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ABSTRACT:

There is a growing body of evidence supporting the use of epigenetic therapies
in the treatment of multiple myeloma. We show the novel HDAC inhibitor CHR-
3996 induces apoptosis in myeloma cells at concentrations in the nanomolar range
and with apoptosis mediated by p53 and caspase pathways. In addition, HDAC
inhibitors are highly synergistic, both in vitro and in vivo, with the aminopeptidase
inhibitor tosedostat (CHR-2797). We demonstrate that the basis for this synergy is
a consequence of changes in the levels of NFkB regulators BIRC3/cIAP2, A20, CYLD,
and IkB, which were markedly affected by the combination. When co-administered the
HDAC and aminopeptidase inhibitors caused rapid nuclear translocation of NFkB family
members p65 and p52, following activation of both canonical and non-canonical NFkB
signalling pathways. The subsequent up-regulation of inhibitors of NFkB activation
(most significantly BIRC3/cIAP2) turned off the cytoprotective effects of the NFkB
signalling response in a negative feedback loop. These results provide a rationale
for combining HDAC and aminopeptidase inhibitors clinically for the treatment of
myeloma patients and support the disruption of the NFkB signalling pathway as a
therapeutic strategy.

INTRODUCTION

Despite the recent introduction of novel therapies
for the treatment of the plasma cell malignancy multiple
myeloma, it remains an almost incurable disease with a
high rate of relapse. At relapse the clonal cells are often
resistant to standard therapies and there is a clinical need
to develop novel therapeutic combinations. Epigenetic
processes such as DNA methylation and regulation of
chromatin structure are now considered to make an
important contribution to gene regulation, oncogenic
transformation and survival of neoplastic cells in a wide
range of malignancies including myeloma [1, 2]. These
epigenetic changes can be targeted therapeutically and
there is a growing body of ecarly data supporting the
clinical efficacy of epigenetic therapies in myeloma [2].

Histone deacetylases (HDACS) are one of the best
characterised components of the epigenetic machinery
and encompasses a family of 18 members [3]. A major
function of HDAC:S is to catalyse the removal of acetyl
groups from histone tails which, in concert with other
epigenetic mechanisms, promotes the condensation of
DNA into transcriptionally inactive heterochromatin
[4]. In addition to targeting histones, the de-acetylating
activity of HDACs also affects numerous non-histone
targets. These acetylated proteins or the ‘acetylome’
include transcription factors p53 [5, 6], STAT3 [7, 8], and
the NFkB family member p65 [9-11], a target that may
be of particular relevance in myeloma cells which are
recognised as being highly dependent on NF«B signalling
[12]. Furthermore, HDAC6 has been shown to regulate
the processing of misfolded proteins via the aggresome
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pathway [13, 14], a process that is particularly important
to myeloma cells which have to cope with a significant
load of unfolded immunoglobulin[15, 16]. These diverse
roles of HDACs imply that cell death resulting from their
inhibition is likely to be multi-factorial and depend upon
the selective activity of the inhibitor used against the
different HDAC family members.

Recently developed HDAC inhibitors, such as
vorinostat, panobinostat, and romidepsin have shown
some promising anti-tumour activities in multiple
myeloma but only modest effects in the clinical setting
[17-19]. Combination studies in a number of clinical trials
also support the use of HDAC inhibitors with other anti-
tumour agents such as bortezomib [20], but dose limiting
toxicities are frequently observed and efficacy needs to
be improved. A better understanding of the mechanisms
of HDAC inhibitors is required to overcome the current
challenges in single and combination strategies, while new
HDAC inhibitors and novel combination strategies may
result in toxicity reduction and better patient outcomes.

In this study we describe the effects of a novel
HDAC inhibitor, CHR-3996, on myeloma cells. CHR-
3996 demonstrates HDAC inhibitory activity at low
concentrations with minimal activity against HDAC6
function and the aggresome pathway [21]. We show
that this HDAC inhibitor is highly efficacious against
myeloma cells, inducing apoptosis via its effects on the
acetylome, and go on to demonstrate that it is highly
synergistic when combined with the aminopeptidase
inhibitor tosedostat (CHR-2797) [22], which we have
previously shown to have potent anti-myeloma activity in
vitro and in vivo [23, 24]. Aminopeptidase inhibitors act
downstream of the proteasome, catalysing the breakdown
of proteasome generated peptides into their constituent
amino acids. However, unlike proteasome inhibitors, the
inhibition of aminopeptidases does not result in the toxic
build-up of misfolded/aggregated proteins, so they have
a different biological impact to proteasome inhibitors.
Inhibiting aminopeptidases has been shown to starve the
cell of essential amino acids and trigger the amino acid
deprivation response [22, 23]. The combination of these
compounds leads to rapid activation of NFkB signalling
and a subsequent induction of a negative feedback loop,
mediated via NFkB regulators such as BIRC3, resulting in
myeloma cell death.

RESULTS

HDAC inhibition induces apoptosis of myeloma
cells

CHR-3996 was shown to inhibit the proliferation of
a panel of myeloma cells using the WST-1 assay based
on metabolic activity (Figure 1A). The LC_ values for

the various cell lines treated with CHR-3996 ranged
from 30.3-97.6nM. In comparison to two commercially
available HDAC inhibitors, SAHA and Sodium Valproate,
CHR-3996 was shown to be effective at much lower
concentrations and was approximately 10-fold more
potent than SAHA and 10-thousand fold more potent than
Sodium Valproate (Supplementary Table 1). For further
experiments in two cell lines with different translocations,
H929 t(4;14) and RPMI-8226 t(16;22), both associated
in patients with poor prognoses and needing alternate
therapeutic strategies, were selected and treated with
CHR-3996. To ascertain whether CHR-3996 is cytostatic
or cytotoxic, these cell lines were treated with CHR-3996
and the percentage of cells undergoing apoptosis was
determined (Figure 1B). The percentage of viable cells
decreased to around 50% in both cell lines and there was
a concomitant increase in early and late apoptotic cells
indicating that CHR-3996 induces cell death. CD138"
plasma cells isolated from myeloma patients were also
sensitive in a WST-1 assay to CHR-3996 treatment at
doses comparable to MM cell lines (average=18nM)
(Figure 1C). CHR-3996 also induced apoptosis in
primary patient cells in a dose-dependent manner: 24
hours following treatment there was an increase in the
percentage of cells in early apoptosis and at 48 hours there
was more than a two-fold increase in the percentage of
both early and late apoptotic cells compared to untreated
cells (Figure 1D).

