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to active MM and then plasma cell leukemia [3–5]. This 
progression is associated with multistep genetic abnor-
malities including chromosomal translocations, gene muta-
tions, epigenetic dysregulations, and microenvironmental 
changes [1, 5]. These changes also lead to activation or 
dysregulation of MM-relevant intracellular signaling path-
ways including nuclear factor-κB (NF-κB) signaling, Janus 
kinase (JAK)-signal transducer and activator of transcrip-
tion (STAT) signaling, and extracellular signal-regulated 
kinase (ERK) signaling [1, 5]. Indeed, proteasome inhibi-
tors and immunomodulatory drugs (IMiDs) have been rec-
ognized to inhibit these multiple signaling pathways in the 
context of BM microenvironment and have significantly 
improved MM patient outcome; however, most patients 
eventually relapse even after the achievement of complete 
response [6, 7]. Therefore, further development of novel 
therapies is urgently needed, and epigenetic regulators rep-
resent promising novel therapeutic agents in various types 
of cancers including MM [8, 9].

Over the last decades, various types of epigenetic modi-
fications in DNA and histone proteins have been reported. 
There are now at least 16 classes of histone modifications 
including acetylation, methylation, phosphorylation, ubiq-
uitination, and sumoylation [8, 10]. Among these post-
translational modifications, acetylation marks on lysine 
residues of histone tails, neutralizes the positive charge of 
the lysine side chains, leading to chromatin decondensation 
and specific gene expression [10–12]. Lysine acetylation is 
generally mediated by the balance of activity between his-
tone acetyltransferases (HATs) and histone deacetylases 
(HDACs) [13–15]. For example, activation of HATs and 
inhibition of HDACs can both hyperacetylate lysine resi-
dues in histones. Importantly, recent studies have revealed 
that HDACs target not only histones, but also non-his-
tone proteins [16], indicating that HDAC inhibitors can 
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Introduction

Multiple myeloma (MM) is a clonal plasma cell disorder 
derived from post-germinal center B cells [1, 2]. Progres-
sion occurs from monoclonal gammopathy of undeter-
mined significance (MGUS) through smoldering MM 
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hyperacetylate non-histones MM-relevant proteins includ-
ing p53, Hsp90, and p65 NF-κB (RelA). However, the bio-
logic impact of acetylation of these non-histone proteins 
has not yet been elucidated.

Histone and non-histone protein deacetylases have 
emerged as relevant therapeutic targets in cancer, includ-
ing MM [8, 17]. Indeed, a large number of HDAC inhibi-
tors have been developed and investigated in MM in both 
preclinical and clinical settings. Importantly, the US Food 
and Drug Administration (FDA) approved a non-selec-
tive HDAC inhibitor panobinostat (LBH589) to treat in 
relapsed/refractory MM in February 2015. In this review, 
we will discuss the underlying mechanisms of action 
of HDAC inhibitors in MM biology and future clinical 
implication.

HDACs and HDAC inhibitors in MM biology

HDACs

There are 18 HDAC isoforms in man which are divided into 
four groups class I, II, III and IV, based on homology to 
yeast HDACs, subcellular localization and non-cell based 
enzymatic activities (Fig. 1) [10, 13, 18]. Class I, II, and 
IV HDACs have zinc2+-dependent deacetylase domains, 

whereas class III HDACs has NAD+-dependent domains. 
Class I HDACs are HDAC1, 2, 3, and 8, which are homolo-
gous to the yeast RPD3 protein. Class II HDACs (HDAC4, 
5, 6, 7, 9, and 10) share homologies with the yeast Hda1 
protein. In addition, class II HDACs are divided into two 
subgroups; class IIa (HDAC4, 5, 7, and 9) and class IIb 
(HDAC6 and 10). Class IIa HDACs share an N-termi-
nal domain distinct from other HDAC classes. Class III 
HDACs are sirtuins (SIRT1, 2, 3, 4, 5, 6, and 7), which are 
homologues of the yeast Sir2 protein [19]. Class III HDACs 
are different from other HDACs due to differences in their 
catalytic mechanism and their unrelated sequences. The 
only class IV HDAC is HDAC11, which shares sequence 
homology with the catalytic core regions of both class I and 
II enzymes, but does not have enough similarity otherwise 
to be placed in either class.

