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ABSTRACT

Tropolones are small organic compounds with metal-directing moieties.
Tropolones inhibit the proliferation of cancer cell lines, possibly through their effects
on metalloenzymes such as select histone deacetylases (HDACs). Pan-HDAC inhibitors
are therapeutically beneficial in the treatment of multiple myeloma, however there is
interest in the use of more selective HDAC inhibitor therapy to minimize adverse side
effects. We hypothesized that tropolones might have anti-myeloma activities. To this
end, a series of novel a-substituted tropolones were evaluated for effects on multiple
myeloma cells. While all tested tropolones showed some level of cytotoxicity, MO-OH-
Nap had consistently low IC,, values between 1-11 pM in all three cell lines tested
and was used for subsequent experiments. MO-OH-Nap was found to induce apoptosis
in a concentration-dependent manner. Time course experiments demonstrated that
MO-OH-Nap promotes caspase cleavage in a time frame that was distinct from the
pan-HDAC inhibitor suberoylanilide hydroxamic acid (SAHA). Furthermore, MO-OH-
Nap- and SAHA-treated cells possess unique gene expression patterns, suggesting
they promote apoptosis via different mechanisms. In particular, MO-OH-Nap increases
the expression of markers associated with endoplasmic reticulum stress and the
unfolded protein response. Synergistic cytotoxic effects were observed when cells
were treated with the combination of MO-OH-Nap and the proteasome inhibitor
bortezomib. However, treatment with MO-OH-Nap did not abrogate the bortezomib-
induced increase in aggresomes, consistent with an HDAC6-independent mechanism
for the observed synergy. Collectively, these finding support further investigation into
the usefulness of a-substituted tropolones as anti-myeloma agents.

INTRODUCTION

Tropolones are naturally occurring seven-membered
non-benzenoid aromatic compounds that are capable
of chelating metal ions. B-thujaplicin (Figure 1) is a
representative tropolone that is found in several plants
of the Cupressaceae family. Functionally, B-thujaplicin
possesses anti-fungal, anti-bacterial, and antioxidant

properties [1-3]. In addition, many tropolone derivatives
have been shown to possess anti-proliferative properties
in various cancer cell lines, including lung, prostate and
T-cell malignancies [4—7]. Unlike many natural products,
tropolones have a low molecular weight and a relatively
simple backbone that allows for extensive structural
modification. These key characteristics, along with
their limited toxicity in normal cells, make them ideal
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scaffolds for drug development [4, 7]. Despite their simple
structure, tropolones are functionally unique and possess a
hydroxyketone in their aromatic ring that permits binding
to metal ions, allowing them to function as both metal
chelators and possible metalloenzyme inhibitors [8—12].
It was previously demonstrated that some tropolones
can inhibit select histone deacetylases (HDACS),
including HDAC2 and HDACS [13]. Targeting histone
acetylation in cancer cells can lead to reprogramming of
the epigenetic state and alterations in gene expression that
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make the cells more vulnerable to killing. Identification
of novel, more selective HDAC inhibitors could prove
clinically useful. Currently, pan-HDAC inhibitors
are used for the treatment of select hematological
malignancies. For example, vorinostat (suberoylanilide
hydroxamic acid, SAHA) and romidepsin are used to
treat cutaneous T-cell lymphoma [14]. Another pan-
HDAC inhibitor, panobinostat, has been approved
for use in combination with the proteasome inhibitor
bortezomib in relapsed/refractory multiple myeloma [15].
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Figure 1: Chemical structures of the pan-HDAC inhibitor SAHA, the parent tropolone B-thujaplicin, and the novel

o-substituted tropolone derivatives used in this study.
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In addition, several clinical trials have demonstrated
the activity of panobinostat when used in combination
with other standard myeloma therapies, including
carfilzomib (a proteasome inhibitor) and thalidomide
(an immunomodulatory agent) [16, 17]. The clinically
utilized pan-HDAC inhibitors are associated with a variety
of side effects, which may in part be due to their lack of
specificity with respect to HDACs.

As pan-HDAC inhibitors have proven beneficial in
the treatment of myeloma, we hypothesized that tropolones
would have cytotoxic affects in myeloma cells but in a
manner which may be dissimilar from the pan-HDAC
inhibition. To investigate the activity of tropolones in
multiple myeloma cells, a library of six novel a-substituted
tropolones (Figure 1) were tested for cytotoxic activity in
multiple myeloma cells. Amongst the tested tropolones,
MO-OH-Nap had the most consistent cytotoxic effects and
was used to further dissect the anti-proliferative effect of
tropolones in myeloma cells. These studies reveal that the
novel tropolone MO-OH-Nap induces the unfolded protein
response pathway and apoptosis in myeloma cells.