CHR-3996 induces apoptosis via p53-dependent
pathways and caspase activation

HDAC inhibitors have been widely reported to arrest
cell cycle progression and up-regulate cyclin dependent
kinase (cdk) inhibitors such as CDKN1A (p21) expression
[25]. To test whether CHR-3996 has similar effects in
myeloma cells, H929 and RPMI-8226 cells were treated
with CHR-3996 and PI binding was used to determine the
cellular DNA content (Figure 2A). There was evidence of
a GO/G1 block in cell cycle progression; the percentage of
H929 cells in G1 remained at 48%, whilst the percentage
of cells in S and G2/M phase decreased from 21 to 10%
and 22 to 3.5% respectively. Likewise for RPMI-8226
cells the percentage of cells in S phase fell from 30 to 25%
and G2/M from 26 to 16%. Additionally, both myeloma
cell lines demonstrated an increase in the percentage of
cells in the subG0/G1 fraction (H929 from 5.8 to 35.6%,
RPMI-8226 from 5.3 to 18.7%), indicating that drug
treatment induced apoptosis.

Apoptosis in response to CHR-3996 was shown
to occur mainly via caspase-dependent mechanisms
(Figure 2B). The pro-apoptotic DNase EndonucleaseG
was up-regulated, as was the p53 down-stream mediator
Noxa (Figure 2B). Treatment of H929 and RPMI-8226
cells led to the cleavage of caspase 9 with minimal
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Figure 1: CHR-3996 inhibits the proliferation of myeloma cells and induces apoptosis. A. A panel of myeloma cell lines
were treated with a range of concentrations of CHR-3996 (i), SAHA (ii), or Sodium (Na) Valproate (iii) for 48 hours. The proliferation of
the cells was monitored by metabolic activity (WST-1 assay) and is shown as a percentage of untreated cells. The LC, for each cell line
is shown in Supplementary table 1. B. H929 and RPMI-8226 cells were treated with CHR-3996 (250 nM and 100 nM respectively) for
8, 24, or 48 hours. Apoptosis was analysed by Annexin-FITC/propidium iodide (PI) staining and analysis by flow cytometry (AnnexinV
positive is defined as early apoptotic, AnnexinV and PI positive as late apoptotic) and by trypan blue exclusion. C. Primary CD138" plasma
cells from three patients were treated with a range of concentrations of CHR-3996 and the proliferation measured by WST-1 assay. D.
Primary patient CD138" plasma cells were treated with either 50 or 100 nM CHR-3996 over a time-course of 48 hours. The percentage
of cells undergoing apoptosis was determined by binding of AnnexinV and PI followed by analysis by flow cytometry. Results from a

representative patient are shown.
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involvement of the extrinsic apoptosis mediator caspase
8. The demonstration of caspase 9 cleavage indicates
that activation of the proteolytic pathway is a hallmark
of CHR-3996 induced apoptosis. To further clarify the
role of caspases in cell death, H929 cells were pre-treated
with the pan-caspase inhibitor Z-VAD-FMK 1.5 hours
prior to exposure to CHR-3996. Following 24 hours
there was a dose-dependent increase in the percentage of
cells undergoing apoptosis in the presence of CHR-3996;
however this was largely inhibited by pre-treatment with
Z-VAD-FMK (Figure 2C). At the highest concentration
of CHR-3996 (750 nM) 35% of cells were apoptotic
whereas this was reduced to 13.9% following addition of
Z-VAD-FMK, only slightly higher than baseline levels of
apoptosis without CHR-3996 treatment (8.5%).

The effects of CHR-3996 on the bone marrow
microenvironment

To test whether CHR-3996 can overcome survival
factors provided by the bone marrow microenvironment,
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myeloma cell lines were grown in the presence of bone
marrow stromal cells. The bone marrow stromal cells
themselves did not show altered proliferation in response
to a range of CHR-3996 concentrations up to 2.5 uM
(Figure 3A), but the myeloma cell lines H929 and RPMI-
8226 remained highly sensitive to CHR-3996 showing no
difference in cell viability across a range of doses in the
presence or absence of bone marrow stromal cells (Figure
3B). Although CHR-3996 did not induce apoptosis in bone
marrow stromal cells, there was a significant reduction in
the levels of IL-6 and VEGF they secreted (Figure 3C-3D)
that decreased in a dose-dependent manner. Since IL-6 and
VEGEF are secreted by both myeloma and stromal cells, we
studied the level of IL-6 and VEGF in co-culture media. In
untreated co-culture conditions, the variations observed in
cytokine secretion between co-culture samples reflect the
varied ability of different stroma cell samples to induce
cytokine production from MM cell lines. This observation
supports the hypothesis that myeloma survival is largely
dependent on the bone marrow microenvironment. Similar
reductions in levels of both cytokines were observed in
the culture media when bone marrow stromal cells were
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Figure 2: CHR-3996 induces cell cycle arrest and apoptosis via caspase-dependent and independent pathways. A.
H929 or RPMI-8226 cells were treated with CHR-3996 at 250 or 100 nM respectively for 48 hours, following which the cells were fixed in
alcohol, treated with RNase, then stained with Propidium lodide (PI) and analysed by flow cytometry. B. H929 (i) and RPMI-8226 (ii) cells
were treated with CHR-3996 at 250 or 100 nM respectively and cells lysed for protein at 8, 24, and 48 hours and used for immunoblotting.
C. H929 cells were pre-treated with Z-VAD-FMK (50 uM) for 1.5 hours prior to addition of varying concentrations of CHR-3996 (250
nM). The cells were harvested and stained with annexinV and PI and analysed by flow cytometry. Cells staining positive for annexinV alone
or annexinV and PI were defined as apoptotic. A representative of three experiments is shown.
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co-cultured with myeloma cell lines H929 and RPMI-
8226 (Figure 3C-3D), confirming CHR-3996 can modify
the bone marrow microenvironment to adversely affect
myeloma cell survival.

CHR-3996 inhibits histone deacetylation in
myeloma cells without affecting aggresome or
proteasome function

HDAC:Ss are known to contribute to the epigenetic
control of gene expression by deacetylating histones
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promoting condensation of DNA into heterochromatin
and repressing transcriptional activity in these regions.
The novel compound CHR-3996 is shown to effectively
inhibit histone-specific HDAC activity demonstrated by
the increase of acetylated H3K9 in myeloma cell lines and
also in primary patient myeloma cells in a time and dose-
dependent manner (Figure 4A). Increases in acetylated
H3K9 were observed early (8 hours) after exposure to
CHR-3996 and high levels were maintained over 48 hours.
Previous reports have demonstrated that specific inhibition
of HDAC6 leads to the accumulation of acetylated
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Figure 3: CHR-3996 overcomes the protective effect of the bone marrow microenvironment. Bone marrow stromal cells
were cultured from bone marrow aspirates obtained from three patients with myeloma. A. The bone marrow stromal cells were treated with
a range of CHR-3996 concentrations for 24 hours. The number of viable cells was measured by metabolic activity (WST-1 assay) and is
shown as a percentage of untreated cells. B. H929 (i) or RPMI-8226 (ii) cells were treated with CHR-3996 in the presence or absence of the
bone marrow stromal cells (performed in triplicate) for 24 hours. The proliferation of the cells was monitored by metabolic activity (WST-1
assay) and is shown as a percentage of untreated cells. IL-6 C. and VEGF D. secreted by the bone marrow stromal cells over 24 hours in
isolation or in a co-culture with H929 or RMPI-8226 cells and with or without CHR-3996 treatment were measured by ELISA. The data
was compared using a one-tailed paired Student’s T Test and ** indicates a p value of <0.05.
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o-tubulin [26, 27] and ubiquitinated proteins following
disruption to aggresomes [13]. There was no determinable
effect of CHR-3996 on the levels of acetylated a-tubulin
or ubiquitinated proteins in myeloma cell lines H929 and
RPMI-8226 (Figure 4B), indicating low activity of this
compound against HDAC6. There was also no effect on
the chymotryptic proteasome activity (Figure 4C). In
contrast, Bortezomib, a well-characterised proteasome
inhibitor, effectively inhibited proteasome activity by
around 80% and concomitantly increased the levels of
ubiquitinated cellular protein in both myeloma cell lines
(Figure 4B-4C).

