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Abstract

Thalidomide-based Immunomodulatory Drugs (IMiDs®), including lenalidomide and pomali-

domide, are effective therapeutics for multiple myeloma. These agents have been approved

with, or are under clinical development with, other targeted therapies including proteasome

inhibitors, αCD38 monoclonal antibodies, as well as histone deacetylase (HDAC) inhibitors

for combination therapy. HDAC inhibitors broadly targeting Class I and IIb HDACs have

shown potent preclinical efficacy but have frequently demonstrated an undesirable safety pro-

file in combination therapy approaches in clinical studies. Therefore, development of more

selective HDAC inhibitors could provide enhanced efficacy with reduced side effects in combi-

nation with IMiDs® for the treatment of B-cell malignancies, including multiple myeloma. Here,

the second generation selective HDAC6 inhibitor citarinostat (ACY-241), with a more favor-

able safety profile than non-selective pan-HDAC inhibitors, is shown to synergize with

pomalidomide in in vitro assays through promoting greater apoptosis and cell cycle arrest.

Furthermore, utilizing a multiple myeloma in vivo murine xenograft model, combination treat-

ment with pomalidomide and ACY-241 leads to increased tumor growth inhibition. At the

molecular level, combination treatment with ACY-241 and pomalidomide leads to greater sup-

pression of the pro-survival factors survivin, Myc, and IRF4. The results presented here dem-

onstrate synergy between pomalidomide and ACY-241 in both in vitro and in vivo preclinical

models, providing further impetus for clinical development of ACY-241 for use in combination

with IMiDs for patients with multiple myeloma and potentially other B-cell malignancies.

Introduction

While a variety of effective therapeutic options exist for patients with multiple myeloma (MM)

including the immunomodulatory drugs (IMiDs1) thalidomide, lenalidomide and pomalido-

mide, a large number of patients remain refractory to, or undergo relapse to, IMiD treatment

[1–3]. Thus, development of further combinations with these standard of care agents could

enhance patient outcome [2]. IMiDs function by binding to the E3-ubiquitin ligase Cereblon
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and redirecting its activity towards the transcription factors IKZF1 (Ikaros) and IKZF3 (Aio-

los) to drive their ubiquitination and subsequent proteasome-mediated degradation [4–8].

Depletion of these transcription factors in MM cell lines leads to inhibition of tumor cell

growth, confirming the role of IMiD-mediated degradation of IKZF1 and IKZF3 on reducing

myeloma cell proliferation [7]. Additionally, suppression of cellular proliferation by IMiDs is

regulated by reduced expression of Myc and IRF4, factors which are frequently upregulated in

MM patients and are established genetic dependencies [9–12]. Therefore, utilizing agents that

further target Myc and IRF4 in combination with IMiDs could provide additional clinical effi-

cacy and enhanced patient outcomes.

Modifications to histone proteins, including acetylation, phosphorylation, methylation, and

ubiquitination, play key roles in regulating gene expression in normal tissues and can be aber-

rantly regulated in a wide variety of disease contexts including cancer. Histone deacetylases

(HDACs) are enzymes that catalyze the removal of acetyl moieties on lysine residues on protein

substrates. In the context of histone proteins, deacetylation of lysine residues drives transcrip-

tional changes through chromatin remodeling within gene regulatory elements [13]. Addition-

ally, HDACs target many non-histone proteins to regulate their function and/or stability [13].

HDAC inhibitors have been developed for cancer therapy in a variety of both solid and hemato-

logical malignancies, and transcriptional profiling of MM suggest HDAC inhibitors may be an

attractive therapeutic target for the treatment of MM [14–17]. Previous studies have elucidated

pathways regulated by HDACs and counteracted by HDAC inhibitors in cancer, including

PTEN/Akt/mTor, p53, p21, p27 as well as cyclin/Cdk complexes, which when inhibited lead to

the enhancement of cell cycle arrest and apoptosis that is observed with HDAC inhibitors [15,

18, 19]. Treatment of cancer cell lines with HDAC inhibitors frequently also leads to the down-

regulation of Myc, thereby enhancing cell death in diverse cancer cell types [19–21]. Given that

MM cells show addiction to Myc [10], these data suggest a mechanistic link by which HDAC

inhibitors could enhance cytotoxicity of MM cells through regulation of Myc expression.

Together, these findings support the rationale that treatment with HDAC inhibitors in combi-

nation with IMiDs could enhance anti-tumor activity, including in the MM setting [20, 22].

HDAC inhibitors are broadly segregated into two classes, those that inhibit both Class I

(HDAC1-3 and 8) and IIb (HDAC6 and 10) enzymes and those that inhibit Class I enzymes

only [23]. While the pan-HDAC inhibitors vorinostat, belinostat, romidepsin, and panobino-

stat have been approved by the FDA for treatment of T-cell lymphoma or MM, their clinical

utility is frequently limited due to poor tolerability, particularly in combination settings [24–

27]. Therefore, the identification of HDAC inhibitors with reduced Class I HDAC inhibition

may provide similar therapeutic potential while mitigating adverse side effects. Ricolinostat

(ACY-1215), the first-in-class HDAC6 selective inhibitor which is 10-15-fold selective for

HDAC6 over HDAC1-3, has exhibited preliminary efficacy in early clinical trials with an

acceptable safety profile in combination with lenalidomide and dexamethasone [28]. Here, we

demonstrate that citarinostat (ACY-241), a second generation HDAC6 selective inhibitor,

shows combination efficacy with IMiDs in both in vitro and in vivo models of MM. Combina-

tion treatment resulted in increased apoptosis as well as cell cycle arrest, coupled with

decreased expression of pro-survival genes. These results support the rationale of the ongoing

Phase 1a/b clinical trial (NCT02400242) exploring combination treatment of MM patients

with ACY-241 plus pomalidomide and dexamethasone.

Results

ACY-241 is a second generation HDAC6 selective inhibitor with 13 to 18-fold selectivity

towards HDAC6 in comparison to HDAC1-3 [29]. To assess relative selectivity of this

ACY-241 and pomalidomide combination therapy
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compound in MM cells, MM.1s cells were incubated with increasing concentrations of ACY-

241 followed by assessment of lysine-40 acetylation (Ac) of α-Tubulin (an HDAC6 specific

substrate) [30] and lysine-9 acetylation of Histone-H3 (H3K9; a Class I HDAC specific sub-

strate) [31]. Acetylation of α-Tubulin began to increase at concentrations as low as 100–500

nM of ACY-241 whereas histone acetylation was observed to increase at 2 μM, confirming the

HDAC selectivity profile of ACY-241 in MM cells (Fig 1A). Furthermore, utilizing a flow

cytometry based assay developed to detect both acetylated α-Tubulin and acetylated Histone

levels, we observed that ex vivo treatment of blood isolated from both healthy and myeloma

patient donors with increasing concentrations of ACY-241 led to a greater increase in acety-

lated α-Tubulin levels relative to acetylation of Histones (Fig 1B). These findings are consistent

with the demonstrated pharmacodynamic effects of the structurally related HDAC6 selective

inhibitor ACY-1215 in MM patients [28]. Previously, we have shown that ACY-1215 reduces

cellular proliferation and induces cell death in MM cells [32]. To directly compare the effect of

these two distinct HDAC6 selective compounds in vitro, we performed cellular proliferation

and viability analysis. H929 cells were treated with increasing concentrations of either ACY-