RESULTS

The novel a-substituted tropolones induce
cytotoxic effects in myeloma cell lines

The six novel a-substituted tropolones (Figure 1)
were tested for cytotoxic activity using an MTT assay
in three myeloma cell lines (RPMI-8226, U266, and
MM.1S). As shown in Table 1, the patterns of activity in
the various cell lines were similar amongst the tropolones
such that RPMI-8226 cells were the most sensitive,
MM. 1S intermediate, and U266 cells least sensitive. In
general, the tropolones with more polar substituents were
less potent (Table 1, Figure 2A). Amongst the tropolones,
MO-OH-Nap had the most consistent cytotoxic effects
across the tested cell lines, thus this agent was chosen for
all subsequent studies. The cytotoxic effects of MO-OH-
Nap increased over time in a concentration-dependent
manner (Figure 2B, Supplementary Figure 1). MO-OH-
Nap also induced a concentration-dependent decrease in
cell proliferation as measured by a BrdU incorporation
assay (Supplementary Figure 2). The ability of MO-
OH-Nap to inhibit proliferation was not affected by co-
incubation of the myeloma cells with HS-5 bone marrow
stromal cells (Supplementary Figure 2). Likewise,
Annexin V/7-AAD flow cytometric studies demonstrated
that MO-OH-Nap treatment promotes apoptosis in a
concentration-dependent manner in RPMI-8226 and U266
cells (Figure 2C, 2D and Supplementary Figure 3).

MO-OH-Nap induces caspase cleavage

To more directly assess the ability of MO-OH-
Nap to induce apoptosis in myeloma cells, immunoblot

analysis was performed to detect cleaved caspases 3, 9,
and 8. As shown in Figure 3, treatment with MO-OH-Nap
for 48 hours results in the cleavage of these caspases in
a concentration-dependent manner in both RPMI-8226
and U266 cells. Next, time-course studies were performed
to determine the timing of the MO-OH-Nap-induced
caspase cleavage and to determine whether this pattern
differed from the pan-HDAC inhibitor SAHA. As shown
in Figure 4A, SAHA induced maximal caspase 8 and 9
cleavage by 24 hours, and caspase 3 cleavage by 36 hours
in U266 cells. In contrast, maximal cleavage of these
caspases occurred by 36-48 hours following tropolone
treatment. Co-incubation with Z-IETD-FMK, a specific
caspase 8 inhibitor, prevented both SAHA- and MO-OH-
Nap-induced caspase 8 cleavage but did cause an increase
in caspase 9 cleavage (Figure 4B).

MO-OH-Nap and SAHA induce distinct patterns
of gene expression

The differences in timing of caspase cleavage
induced by MO-OH-Nap and SAHA suggested
disparate mechanisms of action. To further explore
this, microarray studies were performed using RNA
isolated from U266 cells treated with either SAHA or
MO-OH-Nap. Expression profiles generated from U266
cells treated either with SAHA for 24 hours, MO-OH-
Nap for 24 hours or MO-OH-NAP for 48 hours were
compared to untreated control cells. All three treatment
groups had diverse gene expression patterns, with
SAHA-24 hour and MO-OH-Nap-48 hour producing
the highest number of distinct gene expression
changes (Figure 5A). In total, 84 upregulated and 46
downregulated genes were shared between all three
treatment groups, suggesting some downstream events
are likely shared (Figure 5A). Hierarchical clustering
resulted in separation of samples into treatment groups
and a heatmap of differentially expressed genes further
illustrated the distinctive gene expression patterns of
the four groups (Figure 5B).

Next, we used Ingenuity Pathway Analysis to
investigate the deregulated molecular pathways that occur
as a result of SAHA and MO-OH-Nap treatment. The top
pathway hits for the SAHA group were largely related
to cell cycle control, while upstream analysis suggested
activation of both p53 and p21, and inhibition of Myc
(Table 2 and Supplementary Table 2). One pathway that
was noteworthy was the unfolded protein response (UPR)
pathway. IPA analysis revealed that the UPR and ER
stress pathways were both top hits in the MO-OH-Nap
48 hour treated cells, however neither were predicted
to be activated in the SAHA-treated group (Table 2).
Furthermore, in the 48-hour MO-OH-Nap-treated group
upstream analysis predicted activation of XBP-1 and
ATF6, both of which are central regulators of the UPR
(Supplementary Table 2).
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Table 1: Cytotoxic activity of the novel a-substituted tropolones

MTT assay IC,, (uM) (48-hour incubation)

RPMI-8226 U266 MM.1S
MO-OH-Nap 1.2 11 10
HC-1-OH 2.4 89 24
BA-SM-OH 0.5 68 3.9
BA-pOH-OH 4.4 >100 68
Am-piv-OH 2.2 > 100 23
BA-HC2-OH 2.2 18 6.8
SAHA 1.01 2.96 0.93

IC,, values for myeloma cells treated with various tropolone derivatives or SAHA are shown.
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Figure 2: The novel tropolones induce cytotoxic effects in myeloma cells. (A) MTT assays were performed following a
48-hour incubation period with the tropolones in RPMI-8226 cells. (B) Time-dependent effects of MO-OH-Nap in RPMI-8226 cells. Data
are expressed as percentage of control (mean + standard deviation, n = 4). (C) U266 and (D) RPMI-8226 cells were treated with DMSO
(solvent control) or MO-OH-Nap for 48 hours. Cells were stained with fluorescently conjugated Annexin V and 7-AAD and analyzed
by flow cytometry. Data are expressed as the average percentage of Annexin V-positive, 7-AAD-negative cells (n = 3, error bars denote
standard deviation, *denotes p < 0.05. **denotes p < 0.01).
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Figure 3: The novel tropolone MO-OH-Nap induces apoptosis in a concentration-dependent manner. RPMI-8226
and U266 were incubated in the presence or absence of MO-OH-Nap or solvent control (DMSO). Whole cell lysate was obtained and
immunoblot analysis of PARP, cleaved caspases-3, -8 and -9 was performed along with B-tubulin as a loading control. The gels are