Gene expression profiling of myeloma cells treated
with HDAC inhibitor

In order to determine the cellular changes associated
with the onset of cell cycle arrest and apoptosis, we
performed gene expression profiling on H929 cells that
had been exposed to 250 nM CHR-3996 (NCBI’s Gene
Expression Omnibus [28] GEO Series accession number

GSE20405 (http://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc=GSE20405) (Supplementary Table 2).

Treating the cells with the HDAC inhibitor affected
the expression of numerous genes, a large proportion
of which were involved in the regulation of cell cycle.
Inhibitors of cyclin dependent kinases and genes mediating
DNA damage-induced cell cycle arrest increased in
expression, while genes stimulating initiation of mitosis
and progression of cell cycle decreased. There were
also changes observed in the level of expression of key
regulators of the NF«B signalling pathway BIRC3, CYLD,
TRAF1 and BCMA. The expression changes seen support
the presence of increased p53 signalling, as evidenced
by alterations in expression of p53 regulated genes, in
addition to which negative inhibitors of p53, such as
MDM?2, decreased following HDAC inhibitor treatment.
Increases in the expression of key mediators of stress
signalling, such as PERK, CHOP and IRE-1 indicate the
cells experienced higher levels of endoplasmic reticulum
mediated cellular stress following HDAC inhibition.
The induction of apoptosis was reflected in increases in
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Figure 4: CHR-3996 treatment increases levels of acetylated histone H3K9 but does not affect levels of ubiquitinated
proteins, acetylated alpha-tubulin, or inhibit proteasome function. A. H929 (i) and RPMI-8226 (ii) cells were treated with
CHR-3996 (250 and 100 nM respectively) and primary patient CD138" plasma cells (iii) were treated with either 50 (left panel) or 100 nM
(right panel) CHR-3996 over a time-course of 48 hours. Following cell lysis histones were released from DNA by overnight extraction with
0.2M HCI and immunoblotting performed to detect acetylated H3K9. B. H929 (i) and RPMI-8226 (ii) cells were treated with CHR-3996
(250 and 100 nM respectively) or bortezomib (8nM) for 8, 24, and 48 hours. Following cell lysis immunoblotting was performed to detect
ubiquitin, acetylated a-tubulin, and actin. Crtl represents untreated cells. C. H929 and RPMI-8226 cells were treated with CHR-3996 (250
and 100 nM respectively) or bortezomib (4 nM). Following cell lysis 25 pg of protein was added to Suc-Leu-Leu-Val-Tyr-AMC, substrate
for the chymotryptic activity of the proteasome, and the fluoresence read from each well every 120 seconds for 48 repeats. The activity was
calculated from the rate of fluorescence detected in the linear phase of the reaction and shown as a percentage of untreated cells.
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the expression levels of the pro-apoptotic proteins BIM,
PUMA, FOXO3 and APAF 1, together with a decrease in
the anti-apoptotic protein BIRCS5 (survivin). CHR-3996
appears to down-regulate the pro-survival Wnt signalling
pathway because inhibitors of Wnt signalling were more
highly expressed after exposure to this compound. There
is also evidence that the process of autophagy was up-
regulated as indicated by the increased expression of

LC3B, APG5 and -10. Interestingly, there were also
changes seen in the expression of chromatin modifying
enzymes including increased HDACS and -9, possibly a
reflection of the cells trying to overcome the deleterious
effects of the HDAC inhibitor.
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Figure 5: CHR-3996 is synergistic with Tosedostat (CHR-2797) in an in vivo model and causes rapid activation
followed by down-regulation of NFkB signalling. A. NOD/SCID IL2R" mice were inoculated subcutaneously with 2x10° H929
cells. Four days following the inoculation mice were administered CHR-3996, tosedostat, or a combination of the two agents on a daily
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on the graph, Each treatment group n=10. B. and C. H929 cells were treated with tosedostat (CHR-2797) (APi) 1 uM, CHR-3996 (HDACi)
250 nM, or both compounds simultaneously and cytoplasmic/nuclear protein extracts prepared at the times indicated in the figure for B.
immunoblotting and C. an NFkB DNA binding assay for p65 (i) and p52 (ii).
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Table 1: GEP changes following HDAC inhibition in myeloma cells

Probe ID Gene Fold change

APi HDACi Combination
210538 s _at BIRC3 3 49.17 23.51 110.62
202644 s at A20 14.63 NS 16.64
201502 s at IxBa 4.93 NS 6.55
221903 s at CYLD 2.04 2.47 4.16

929 cells were treated with tosedostat (CHR-2797) T uM (AP1), CHR-3996 250 nM (HDAC1), or a combination
of both for 24 hours then analysed on a U133 Plus 2.0 Array (Affymetrix) and a supervised analysis performed
with dCHIP comparing the groups of treated cells to untreated cells. All p values were less than 0.05. NS, no

significant change.

CHR-3996 is synergistic with an aminopeptidase
inhibitor in vitro

Building effective clinical combinations in vitro is
an important aim of translational drug development and in
order to investigate whether CHR-3996 is more effective
as part of a combination therapy, H929 and RPMI-8226
cells were treated with CHR-3996 together with either
melphalan or bortezomib. A full Chou-Talalay analysis
with 16 points on the curve revealed that while there
was low level synergy with melphalan (a CI of around
0.7 in both cell lines), the combination of CHR-3996 and
bortezomib was not synergistic (a CI of 1.3 for both cell
lines). In a search for an agent giving rise to high level
synergy we went on to examine the combination with an
aminopeptidase inhibitor, tosedostat (CHR-2797), which
we have recently shown to have potent anti-myeloma
activity in vitro and in vivo [23, 24]. When CHR-3996 or
two other widely studied HDAC inhibitors (SAHA and
Sodium Valproate) were added to cell lines concomitantly
with tosedostat the agents were highly synergistic
(<0.7); an effect that became more profound when the
aminopeptidase inhibitor was added to the cells 24 hours
prior to the HDAC inhibitor (>0.4) (Supplementary Table
3). However, if the HDAC inhibitor was added prior to
the tosedostat a smaller degree of synergy was observed
and in some cases became antagonistic, suggesting the
aminopeptidase inhibitor is sensitizing the cells to the
effects of the HDAC inhibitor.