In general, HDACs catalyze the removal of acetylation 
on lysine residues in target proteins (Fig. 2) [8, 10]. In the 
NH2-terminal tail of core histones, HDACs deacetylase 
acetylated lysine residues, resulting in a closed chromatin 
conformation associated with transcriptional repression. 
As described above, HDACs also deacetylate non-histone 
proteins including transcription factors such as tumor sup-
pressor p53, STAT3 and NF-κB subunit RelA. Acetylation 
of non-histone proteins leads to changes in their function, 
protein–protein interaction, and protein stability [16, 17].
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Fig. 1  The classification of histone deacetylases (HDACs). Eighteen 
HDACs are divided into four classes in man. Class I, II, IV HDACs 
are Zn2+-dependent, whereas class III sirtuin enzymes are Zn2+-inde-

pendent. The figure shows classical HDACs: class I (HDAC1, 2, 3, 
and 8), class IIa (HDAC4, 5, 7, 9), class IIb (HDAC6, 10), and class 
IV (HDAC11). Each HDAC has various structures and domains
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Class II HDACs have unique characteristics in compari-
son with class I HDACs [20–22]. Class IIa HDACs shut-
tle between the cytoplasm and the nucleus, whereas class 
I HDACs are predominantly localized in the nucleus. The 
mechanism of this localization is due to phosphorylation of 
class IIa HDACs (Fig. 3). In the nucleus, class IIa HDACs 
form a complex with transcription factors, whereas in the 

cytoplasm they are phosphorylated in two or three con-
served N-terminal serine residues and sequentially bind to 
14-3-3 proteins. Class IIa HDACs mainly act as transcrip-
tional suppressors of development and differentiation. In 
contrast, the localization of class IIb HDACs is the cyto-
plasm, unlike class I and IIa HDACs. Class IIb HDAC sub-
strates are distinct from class I and IIa HDAC substrates. 

Fig. 2  Lysine acetylation in 
both histone and non-histone 
proteins. Histone acetylation 
leads to a loose chromatin 
structure, resulting in gene 
expression. For example, treat-
ment with HDAC inhibitors 
up-regulates p21 gene expres-
sion. Acetylation of non-histone 
proteins also modulates their 
function. For example, tumor 
suppressor p53 is degraded by 
proteasome via ubiquitination. 
Acetylation of p53 prevents 
its ubiquitination, resulting in 
accumulation of p53, followed 
by enhanced p53-DNA binding 
activity
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Fig. 3  Regulation of transcription by class IIa HDACs. Class IIa 
HDACs shuttle between the nucleus and the cytoplasm. In the 
nucleus, class IIa HDACs bind to transcription factors (TFs), result-
ing in transcriptional repression. Phosphorylation of class IIa by 
protein kinases such as Ca2+/calmodulin-dependent kinase family 
(CaMK), protein kinase D (PKD), and some members of microtubule 

affinity-regulating kinase (MAPK) family leads to its nuclear export. 
Phosphorylated-class IIa HDACs then bind to 14-3-3 proteins. Con-
versely, after dissociation with class IIa HDACs and 14-3-3 proteins, 
cellular phosphatases such as protein phosphatases PP1 and PP2A 
dephosphorylate class IIa HDACs, thereby promoting nuclear locali-
zation
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For example, HDAC6 co-localizes with the microtubule 
network, and possesses unique functions as a specific tubu-
lin deacetylase [20].