representative of three independent experiments.
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Figure 4: MO-OH-Nap induces caspase cleavage in a time-dependent manner which is distinct from the pan-HDAC
inhibitor SAHA. (A) U266 cells were incubated for 12-48 hours in the presence or absence of SAHA (1 uM) or MO-OH-Nap (10 uM).
Whole cell lysate was obtained and immunoblot analysis of PARP, cleaved caspases-3, -8 and -9 was performed along with B-tubulin as a
loading control. The gels are representative of three independent experiments. (B) U266 cells were incubated for 24 hours in the presence
or absence of a caspase-8 inhibitor (Z-IETD-FMK, C8i, 50 uM) and/or SAHA (2.5 uM) or MO-OH-Nap (10 uM). Whole cell lysate was
obtained and immunoblot analysis of cleaved caspases-8 and -9 was performed along with B-tubulin as a loading control. The gels are

representative of three independent experiments.
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MO-OH-Nap induces markers of ER stress and
the UPR

To verify the microarray studies that had revealed
that multiple genes involved in ER stress and the UPR
were upregulated following treatment with MO-OH-
Nap, immunoblot studies were performed. As shown
in Figure 6A, treatment with MO-OH-Nap results in
an increase in activating transcription factor 4 (ATF4),

A Upregulated Genes

inositol-requiring enzyme la (IREla), PRLR-like ER
kinase (PERK), and phosphorylated eukaryotic translation
initiation factor 2-o (eIF2a). Furthermore, MO-OH-Nap-
induced splicing of X-box binding protein-1 (XBP-1),
whereas SAHA did not (Figure 6B and Supplementary
Figure 4). In addition, qRT-PCR analysis showed
upregulation of CHOP mRNA in MO-OH-Nap treated
cells at 24 and 48 hours (Figure 6C). Furthermore, protein
levels of acetylated histones, H3K9, H3K23, and H4KS,

Downregulated Genes
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Figure 5: MO-OH-Nap and SAHA induce distinct patterns of gene expression. (A) Venn diagrams showing overlaps in gene
expression for upregulated and downregulated genes in SAHA-24 hour (blue), MO-OH-Nap-24 hour (red) and MO-OH-Nap-48 hour
(yellow) treated cells relative to the untreated control. (B) Heatmap of differentially expressed in the four treatment groups. Unsupervised
hierarchical clustering is shown for individual genes (left) and samples (top). The color key shows row z-scores in which red denotes highly

expressed genes and green denotes lowly expressed genes.
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Table 2: Ingenuity pathway analysis: Top canonical pathways

MOOH-24 hr vs Control

Pathway p-value Overlap
Glycolysis I 4.98E-10 32.0% (8/25)
Gluconeogenesis I 1.80E-08 28.0% (7/25)
Unfolded protein response 3.50E-07 14.8% (8/54)
Sucrose Degradation V (Mammalian) 1.55E-04 33.3% (3/9)
Cysteine Biosynthesis/Homocysteine Degradation 1.57E-04 100.0% (2/2)
MOOH-48 hr vs Control

Pathway p-value Overlap
Unfolded protein response 6.53E-12 25.9% (14/54)
Endoplasmic Reticulum Stress Pathway 1.99E-07 33.3% (7/21)
Antigen Presentation Pathway 1.36E-04 16.2% (6/37)
Estrogen-mediated S-phase Entry 1.45E-04 20.8% (5/24)
Glucocorticoid Receptor Signaling 2.03E-04 5.9% (17/287)
Saha-24 hr vs Control

Pathway p-value Overlap
Cell Cycle Control of Chromosomal Replication 6.41E-07 21.1% (8/38)
Estrogen-mediated S-phase Entry 5.78E-06 5.0% (6/24)
Germ Cell-Sertoli Cell Junction Signaling 4.28E-05 7.5% (13/173)
Actin Nucleation by ARP-WASP Complex 1.14E-04 12.5% (7/56)
Cyclins and Cell Cycle Regulation 1.54E-04 10.3% (8/78)

Differentially expressed genes (DEG) were analyzed using Ingenuity Pathway Analysis. The top hit for “Canonical Pathways”
are shown, as well as the associated p-value and number of DEG that overlap with each pathway. A p-value < 0.05 was

considered significant.

were increased by treatment with MO-OH-Nap in a
concentration-dependent manner, suggesting disruption of
HDAC activity (Supplementary Figure 5). The induction
of ATF4 by MO-OH-Nap preceded the induction of
caspase cleavage (Supplementary Figure 6, Figure 4A)
and, consistent with the microarray studies, SAHA did not
induce ATF4 expression (Supplementary Figure 6). Another
tropolone, BA-HC2-OH, exerted similar effects on markers
of apoptosis and the UPR (Supplementary Figure 7).

MO-OH-Nap and bortezomib induce synergistic
cytotoxic effects

Prior studies investigating the combination
of pan-HDAC inhibitors and proteasome inhibitors
have revealed synergistic cytotoxic effects [18-21].
MTT cytotoxicity studies were therefore performed to
determine whether the novel tropolone MO-OH-Nap is
synergistic with the proteasome inhibitor bortezomib.
As shown in Figure 7, synergistic interactions, as
defined by a combination index of < 1 (as per Chou
and Talalay [22]), were observed between the two
agents (Supplementary Table 3). Primarily additive or

synergistic interactions were also observed when MO-
OH-Nap was used in combination with the mevalonate
pathway inhibitor lovastatin, which we have previously
demonstrated induces the UPR via disruption of
protein trafficking [23, 24] (Supplementary Figure 8,
Supplementary Table 3).