CHR-3996 is synergistic with an aminopeptidase
inhibitor in vivo

Administration of CHR-3996 in a NOD/SCID
IL2R gamma™! xenograft model effectively inhibited
tumour growth at doses that were well tolerated (Figure
5A). To interrogate whether the HDAC inhibitor and
aminopeptidase inhibitor were synergistic as observed
in vitro, doses of each agent were chosen that partially
inhibited tumour growth (CHR-3996 30 mg/kg, tosedostat
75 mg/kg). These compounds were co-administered over
a maximum of 28 days. Each agent in isolation slowed
tumour growth but completely blocked tumour growth

when the aminopeptidase inhibitor was added prior to the
HDAC inhibitor (Figure 5A). Although in vitro studies
showed a more profound effect, sequential dosing was
not studied in vivo due to the pharmacokinetic properties
of the two compounds meaning daily administration of
both compounds was required, making sequential dosing
difficult.

The combination of CHR-3996 with an
aminopeptidase inhibitor affects NFkB signalling

In order to understand the basis of the synergy we
have demonstrated, H929 cells were treated with CHR-
3996, tosedostat, or a combination of the two for 24 hours,
then RNA extracted for global gene expression analysis.
The largest fold changes in expression observed were
those of negative NF«kB regulators BIRC3, IkBa, A20,
and CYLD (Table 1), suggesting that the combination
may effectively target the NFxB pathway. To further
investigate the effects of the HDAC and aminopeptidase
inhibitors on NFkB signalling, immunoblotting was
performed to analyse the phosphorylation status and
localisation of key proteins in this pathway. Exposure
of H929 cells to tosedostat alone and in combination
with the HDAC inhibitor led to the activation of the
canonical NFkB signalling pathway, demonstrated by
increased IkBa phosphorylation and p65 translocation
to the nucleus, and the non-canonical NFkB signalling
pathway, shown by the proteolytic cleavage of pl100
into the active form p52 (and its subsequent nuclear
translocation) (Figure 5B). Treatment with CHR-3996
in isolation led to a modest increase in nuclear p65
(associated with decreased cytoplasmic levels of IkBa
rather than IkBa phosphorylation) and a small increase in
nuclear p52 detected, suggesting that the HDAC inhibitor
alone has minimal impact on canonical or non-canonical
NF«B activation (Figure 5B). Comparing tosedostat
alone with the combination, the presence of the HDAC
inhibitor led to a more rapid phosphorylation of IkB and
nuclear translocation of p65 and p52, consistent with the
faster activation of canonical and non-canonical NF«xB
pathways. However, by 12 hours there was a significant
up-regulation of BIRC3/cIAP2 — an effect not seen with
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either compound alone — which was associated with
subsequent decreases in IkBa phosphorylation, p65 and
p52 nuclear translocation (Figure 5B). To further confirm
these data, a DNA binding assay was performed to
determine whether p65 and p52 detected in the nuclear
fraction represented active transcription factors. Verifying
the immunoblotting results, the HDAC inhibitor alone had
a very small effect of levels of nuclear p65 and p52, whilst
exposure to the aminopeptidase inhibitor increased the
amount of p65 (Figure 5Ci) and p52 (Figure 5Cii) able to
bind the NF«B consensus oligonucleotide sequence over
24 hours. When combined with the HDAC inhibitor the
amount of active p65 and p52 in the nucleus increased
more rapidly than following tosedostat treatment alone,
but declined following 8 hours of treatment, confirming
the results seen by immunoblotting.

DISCUSSION

In this study we have shown that the HDAC
inhibitor, CHR-3996, has anti-myeloma activity at low
concentrations, leading to cell cycle arrest and apoptosis in
myeloma cell lines and primary patients cells. CHR-3996
induced apoptosis was shown to be largely dependent on
caspase activation and overcame the protective effects of
bone marrow stromal cells. Whilst no loss of bone marrow
stromal cell viability was observed, the amount of pro-
myeloma cytokines IL-6 and VEGF secreted decreased
significantly. Numerous other HDAC inhibitors have been
shown to have anti-myeloma activities, including Sodium
Valproate [29], Sodium Butyrate [25], Trichostatin A
(TSA) [25], SAHA [30], FR901228 (depsipeptide) [31],
LBH589 [32], PXD101 [33], ITF2357 [34], KD5170 [35],
tubacin [14], and NVP-LAQ824 [36]. Many of these data
are in agreement with our results, showing that HDAC
inhibitors induce apoptosis in myeloma cells, however,
the mechanism for this remains controversial. The
HDAC inhibitors LBH589, NVP-LAQ824, and KD5170
demonstrated similar findings to CHR-3996 and were
found to induce cell death via activation of the caspase
pathway with the pan-caspase inhibitor protecting the
myeloma cell lines from apoptosis [32, 35, 36]. However,
the HDAC inhibitors SAHA and TSA were shown to
regulate cell death by caspase-independent mechanisms
[30, 37]. Apoptosis has also been linked to oxidative stress
and DNA damage [35], mitochondrial disruption [35, 37],
up-regulation and release of pro-apoptotic factors such as
Bax and NOXA and Bim [25, 37, 38], down-regulation
of anti-apoptotic factors [31, 37], and sensitisation to
TRAIL-induced cell death [30]. Levels of the cytokines
IL-6 and VEGF, secreted by the myeloma cells and the
surrounding bone marrow stromal cells, are reduced by
numerous HDAC inhibitors [25, 29, 30, 32, 39] which is
in line with results from our experiments. Importantly,
and in comparison to other HDAC inhibitors, CHR-3996
is potent, acting in the low nanomolar range. In addition

it has oral bioavailability making it useful clinically and
early Phase I trial data show it is well-tolerated [21].

Combination studies also support the use of HDAC
inhibitors with other agents, with a number of studies
showing promising anti-tumour activities [20, 38].
Targeting the proteotoxic stress is a potential treatment
strategy in myeloma and combining bortezomib with
inducers of protein misfolding promotes apoptosis in
myeloma cells [40]. Previous laboratory investigations
have demonstrated a synergistic relationship between
various HDAC inhibitors — including tubacin [14], SAHA
[41], and LBH589 [32] — with the proteasome inhibitor
bortezomib. Like the majority of HDAC inhibitors these
inhibitors either have broad spectrum activity or, as in the
case of tubacin, activity specifically targeting HDACO,
and, therefore, inhibit the aggresome pathway [42]. Like
bortezomib, they interfere with the cellular mechanisms
for dealing with misfolded proteins, providing a rationale
for their synergy [43]. The HDAC inhibitor described
here, CHR-3996, has very low HDAC6 inhibitory activity
therefore would not be expected to inhibit the aggresome
pathway. In keeping with this, it was not found to be
synergistic with bortezomib. A study of another HDAC
inhibitor with a similar low HDAC6 inhibitory activity,
R306465 [44], also described a lack of synergy between
these agents.