241 or ACY-1215 and cellular proliferation was monitored. Both ACY-241 and ACY-1215

demonstrated similar dose-dependent suppression of H929 cell proliferation upon prolonged

Fig 1. ACY-241 is a selective HDAC6 inhibitor that inhibits myeloma cell proliferation and survival. A) MM.1s cells were treated with

ACY-241 for 18 hrs and lysates western blotted for Ac-α-Tubulin, Ac-Histone H3K9, total α-Tubulin and total histone H3. B) Blood from

healthy donors and MM patients were treated for 18 hrs ex vivo with ACY-241 and stained with αCD3 and either Ac-α-tubulin or Ac-Histone

H2BK5 along with isotype controls. CD3+ cells were gated followed by measuring MFI and normalizing against isotype and DMSO treated

samples. C) H929 cells were treated with ACY-241 and live cells were counted following trypan blue staining. D) MM cell lines were treated

with increasing concentrations of ACY-241 for 4 days and cell viability was measured using an MTS assay. The IC50 was determined for

each cell line.

doi:10.1371/journal.pone.0173507.g001

ACY-241 and pomalidomide combination therapy
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exposure (Fig 1C and S1A Fig). Furthermore, we performed cellular viability assays with

increasing concentrations of ACY-241 and ACY-1215, and both showed similar IC50 values in

H929 cells (S1B Fig), and ACY-241 similarly reduced the viability of the additional MM cell

lines MM.1s and U266 (Fig 1D), as well as the MCL cell line Jeko-1 (S1C Fig). These results

confirm that single agent ACY-241, similar to ACY-1215, is capable of reducing MM cell via-

bility. Given its distinct structure and unique physiochemical properties, our further in vitro
and in vivo analyses focused on ACY-241 to characterize its activity in preclinical models and

support potential clinical testing.

It was previously shown that the combination of HDAC inhibitors with IMiDs leads to

enhanced cellular cytotoxicity [20]. Given this finding and our initial results demonstrating

single agent anti-tumor activity of ACY-241, we assessed if ACY-241 enhanced the anti-prolif-

erative effects of thalidomide-based IMiDs including lenalidomide and pomalidomide. To

assess synergy of this combination, we performed MTS assays across a 96-point dose concen-

tration matrix. Clear synergy was observed across a broad range of Fraction Affected (FA) val-

ues as indicated by Combination Index (CI) values less than 1 as calculated by the method of

Chou-Talalay [33] (Fig 2). This synergistic reduction in viability was observed in both the

H929 and MM.1s MM cell lines (Fig 2) and the Mantle Cell Lymphoma (MCL) cell line Jeko-1

Fig 2. ACY-241 synergizes with lenalidomide and pomalidomide to suppress viability of cancer cells. H929 and

MM.1s cells were treated with increasing concentrations of ACY-241 and either lenalidomide or pomalidomide in an escalating

concentration matrix. Cells were incubated for 3 days followed by measuring cell viability by MTS assay. CI values were

calculated, with a CI value <1 indicating synergistic activity of the combination over single agent treatment. Data shown is

representative of three independent experiments in each cell line.

doi:10.1371/journal.pone.0173507.g002
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(S2A Fig) when combining ACY-241 with either lenalidomide or pomalidomide. These results

are very similar to those obtained when testing combinations of IMiDs with ACY-1215 (S2B

Fig), confirming broad synergy of these selective HDAC inhibitors with the IMiD class of

drugs in MM cell lines, and suggesting activity in other B-cell malignancies where IMiDs are

active, such as MCL.

Given that both of these agents promote cell cycle arrest and cytotoxicity, we set out to elu-

cidate the cellular mechanism(s) driving the combination benefit observed on viability. Three

MM cell lines (H929, U266 and MM.1s) were treated with ACY-241 alone or in combination

with pomalidomide followed by assessment of cellular apoptosis by measuring Annexin V sur-

face staining and propidium iodide (PI) uptake. In each cell line we observed significantly

increased apoptosis when both agents were treated in combination relative to either single

agent (Fig 3A–3C). Interestingly, the efficacy of each single agent was largely cell line specific

at the concentrations and time points measured, but enhanced apoptosis upon combination

treatment was observed regardless of differences in single agent efficacy. For instance, in

H929 and MM.1s cells, pomalidomide and ACY-241 had comparable effects on apoptosis

(Fig 3A and 3C), whereas U266 cells were more susceptible to ACY-241 than to pomalidomide

(Fig 3B). While these studies focused primarily on cellular models of MM, we observed similar

results with regard to enhanced apoptosis in the Jeko-1 MCL cell line (S3A Fig). These results

indicate that in each of the cell lines tested, treatment with ACY-241 and pomalidomide had a

combination effect that was significantly greater than either single agent alone (Fig 3A–3C and

S3A Fig), confirming that enhanced cytotoxicity contributes to the synergistic efficacy of these

agents in cell viability assays.

Consistent with the described increase in apoptosis, we also observed in all cell lines a corre-

lation between apoptosis and decreased survivin protein levels and increased cleavage of cas-

pase 3 (Fig 3D and S3B Fig). Survivin is a member of the inhibitor of apoptosis (IAP) family of

proteins that both inhibit apoptosis and regulate the cell cycle [34]. Survivin is upregulated in a

wide variety of human cancers including MM, and survivin expression correlates with MM

disease progression [35]. We further observed that downregulation of survivin correlated with

decreased survivin (BIRC5) gene expression, both with single agent treatment and further sup-

pression upon combination treatment (Fig 3E and S3C Fig). These data suggest that increased

cytotoxicity through treatment with ACY-241 and pomalidomide is mediated in part through

downregulation of the anti-apoptotic protein survivin.

To determine if cell cycle arrest represents an additional mechanism driving the synergistic

effects observed with ACY-241 and pomalidomide combination treatment, cell cycle profiles

were assessed in each of four cell lines treated for 72 hours with ACY-241 or pomalidomide

alone or in combination. DNA replication in S phase was monitored via incorporation of EdU

into newly synthesized DNA. Utilizing percent cells in S phase as a readout for cell cycle arrest,

we observed that treatment with ACY-241 or pomalidomide alone, or in combination, led to

significant cell cycle arrest, albeit to varying degrees (Fig 4A–4C and S3D Fig). Interestingly,

percent cells in S phase did not necessarily show a combination effect relative to both single

agents in all cell lines assessed. For instance, in H929 and U266 cells, both pomalidomide and

ACY-241 promoted cell cycle arrest as single agents and cell cycle progression was further sup-

pressed following combination therapy (Fig 4A and 4B). However, in MM.1s and Jeko-1 cells,

cell cycle arrest was not further reduced by combination treatment compared to treatment

with single agent pomalidomide alone (Fig 4C and S3D Fig). In conclusion, treatment of

each of these cell lines with the combination of ACY-241 and pomalidomide has a synergistic

effect on viability by impacting both proliferation and cell death, though in some cell lines the

induction of apoptosis by combination treatment may be the most significant contribution to

improved efficacy of the combination.