The synergy between HDAC inhibitors and
proteasome inhibitors is at least in part explained
by HDACG6 inhibition which abrogates aggresome
formation, thus inhibiting the degradation of misfolded
proteins leading to their accumulation within cytoplasm
and further activation of pro-apoptotic events [25]. The
induced increase in aggresomes following bortezomib
treatment is partially prevented by co-treatment
with SAHA. However, treatment with MO-OH-Nap
has no effect on the bortezomib-induced increase in
aggresomes, consistent with a mechanism of action that
is HDAC6-independent (Figure 8 and Supplementary
Figure 9). In addition, MO-OH-Nap did not alter the
levels of acetylated alpha-tubulin in myeloma cell lines,
further suggesting that HDACG6 activity is not altered
(Supplementary Figure 10).
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DISCUSSION

Myeloma cells are highly secretory and there has
been considerable effort focused on drug development
strategies which take advantage of the reliance on
protein homeostasis mechanisms including synthesis,
degradation, and trafficking. More recently, pan-HDAC

inhibitor therapy has been added to the armamentarium
of proteasome inhibitors and immunomodulatory drugs
which are most commonly used to treat myeloma
[26, 27]. Currently under development are HDAC-6-
specific inhibitors, as synergy has been observed with
proteasome inhibitors [28, 29]. Selective tropolone
analogues have previously been shown to have effects
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Figure 6: MO-OH-Nap induces markers of the unfolded protein response pathway. (A) U266, RPMI-8226, and MML1.S cells
were incubated in the presence or absence of DMSO (solvent control) or MO-OH-Nap for 48 hours. Immunoblot analysis of phosphorylated
elF2a (p-elF2a), elF2a, ATF4, IRE1a, and PERK was performed along with B-tubulin as a loading control. Densitometric analysis of UPR
proteins (normalized to B-tubulin) for the treated cells normalized to DMSO (solvent control) cells is shown. (B) U266 cells were incubated
for 24 or 48 hours with solvent control, SAHA, or MO-OH-Nap in triplicate. RNA was isolated, cDNA prepared, and PCR was performed
using XBP-1-specific primers. The upper band represents unspliced XBP-1 and the lower band represents spliced XBP-1. (C) qRT-PCR
analysis of CHOP expression in U266 and MM1.S cells incubated in the presence or absence of DMSO (solvent control) or MO-OH-Nap
for 24 or 48 hours. Data represents fold change normalized to DMSO control. (n = 3 independent experiments, error bars denote standard

error, *denotes p < 0.05. **denotes p < 0.01).
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on histone acetylation and to have selective cytotoxic
effects for malignant cells compared to healthy human
peripheral blood mononuclear cells [6, 13]. Here we have
demonstrated that MO-OH-Nap, a novel a-substituted
tropolone, induces apoptosis and the UPR in myeloma
cells.

We found that MO-OH-Nap treatment inhibits
proliferation and induces caspase cleavage in myeloma
cells, consistent with previous studies in leukemia cell
lines where a-tropolone derivatives promoted apoptosis
through caspase activation in a concentration-dependent
manner [6]. Both the classic intrinsic (caspases 9 and 3)
and extrinsic (caspases 8 and 3) apoptotic pathways are
involved. The time-line of caspase cleavage observed in
MO-OH-Nap treated cells differs from that observed with
SAHA, which induced maximal caspase cleavage around
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24 hours. While both agents are capable of inducing
apoptosis in myeloma cells, the difference in timing of
caspase cleavage suggests that the two compounds have
different mechanisms of action. While earlier studies
showed that some tropolone derivatives function as
selective inhibitors of HDACs [13], more recent work
has suggested that the effect on histone acetylation was
dependent on caspase activation [4]. IPA analysis of our
microarray data indicates that HDAC activity is disrupted
in both SAHA and MO-OH-Nap treated cells and, for
MO-OH-Nap, at a time point which precedes maximal
induction of caspase cleavage.

The dissimilar phenotypes observed upon treatment
with SAHA and MO-OH-Nap were supported by the
microarray data where we observed unique gene expression
profiles. Analysis of microarray data using IPA software
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Figure 7: The combination of bortezomib and MO-OH-Nap induces synergistic cytotoxic effects in myeloma cells.
MTT assays were performed following the incubation of cells with bortezomib and/or MO-OH-Nap for 48 hours. Data are expressed as