Mechanisms of action of HDAC inhibitors in MM

HDAC inhibitors have been purified from natural sources 
or synthetically developed. HDAC inhibitors can be divided 
into six classes based on their chemical structure: short-
chain fatty acid, hydroxamate, benzamide, cyclic tetrapep-
tide, electrophilic ketone, and miscellaneous (Table 1) [18, 
23]. Although non-selective HDAC inhibitors may block 
a broad range of HDAC isoform activity, previous studies 
show that the majority of clinically relevant HDAC inhibi-
tors target mainly HDAC 1, 2, 3, and 6, suggesting that the 
anti-tumor effect of non-selective HDAC inhibitors is due 
to class I and class IIb HDAC inhibition [24]. Among those 
non-selective HDAC inhibitors, panobinostat (LBH589) 
possesses potent HDAC inhibitory effect at nanomolar 
range concentrations [25]. Based on promising preclini-
cal and clinical studies, panobinostat has already been 
approved to treat relapsed/refractory MM by the FDA in 
2015.

HDAC inhibitors inhibit myeloma cell survival and pro-
liferation by different mechanisms. Cancer cells including 
MM cells show dysregulation of cell cycle, leading to rapid 
cell proliferation. Treatment with non-selective HDAC 
inhibitors or class I HDAC inhibitors induces G0/G1 cell 

cycle arrest through upregulation of cell cycle regulators, 
p21WAF1 and/or p53 [26–30]. HDAC inhibitors can induce 
both apoptotic and non-apoptotic cell death. For example, 
vorinostat (suberanilohydroxamic acid; SAHA) does not 
trigger significant cleavage of caspase 8, 9, or 3 in apoptotic 
cells, suggesting that vorinostat triggers caspase-independ-
ent apoptosis [27]. In contrast, other studies demonstrate 
that HDAC inhibitor-induced apoptosis can be mediated via 
both the intrinsic and extrinsic pathways [26–30]. Regard-
ing activation of the intrinsic pathway, HDAC inhibitors 
upregulate pro-apoptotic B cell lymphoma 2 (Bcl-2) family 
member proteins (Bim, Bid, Bak, Bax, Noxa, and Puma) 
[27, 31], whereas anti-apoptotic Bcl-2 family proteins such 
as Bcl-2, Bcl-xL [29], and Mcl-1 [28] are downregulated. 
Besides activation of caspases, vorinostat enhances expres-
sion of TNF-related apoptosis-inducing ligand (TRAIL) 
receptors, DR4 and DR5, enhancing their susceptibility to 
TRAIL-induced killing, which is associated with up-regu-
lation of pro-apoptotic Bcl-2 family proteins [27, 31]. Vori-
nostat also suppresses autocrine insulin-like growth factor-1 
(IGF-1) production, directly interrupting the IGF-1/IGF-1R 
signaling pathway critical for anti-apoptosis and survival 
of MM cells [32]. Interestingly, another hydroxamic acid-
type HDAC inhibitor belinostat (PXD101) induces reactive 
oxygen species (ROS), which is blocked by the free radical 
scavenger N-acetyl-l-cysteine [30].

MM cells interact with other cellular components via sol-
uble factors and direct cell–cell contact in the bone marrow 
(BM) microenvironment, which mediates MM cell survival, 
proliferation, and drug resistance. Therefore, inhibition of 
this interaction represents an important therapeutic strat-
egy in MM. Importantly, vorinostat inhibits the secretion of 
IL-6 from BM stromal cells (BMSCs) without altering their 
viability, suggesting that HDAC inhibitors can overcome 
cell growth and anti-apoptosis in the context of BM milieu 
[26, 27]. HDAC inhibitors have also shown in vivo anti-MM 
activities in mouse xenograft models [26, 33]. Importantly, 
HDAC inhibitor-based combination treatments have also 
been studied. Specifically, HDAC inhibitors combined with 
conventional agents or bortezomib show remarkable anti-
MM activities in preclinical settings [26, 29, 30, 32, 34].