ACY-241 and pomalidomide combination therapy

PLOS ONE | DOI:10.1371/journal.pone.0173507 March 6, 2017 5 / 16



Fig 3. Combination treatment with ACY-241 and pomalidomide leads to increased apoptosis. H929 (A), U266 (B),

and MM.1s (C) cells were treated with 1 μM or 0.05 μM pomalidomide or 3 μM ACY-241 alone or in combination for 4 days

followed by staining for Annexin V/PI to measure apoptosis. Percent apoptosis was assessed by double positivity for

Annexin V/PI. Representative flow dot plots are shown for each cell line (left) and the mean ± SD of three independent

experiments is plotted (right). * p < 0.05, ** p < 0.01; *** p < 0.001. D) Cells treated as in A-C were harvested after 48

hours. Total protein was isolated and probed with antibodies for Survivin, Caspase 3, Cleaved Caspase 3, and β-Actin.

Results are representative of at least 3 independent experiments for each antibody. E) Cells treated as in A-C were

harvested after 48 hours. Total RNA was isolated and converted to cDNA followed by real-time PCR for BIRC5 (survivin).

Results were normalized to the housekeeping gene RPLP1, and the mean ± SD of three independent experiments is shown.

doi:10.1371/journal.pone.0173507.g003
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The primary mechanism of action by which IMiDs promote cell cytotoxicity is via redirect-

ing Cereblon-mediated ubiquitination and degradation of the transcription factors IKZF1

and IKZF3, resulting in changes in gene expression and cell death [4–8]. Analysis of cell lines

treated with ACY-241 and pomalidomide either alone or in combination confirmed that

pomalidomide treatment of each line reduced IKZF3 protein levels while not significantly

affecting transcriptional regulation of Cereblon or Ikaros gene expression (Fig 4D and S3E and

S4 Figs), consistent with previous reports [4–6]. Combination treatment also further downre-

gulated Myc expression at the protein level, but not the mRNA level, suggesting that post-

Fig 4. Combination treatment with ACY-241 and pomalidomide reduces S phase frequency. H929 (A), U266 (B), and MM.1s (C)

cells were treated with 1 μM or 0.05 μM pomalidomide or 3 μM ACY-241 alone or in combination for 3 days followed by incubation for 1

hour with EdU and stained for EdU incorporation and FxCycle Far Red to measure S phase frequency. Percent cells in S phase was

determined by gating EdU positive cells. Representative flow dot plots are shown for each cell line (left) and the mean ± SD or three

independent experiments is plotted (right). * p < 0.05, ** p < 0.01; *** p < 0.001. D) Cells treated as in A-C were harvested after 48

hours. Total protein was isolated and probed with antibodies for Myc, IRF4, IKZF3 and β-Actin. Results are representative of at least 3

independent experiments for each antibody.

doi:10.1371/journal.pone.0173507.g004

ACY-241 and pomalidomide combination therapy
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translational mechanisms may mediate Myc downregulation by the combination of these

agents (Fig 4D and S3E and S4 Figs). In addition, IRF4 was downregulated at both the protein

and mRNA level by pomalidomide and ACY-241 alone and in combination (Fig 4D and S3E

and S4 Figs), suggesting enhanced suppression of IRF4 expression may also contribute to the

observed combination efficacy. To extend the relevance of these findings, we observed that

these pathways were altered in a similar pattern when cells were treated with ACY-241 in com-

bination with lenalidomide (S5 Fig), indicating that combination efficacy was not pomalido-

mide specific but consistent across thalidomide-based IMiD molecules. These results are

consistent with combination treatment of ACY-241 plus pomalidomide enhancing cytotoxic-

ity via suppression of the Myc, IRF4 and survivin pro-survival pathways.

To extend our findings with this combination to the in vivo setting, we assessed the efficacy

of treating mice harboring H929 MM xenografts with ACY-241 and/or pomalidomide. Mice

harboring palpable tumors were treated with either vehicle, ACY-241 (50 mg/kg QD), pomali-

domide (1 mg/kg QD), or both agents in combination. Consistent with reduced toxicity of

selective HDAC inhibitors, we did not observe any significant toxicity or adverse effects on the

health of the animals as body weight increased while on treatment and no clinical signs were

observed (Fig 5A). While ACY-241 did not significantly impact tumor growth as a single

agent, pomalidomide treatment did suppress tumor growth relative to the vehicle treated

group (Fig 5B). Importantly, combination treatment with ACY-241 plus pomalidomide

resulted in significantly greater tumor growth inhibition relative to pomalidomide alone (Fig

5B). These results confirm that the combination benefit of ACY-241 and pomalidomide

observed in vitro translates to combination efficacy in vivo.

Discussion

Here we demonstrate that ACY-241, a second generation selective HDAC inhibitor, syner-

gizes with the IMiD class of drugs to suppress proliferation and viability of tumor cells

derived from MM. These results suggest the combination benefit largely derives from

enhanced cytotoxicity through increasing cellular apoptosis, as well as cell cycle arrest in at

least a subset of cell lines. At the molecular level, combination treatment resulted in greater

Fig 5. Combination treatment with ACY-241 and pomalidomide reduced tumor growth in vivo. A) Body weight was assessed

throughout the period of treatment with vehicle, ACY-241, pomalidomide, or the combination. Graph shows mean relative body weight

change ±SD. B) Enhanced suppression of H929 tumor xenograft growth after treatment with vehicle, ACY-241, pomalidomide, or the

combination (n = 10 per treatment group). Graph shows mean tumor volume ±SD over the course of treatment. Each line is truncated when

the first animal in each cohort was sacrificed due to humane or tumor volume endpoints. * p < 0.005 for combination treatment relative to

pomalidomide alone.

doi:10.1371/journal.pone.0173507.g005

ACY-241 and pomalidomide combination therapy
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suppression of Myc and IRF4 expression, as well as reduced expression of the anti-apoptotic

protein survivin. Furthermore, we observed that this combination effect in vitro translated to

significant combination efficacy on reducing tumor growth in an in vivo MM xenograft

model. Together these results indicate that combining ACY-241 with IMiDs enhances anti-

cancer efficacy in models of MM.

Our results demonstrate that ACY-241 treatment in combination with pomalidomide

enhances apoptosis and cell cycle arrest compared to each agent alone. Interestingly, while

each of the tested cell lines had a different sensitivity to each single agent, enhanced combina-

tion efficacy was observed in all cell lines tested. These results indicate that each compound

enhances the cytotoxic effects of the partner agent, suggesting potentially broad applicability of

this combination. The ability of ACY-241 to enhance response to IMiD treatment, even in

lines that poorly respond to pomalidomide (such as U266), provide rationale for further assess-

ment of combinations with ACY-241 to potentially resensitize IMiD-resistant MM models.

Furthermore, our findings provide evidence of combination efficacy in the MCL cell line Jeko-

1, suggesting potentially broader applicability of this combination across B cell malignancies.

Future studies should explore additional models of other B cell malignancies in greater depth

to determine if this combination acts through similar pathways as in models of MM.