Interestingly, in this study we have described a
high degree of synergy both in vitro and in vivo between
CHR-3996 and the aminopeptidase inhibitor tosedostat
(CHR-2797). To further investigate the cellular basis of
the synergy between these HDAC and aminopeptidase
inhibitors we used expression profiling and found that
the combination particularly affects level of expression
of NFkB regulators. We have shown that while
exposure to the HDAC inhibitor had minimal effects
on p65 or p52 activation and nuclear translocation, the
aminopeptidase inhibitor alone and in combination with
the HDAC inhibitor strongly activates both canonical
and non-canonical signalling pathways. NF«B is a key
cancer driver and the activation of the NFkB pathway
is generally thought to be associated with increased cell
survival, opposing apoptosis in a wide range of cancers.
Targeting the NFkB pathway is shown to be an effective
strategy in both solid and haematological malignancies
[45, 46]. However recent data counter this contention
and indicate that, like our compounds, the anti-myeloma
agent bortezomib and other proteasome inhibitors also
activate NFkB signalling in myeloma cell lines [47].
Whether this increase in NF«kB activity contributes to
the apoptotic process or is a cytoprotective response
triggered to protect the cell from programmed cell death
has not been elucidated. NF«B activation is a self-limiting
process mediated via a negative feedback mechanism;
activation of this pathway up-regulates the expression of
its own negative regulators. When the aminopeptidase and
HDAC inhibitors are combined the activation of NFkB
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signalling is more rapid but is followed by increased
expression of the NF«kB regulators IkBa, A20, CYLD, and
most markedly BIRC3. The strong induction of BIRC3 is
associated with a decline in the levels of phosphorylated
IkBa and active NFkB family members detectable in the
nuclear compartment. Based upon these results we suggest
that the presence of the HDAC inhibitor effectively turns
off the cytoprotective NF«B response initially triggered
by exposure to the aminopeptidase inhibitor, explaining
why they are more effective when co-administered. Our
data indicate that increased expression of NFkB regulators
have an anti-myeloma effect, and this is supported by the
high frequency of inactivating mutations found in these
regulators (BIRC3, Traf2/3 and CYLD) in myeloma
patients [48-51]. These mutations are associated with
high levels of NIK activation and non-canonical NFkB
signalling. Future work by gene expression profiling and
testing the effect of these molecules in patient samples
with such mutations would be useful to further confirm
the mechanism of synergy.

In conclusion, the HDAC inhibitor CHR-3996
has been demonstrated to have potent anti-myeloma
activity and is highly synergistic when combined with
the aminopeptidase inhibitor tosedostat (CHR-2797),
providing a good rationale for clinically combining
these agents. Based on this work a phase I dose finding
study of the two oral medications has been initiated.
The combination of these compounds leads to rapid
NF«B activation which is followed by induction of
a negative feedback mechanism, the up-regulated
expression of repressors of NF«B signalling, switching
the cytoprotective response off. This suggests that the
repressed expression of NF«kB inhibitors like A20, CYLD,
IxBa and BIRC3 is an important mechanism of myeloma
cell survival, and confirms the central role of NF«kB
signalling in myeloma pathogenesis.

MATERIALS AND METHODS

Cell lines and reagents

Multiple myeloma cell lines, primary myeloma cells
and bone marrow stromal cells were obtained and grown
as previously described [23, 52]. Patient samples were
obtained following informed consent. The aminopeptidase
inhibitor tosedostat (CHR-2797), HDAC inhibitor CHR-
3996 (Chroma Therapeutics Ltd, UK), and SAHA (Alexis
Biochemicals, UK) were dissolved in DMSO to a stock
concentration of 10 mM. Sodium Valproate (Sigma, UK)
was dissolved in PBS at 2 M. Melphalan (Sigma, UK) was
dissolved at 10 mM in 100% Ethanol adding concentrated
hydrochloric acid drop-wise until completely dissolved.
Bortezomib was prepared in DMSO at a concentration of
1 mM (Millennium Pharmaceuticals, USA). The caspase

inhibitor Z-VAD-FMK (Calbiochem, UK) was supplied as
a 10 mM solution and added to cells at a concentration of
50 pg/ml 1 hour prior to drug treatment.

Cell proliferation, survival and cell cycle assays

Inhibition of proliferation was measured using a
WST-1 assay (Roche, Germany) as per the manufacturer’s
instructions. Cell death was measured by flow cytometry
using the AnnexinV:FITC Apoptosis Detection Kit I (BD
Biosciences, UK) on a FACSCalibur™. Cell cycle status
was measured by fixing cells on ice in 70% ethanol, re-
suspending in PBS and treated for 30 minutes at 37°C with
100 pg/ml RNase (Sigma, UK), then stained with 50 pg/
ml Propidium Iodide (PI) and analysed by flow cytometry.

Immunodetection

Protein was extracted from cells on ice in lysis buffer
(1% sodium deoxycholate, 1% NP-40, 0.1% SDS, 50mM
Tris, 150mM NaCl, 5mM EDTA, 30mM NaF, and ImM
PMSF supplemented with 1x protease inhibitor cocktail
(Roche, Germany). The separation of cytoplasmic and
nuclear fractions was performed using the Nuclear Extract
Kit (Active Motif, Belgium). For histone extraction from
cells the nuclear material was resuspended in lysis buffer
with 0.2M Hydrochloric acid and left at 4°C overnight.
Protein concentration was determined using a BCA protein
assay (Pierce Biotechnology, USA). For immunoblotting
10pg (or 2 pg for acetyl-H3K9) was resolved by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis. This
was transferred to PVDF membranes, blocked with 5%
milk, and incubated with primary antibody: Caspase 3, 8,
9, (Cell Signaling, USA), acetyl-H3K9 (Upstate, USA),
acetyl-Tubulin, actin (Sigma, UK), Puma, Ubiquitin,
phosphorylated-IxkBa (Ser32), IkBa, NFkB2, BIRC3 (Cell
Signaling, USA), NOXA, EndoG (Calbiochem, USA), p65
(Santa Cruz, USA). Secondary antibodies used were anti-
mouse or anti-rabbit conjugated to horseradish peroxidase
(Amersham Biosciences, UK) and ECL-Plus (Amersham
Biosciences, UK) used for detection. To measure NFkB
binding activity within nuclear extracts the TransAM™
NFkB kit (Active Motif, Belgium) was used according
to the manufacturer’s guidelines, adding 2 pg of nuclear
extract per well.

