
single agent, it also synergistically potentiates melphalan-induced apoptosis via enhanced
DNA damage response. Thus, SNDX-275 may be a valuable option for the treatment of MM
patients.

We have found that SNDX-275’s inhibitory effects on cell cycle progression may be cell
type-dependent. SNDX-275 alone mainly induced S phase arrest in RPMI8226 cells, it had
only minimal induction of G1 phase in MM1.S cells (Fig. 3A & 3B). This disparity effects
of SNDX-275 on cell cycle progression have been reported in our previous studies on breast
cancer cells with distinct subtypes [33]. Further studies on the key regulators involving in
G1-S checkpoint of cell cycle revealed that treatment with SNDX-275 resulted in a
significant reduction in the levels of E2F1 and Cyclin D1, and a dramatic increase in
p21waf1. These data are consistent not only with our observations in erbB2-overexpressing
breast cancer cells upon SNDX-275 treatment [33], but also with a number of reports
indicating that p21waf1 is one of the most commonly induced genes by HDACis [15; 26; 44].
SNDX-275 either alone or in combination with melphalan induced apoptosis through
caspase-dependent mechanisms, similar results were also observed in studies with LBH589
and LAQ824 [44; 45]. It appeared SAHA-induced apoptosis in MM cells might be via
caspase-independent pathways [14]. The molecular mechanisms of this difference remain to
be elucidated.

Although HDACi using as a single agent holds promising for treatment of MM patients,
more studies are carried out by combinations of an HDACi and conventional
chemotherapeutic drugs or newly introduced agents, such as thalidomide, its
immunomodulatory derivative lenalidomide and the proteasome inhibitor bortezomib [43],
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with a hope of overcoming drug resistance and reduced side effects. It has been reported that
SAHA enhances cytotoxicity of dexamethasone, doxorubicin, thalidomide, or bortezomib in
MM1.1S cells [15;46]. LBH589 also shows synergistic anti-myeloma activity in
combinations with dexamethasone, bortezomib, or melphalan [44;47]. While majority of
these combinational studies focus on increased induction of apoptosis and cell cycle
regulators, such as p21waf1, in MM.1S cell line, our data indicate that SNDX-275
synergistically potentiates melphalan-induced apoptosis via enhanced DNA damage
responses in both RPMI8226 and MM.1S cells. This augmentation might be due to
SNDX-275’s strong inhibition on PI-3K/Akt signaling as we observed in breast cancer cells
[33], since Akt activation protects melphalan-mediated DNA damage-induced apoptosis in
breast epithelial cells via suppression of the ASK1/JNK pathway [48]. It will be very
interesting to study if SNDX-275 may inhibit Akt signaling and subsequently enhance
melphalan-induced activation of ASK1/JNK pathway in MM cells. To further explore its
therapeutic potential in MM, we are currently testing whether SNDX-275 may also exhibit
synergistic inhibitory effects with dexamethasone, doxorubicin, thalidomide, or bortezomib
on MM cells.

Recent advances in identifying novel therapeutic targets for the treatment of MM have
discovered that the IGF-1 as a major growth factor promotes cell proliferation and survival,
and plays a critical role in myeloma development [49;50]. Indeed, two strategies targeting
IGF-1R – blocking antibodies and small molecule inhibitors – show very encouraging
preclinical results against MM cells, and both strategies are now in clinical trials [49]. Since
PI-3K/Akt signaling is one of the major downstream pathways under IGF-1/IGF-1R,
IGF-1R-targeted therapies may enhance melphalan-mediated DNA damage response via
inactivation of Akt. In addition, SNDX-275, because of its strong inhibitory effects on
PI-3K/Akt signaling, may also synergistically increase the efficacy of IGF-1R-targeted
therapies in MM. It has been recently reported that the death ligand TRAIL may be a good
candidate for the treatment of MM because of its low toxic for normal human cells [51;52].
Interestingly, while HDACis, such as SAHA and trichostatin (TSA), were shown to enhance
TRAIL-induced apoptosis [53], another HDACi, VPA, was able to overcome TRAIL
resistance in MM cells [51]. Moreover, studies have also found SNDX-275’s capability of
inducing TRAIL expression in breast cancer cells [34;35]. It is therefore interesting and
necessary to determine if SNDX-275 may enhance TRAIL-induced apoptosis in MM cells
via induction of TRAIL expression.

In summary, we provide compelling evidence indicating that the class I HDACi SNDX-275
synergistically enhances melphalan-mediated DNA damage-induced apoptosis in MM cells.
Our data suggest that SNDX-275 in combination with conventional chemotherapeutic drugs
or newly discovered agents may be promising for the treatment of patients with MM.