Clinical studies of non‑selective HDAC inhibitors 
in MM

Despite remarkable anti-MM activities as single agents in 
preclinical settings, panobinostat, vorinostat, or romidepsin 
has shown only modest clinical activity in relapsed/refrac-
tory MM [35–37]. Therefore, HDAC inhibitors have been 
clinically evaluated in combination with other agents, espe-
cially with proteasome inhibitors (Table 2). Among those 
HDAC inhibitors combined with bortezomib in clinical 

Table 1  Characteristics of HDAC inhibitors in MM (selected)

Chemical structure Drug Range HDAC specificity

Short-chain fatty 
acids

Sodium butyrate mM Class I, IIa

Valproic acid 
(VPA)

mM Class I, IIa

Hydroxamic acids Trichostatin A 
(TSA)

nM Class I, II

Vorinostat (SAHA) μM Class I, II

NVP-LAQ824 nM Class I, II

Panobinostat 
(LBH589)

nM Class I, II

Belinostat 
(PXD101)

μM Class I, II

TMP269 μM Class IIa

Tubacin μM HDAC6

Ricolinostat (ACY-
1215)

μM HDAC6

Cyclic peptides Romidepsin (FK-
228)

nM Class I

Benzamide Entinostat (MS-
275)

μM Class 1

BG45 μM HDAC3

Miscellaneous MGCD-0103 μM Class 1
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trials, vorinostat and panobinostat are the most extensively 
studied. Clinical efficacy of vorinostat has been studied in 
combination with bortezomib in phase I trials [38, 39]. In 
these studies, the maximum tolerated dose (MTD) of vori-
nostat was established as 400 mg with bortezomib 1.3 mg/
m2. Subsequently, phase IIb and III “Vorinostat Clini-
cal Trials in Hematologic and Solid Malignancies (VAN-
TAGE)” trials were conducted combining vorinostat with 
bortezomib [40, 41]. In the phase II VANTAGE 095 trial 
(n = 143), 17 % overall response rate (ORR) (≥partial 
response: PR) and 31 % clinical benefit rate (CBR) (≥min-
imal response: MR) were observed. This combination ther-
apy was generally well tolerated, with 19 % of patients dis-
continuing treatment due to adverse events (AEs) including 
thrombocytopenia and gastrointestinal toxicity. The phase 
III VANTAGE 088 trial has shown only a modest statisti-
cally significant difference in median progression-free 
survival (PFS) of 7.63 months in the bortezomib and vori-
nostat group vs 6.83 months in the bortezomib and placebo 
group. The most common grade 3/4 AEs were thrombocy-
topenia (45 % in the vorinostat group vs 24 % in the pla-
cebo group), neutropenia (28 vs 25 %), and anemia (17 vs 
13 %).

The combination of panobinostat with bortezomib 
has been studied in relapsed or refractory MM patients in 
a phase Ib study [42]. In this clinical trial, the MTD was 
established at panobinostat 20 mg plus bortezomib 1.3 mg/
m2. Frequent grade 3/4 AEs included thrombocytope-
nia, neutropenia, and asthenia. The next evaluation was 
panobinostat in combination with bortezomib and dexa-
methasone in phase II/III “Panobinostat Oral in Multiple 
Myeloma (PANORAMA)” trials [43, 44]. In the phase II 
PANORAMA 2 trial (n = 55), the ORR was 34.5 % and 
the CBR 52.7 %. Common grade 3/4 AEs included throm-
bocytopenia, fatigue, and diarrhea. In the randomized, 
double-blind phase III PANORAMA 1 trial (n = 768), pan-
obinostat in combination with bortezomib and dexametha-
sone improved median PFS (11.99 months in panobinostat, 
bortezomib, and dexamethasone group vs 8.08 months in 
placebo, bortezomib, and dexamethasone group). Com-
mon grade 3/4 AEs included thrombocytopenia (67 % 
in the panobinostat group vs 31 % in the placebo group), 
lymphopenia (53 vs 40 %), diarrhea (26 vs 8 %), asthe-
nia or fatigue (24 vs 12 %), and peripheral neuropathy (18 
vs 15 %). The results of the phase III PANORAMA trial 
resulted in the FDA approval of panobinostat in combina-
tion with bortezomib and dexamethasone. Although the 
clinical relevance of the difference in PFS between the two 
groups is not clear, these were critical differences between 
PANORAMA trials and VANTAGE trials. First, VAN-
TAGE trials didn’t include dexamethasone in their regimen. 
Second, panobinostat has more potent HDAC inhibition 
than vorinostat.