Cytokine measurement

Myeloma cell lines and bone marrow stromal cells
were cultured separately or together for 24 hours then
supernatant removed for cytokine analysis using Human
VEGEF and IL-6 Quantikine® ELISA kits (R&D Systems,
USA) according to the manufacturer’s guidelines.
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Proteasome assay

Cells were lysed on ice for 20 minutes in lysis
buffer (20mM TrisHCI, 150mM NaCl, ImM EDTA, ImM
EGTA, 1% Triton, supplemented with 1x protease inhibitor
cocktail (Roche, Germany). The protein concentration
was determined by BCA assay (Pierce, UK) and 25 pg
of protein was mixed with substrate for the chymotryptic
activity of the proteasome (Suc-Leu-Leu-Val-Tyr-AMC at
75 uM). The fluorescence (using 355nM excitation and
460nM emission wavelengths) was measured on a Mithras
LB940 plate reader (Berthold Technologies, Germany).
Data from each well was collected over a 1 second period,
repeating the measurement every 120 seconds for a total
of 48 measurements performed at 37°C.

Gene expression studies

RNA was extracted from cells with the RNeasy Plus
Mini kit (Qiagen, UK). RNA quality and quantity was
determined using a 2100 Bio-analyser (Agilent, USA). For
microarray experiments 100 ng total RNA was amplified
using a 2-cycle target biotin labelling kit (Affymetrix,
USA) and cRNA was hybridized to Human Genome U133
Plus 2.0 expression arrays. The arrays were washed on
an Affymetrix Fluidics Station 450 and scanned with a
Gene Chip Scanner 3000. Normalization and data analysis
was performed using dChip software (http://www.dchip.
org/). Supervised analysis was performed using dChip to
determine genes differentially expressed in the control (C)
or treated (T) cells. Comparison criteria used were: C/T
fold difference (greater or lower) is equal or greater than
2x mean difference T-C or C-T is greater than 100, p value
is less than 0.05.

Quantitative PCR

cDNA was synthesised from 500 ng RNA using the
High Capacity cDNA Reverse Transcription kit (Applied
Biosystems, UK). Primer sequences were designed over
exon/exon boundaries for: B-actin F5’ ccctggcacccageac
R5’ gecgatccacacggagtac

p21 F5> CTGGAGACTCTCAGGGTCGAA R5’
GCGTTTGGAGTGGTAGAAATCTG. Thermal cycling
conditions were 10 minutes at 95°C, 40 cycles at 95°C for
15 seconds followed by 1 minute at 60°C on a 7500 Fast
Real-Time PCR System using Power SYBR® Green PCR
mastermix. All reagents, software, and equipment were
supplied by Applied Biosystems, UK, and used according
to the manufacturer’s guidelines.

Xenograft murine model

A breeding colony of NOD/SCID IL2R gamma™!
(obtained from The Jackson Laboratory, USA) were
housed and monitored at the Biomedical Science Unit
at the Institute of Cancer Research. All experimental
procedures and protocols have been approved by local
ethical review at the Institute of Cancer Research and the
Home Office. The mice were inoculated subcutancously
in the right flank with 2x10° H929 myeloma cells in 50 pL
RPMI-1640 and 50 pL Matrigel™ Basement Membrane
Matrix Growth Factor Reduced (Becton Dickinson). The
mice were assigned into the following four treatment
groups (10 animals per group): no treatment, tosedostat
75 mg/kg, CHR-3996 30 mg/kg, and tosedostat 75
mg/kg with concomitant CHR-3996 30 mg/kg. Both
compounds were administered daily beginning four
days after the tumour cells were inoculated; tosedostat
by intra-peritoneal injection and CHR-3996 per oral.
Caliper measurements of the longest perpendicular tumour
diameters (length) and width were performed every other
day to estimate the tumour volume using the following
formula representing the 3D volume of an ellipse: 1/2 x
(length) x (width)>.

ACKNOWLEDGMENTS

This work was supported by grants from Myeloma
UK, the Luck-Hille Foundation, Kay Kendall Leukaemia
Foundation and Cancer Research UK. F.E.D is a Cancer
Research UK Senior Cancer Research Fellow (C20826/
A12103). We acknowledge NHS funding to the NIHR
Biomedical Research Centre. We would also like to thank
the BSU staff for technical help and assistance.

Authorship and disclosures

E.M.S., G.J.M. and F.E.D. designed the research,
analysed and interpreted data, and wrote the paper. L.Z.
analysed and interpreted data, and wrote the paper. E.M.S,
B.A.W,, E.L.D.,,LIA., DK.performed the research. D.K.,
L.H., and A.H.D. contributed vital new reagents. D.K.,
L.H., and A.H.D. are employed by Chroma Therapeutics
Ltd and may hold stock options. The remaining authors
have nothing to disclose.

REFERENCES

1. Feinberg AP, Tycko B. The history of cancer epigenetics.
Nat Rev Cancer. 2004; 4:143-53.

2. Smith EM, Boyd K, Davies FE. The potential role of
epigenetic therapy in multiple myeloma. British journal of
haematology. 2010; 148:702-13.

3. Thiagalingam S, Cheng KH, Lee HJ, Mineva N,

www.impactjournals.com/oncotarget

17324

Oncotarget



10.

11.

12.

13.

14.

Thiagalingam A, Ponte JF. Histone deacetylases: unique
players in shaping the epigenetic histone code. Ann N 'Y
Acad Sci. 2003; 983:84-100.

Cameron EE, Bachman KE, Myohanen S, Herman
JG, Baylin SB. Synergy of demethylation and histone
deacetylase inhibition in the re-expression of genes silenced
in cancer. Nat Genet. 1999; 21:103-7.

Juan LJ, Shia WJ, Chen MH, Yang WM, Seto E, Lin YS,
Wu CW. Histone deacetylases specifically down-regulate
p53-dependent gene activation. J Biol Chem. 2000;
275:20436-43.

Terui T, Murakami K, Takimoto R, Takahashi M, Takada
K, Murakami T, Minami S, Matsunaga T, Takayama T,
Kato J, Niitsu Y. Induction of PIG3 and NOXA through
acetylation of p53 at 320 and 373 lysine residues as a
mechanism for apoptotic cell death by histone deacetylase
inhibitors. Cancer research. 2003; 63:8948-54.

Wang R, Cherukuri P, Luo J. Activation of Stat3 sequence-
specific DNA binding and transcription by p300/CREB-
binding protein-mediated acetylation. J Biol Chem. 2005;
280:11528-34.

Yuan ZL, Guan YJ, Chatterjee D, Chin YE. Stat3
dimerization regulated by reversible acetylation of a single
lysine residue. Science. 2005; 307:269-73.

Ashburner BP, Westerheide SD, Baldwin AS, Jr. The p65
(RelA) subunit of NF-kappaB interacts with the histone
deacetylase (HDAC) corepressors HDAC1 and HDAC?2 to
negatively regulate gene expression. Mol Cell Biol. 2001;
21:7065-717.

Hu J, Colburn NH. Histone deacetylase inhibition down-
regulates cyclin D1 transcription by inhibiting nuclear
factor-kappaB/p65 DNA binding. Mol Cancer Res. 2005;
3:100-9.