Abbreviations

MM multiple myeloma

HAT histone acetyltransferase

HDAC histone deacetylase

HDACi inhibitor of HDAC

SAHA suberoylanilide hydroxamic acid

VPA valproic acid

TRAIL tumor necrosis factor-related apoptosis-inducing ligand
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MAPK mitogen-activated protein kinase

MEK MAPK kinase

PI-3K phosphoinositide 3-kinase

IGF-1 insulin-like growth factor-1

IGF-1R IGF-1 receptor

PARP poly(ADP-ribose) polymerase

ELISA enzyme-linked immunosorbent assay

PAGE polyacrylamide gel electrophoresis

SNDX-275 N-(2-Aminophenyl)-4-[N-(pyridine-3-
ylmethoxycarbonyl)aminomethyl]benzamide

MTS 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium,inner salt
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Figure 1. SNDX-275 and melphalan synergistically inhibit proliferation/survival of MM cells
A, Human MM cells (RPMI8226) were plated onto 96-well plates with complete culture
medium (RPMI1640, 10% FBS). After 24 hrs, the medium was replaced with control
medium (fresh RPMI1640, 0.5% FBS) or same medium containing indicated concentrations
of SNDX-275, melphalan, or combinations of SNDX-275 and melphalan for another 72 hrs
incubation. The percentages of surviving cells from each treatment to controls, defined as
100% survival, were determined by reduction of MTS. Data shows the representative of at
least three independent experiments. * P<0.002 vs combination of SNDX-275 and
melphalan. B, Dose-effect curves were generated with Chou-Talalay equation of statistical
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analysis. C, The combination index (CI) curves were calculated according to the Chou-
Talalay equation.
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Figure 2. Combinations of SNDX-275 and melphalan significantly induce PARP cleavage,
activation of caspase-8, -9, -3, and apoptosis in MM cells
RPMI8226 and MM1.S cells were cultured with RPMI1640 (0.5% FBS) in the absence or
presence of SNDX-275 (0.5 µM), melphalan (10 µM) alone or combinations of SNDX-275
and melphalan for 24 hrs. Cells were collected and subjected to western blot analyses with
specific antibodies directed against PARP, caspase-8, caspase-9, caspase-3, or β-actin (A) or
apoptosis ELISA (B).
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Figure 3. SNDX-275 and melphalan block cell cycle progression and modulate expression of
several key cell cycle regulators
A, MM1.S cells were cultured with RPMI1640 (0.5% FBS) in the absence or presence of
SNDX-275 (0.5 µM), melphalan (10 µM) alone or combinations of SNDX-275 and
melphalan for 24 hrs. Cells were harvested and subjected to flow cytometry analysis of cell
cycle distribution. B, Similar experiments were also performed with RPMI8226 cells. The
bar graph reflects the percentage of cells in G1, S, G2/M phase of the cell cycle. Data shows
the representative of at least three independent experiments. C, RPMI8226 and MM1.S cells
similarly treated as in (A) were collected and subjected to western blot analyses with
specific antibodies directed against E2F1, cyclin D1, p21waf1, p53, or β-actin.
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Figure 4. Combinations of SNDX-275 and melphalan significantly enhance acetylation of histone
H3, and exhibit super-induction of molecular markers-associated with DNA damage response
RPMI8226 and MM1.S cells were cultured with RPMI1640 (0.5% FBS) in the absence or
presence of SNDX-275 (0.5 µM), melphalan (10 µM) alone or combinations of SNDX-275
and melphalan for 24 hrs. Cells were collected and subjected to western blot analyses with
specific antibodies directed against (acetylated) Ac-Histone H3, Histone H3, or β-actin (A)
or γH2A.X, H2A.X, P-CHK1, CHK1, P-CHK2, CHK2, or β-actin (B).
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Figure 5. SNDX-275 enhances melphalan-induced mitotic catastrophe in MM cells
MM1.S cells were cultured with RPMI1640 (0.5% FBS) in the absence or presence of
SNDX-275 (0.5 µM), melphalan (10 µM) alone or combinations of SNDX-275 and
melphalan for 24 hrs. Cells were harvested and subjected to cytospin onto cell slides. A,
Slides were stained with HE, examined, and pictures were taken under a photomicroscope.
B, Pathologist was blinded on each slide set regarding the treatment groups. Cells that
showed atypical mitotic figures, multi-nucleation, atypical chromosome clusters, and
apoptosis were counted against normal cells, and reported in percentage.
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