Clinical studies of combination treatments of panobi-
nostat or vorinostat with the second generation proteasome 
inhibitor carfilzomib (Kyprolis) have been conducted with 
similar clinical efficacy [45, 46]. In addition, the efficacy of 
HDAC inhibitors has been examined in combination with 
other agents including IMiDs, based on promising preclini-
cal anti-MM activity. Specifically, panobinostat has been 
combined with lenalidomide and dexamethasone [47], as 
well as with melphalan, thalidomide, and prednisone [48]. 
Similarly, vorinostat has also been examined in combina-
tion with lenalidomide and dexamethasone [49], as well as 
with pegylated liposomal doxorubicin and bortezomib [50].

Toward class‑ and isoform‑selective HDAC 
inhibitors

Non-selective HDAC inhibitors induce potent cytotoxicity 
against MM cells in the preclinical setting; however, they 
also induce unfavorable side effects in clinical trials due to 
the broad range of modulation of histone and non-histone 
protein functions [41, 44]. To develop isoform-selective 
HDAC inhibitors to minimize these side effects, the bio-
logic function of each HDAC isoform has been character-
ized. To date, HDAC6 inhibitors (i.e., tubacin, tubastatin-
A, ricolinostat) are the only class of isoform-selective 
HDAC inhibitors whose significance in MM biology has 
well been documented. HDAC6 shows co-localization with 
the microtubule network, which mediates the transport 
of organelles within the cell. MM cells overloaded with 
unfolded/misfolded proteins which are degraded by both 
proteasomes and via lysosome through protein aggregates 
(aggresomes) (Fig. 4a). Specifically, HDAC6 binds to poly-
ubiquitinated proteins and a motor protein dynein, and the 
unfolded protein-HDAC6-dyenin complex is ultimately 
processed by lysosomes. Therefore, HDAC6 inhibition 
results in blockade of aggresomal protein degradation and 
marked accumulation of ubiquitinated protein [51]. Impor-
tantly, the aggresome and proteasome pathways compen-
sate for each other in terms of protein degradation. Hence, 
inhibition of both pathways leads to significant accumula-
tion of unfolded proteins and induces cell stress, followed 
by cell death [51–53].

Class I HDACs are also an attractive therapeutic tar-
get in MM [54, 55]. Specifically, HDAC1 or 3, but not 
HDAC2, trigger apoptosis in MM cell lines. Indeed, a class 
I HDAC inhibitor romidepsin induces significant cytotoxic-
ity, both alone and in combination with bortezomib. Simi-
lar results were observed after treatment with entinostat 
(MS-275) [56]. Interestingly, bortezomib downregulates 
the expression of HDAC1, 2, and 3 via activating caspases. 
Conversely, HDAC1 overexpression causes bortezomib 
resistance in both in vitro and in vivo models, suggesting 
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that downregulation of HDAC1 mediates, at least in part, 
bortezomib-induced cytotoxicity in MM cells. A first-in-
class selective inhibitor of HDAC3, BG45, has also been 
generated. BG45 shows potent MM cytotoxicity associated 
with downregulation of phosphorylation of STAT3. How-
ever, the underlying mechanism whereby HDAC3 inhi-
bition induces anti-MM activity in vitro and in vivo in a 
mouse xenograft model has not totally been elucidated.