percentage of control (mean + standard deviation, n = 4).
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reveal that SAHA-treated myeloma cells respond in a way
that is similar to other studies involving SAHA, including
p53 and p21 activation, MYC inhibition, and dysregulation
of pathways related to cell cycle [6, 7, 30-33].
While IPA revealed there were some similarities between
the MO-OH-Nap- and SAHA-treated cells, such as p53
inhibition, several unique characteristics were observed.
The two pathways with the lowest p-value in the MO-OH-
Nap treated cells at 48 hours were the UPR and ER stress
pathways. Consistent with these results, we observed
activation of XBP-1 by alternative mRNA splicing and
upregulation of markers associated with ER stress, such
as ATF4, IREla, PERK, and phosphorylated elF2a, in
MO-OH-Nap-treated cells. Furthermore, when 24-hour
MO-OH-Nap treatment was compared to 48-hour, the
UPR and ER stress pathways were again the highest
hits, suggesting that over the 24-hour period MO-OH-
Nap is promoting ER stress and activation of the UPR,
which in turn leads to caspase cleavage and apoptosis in
myeloma cells. Additional investigation will be needed
to fully understand the mechanism by which MO-OH-
Nap induces ER stress and the UPR and to determine
whether the observed differences in sensitivity of the
tested myeloma cell lines to MO-OH-Nap corresponds to
known differences in factors such as p53 status or whether
other factors are involved. Of note, select class I HDACs,
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including HDACs 1, 2, and 3 have been shown to localize
to the ER and to interact with the key chaperone protein
GRP78 which is involved with regulation of the UPR [34].
In addition, the silencing of class I HDACs resulted in
activation of the PERK and ATF6 arms of the UPR, but
not the IRE1a arm [34]. However, our studies demonstrate
the activation of all three arms of the UPR, thus suggesting
that there may be HDAC-independent effects of the
tropolone. Whether the iron-binding ability of tropolones
[6, 10-12] is involved in the mechanisms underlying the
observed induction of the UPR remains to be determined.

Another interesting finding that came out of this
study was the synergistic effect observed between MO-
OH-Nap and the proteasome inhibitor bortezomib.
Because myeloma cells are continuously secreting large
quantities of monoclonal protein, they are particularly
sensitive to interruption of routine proteolysis, and
proteasome inhibitor therapy is widely used in both the
newly diagnosed and relapsed/refractory setting for
myeloma. However, because many myeloma patients
suffer from relapse due to drug resistance, it is critical
to identify new drugs that can overcome resistance
mechanisms. Synergy between proteasome and HDAC
inhibitors in myeloma has been documented [18-20], and
at least in part is due to HDACG6 inhibition and disruption
of aggresome formation [25]. However, in our studies,
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Figure 8: MO-OH-Nap does not impact bortezomib-induced aggresome formation. U266 cells were treated for 24 hours
with 7.5 nM bortezomib (Borf) with or without 1 pM SAHA or 10 uM MO-OH-Nap. Aggresome staining was performed as described in the
Materials and Methods. Cells were gated as aggresome-positive for fluorescence intensities that were low Proteostat intensity in the nucleus
and high Proteostat intensity outside the nucleus, indicating a perinuclear aggresome versus aggregates dispersed throughout the cell.
Representative cells are shown in (A) and the analyzed data in (B) (N = 3 independent experiments), * indicates p < 0.05, **indicates

p<0.01.
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aggresome formation was not altered by the addition of the
tropolone, suggesting an HDAC6-independent mechanism
for the observed synergy. We predict the synergism is a
result of the tropolone’s ability to induce ER stress and
activation of the UPR leading to enhanced activation of
the caspase cascade and apoptosis.

In summary, we have shown that the novel
a-substituted tropolone MO-OH-Nap is cytotoxic against
myeloma cells and functions in a manner that is distinct
from the pan-HDAC inhibitor SAHA. These finding
are relevant as they demonstrate a novel mechanism of
tropolone activity in myeloma cells. We provide evidence
that tropolone treatment induces ER stress and activation
of the UPR. Furthermore, MO-OH-Nap was synergistic
with the proteasome inhibitor bortezomib, suggesting
that a combination therapy may also be beneficial
in vivo. Future studies are needed to better understand
the molecular mechanisms of these novel tropolones to
determine their potential as anti-myeloma agents.

MATERIALS AND METHODS

Reagents

The tropolones were synthesized as per the
previously published methodology [6]. Stock solutions
of the tropolones were prepared in DMSO (10 mM)
and stored at —20°C. Suberoylanilide hydroxamic acid
(SAHA), bortezomib, and lovastatin were purchased
from Sigma-Aldrich (St Louis, MO, USA). The caspase-8
inhibitor Z-IETD-FMK was purchased from R&D
Systems (Minneapolis, MN, USA).

Cell culture

Human myeloma (RPMI-8226, MM.1S, U266)
and bone marrow stromal (HS-5) cells were purchased
from American Type Culture Collection (ATCC)
(Manassas, VA, USA). Cells were grown in media (per
ATCC specifications) supplemented with heat-inactivated
fetal bovine serum (FBS), glutamine and penicillin-
streptomycin at 37°C and 5% CO.,,.

Immunoblotting

Following incubation with drugs, cells were
collected, washed with PBS, and lysed in RIPA buffer
(0.15M NaCl, 1% sodium deoxycholate, 0.1% SDS, 1%
Triton (v/v) X-100, 0.05 M Tris HCI, pH 7.4) containing
protease and phosphatase inhibitors. Protein content was
determined using the bicinchoninic acid (BCA) method.
Equivalent amounts of cell lysate were resolved by SDS-
PAGE, transferred to polyvinylidene difluoride membrane,
probed with the appropriate primary antibodies, and
detected using HRP-linked secondary antibodies and

Amersham Pharmacia Biotech ECL Western blotting
reagents per manufacturer’s protocols. Supplementary
Table 1 details the primary and secondary antibodies.

MTT assay

Cells were seeded (2.5 x 10* cells/100 puL per well)
in 96-well flat-bottom plates and incubated with drugs. The
MTT assay was performed as previously described [35].
The absorbance for control cells treated with solvent only
was defined as an MTT activity of 100%.