Dai Y, Rahmani M, Dent P, Grant S. Blockade of histone
deacetylase inhibitor-induced RelA/p65 acetylation and NF-
kappaB activation potentiates apoptosis in leukemia cells
through a process mediated by oxidative damage, XIAP
downregulation, and c-Jun N-terminal kinase 1 activation.
Mol Cell Biol. 2005; 25:5429-44.

Baud V, Karin M. Is NF-kappaB a good target for cancer
therapy? Hopes and pitfalls. Nat Rev Drug Discov. 2009;
8:33-40.

Kawaguchi Y, Kovacs JJ, McLaurin A, Vance JM, Ito A,
Yao TP. The deacetylase HDAC6 regulates aggresome
formation and cell viability in response to misfolded protein
stress. Cell. 2003; 115:727-38.

Hideshima T, Bradner JE, Wong J, Chauhan D, Richardson
P, Schreiber SL, Anderson KC. Small-molecule inhibition
of proteasome and aggresome function induces synergistic
antitumor activity in multiple myeloma. Proc Natl Acad Sci
U S A. 2005; 102:8567-72.

Davenport EL, Moore HE, Dunlop AS, Sharp SY, Workman
P, Morgan GJ, Davies FE. Heat shock protein inhibition is
associated with activation of the unfolded protein response

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

pathway in myeloma plasma cells. Blood. 2007; 110:2641-
9.

Cenci S, Sitia R. Managing and exploiting stress in the
antibody factory. FEBS Lett. 2007; 581:3652-7.

Wolf JL, Siegel D, Goldschmidt H, Hazell K, Bourquelot
PM, Bengoudifa BR, Matous J, Vij R, de Magalhaes-
Silverman M, Abonour R, Anderson KC, Lonial S. Phase
II trial of the pan-deacetylase inhibitor panobinostat as
a single agent in advanced relapsed/refractory multiple
myeloma. Leuk Lymphoma. 2012; 53:1820-3.

Niesvizky R, Ely S, Mark T, Aggarwal S, Gabrilove JL,
Wright JJ, Chen-Kiang S, Sparano JA. Phase 2 trial of the
histone deacetylase inhibitor romidepsin for the treatment
of refractory multiple myeloma. Cancer. 2010; 117:336-42.

Richardson P, Mitsiades C, Colson K, Reilly E, McBride L,
Chiao J, Sun L, Ricker J, Rizvi S, Oerth C, Atkins B, Fearen
I, Anderson K, Siegel D. Phase I trial of oral vorinostat
(suberoylanilide hydroxamic acid, SAHA) in patients with
advanced multiple myeloma. Leuk Lymphoma. 2008;
49:502-7.

Richardson PG, Mitsiades CS, Laubach JP, Hajek R, Spicka
I, Dimopoulos MA, Moreau P, Siegel DS, Jagannath S,
Anderson KC. Preclinical data and early clinical experience
supporting the use of histone deacetylase inhibitors in
multiple myeloma. Leuk Res. 2013.

Banerji U, van Doorn L, Papadatos-Pastos D, Kristeleit R,
Debnam P, Tall M, Stewart A, Raynaud F, Garrett MD,
Toal M, Hooftman L, De Bono JS, Verweij J, Eskens FA.
A phase I pharmacokinetic and pharmacodynamic study
of CHR-3996, an oral class I selective histone deacetylase
inhibitor in refractory solid tumors. Clin Cancer Res. 2012;
18:2687-94.

Krige D, Needham LA, Bawden LJ, Flores N, Farmer H,
Miles LE, Stone E, Callaghan J, Chandler S, Clark VL,
Kirwin-Jones P, Legris V, Owen J, Patel T, Wood S, Box
G, et al. CHR-2797: an antiproliferative aminopeptidase
inhibitor that leads to amino acid deprivation in human
leukemic cells. Cancer Res. 2008; 68:6669-79.

Moore HE, Davenport EL, Smith EM, Muralikrishnan
S, Dunlop AS, Walker BA, Krige D, Drummond AH,
Hooftman L, Morgan GJ, Davies FE. Aminopeptidase
inhibition as a targeted treatment strategy in myeloma. Mol
Cancer Ther. 2009; 8:762-70.

Lowenberg B, Morgan G, Ossenkoppele GJ, Burnett
AK, Zachee P, Duhrsen U, Dierickx D, Muller-Tidow
C, Sonneveld P, Krug U, Bone E, Flores N, Richardson
AF, Hooftman L, Jenkins C, Zweegman S, et al.
Phase I/I clinical study of Tosedostat, an inhibitor of
aminopeptidases, in patients with acute myeloid leukemia
and myelodysplasia. J Clin Oncol. 2010; 28:4333-8.

Lavelle D, Chen YH, Hankewych M, DeSimone J. Histone
deacetylase inhibitors increase p21(WAF1) and induce
apoptosis of human myeloma cell lines independent of
decreased IL-6 receptor expression. Am J Hematol. 2001;
68:170-8.

WWW

.impactjournals.com/oncotarget

17325

Oncotarget



26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Zhang Y, Li N, Caron C, Matthias G, Hess D, Khochbin S,
Matthias P. HDAC-6 interacts with and deacetylates tubulin
and microtubules in vivo. EMBO J. 2003; 22:1168-79.

Santo L, Hideshima T, Kung AL, Tseng JC, Tamang D,
Yang M, Jarpe M, van Duzer JH, Mazitschek R, Ogier
WC, Cirstea D, Rodig S, Eda H, Scullen T, Canavese M,
Bradner J, et al. Preclinical activity, pharmacodynamic, and
pharmacokinetic properties of a selective HDACG6 inhibitor,
ACY-1215, in combination with bortezomib in multiple
myeloma. Blood. 2012; 119:2579-89.

Edgar R, Domrachev M, Lash AE. Gene Expression
Omnibus: NCBI gene expression and hybridization array
data repository. Nucleic Acids Res. 2002; 30:207-10.
Kaiser M, Zavrski I, Sterz J, Jakob C, Fleissner C,
Kloetzel PM, Sezer O, Heider U. The effects of the
histone deacetylase inhibitor valproic acid on cell cycle,
growth suppression and apoptosis in multiple myeloma.
Haematologica. 2006; 91:248-51.

Mitsiades N, Mitsiades CS, Richardson PG, McMullan
C, Poulaki V, Fanourakis G, Schlossman R, Chauhan
D, Munshi NC, Hideshima T, Richon VM, Marks PA,
Anderson KC. Molecular sequelae of histone deacetylase
inhibition in human malignant B cells. Blood. 2003;
101:4055-62.

Khan SB, Maududi T, Barton K, Ayers J, Alkan S. Analysis
of histone deacetylase inhibitor, depsipeptide (FR901228),
effect on multiple myeloma. Br J Haematol. 2004; 125:156-
61.

Catley L, Weisberg E, Kiziltepe T, Tai YT, Hideshima
T, Neri P, Tassone P, Atadja P, Chauhan D, Munshi NC,
Anderson KC. Aggresome induction by proteasome
inhibitor bortezomib and alpha-tubulin hyperacetylation
by tubulin deacetylase (TDAC) inhibitor LBH589 are
synergistic in myeloma cells. Blood. 2006; 108:3441-9.