Recent studies have shown that class IIa HDACs are 
crucial transcriptional regulators of various cell develop-
mental and differentiation processes. Class IIa HDACs 
are expressed in a tissue-specific manner and are strongly 
expressed in MM [57]. Among class IIa HDACs, HDAC4 
is an attractive therapeutic target in MM because of its reg-
ulatory function of activating transcription factor 4 (ATF4). 
Specifically, excessive endoplasmic reticulum (ER) stress 
induces ATF4 and C/EBP homologous protein (CHOP), 
followed by downstream proapoptotic genes. Importantly, 
HDAC4 directly interacts with ATF4 to prevent its nuclear 
translocation, therefore, inhibiting ATF4 transcriptional 
activity [57]. Conversely, inhibition of HDAC4 under 

ER stress condition relieves blockade of ATF4 function, 
thereby triggering enhanced CHOP and apoptotic signal-
ing. Since proteasome inhibitors are the most commonly 
used therapeutic agents in MM and are known to induce 
ER stress through accumulation of unfolded and ubiquit-
inated proteins (Fig. 4b), combining HDAC4 inhibitor with 
proteasome inhibitor has a strong preclinical rationale in 
MM. Indeed, a class IIa HDAC inhibitor TMP269 in com-
bination with carfilzomib (Kyprolis) synergistically induces 
apoptosis. Recent studies also demonstrate that HDAC4 
interacts and forms a complex with RelB and p52, which 
are major components of the alternative (non-canonical) 
NF-κB signaling pathway [58]. HDAC4-RelB-p52 com-
plex represses pro-apoptotic genes Bim (Bcl-2 interacting 
mediator of cell death) and BMF (Bcl-2 modifying fac-
tor). Converesly, HDAC4 knockdown or 100aa HDAC4-
mimetic polypeptide leads to apoptosis of MM cells via 
upregulation of Bim and BMF.

IMiDs, lenalidomide and pomalidomide, are also com-
monly used agents in MM treatment. Both IMiDs and 
HDAC inhibitors can target a transcription factor c-Myc, 
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Fig. 4  The significance of HDAC 4 and 6 inhibitions combined 
with proteasome inhibition in MM biology. a Unfolded or misfolded 
proteins are polyubiquitinated and then degraded not only by pro-
teasome, but also processed through aggresome pathway. Polyubiq-
uitinated proteins in association with HDAC6 bind to dynein motor 
protein. The polyubiquitinated protein-HDAC6-dynein complex 
moves to the aggresome along the microtubule. HDAC6 inhibi-
tion prevents the interaction with HDAC6 and dynein, resulting in 
accumulation of ubiquitinated proteins. Therefore, the dual inhibi-
tion of HDAC6 and the proteasome triggers marked accumulation 

of unfolded/midfolded proteins, followed by cell stress and death. 
b Accumulation of unfolded/misfolded proteins triggers endoplas-
mic reticulum (ER) stress. Excessive ER stress up-regulates activat-
ing transcription factor 4 (ATF4), followed by its translocation from 
the cytoplasm to nucleus. In the nucleus, ATF4 up-regulates C/EBP 
homologous protein (CHOP), leading to up-regulation of proapop-
totic genes. HDAC4 interacts with ATF4 to prevent ATF4 transloca-
tion to the nucleus. Dual inhibition of HDAC4 and the proteasome, 
therefore, synergistically activate the ER stress-mediated cell death 
pathway
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which regulates genes mediating proliferation, apopto-
sis, and metabolism in MM cells [59]. Specifically, IMiDs 
directly bind to cereblon (CRBN), an E3 ubiquitin ligase, 
followed by proteasomal degradation of IKZF1 and down-
regulation of c-Myc [60]. Importantly, the combination of 
HDAC6 inhibitor ricolinostat (ACY-1215) and lenalido-
mide induces synergistic cytotoxicity against MM cells, 
associated with marked downregulation of c-Myc [32, 33]; 
in contrast, high dose class I HDAC inhibitor entinostat 
(MS-275) shows antagonistic cytotoxic effects due to inhi-
bition of CRBN expression [61]. These results suggest 
that selection of HDAC inhibitors and treatment schedules 
should be informed to enhance cytotoxicity, without down-
regulating CRBN expression.