BrdU assays

Cells were plated in 96-well tissue culture plates
at 2.5 x 10* cells/100 pL/well (RPMI-8226) or 5 x 10*
cells/100 pL/well (U266). Cells were incubated for
48 hours in the presence of solvent control (DMSO) or
varying concentrations of MO-OH-Nap. The addition of
BrdU occurred 4 (RPMI-8226) or 6 (U266) hours prior
to fixation. Plates were spun at 1000 rpm for 10 minutes.
Cells were processed per manufacturer’s instructions using
the Millipore BrdU Cell Proliferation Assay kit. For the
co-culture experiments, HS-5 cells were plated in 96-well
tissue culture plates at 1 x 10* cells/100 pL/well. After
24 hours, myeloma cells were added to the plate as was
solvent control or varying concentrations of MO-OH-Nap.
Following 48-hour incubation and then BrDU labeling, the
myeloma cells were transferred to a different plate and the
plate was processed per the manufacturer’s instructions.

Apoptosis detection studies

U266 or RPMI-8226 cells were treated with solvent
control (DMSO) or MO-OH-Nap for 48 hours. Cells were
then stained with PE-conjugated Annexin V antibody and
the membrane permeability dye 7-AAD according to the
manufacturer’s recommendations (eBioscience). A total
of 20,000 cells were analyzed using a BD LSRII flow
cytometer. FlowJo software was used for data analysis. We
define early apoptotic cells as those positive for Annexin V
and negative for 7-AAD.

RT-PCR for XBP-1 splicing

Cells were incubated for 24 hours in the presence
or absence of solvent control, SAHA, or MO-OH-Nap.
Total RNA was isolated, cDNA prepared, and PCR
performed using XBP-1-specific primers as described
by Yan et al. [36]. PCR products were separated on
a 2% agarose gel, stained with ethidium bromide,
and visualized on a UV transilluminator. The upper
band represents unspliced XBP-1 and the lower band
represents spliced XBP-1. Primer sequences can be
found in Supplementary Table 4.
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Microarray analysis

U266 cells were treated with solvent control
(DMSO), MO-OH-Nap, or SAHA. Following 24
or 48 hour incubations, RNA was extracted using
Qiagen RNAEasy kit. Samples were then processed
by the Roswell Park Cancer Institute Genomics Shared
Resource and analyzed using an Illumina HumanHT-12
v4 Expression BeadChip. Data were analyzed with R
language and Bioconductor packages. Microarray data
normalization, background correction and quality control
were carried out with the Bioconductor package “lumi”.
The R package “limma” was used to perform differential
gene expression analysis of the normalized microarray
data. The significant differentially expressed genes were
identified with p value less than 0.05 and fold change with
a cut off of 1.5. In order to identify activated and inhibited
signaling pathways, all differentially expressed genes were
analyzed using Ingenuity pathway analysis (IPA) software
(Qiagen). Data files are available for download through
NCBI Gene Expression Omnibus (GSE93099).

Aggresome detection studies

U266 cells were incubated for 24 hours in the
absence or presence of drugs. Aggresome staining was
performed using Enzo PROTEOSTAT® Aggresome
detection kit according to the manufacturer’s instructions.
Just prior to running on the ImageStream, all samples
had DAPI added to visualize the nucleus. In total, 5,000
events were collected for all samples on an ImageStream
ISX using 405 nm and 488 nm laser excitation. Cell
populations were hierarchically gated for single cells that
were in focus and positive for both DAPI and Proteostat.
Following data acquisition, masks were created using
DAPI for the nucleus (Fill(M07)) and Proteostat for the
entire cell (Fill(M04)). The spatial relationship between
the Proteostat and nuclear staining was measured by
plotting the fluorescence intensity of Proteostat in the
nuclear region (Intensity Fill(MO07) Ch04) versus
outside the nuclear region (Intensity Fill(M04)-Intensity
Fill(M07)_Ch04) Cells were gated as aggresome positive
for fluorescence intensities that were low Proteostat
intensity in the nucleus and high Proteostat intensity
outside the nucleus, indicating a perinuclear aggresome
versus aggregates dispersed throughout the cell.

qRT-PCR

U266 and MM1.S cells were treated with solvent
control (DMSO) or MO-OH-Nap for 24 or 48 hours.
RNA was isolated using Qiashredder and RNAeasy Plus
kits (Qiagen). cDNA was synthesized from 1mg of total
RNA using the iScript cDNA synthesis kit (Bio-Rad). iTaq
Universal SYBR Green Supermix (Bio-Rad) was mixed
with cDNA and gene specific primers at a final volume

of 10 pL. qRT-PCR was performed using a CFX96 real
time machine (Bio-Rad). All reactions were performed in
duplicate and data was normalized to the expression of
B-actin. Primer sequences can be found in Supplementary
Table 4.

Statistics

Two-tailed #-testing was used to calculate statistical
significance. An o of 0.05 was set as the level of
significance. Combination indices for the MTT assays
were determined via CalcuSyn software (Biosoft) which
analyzes drug interactions based on the method of Chou
and Talalay [22]. This software was also used to calculate
IC,, values.