Pomalidomide was previously shown to enhance Cereblon-mediated degradation of the

transcription factors IKZF1 and IKZF3, which subsequently leads to suppression of the

critical transcription factors Myc and IRF4 [9–12]. Non-selective HDAC inhibitors were also

previously shown to downregulate Myc expression [36, 37], which has been shown to be fur-

ther enhanced by IMiD treatment [20]. Consistent with these previous results, combination

treatment of MM cells with pomalidomide and ACY-241 enhances suppression of both Myc

and IRF4. Similar to Myc, the anti-apoptotic protein survivin is upregulated in a wide variety

of human cancers including MM, and its expression correlates with MM disease progression

[35]. Interestingly, we also demonstrate that the pro-survival protein survivin is significantly

suppressed at both the mRNA and protein levels upon combination treatment compared to

either agent alone. Furthermore, the response and degree of survivin suppression in each line

correlated with the extent of apoptosis, suggesting that regulation of survivin may be a key

determining factor driving cytotoxicity in response to the combination of these agents. Previ-

ous studies have demonstrated that HDAC inhibitors can suppress survivin [38, 39], which

has been mechanistically linked to regulation of miR-203 in NSCLC tumor models [40], as

well as to activation of AMP-activated protein kinase (AMPK) or the MAPK pathway (P38) in

colon cancer models [41]. Our results indicate that combined regulation of Myc and survivin

pathways may be key factors driving cellular cytotoxicity in MM cells in response to this com-

bination treatment approach. Given that the doses of ACY-241 used in this study demon-

strated pharmacodynamic regulation of both HDAC6 and Class I HDACs, future studies

exploring the role(s) of specific HDAC isozymes in the regulation of Myc and survivin expres-

sion will be important to further define the mechanism of action of selective HDAC inhibitors

in this combination in models of MM.

IMiDs have also been shown to modulate the immune system in addition to causing

direct cytotoxicity of tumor cells through the regulation of IKZF1 and IKZF3 protein abun-

dance [8]. Therefore, it would be of interest for future studies to assess the ability of selective

HDAC inhibitors, including ACY-241, to enhance the immunomodulatory function(s) of

IMiD molecules. In this study, we demonstrate that treatment with ACY-241 further sup-

pressed the Myc and IRF4 pathways, as well as the pro-survival factor survivin, to promote

cellular cytotoxic effects. Together these findings support the ongoing Phase 1 clinical trial of

ACY-241 in combination with pomalidomide and dexamethasone for the treatment of MM

patients (NCT02400242).

ACY-241 and pomalidomide combination therapy
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Materials and methods

Cell lines and reagents

Multiple myeloma cell lines MM.1s, H929, and U266, and the Mantle Cell Lymphoma cell line

Jeko-1 were obtained from ATCC (Manassas, VA). MM.1s cells were cultured in Dulbecco’s

Modified Eagle’s Medium (DMEM) supplemented with 10% fetal bovine serum (FBS), H929

cells were cultured in RPMI 1640 with 10% FBS, U266 cells were cultured in RPMI 1640 with

15% FBS, and Jeko-1 cells were cultured in RPMI 1640 with 20% FBS.

Ricolinostat (ACY-1215) and citarinostat (ACY-241) were synthesized by ChemPartner

(Shanghai, China). Lenalidomide and pomalidomide were obtained from Selleck Chemicals

(Houston, TX). All agents were dissolved in DMSO for in vitro use and stored at -20˚C in sin-

gle use aliquots.

Detection of acetylated tubulin and histone in human blood by flow

cytometry

Blood samples from healthy donors were collected at Research Blood Components, LLC. (Bos-

ton, MA). The collection of whole blood for research purposes was approved by New England

IRB (NEIRB #04–144). Blood samples from multiple myeloma patients were collected at Biore-

climation, LLC. (Westbury, NY). The collection of patient whole blood was approved by

Schulman IRB (IRB #201601934). All the participants provided their written informed consent

to participate in this study, and blood was provided in sodium heparin tubes. 0.5 mL of whole

blood was incubated with the indicated concentrations of ACY-241 at 37˚C for 18 hrs. After

incubation, 0.5 mL of 20% DMSO in PBS (v/v) was added, samples were mixed by inversion

several times, and frozen in a slow freezing container. The frozen samples were thawed at 37˚C

and 200 μL of blood was aliquoted to tubes. An equal volume of 3.8% formaldehyde in PBS

was added to each sample and incubated for 15 minutes at 37˚C. Samples were washed three

times with permeabilization buffer (0.5% BSA and 0.5% Triton X-100 in PBS) and incubated

for 1 hour with primary antibodies for acetyl-α tubulin (Sigma), murine IgG control (Sigma),

α-acetyl-histone H2BK5, (Cell Signaling), and rabbit control IgG (Cell Signaling). Samples

were then washed three times with permeabilization buffer to remove excess primary antibody

and stained with secondary antibodies Dylight488 goat anti-mouse IgG (KPL) and Dylight488

goat anti-rabbit IgG (KPL) for 15 minutes at 37˚C. Samples were washed once with permeabi-

lization buffer and once with PBS, then resuspended in 500 μL PBS and αCD3 antibody

(eBioscience). Samples were allowed to stand for 15 minutes at room temperature and then

assayed by flow cytometry. Data analysis began by gating on the CD3+ cells in FlowJo software

(Treestar, Inc., Ashland, OR) and applying a median fluorescence intensity (MFI) statistic.

Fold change was calculated by subtracting the control IgG MFI from the sample MFI and

dividing the MFI of treated groups by the MFI of the DMSO treated control. The data illus-

trated are an aggregate of three different donor or patient samples (n = 3).

Immunoblotting

Cells cultured in the presence of ACY-241 and/or pomalidomide were washed and lysed using

radio-immunoprecipitation assay (RIPA) lysis buffer with HALT complete protease inhibitor

cocktail (Thermo Scientific).

For western blot analysis lysates were kept at 4˚C and sonicated in a Diagenode Bioruptor

(Denville, NJ) on the “high” setting for five 30-second cycles on, five cycles off to ensure com-

plete membrane disruption, and then centrifuged at 14,000 rpm for 10 minutes to clarify.

Equal amounts of protein were loaded and size separated using the Life Technologies Bolt
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system with manufacturer recommended reagents and probed using antibodies against acetyl-

α-tubulin (Sigma), acetyl-histone H3K9 (Millipore), α-Tubulin (Sigma), and histone-H3, pan-

tropic (Millipore). Antigen-antibody complexes were detected using secondary antibodies

conjugated with horseradish peroxide (HRP) and visualized on a Syngene Gbox (Frederick,

MD).

For WES analysis, lysates were separated by an automated capillary-based electrophoresis

system (WES, ProteinSimple, San Jose, CA). All procedures were performed according to the

manufacturer’s recommendations using the supplied reagents. Briefly, after determination of

protein concentration of each lysate, 0.4 mg of total protein (4 μL) was mixed with 1 μL of 5X

fluorescent master mix and heated at 95˚C for 5 min. The samples, blocking reagent, wash

buffer, primary antibodies, secondary antibodies, and chemiluminescent substrate were dis-

pensed into designated wells in the manufacturer provided microplate. Primary antibodies

used are as follows: Survivin (Novus Biologicals), Caspase 3, c-Myc, IRF4, (Cell Signaling),

IKZF3 (abcam), and β-Actin (Sigma). Following plate loading the separation and immunode-

tection was performed automatically using default settings. The resulting data were analyzed

using Compass software (ProteinSimple).