Feng R, Oton A, Mapara MY, Anderson G, Belani C,
Lentzsch S. The histone deacetylase inhibitor, PXD101,
potentiates bortezomib-induced anti-multiple myeloma
effect by induction of oxidative stress and DNA damage.
Br J Haematol. 2007; 139:385-97.

Golay J, Cuppini L, Leoni F, Mico C, Barbui V,
Domenghini M, Lombardi L, Neri A, Barbui AM, Salvi A,
Pozzi P, Porro G, Pagani P, Fossati G, Mascagni P, Introna
M, et al. The histone deacetylase inhibitor ITF2357 has
anti-leukemic activity in vitro and in vivo and inhibits IL-6
and VEGF production by stromal cells. Leukemia. 2007;
21:1892-900.

Feng R, Ma H, Hassig CA, Payne JE, Smith ND,
Mapara MY, Hager JH, Lentzsch S. KD5170, a novel
mercaptoketone-based histone deacetylase inhibitor, exerts
antimyeloma effects by DNA damage and mitochondrial
signaling. Mol Cancer Ther. 2008; 7:1494-505.

Catley L, Weisberg E, Tai YT, Atadja P, Remiszewski S,
Hideshima T, Mitsiades N, Shringarpure R, LeBlanc R,
Chauhan D, Munshi NC, Schlossman R, Richardson P,
Griffin J, Anderson KC. NVP-LAQS824 is a potent novel

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

histone deacetylase inhibitor with significant activity
against multiple myeloma. Blood. 2003; 102:2615-22.
Fandy TE, Shankar S, Ross DD, Sausville E, Srivastava
RK. Interactive effects of HDAC inhibitors and TRAIL
on apoptosis are associated with changes in mitochondrial
functions and expressions of cell cycle regulatory genes in
multiple myeloma. Neoplasia. 2005; 7:646-57.

Stauber RH, Knauer SK, Habtemichael N, Bier C, Unruhe
B, Weisheit S, Spange S, Nonnenmacher F, Fetz V, Ginter
T, Reichardt S, Liebmann C, Schneider G, Kramer OH. A
combination of a ribonucleotide reductase inhibitor and
histone deacetylase inhibitors downregulates EGFR and
triggers BIM-dependent apoptosis in head and neck cancer.
Oncotarget. 2012; 3:31-43.

LuQ, Lin X, Feng J, Zhao X, Gallagher R, Lee MY, Chiao
JW, Liu D. Phenylhexyl isothiocyanate has dual function
as histone deacetylase inhibitor and hypomethylating agent
and can inhibit myeloma cell growth by targeting critical
pathways. J] Hematol Oncol. 2008; 1:6.

Neznanov N, Komarov AP, Neznanova L, Stanhope-Baker
P, Gudkov AV. Proteotoxic stress targeted therapy (PSTT):
induction of protein misfolding enhances the antitumor
effect of the proteasome inhibitor bortezomib. Oncotarget.
2011; 2:209-21.

Mitsiades CS, Mitsiades NS, McMullan CJ, Poulaki V,
Shringarpure R, Hideshima T, Akiyama M, Chauhan D,
Munshi N, Gu X, Bailey C, Joseph M, Libermann TA,
Richon VM, Marks PA, Anderson KC. Transcriptional
signature of histone deacetylase inhibition in multiple
myeloma: biological and clinical implications. Proc Natl
Acad Sci U S A. 2004; 101:540-5.

Rodriguez-Gonzalez A, Lin T, Ikeda AK, Simms-Waldrip
T, Fu C, Sakamoto KM. Role of the aggresome pathway in
cancer: targeting histone deacetylase 6-dependent protein
degradation. Cancer Res. 2008; 68:2557-60.

Aronson LI, Davies FE. DangER: protein ovERIload.
Targeting protein degradation to treat
Haematologica. 2012; 97:1119-30.

Arts J, Angibaud P, Marien A, Floren W, Janssens B, King
P, van Dun J, Janssen L, Geerts T, Tuman RW, Johnson
DL, Andries L, Jung M, Janicot M, van Emelen K. R306465
is a novel potent inhibitor of class I histone deacetylases

myeloma.

with broad-spectrum antitumoral activity against solid and
haematological malignancies. Br J Cancer. 2007; 97:1344-
53.

Walsby E, Pearce L, Burnett AK, Fegan C, Pepper C. The
Hsp90 inhibitor NVP-AUY922-AG inhibits NF-kappaB
signaling, overcomes microenvironmental cytoprotection
and is highly synergistic with fludarabine in primary CLL
cells. Oncotarget. 2012; 3:525-34.

Nogueira L, Ruiz-Ontanon P, Vazquez-Barquero A,
Moris F, Fernandez-Luna JL. The NFkappaB pathway: a
therapeutic target in glioblastoma. Oncotarget. 2011; 2:646-
53.

WWW

.impactjournals.com/oncotarget

17326

Oncotarget



47.

48.

49.

50.

51.

52.

Hideshima T, Ikeda H, Chauhan D, Okawa Y, Raje N,
Podar K, Mitsiades C, Munshi NC, Richardson PG,
Carrasco RD, Anderson KC. Bortezomib induces canonical
nuclear factor-kappaB activation in multiple myeloma cells.
Blood. 2009; 114:1046-52.

Annunziata CM, Davis RE, Demchenko Y, Bellamy W,
Gabrea A, Zhan F, Lenz G, Hanamura I, Wright G, Xiao W,
Dave S, Hurt EM, Tan B, Zhao H, Stephens O, Santra M,
et al. Frequent engagement of the classical and alternative
NF-kappaB pathways by diverse genetic abnormalities in
multiple myeloma. Cancer Cell. 2007; 12:115-30.

Keats JJ, Fonseca R, Chesi M, Schop R, Baker A, Chng WJ,
Van Wier S, Tiedemann R, Shi CX, Sebag M, Braggio E,
Henry T, Zhu YX, Fogle H, Price-Troska T, Ahmann G, et
al. Promiscuous mutations activate the noncanonical NF-
kappaB pathway in multiple myeloma. Cancer Cell. 2007
12:131-44.

Demchenko YN, Glebov OK, Zingone A, Keats JJ,
Bergsagel PL, Kuehl WM. Classical and/or alternative NF-
kappaB pathway activation in multiple myeloma. Blood.
2010; 115:3541-52.

Morgan GJ, Walker BA, Davies FE. The genetic
architecture of multiple myeloma. Nat Rev Cancer. 2012;
12:335-48.

Aronson LI, Davenport EL, Mirabella F, Morgan GJ, Davies
FE. Understanding the interplay between the proteasome
pathway and autophagy in response to dual PI3K/mTOR
inhibition in myeloma cells is essential for their effective
clinical application. Leukemia. 2013.

www.impactjournals.com/oncotarget

17327

Oncotarget