An HDAC6 selective inhibitor ricolinostat has been 
examined as monotherapy or in combination with bort-
ezomib and dexamethasone in a phase I/II study [62]. In 
this study, 15 patients and 22 patients were enrolled and 
treated with ricolinostat monotherapy and with ricolin-
ostat in combination with bortezomib and dexamethasone, 
respectively. The combination therapy was well tolerated 
at doses of ricolinostat up to 160 mg/day. Grade 3/4 AEs 
were rare, and hematologic AEs were manageable. 40 % 
patients with monotherapy had stable disease (SD) as their 
best response; in addition, 60 % CBR (≥SD) was observed 
in patients with combination therapy.

Mechanism of resistance to HDAC inhibitors

Molecular mechanisms inducing resistance to HDAC inhib-
itors have not been fully delineated. However, understand-
ing mechanisms of resistance are crucial to overcome the 
resistance with combination treatments and/or to develop 
next generation of HDAC inhibitors. A recent study shows 
that two signaling pathways, regulation of actin cytoskel-
eton and protein processing in ER, are associated with 
inherent resistance to HDAC inhibitors in MM cells [63]. 
Importantly, combination treatment of HDAC inhibitors 
with agents targeting those signaling pathways induces 
synergistic killing in MM cells.

The effect of HDAC inhibitors, like other chemothera-
peutic agents, can be affected by drug efflux, target over-
expression and desensitization, chromatin/epigenetic 
alterations, anti-apoptotic/pro-survival mechanisms, and 
stress response mechanisms [64]. Drug efflux is caused, 
at least in part, by overexpression of ATP binding cassette 
(ABC) transporter superfamily, which includes ABCB1 
(MDR1 or P-glycoprotein), ABCC1 (MRP1), ABCG2 
(BCRP or MXR). Importantly, romidepsin is a substrate for 
ABCB1 and ABCC1; however, vorinostat is not a substrate 
for either [65, 66]. It is also suggested that alterations in 
expression of HDACs and other epigenetic modulators can 

lead to resistance to HDAC inhibitors in various malignan-
cies [64]. In addition, levels of expression of pro-apoptotic 
and anti-apoptotic Bcl-2 families are also important for 
sensitivity to HDAC inhibitors. Indeed, knockout of Bim or 
Bid can attenuate sensitivity to vorinostat [67]. In contrast, 
overexpression of anti-apoptotic Bcl-2 family members 
Bcl-2 and Bcl-xL attenuates the activity of vorinostat and 
valproic acid [68].

Other preclinical and clinical studies reveal that nuclear 
accumulation or persistent activation of STAT1 and 3 cor-
relates with resistance to vorinostat in cutaneous T cell 
lymphoma (CTCL) [69]. It is also reported that the level of 
UV excision repair protein RAD23 homolog B (RAD23B; 
HR23B), which shuttles ubiquitinated cargo proteins to the 
proteasome, alters sensitivity to HDAC inhibitors in CTCL 
[70]. Gene expression profiling in phase I vorinostat trial 
shows 17 anti-oxidant genes in patients with advanced 
leukemia and myelodysplastic syndromes, suggesting that 
elevated anti-oxidant signature correlates with vorinostat 
resistance [71].

Conclusions and future directions

HDAC inhibitors induce cell cycle arrest and activate both 
intrinsic and extrinsic apoptotic pathways as single agents. 
Anti-MM activities of HDAC inhibitors can be further 
enhanced in combination with other agents including pro-
teasome inhibitors and IMiDs. These preclinical observa-
tions have been rapidly translated to clinical trials. In 2015, 
the FDA approved panobinostat in combination with borte-
zomib and dexamethasone to treat patients with refractory/
relapsed MM; however, the precise molecular mechanisms 
whereby this combination treatment induces anti-tumor 
activities in patients are not fully understood. Moreover, 
non-selective HDAC inhibitors show unfavorable side 
effects, which can be avoided by isoform and/or class 
selective HDAC inhibitors, which preserve significant anti-
tumor activity and may improve patient outcome in MM.
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