Cell proliferation

Cells were plated on day 0 in 12 well plates at a concentration of 100,000 cells per mL in 1 mL

total volume. Cells were treated with the indicated concentrations of ACY-1215 or ACY-241

in triplicate. On day 0, 3, 5, and 7, cells in each well were mixed to resuspend and 20 μL were

removed and mixed 1:1 with Trypan Blue. Viable cells, determined by exclusion of Trypan

Blue, were counted. Triplicate values were averaged and SEM calculated using Excel (Micro-

soft) and graphed with Prism software (GraphPad).

Cell proliferation assay

The growth inhibitory effect of ACY-241 or ACY-1215 combined with IMiDs in cell lines was

assessed by measuring 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfo-

phenyl)-2H-tetrazolium (MTS; CellTiter 961 AQueous One Solution; Promega; Madison,

WI) dye absorbance. Cells from 72 hour cultures were pulsed with 5 μL of CellTiter 961

AQueous One Solution in each well. The 384-well plates were incubated at 37˚C for 5 hours,

and absorbance was read at a wavelength of 490 nm (with correction using readings at 650

nm) on a spectrophotometer (Molecular Devices Corp.; Sunnyvale, CA). Triplicate values

were averaged and SD calculated and graphed with Prism software (GraphPad).

Synergy analysis

Cells were treated in quadruplicate in 384 well plates with an 8 × 12 dose matrix of ACY-241

or ACY-1215 and each IMiD. After incubating treated cells for 72 hours, total cell viability was

assessed via MTS assay. The mean Fraction Affected (FA) was established for each dose combi-

nation, and based on each single agent dose-effect plot the relative Combination Index (CI)

value was determined using CalcuSyn Software (BioSoft; Cambridge, UK) according to the

method of Chou and Talalay [33]. The resulting dataset was used to generate FA-CI plots to

identify synergistic drug interactions. CI values greater than 2 are indicative of antagonism,

CI = 1 represents additivity, and CI < 1 represents synergistic interaction of two agents.
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Apoptosis assay

Cells were treated with the indicated concentrations of compounds. At 96 hours post treat-

ment, cells were harvested, washed twice in PBS, and stained for Annexin V and propidium

iodide using the Alexa Fluor 488 Annexin V/Dead Cell Apoptosis Kit (Life Technologies,

Grand Island, NY) according to the manufacturer’s protocol. Cells were analyzed on a FC500

flow cytometer (Becton Dickenson). Flow cytometry data were analyzed using FlowJo software

and gating results were analyzed and graphed in Prism.

Cell cycle assay

Cells were treated with the indicated concentrations of compounds. At 72 hours post treat-

ment, cells were incubated for 60 min in the presence of 10 μM 5-ethynyl-2’-deoxyuridine

(EdU) at 37˚C. After EdU incorporation, cells were washed in PBS and resuspended in fixative

solution using the Click-iT EdU Alexa Fluor 488 Flow Cytometry Assay Kit (Life Technolo-

gies) and stained according to the manufacturer’s protocol. Cellular DNA was stained using

FxCycle™ Far Red Stain (Life Technologies) and cells analyzed on an Attune NxT Flow cytom-

eter (ThermoFisher Scientific). Flow cytometry data were analyzed using FlowJo software and

gating results were analyzed and graphed in Prism.

Real time PCR

Total RNA was isolated using RNeasy Micro Kit (Qiagen) with on-column DNase digestion,

converted into cDNA using the High Capacity RNA-to-cDNA Kit (Life Technologies), diluted

5-fold with water, and 1.5 μL used as a template for Taqman PCR using Taqman Universal

Master Mix II, No UNG (ThermoFisher Scientific) and run on an Applied Biosystems Quant-

Studio 7 Flex Real-Time PCR System. Relative expression levels were determined by normali-

zation to the housekeeping gene RPLP1 using the comparative Ct (2ΔΔCt) method. Probes used

for Taqman: BIRC5 (Hs00977611_g1), CRBN (Hs00372271_m1), Myc (Hs00153408_m1),

IRF4 (Hs01056535_m1), IKZF1 (Hs00958473_m1), IKZF3 (Hs00918013_m1), RPLP1
(Hs01653088_g1).

Animal studies

All animal studies were performed in female CB.17 SCID mice (CB17/Icr-Prkdcscid/IcrIcoCrl)

at Charles River Discovery Services (CR DS-NC; Morrisville, NC). The identity of H929 cell

line was validated and documented by Charles River Discovery Services. The study was

approved by the CR DS-NC Institutional Animal Care and Use Committee. This site has an

approved Assurance Statement (A4358-01) on file with the Office of Laboratory Animal Wel-

fare (OLAW), National Institutes of Health (NIH) and is accredited by the Association for

Assessment and Accreditation of Laboratory Animal Care International (AAALAC Interna-

tional). Animals were obtained from an approved vendor and were housed under conditions

which met the requirements specified in the Guide for the Care and Use of Laboratory Animals
from the National Research Council. The health and welfare of all animals was assessed on a

daily basis and animals observed with abnormal clinical signs were brought to the attention of

the veterinary staff for monitoring and recommendation of appropriate treatment, including

supportive care. Based on veterinary recommendation, animals experiencing severe or chronic

pain or distress that could not be relieved were humanely euthanized. Animals on this study

were euthanized by exposure to an overdose of isoflurane consistent with the AVMA Guide-

lines of Euthanasia for the Euthanasia of Animals: 2013 Edition.
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IACUC approved general humane end points for tumor models that were applied to this

study included: 1) Tumor volume reaching 2000 mm3, 2) Any individual animal with a single

observation of more than 30% body weight loss or three consecutive measurements of more

than 25% body weight loss, and 3) Any group with a mean body weight loss of more than 20%

or more than 10% mortality will stop dosing. The group is not euthanized and recovery is

allowed. Within a group with more than 20% weight loss, individuals hitting the individual body

weight loss endpoint will be euthanized. If the group treatment related body weight loss is recov-

ered to within 10% of the original weights, dosing may resume at a lower dose or less frequent

dosing schedule. Exceptions to non-treatment body weight percent recovery may be allowed on

a case-by-case basis based on veterinary approval in consultation with the Study Director.

Xenografts were initiated by subcutaneously injecting 100 μL of H929 MM cell suspension

(1 x 107 cells) into the right flank of 7-week-old mice. Tumors for all mice were allowed to

attain a volume of 100 to 150 mm3 before randomization (cohort sizes n = 10) and treatment

initiation. ACY-241 was dosed via intraperitoneal (IP) injection at 50 mg/kg once daily for 42

consecutive days, while pomalidomide was dosed via IP injection at 1 mg/kg once daily for 42

consecutive days. Tumor volumes and body weights were measured twice weekly throughout

the duration of the study, and mean ± SD are plotted for each group up to the timepoint when

the first animal in each cohort was sacrificed for humane or tumor volume endpoints. Differ-

ences in tumor volume are indicated by p values obtained by performing a t-test at the indi-

cated tumor measurement time points.

Supporting information

S1 Fig. ACY-241 and ACY-1215 exhibit similar effects on cell proliferation and viability.

A) H929 cells were treated with ACY-1215 and live cells were counted following trypan blue

staining. B) H929 cells were treated with increasing concentrations of either ACY-241 or

ACY-1215 for 3 days and cell viability was measured using an MTS assay. The IC50 was deter-

mined for each treatment condition. C) Jeko-1 cells were treated with increasing concentra-

tions of ACY-241 for 4 days and cell viability was measured using an MTS assay and the IC50

calculated.