ACKNOWLEDGMENTS

This project was supported in part by the NIH (RO1
CA162470 (DLW)) and the American Association of
Colleges of Pharmacy (AG140125, AJW). Microscopy
services were provided by the Flow and Image Cytometry
Core facility at the Roswell Park Cancer Institute which
is supported in part by NCI P30CA16056. Microarray
analysis services were provided by the Genomics Shared
Resource at the Roswell Park Cancer Institute which is
supported in part by NCI P30CA16056. Flow cytometry
experiments were performed at the Flow Cytometry Core
Facility at the University of Nebraska Medical Center. The
UNMC Flow Cytometry Research Facility is administrated
through the Office of the Vice Chancellor for Research
and supported by state funds from the Nebraska Research
Initiative (NRI) and The Fred and Pamela Buffett Cancer
Center’s National Cancer Institute Cancer Support Grant.
Major instrumentation has been provided by the Office
of the Vice Chancellor for Research, The University of
Nebraska Foundation, the Nebraska Banker’s Fund, and
by the NIH-NCRR Shared Instrument Program.

CONFLICTS OF INTEREST

The authors have no relevant conflicts of interest to
disclose.

REFERENCES

1. Yamano H, Yamazaki T, Sato K, Shiga S, Hagiwara T,
Ouchi K, Kishimoto T. /n vitro inhibitory effects of
hinokitiol on proliferation of Chlamydia trachomatis.
Antimicrob Agents Chemother. 2005; 49:2519-2521.

2. Baba T, Nakano H, Tamai K, Sawamura D, Hanada K,
Hashimoto I, Arima Y. Inhibitory effect of beta-thujaplicin

on ultraviolet B-induced apoptosis in mouse keratinocytes.
J Invest Dermatol. 1998; 110:24-28.

www.impactjournals.com/oncotarget

76096

Oncotarget



10.

I1.

12.

13.

14.

15.

16.

Zhao J. Plant troponoids: chemistry, biological activity, and
biosynthesis. Curr Med Chem. 2007; 14:2597-2621.

Liu S, Yamauchi H. Hinokitiol, a metal chelator derived
from natural plants, suppresses cell growth and disrupts
androgen receptor signaling in prostate carcinoma cell lines.
Biochem Biophys Res Commun. 2006; 351:26-32.

Hsiao CJ, Hsiao SH, Chen WL, Guh JH, Hsiao G, Chan Y],
Lee TH, Chung CL. Pycnidione, a fungus-derived agent,
induces cell cycle arrest and apoptosis in A549 human lung
cancer cells. Chem Biol Interact. 2012; 197:23-30.

LiJ, Falcone ER, Holstein SA, Anderson AC, Wright DL,
Wiemer AJ. Novel alpha-substituted tropolones promote
potent and selective caspase-dependent leukemia cell
apoptosis. Pharmacol Res. 2016; 113:438-448.

Ononye SN, Vanheyst MD, Giardina C, Wright DL,
Anderson AC. Studies on the antiproliferative effects of
tropolone derivatives in Jurkat T-lymphocyte cells. Bioorg
Med Chem. 2014; 22:2188-2193.

Nakano K, Chigira T, Miyafusa T, Nagatoishi S,
Caaveiro JM, Tsumoto K. Discovery and characterization
of natural tropolones as inhibitors of the antibacterial target
CapF from Staphylococcus aureus. Sci Rep. 2015; 5:15337.
Fullagar JL, Garner AL, Struss AK, Day JA, Martin DP,
Yu J, Cai X, Janda KD, Cohen SM. Antagonism of a zinc
metalloprotease using a unique metal-chelating scaffold:
tropolones as inhibitors of P. aeruginosa elastase. Chem
Commun (Camb). 2013; 49:3197-3199.

Bryant BE, Fernelius WC. Formation constants of metal
complexes of tropolone and its derivatives II. J Am Chem
Soc. 1954; 76:1696-1697.

Menis O, McClellan BE, Bright DS. Determination of the
formation constants of iron(Ill) and vanadium(V) with
B-isopropyltropolone using the extraction method. Anal
Chem. 1971; 43:431-435.

Oka Y, Matsuo S. Mutual determination of iron(IIl) and
tropolone, and the formation constant of their complex.
Bunseki Kagaku. 1958; 7:215-219.

Ononye SN, VanHeyst MD, Oblak EZ, Zhou W, Ammar M,
Anderson AC, Wright DL. Tropolones as lead-like natural
products: the development of potent and selective histone
deacetylase inhibitors. ACS Med Chem Lett. 2013; 4:757-761.

Moskowitz AJ, Horwitz SM. Targeting histone deacetylases
in T-cell lymphoma. Leuk Lymphoma. 2017; 58:1306—1319.

San-Miguel JF, Hungria VT, Yoon SS, Beksac M,
Dimopoulos MA, Elghandour A, Jedrzejczak WW, Gunther A,
Nakorn TN, Siritanaratkul N, Corradini P, Chuncharunee S,
Lee JJ, et al. Panobinostat plus bortezomib and dexamethasone
versus placebo plus bortezomib and dexamethasone in patients
with relapsed or relapsed and refractory multiple myeloma: a
multicentre, randomised, double-blind phase 3 trial. Lancet
Oncol. 2014; 15:1195-1206.