(TIF)

S2 Fig. ACY-1215 synergizes with lenalidomide and pomalidomide to suppress viability of

MM cells. A) Jeko-1 cells were treated with increasing concentrations of ACY-241 and either

lenalidomide or pomalidomide in an escalating concentration matrix. Cells were incubated for

3 days followed by measuring cell viability by MTS assay. CI values were calculated, with a CI

value <1 indicating synergistic activity of the combination over single agent treatment. B)

H929 and MM.1s cell lines were treated with increasing concentrations of ACY-1215 and

either lenalidomide or pomalidomide in an escalating concentration matrix. Cells were incu-

bated, assayed and analyzed as in (A). Data shown is representative of three independent

experiments in each cell line.

(TIF)

S3 Fig. Combination treatment with ACY-241 and pomalidomide in Jeko-1 cells. A) Jeko-1

cells were treated with 1 μM pomalidomide or 3 μM ACY-241 alone or in combination for 4

days followed by staining for Annexin V/PI to measure apoptosis. Percent apoptosis was

assessed by double positivity for Annexin V/PI. Representative flow dot plots are shown for

each cell line (left) and the mean ± SD of three independent experiments is plotted (right).
��� p< 0.001. B) Cells treated as in A) were harvested after 48 hours. Total protein was isolated

and probed with antibodies for Survivin, Caspase 3, Cleaved Caspase 3, and β-Actin. Results
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are representative of at least 3 independent experiments for each antibody. C) Jeko-1 cells

treated as in A) were harvested after 48 hours. Total RNA was isolated and converted to cDNA

followed by real-time PCR for BIRC5 (survivin). Results were normalized to the housekeeping

gene RPLP1, and the mean ± SD of three independent experiments is shown. D) Jeko-1 cells

were treated as in A) for 3 days followed by incubation for 1 hour with EdU and stained for

EdU incorporation and FxCycle Far Red to measure S phase frequency. Percent cells in S

phase was determined by gating EdU positive cells. Representative flow dot plots are shown

for each cell line (left) and the mean ± SD or three independent experiments is plotted (right).
��� p< 0.001. E) Jeko-1 cells treated as in A) were harvested after 48 hours. Total protein was

isolated and probed with antibodies for Myc, IRF4, IKZF3 and β-Actin. Results are representa-

tive of at least 3 independent experiments for each antibody.

(TIF)

S4 Fig. Relative gene expression changes in response to ACY-241 and/or pomalidomide

treatment. A) H929, U266, MM.1s, and Jeko-1 cells were treated with 1 μM or 0.05 μM poma-

lidomide or 3 μM ACY-241 alone or in combination and harvested after 48 hours. Total RNA

was isolated and converted to cDNA followed by real-time PCR for Cereblon (CRBN), Myc,

IRF4, IKZF1, and IKZF3. Results were normalized to the housekeeping gene RPLP1 and the

mean ± SD of triplicate samples was determined. Data shown is representative of at least three

independent experiments.

(TIF)

S5 Fig. Combination treatment with ACY-241 and either lenalidomide or pomalidomide

results in decreased expression of survival factors and increased expression of apoptotic

markers. A) H929 cells were treated with 2 μM lenalidomide (Len), 1 μM pomalidomide

(Pom) and/or 3 μM ACY-241. Cells were harvested after 48 hours and total protein was iso-

lated and probed with antibodies for Myc, IRF4, IKZF3, and β-Actin. B) MM.1s cells treated as

in A) were harvested after 48 hours and total protein was isolated and probed with antibodies

for Myc, IRF4, IKZF3, Caspase 3, and β-Actin.

(TIF)

Author Contributions

Conceptualization: BJN IAP DT MY SSJ SNQ.

Formal analysis: BJN IAP DT SNQ.

Investigation: BJN IAP DT SNQ.

Project administration: MY SSJ SNQ.

Supervision: MY SSJ SNQ.

Validation: BJN IAP SNQ.

Visualization: BJN IAP DT SNQ.

Writing – original draft: BJN IAP SNQ.

Writing – review & editing: BJN IAP DT MY SSJ SNQ.

References
1. Andhavarapu S, Roy V. Immunomodulatory drugs in multiple myeloma. Expert Rev Hematol. 2013; 6

(1):69–82. doi: 10.1586/ehm.12.62 PMID: 23373782

ACY-241 and pomalidomide combination therapy

PLOS ONE | DOI:10.1371/journal.pone.0173507 March 6, 2017 14 / 16

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0173507.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0173507.s005
http://dx.doi.org/10.1586/ehm.12.62
http://www.ncbi.nlm.nih.gov/pubmed/23373782


2. Kaufman JL, Fabre C, Lonial S, Richardson PG. Histone deacetylase inhibitors in multiple myeloma:

rationale and evidence for their use in combination therapy. Clin Lymphoma Myeloma Leuk. 2013; 13

(4):370–6. doi: 10.1016/j.clml.2013.03.016 PMID: 23787122

3. Lee HC, Mark TM, Shah JJ. Practical Approaches to the Management of Dual Refractory Multiple Mye-

loma. Curr Hematol Malig Rep. 2016; 11(2):148–55. doi: 10.1007/s11899-016-0312-7 PMID: 26898556

4. Ito T, Ando H, Suzuki T, Ogura T, Hotta K, Imamura Y, et al. Identification of a primary target of thalido-

mide teratogenicity. Science. 2010; 327(5971):1345–50. doi: 10.1126/science.1177319 PMID:

20223979

5. Kronke J, Udeshi ND, Narla A, Grauman P, Hurst SN, McConkey M, et al. Lenalidomide causes selec-

tive degradation of IKZF1 and IKZF3 in multiple myeloma cells. Science. 2014; 343(6168):301–5. doi:

10.1126/science.1244851 PMID: 24292625

6. Lopez-Girona A, Mendy D, Ito T, Miller K, Gandhi AK, Kang J, et al. Cereblon is a direct protein target

for immunomodulatory and antiproliferative activities of lenalidomide and pomalidomide. Leukemia.

2012; 26(11):2326–35. doi: 10.1038/leu.2012.119 PMID: 22552008

7. Lu G, Middleton RE, Sun H, Naniong M, Ott CJ, Mitsiades CS, et al. The myeloma drug lenalidomide

promotes the cereblon-dependent destruction of Ikaros proteins. Science. 2014; 343(6168):305–9. doi:

10.1126/science.1244917 PMID: 24292623

8. Gandhi AK, Kang J, Havens CG, Conklin T, Ning Y, Wu L, et al. Immunomodulatory agents lenalido-

mide and pomalidomide co-stimulate T cells by inducing degradation of T cell repressors Ikaros and

Aiolos via modulation of the E3 ubiquitin ligase complex CRL4(CRBN.). Br J Haematol. 2014; 164