Popat R, Brown SR, Flanagan L, Hall A, Gregory W,
Kishore B, Streetly M, Oakervee H, Yong K, Cook G, Low
E, Cavenagh J, and Myeloma UK Early Phase Clinical Trial

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Network. Bortezomib, thalidomide, dexamethasone, and
panobinostat for patients with relapsed multiple myeloma
(MUK-six): a multicentre, open-label, phase 1/2 trial.
Lancet Haematol. 2016; 3:e572—e580.

Berdeja JG, Hart LL, Mace JR, Arrowsmith ER, Essell JH,
Owera RS, Hainsworth JD, Flinn IW. Phase I/II study of
the combination of panobinostat and carfilzomib in patients
with relapsed/refractory multiple myeloma. Haematologica.
2015; 100:670-676.

Campbell RA, Sanchez E, Steinberg J, Shalitin D, Li ZW,
Chen H, Berenson JR. Vorinostat enhances the antimyeloma
effects of melphalan and bortezomib. Eur ] Haematol. 2010;
84:201-211.

Pei XY, Dai Y, Grant S. Synergistic induction of oxidative
injury and apoptosis in human multiple myeloma cells by
the proteasome inhibitor bortezomib and histone deacetylase
inhibitors. Clin Cancer Res. 2004; 10:3839-3852.

Kikuchi J, Wada T, Shimizu R, Izumi T, Akutsu M,
Mitsunaga K, Noborio-Hatano K, Nobuyoshi M, Ozawa K,
Kano Y, Furukawa Y. Histone deacetylases are critical targets
of bortezomib-induced cytotoxicity in multiple myeloma.
Blood. 2010; 116:406-417.

Bat-Erdene A, Miki H, Oda A, Nakamura S, Teramachi
J, Amachi R, Tenshin H, Hiasa M, Iwasa M, Harada T,
Fujii S, Sogabe K, Kagawa K, et al. Synergistic targeting
of Spl, a critical transcription factor for myeloma cell
growth and survival, by panobinostat and proteasome
inhibitors. Oncotarget. 2016; 7:79064—79075. https://doi.
org/10.18632/oncotarget.12594.

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.
Holstein SA, Hohl RJ. Isoprenoid biosynthetic pathway
inhibition disrupts monoclonal protein secretion and
induces the unfolded protein response pathway in multiple
myeloma cells. Leuk Res. 2011; 35:551-559.

Dykstra KM, Allen C, Born EJ, Tong H, Holstein SA.
Mechanisms for autophagy modulation by isoprenoid
biosynthetic pathway inhibitors in multiple myeloma cells.
Oncotarget. 2015; 6:41535-41549.https://doi.org/10.18632/
oncotarget.6365.

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 USA. 2005; 102:8567-8572.

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; 37:829-837.

Tandon N, Ramakrishnan V, Kumar SK. Clinical use and
applications of histone deacetylase inhibitors in multiple
myeloma. Clin Pharmacol. 2016; 8:35-44.

Hideshima T, Qi J, Paranal RM, Tang W, Greenberg E, West
N, Colling ME, Estiu G, Mazitschek R, Perry JA, Ohguchi

www.impactjournals.com/oncotarget

76097

Oncotarget



29.

30.

31.

H, Cottini F, Mimura N, et al. Discovery of selective small-
molecule HDAC6 inhibitor for overcoming proteasome
inhibitor resistance in multiple myeloma. Proc Natl Acad
Sci USA. 2016; 113:13162-13167.

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, et al. Preclinical activity, pharmacodynamic,
and pharmacokinetic properties of a selective HDAC6 inhibitor,
ACY-1215, in combination with bortezomib in multiple
myeloma. Blood. 2012; 119:2579-2589.

Silva G, Cardoso BA, Belo H, Almeida AM. Vorinostat
induces apoptosis and differentiation in myeloid
malignancies: genetic and molecular mechanisms. PLoS
One. 2013; 8:¢53766.

Kretzner L, Scuto A, Dino PM, Kowolik CM, Wu J,
Ventura P, Jove R, Forman SJ, Yen Y, Kirschbaum MH.
Combining histone deacetylase inhibitor vorinostat with
aurora kinase inhibitors enhances lymphoma cell killing
with repression of c-Myc, hTERT, and microRNA levels.
Cancer Res. 2011; 71:3912-3920.

32.

33.

34.

35.

36.

Ocker M, Schneider-Stock R. Histone deacetylase
inhibitors: signalling towards p21cipl/wafl. Int J Biochem
Cell Biol. 2007; 39:1367-1374.

Newbold A, Salmon JM, Martin BP, Stanley K,
Johnstone RW. The role of p21(wafl/cipl) and p27(Kip1)
in HDACi-mediated tumor cell death and cell cycle arrest in
the Emu-myc model of B-cell lymphoma. Oncogene. 2014;
33:5415-5423.

Kahali S, Sarcar B, Prabhu A, Seto E, Chinnaiyan P. Class [
histone deacetylases localize to the endoplasmic reticulum
and modulate the unfolded protein response. FASEB J.
2012; 26:2437-2445.

Holstein SA, Hohl RJ. Interaction of cytosine arabinoside
and lovastatin in human leukemia cells. Leuk Res. 2001;
25:651-660.

Yan Y, Gao YY, Liu BQ, Niu XF, Zhuang Y, Wang HQ.
Resveratrol-induced cytotoxicity in human Burkitt's

lymphoma cells is coupled to the unfolded protein response.
BMC Cancer. 2010; 10:445.

www.impactjournals.com/oncotarget

76098

Oncotarget