(6):811–21. doi: 10.1111/bjh.12708 PMID: 24328678

9. Bjorklund CC, Lu L, Kang J, Hagner PR, Havens CG, Amatangelo M, et al. Rate of CRL4(CRBN) sub-

strate Ikaros and Aiolos degradation underlies differential activity of lenalidomide and pomalidomide in

multiple myeloma cells by regulation of c-Myc and IRF4. Blood Cancer J. 2015; 5:e354. doi: 10.1038/

bcj.2015.66 PMID: 26430725

10. Holien T, Vatsveen TK, Hella H, Waage A, Sundan A. Addiction to c-MYC in multiple myeloma. Blood.

2012; 120(12):2450–3. doi: 10.1182/blood-2011-08-371567 PMID: 22806891

11. Lopez-Girona A, Heintel D, Zhang LH, Mendy D, Gaidarova S, Brady H, et al. Lenalidomide downregu-

lates the cell survival factor, interferon regulatory factor-4, providing a potential mechanistic link for pre-

dicting response. Br J Haematol. 2011; 154(3):325–36. doi: 10.1111/j.1365-2141.2011.08689.x PMID:

21707574

12. Shaffer AL, Emre NC, Lamy L, Ngo VN, Wright G, Xiao W, et al. IRF4 addiction in multiple myeloma.

Nature. 2008; 454(7201):226–31. doi: 10.1038/nature07064 PMID: 18568025

13. Chen HP, Zhao YT, Zhao TC. Histone deacetylases and mechanisms of regulation of gene expression.

Crit Rev Oncog. 2015; 20(1–2):35–47. PMID: 25746103

14. Campbell RA, Sanchez E, Steinberg J, Shalitin D, Li ZW, Chen H, et al. Vorinostat enhances the anti-

myeloma effects of melphalan and bortezomib. Eur J Haematol. 2010; 84(3):201–11. doi: 10.1111/j.

1600-0609.2009.01384.x PMID: 19929977

15. Li Y, Seto E. HDACs and HDAC Inhibitors in Cancer Development and Therapy. Cold Spring Harb Per-

spect Med. 2016; 6(10).

16. Mitsiades CS, Mitsiades NS, McMullan CJ, Poulaki V, Shringarpure R, Hideshima T, et al. Transcrip-

tional signature of histone deacetylase inhibition in multiple myeloma: biological and clinical implica-

tions. Proc Natl Acad Sci U S A. 2004; 101(2):540–5. doi: 10.1073/pnas.2536759100 PMID: 14695887

17. Subramanian S, Bates SE, Wright JJ, Espinoza-Delgado I, Piekarz RL. Clinical Toxicities of Histone

Deacetylase Inhibitors. Pharmaceuticals (Basel). 2010; 3(9):2751–67.

18. Zhang H, Shang YP, Chen HY, Li J. Histone deacetylases function as novel potential therapeutic tar-

gets for cancer. Hepatol Res. 2016.

19. Zhang P, Guo Z, Wu Y, Hu R, Du J, He X, et al. Histone Deacetylase Inhibitors Inhibit the Proliferation

of Gallbladder Carcinoma Cells by Suppressing AKT/mTOR Signaling. PLoS One. 2015; 10(8):

e0136193. doi: 10.1371/journal.pone.0136193 PMID: 26287365

20. Hideshima T, Cottini F, Ohguchi H, Jakubikova J, Gorgun G, Mimura N, et al. Rational combination

treatment with histone deacetylase inhibitors and immunomodulatory drugs in multiple myeloma. Blood

Cancer J. 2015; 5:e312. doi: 10.1038/bcj.2015.38 PMID: 25978432

21. Shin DY, Kim A, Kang HJ, Park S, Kim DW, Lee SS. Histone deacetylase inhibitor romidepsin induces

efficient tumor cell lysis via selective down-regulation of LMP1 and c-myc expression in EBV-positive

diffuse large B-cell lymphoma. Cancer Lett. 2015; 364(2):89–97. doi: 10.1016/j.canlet.2015.03.016

PMID: 25790907

ACY-241 and pomalidomide combination therapy

PLOS ONE | DOI:10.1371/journal.pone.0173507 March 6, 2017 15 / 16

http://dx.doi.org/10.1016/j.clml.2013.03.016
http://www.ncbi.nlm.nih.gov/pubmed/23787122
http://dx.doi.org/10.1007/s11899-016-0312-7
http://www.ncbi.nlm.nih.gov/pubmed/26898556
http://dx.doi.org/10.1126/science.1177319
http://www.ncbi.nlm.nih.gov/pubmed/20223979
http://dx.doi.org/10.1126/science.1244851
http://www.ncbi.nlm.nih.gov/pubmed/24292625
http://dx.doi.org/10.1038/leu.2012.119
http://www.ncbi.nlm.nih.gov/pubmed/22552008
http://dx.doi.org/10.1126/science.1244917
http://www.ncbi.nlm.nih.gov/pubmed/24292623
http://dx.doi.org/10.1111/bjh.12708
http://www.ncbi.nlm.nih.gov/pubmed/24328678
http://dx.doi.org/10.1038/bcj.2015.66
http://dx.doi.org/10.1038/bcj.2015.66
http://www.ncbi.nlm.nih.gov/pubmed/26430725
http://dx.doi.org/10.1182/blood-2011-08-371567
http://www.ncbi.nlm.nih.gov/pubmed/22806891
http://dx.doi.org/10.1111/j.1365-2141.2011.08689.x
http://www.ncbi.nlm.nih.gov/pubmed/21707574
http://dx.doi.org/10.1038/nature07064
http://www.ncbi.nlm.nih.gov/pubmed/18568025
http://www.ncbi.nlm.nih.gov/pubmed/25746103
http://dx.doi.org/10.1111/j.1600-0609.2009.01384.x
http://dx.doi.org/10.1111/j.1600-0609.2009.01384.x
http://www.ncbi.nlm.nih.gov/pubmed/19929977
http://dx.doi.org/10.1073/pnas.2536759100
http://www.ncbi.nlm.nih.gov/pubmed/14695887
http://dx.doi.org/10.1371/journal.pone.0136193
http://www.ncbi.nlm.nih.gov/pubmed/26287365
http://dx.doi.org/10.1038/bcj.2015.38
http://www.ncbi.nlm.nih.gov/pubmed/25978432
http://dx.doi.org/10.1016/j.canlet.2015.03.016
http://www.ncbi.nlm.nih.gov/pubmed/25790907


22. Canella A, Cordero Nieves H, Sborov DW, Cascione L, Radomska HS, Smith E, et al. HDAC inhibitor

AR-42 decreases CD44 expression and sensitizes myeloma cells to lenalidomide. Oncotarget. 2015; 6

(31):31134–50. doi: 10.18632/oncotarget.5290 PMID: 26429859

23. Bradner JE, West N, Grachan ML, Greenberg EF, Haggarty SJ, Warnow T, et al. Chemical phyloge-

netics of histone deacetylases. Nat Chem Biol. 2010; 6(3):238–43. doi: 10.1038/nchembio.313 PMID:

20139990

24. Harada T, Hideshima T, Anderson KC. Histone deacetylase inhibitors in multiple myeloma: from bench

to bedside. Int J Hematol. 2016; 104(3):300–9. doi: 10.1007/s12185-016-2008-0 PMID: 27099225

25. Lee JH, Marks PA. Histone deacetylase inhibitors in the therapy of cancer: much to learn. Epigenomics.

2010; 2(6):723–5. doi: 10.2217/epi.10.59 PMID: 22122077

26. Shabason JE, Tofilon PJ, Camphausen K. HDAC inhibitors in cancer care. Oncology (Williston Park).

2010; 24(2):180–5.

27. West AC, Johnstone RW. New and emerging HDAC inhibitors for cancer treatment. J Clin Invest. 2014;

124(1):30–9. doi: 10.1172/JCI69738 PMID: 24382387

28. Yee AJ, Bensinger WI, Supko JG, Voorhees PM, Berdeja JG, Richardson PG, et al. Ricolinostat plus

lenalidomide, and dexamethasone in relapsed or refractory multiple myeloma: a multicentre phase 1b

trial. Lancet Oncol. 2016; 17(11):1569–78. doi: 10.1016/S1470-2045(16)30375-8 PMID: 27646843

29. Huang P, Almeciga-Pinto I, Jarpe M, van Duzer JH, Mazitschek R, Yang M, et al. Selective HDAC inhi-

bition by ACY-241 enhances the activity of paclitaxel in solid tumor models. Oncotarget. 2017; 8

(2):2694–707. doi: 10.18632/oncotarget.13738 PMID: 27926524

30. Hubbert C, Guardiola A, Shao R, Kawaguchi Y, Ito A, Nixon A, et al. HDAC6 is a microtubule-associated

deacetylase. Nature. 2002; 417(6887):455–8. doi: 10.1038/417455a PMID: 12024216

31. Seto E, Yoshida M. Erasers of histone acetylation: the histone deacetylase enzymes. Cold Spring Harb

Perspect Biol. 2014; 6(4):a018713. doi: 10.1101/cshperspect.a018713 PMID: 24691964

32. Santo L, Hideshima T, Kung AL, Tseng JC, Tamang D, Yang M, et al. Preclinical activity, pharmacody-

namic, and pharmacokinetic properties of a selective HDAC6 inhibitor, ACY-1215, in combination with

bortezomib in multiple myeloma. Blood. 2012; 119(11):2579–89. doi: 10.1182/blood-2011-10-387365

PMID: 22262760

33. Chou TC, Talalay P. Quantitative analysis of dose-effect relationships: the combined effects of multiple

drugs or enzyme inhibitors. Adv Enzyme Regul. 1984; 22:27–55. PMID: 6382953

34. Garg H, Suri P, Gupta JC, Talwar GP, Dubey S. Survivin: a unique target for tumor therapy. Cancer Cell

Int. 2016; 16:49. doi: 10.1186/s12935-016-0326-1 PMID: 27340370

35. Romagnoli M, Trichet V, David C, Clement M, Moreau P, Bataille R, et al. Significant impact of survivin

on myeloma cell growth. Leukemia. 2007; 21(5):1070–8. doi: 10.1038/sj.leu.2404602 PMID: 17315024

36. Li H, Wu X. Histone deacetylase inhibitor, Trichostatin A, activates p21WAF1/CIP1 expression through

downregulation of c-myc and release of the repression of c-myc from the promoter in human cervical

cancer cells. Biochem Biophys Res Commun. 2004; 324(2):860–7. doi: 10.1016/j.bbrc.2004.09.130

PMID: 15474507

37. Xu Y, Voelter-Mahlknecht S, Mahlknecht U. The histone deacetylase inhibitor suberoylanilide hydroxa-

mic acid down-regulates expression levels of Bcr-abl, c-Myc and HDAC3 in chronic myeloid leukemia

cell lines. Int J Mol Med. 2005; 15(1):169–72. PMID: 15583844

38. Kim SH, Kang JG, Kim CS, Ihm SH, Choi MG, Yoo HJ, et al. The heat shock protein 90 inhibitor

SNX5422 has a synergistic activity with histone deacetylase inhibitors in induction of death of anaplastic

thyroid carcinoma cells. Endocrine. 2016; 51(2):274–82. doi: 10.1007/s12020-015-0706-7 PMID:

26219406

39. Mahalingam D, Medina EC, Esquivel JA 2nd, Espitia CM, Smith S, Oberheu K, et al. Vorinostat

enhances the activity of temsirolimus in renal cell carcinoma through suppression of survivin levels. Clin

Cancer Res. 2010; 16(1):141–53. doi: 10.1158/1078-0432.CCR-09-1385 PMID: 20028765

40. Wang S, Zhu L, Zuo W, Zeng Z, Huang L, Lin F, et al. MicroRNA-mediated epigenetic targeting of Survi-

vin significantly enhances the antitumor activity of paclitaxel against non-small cell lung cancer. Onco-

target. 2016; 7(25):37693–713. doi: 10.18632/oncotarget.9264 PMID: 27177222

41. Hsu YF, Sheu JR, Lin CH, Yang DS, Hsiao G, Ou G, et al. Trichostatin A and sirtinol suppressed survi-

vin expression through AMPK and p38MAPK in HT29 colon cancer cells. Biochim Biophys Acta. 2012;

1820(2):104–15. doi: 10.1016/j.bbagen.2011.11.011 PMID: 22155142

ACY-241 and pomalidomide combination therapy

PLOS ONE | DOI:10.1371/journal.pone.0173507 March 6, 2017 16 / 16

http://dx.doi.org/10.18632/oncotarget.5290
http://www.ncbi.nlm.nih.gov/pubmed/26429859
http://dx.doi.org/10.1038/nchembio.313
http://www.ncbi.nlm.nih.gov/pubmed/20139990
http://dx.doi.org/10.1007/s12185-016-2008-0
http://www.ncbi.nlm.nih.gov/pubmed/27099225
http://dx.doi.org/10.2217/epi.10.59
http://www.ncbi.nlm.nih.gov/pubmed/22122077
http://dx.doi.org/10.1172/JCI69738
http://www.ncbi.nlm.nih.gov/pubmed/24382387
http://dx.doi.org/10.1016/S1470-2045(16)30375-8
http://www.ncbi.nlm.nih.gov/pubmed/27646843
http://dx.doi.org/10.18632/oncotarget.13738
http://www.ncbi.nlm.nih.gov/pubmed/27926524
http://dx.doi.org/10.1038/417455a
http://www.ncbi.nlm.nih.gov/pubmed/12024216
http://dx.doi.org/10.1101/cshperspect.a018713
http://www.ncbi.nlm.nih.gov/pubmed/24691964
http://dx.doi.org/10.1182/blood-2011-10-387365
http://www.ncbi.nlm.nih.gov/pubmed/22262760
http://www.ncbi.nlm.nih.gov/pubmed/6382953
http://dx.doi.org/10.1186/s12935-016-0326-1
http://www.ncbi.nlm.nih.gov/pubmed/27340370
http://dx.doi.org/10.1038/sj.leu.2404602
http://www.ncbi.nlm.nih.gov/pubmed/17315024
http://dx.doi.org/10.1016/j.bbrc.2004.09.130
http://www.ncbi.nlm.nih.gov/pubmed/15474507
http://www.ncbi.nlm.nih.gov/pubmed/15583844
http://dx.doi.org/10.1007/s12020-015-0706-7
http://www.ncbi.nlm.nih.gov/pubmed/26219406
http://dx.doi.org/10.1158/1078-0432.CCR-09-1385
http://www.ncbi.nlm.nih.gov/pubmed/20028765
http://dx.doi.org/10.18632/oncotarget.9264
http://www.ncbi.nlm.nih.gov/pubmed/27177222
http://dx.doi.org/10.1016/j.bbagen.2011.11.011
http://www.ncbi.nlm.nih.gov/pubmed/22155142

