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Abstract

Thujaplicins are tropolone-derived natural products with antiproliferative properties. We recently
reported that certain tropolones potently and selectively target histone deacetylases (HDAC) and
inhibit the growth of hematological cell lines. Here, we investigated the mechanisms by which
these compounds exert their antiproliferative activity in comparison with the pan-selective HDAC
inhibitor, vorinostat, using Jurkat T-cell leukemia cells. The tropolones appear to work through a
mechanism distinct from vorinostat. These studies suggest that tropolone derivatives may serve as
selective epigenetic modulators of hematological cells with potential applications as anti-leukemic
or anti-inflammatory agents.
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1. Introduction

The tropolone nucleus is a naturally occurring non-benzenoid aromatic characterized by the
presence of an alpha-hydroxy tropone unit, a potential metal-directing moiety. This nucleus
occurs in relatively simple natural products such as thujaplicins (Fig. 1) as well as more
complex molecules such as colchicine. Many of these molecules, especially those with free
tropolones (e.g. thujaplicins), have been known to have antibacterial, antifungal, and
antiproliferative activityl-3. Despite the abundance of this class of natural products, there
have been few attempts to utilize this scaffold as a lead pharmacophore in drug
development. Moreover, there have been very limited efforts to determine the mechanism of
action through which these compounds exert their antiproliferative activity. We have come
to view the thujaplicins as “lead-like natural products” whereby the low molecular weight,
ample sites for diversification and the presence of a strong metal-directing pharmacophore
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suggest that potent and selective inhibitors of metalloenzymes could be developed from this
scaffold. In order to fully develop this class, it is necessary to devise flexible and rapid
synthetic approaches to analogs as well as gain a more detailed understanding of the
molecular pharmacology.

In prior work, we explored the possibility of developing inhibitors of the zinc-dependent
histone deacetylases (HDACs) starting with simple substituted tropolones. The HDAC
family of enzymes comprises 18 isozymes, 11 of which are zinc-dependent, which catalyze
the hydrolysis of an e-acetamido group of key lysine residues in histones and lead to
increased expression levels of target genes* . Currently, HDAC inhibitors (HDACI) have
been clinically validated for the treatment of cutaneous T-cell lymphoma (CTCL) with the
approval of two compounds, vorinostat and romidepsin. Both approved agents are
considered pan-inhibitors as they display potent activity against most of the zinc-dependent,
class I and Il HDAC isoforms® 6. It is appreciated that some of the untoward side effects
observed with the pan-inhibitors would be limited if more selective, isozyme-specific agents
were available 7-°. Moreover, isozyme-selective HDAC inhibitors also offer the potential to
produce specific epigenetic modulation in a non-cytotoxic manner, a feature that would be
critical in treating disease states other than cancer, such as neurological or inflammatory
disorders10-14,

Previously, we synthesized a small library of tropolones and found that substitution about
the tropolone nucleus allows for the exploitation of key residue differences between HDAC
isozymes and achieves good levels of selectivity, specifically for HDAC2 and HDACS 1°
(Figure 1). In addition, many of these derivatives show very specific antiproliferative
activity against hematological lines (ICsg < 1 pM) with little observed toxicity toward other
cancer types or normal cells. This specific enzyme and cellular activity profile suggests that
this class may be optimized to function as more specific anti-leukemic agents, T cell
modulators or low-toxicity epigenetic modulators in other tissues. In order to gain deeper
insight into the mechanisms by which they exert the antiproliferative effects and how those
effects differ from pan-HDAC inhibitors, we investigated the cellular effects of two
tropolones with the most potent antiproliferative activity on a hematological cell line (Figure
1: compounds 1 and 2). As a negative control, we also include in our studies compound 4, a
tropolone with a methyl ether that has reduced metal coordination and HDAC inhibition. We
demonstrate that the HDAC-inhibiting troplones are growth inhibitory, but work through a
mechanism that is distinct from the pan-HDAC inhibitor, vorinostat. Our work also suggests
that the tropolones may be useful for the development of more specific HDAC inhibitors
with distinctive pharmacological properties.

As shown in previous work, several tropolone derivatives with HDAC inhibitory activity
exhibit antiproliferative effects, especially toward hematological cell lines. As the pan-
HDAC inhibitor, vorinostat, also displays significant activity against these cell lines, it was
important to determine whether the tropolones and vorinostat share common modes of
action or whether they inhibit cell growth through alternative mechanisms. Toward this goal,
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we evaluated how tropolones and vorinostat affected patterns of histone acetylation, cell
cycle arrest and apoptosis in the Jurkat cell line.

2.1. Tropolones show selective alteration of histone acetylation states

Exposure to pan-HDAC inhibitors, including vorinostat, results in accumulation of
hyperacetylated histones, most notably at lysine 9 or 23 of histone H3 and lysine 12 of
histone H45: 16, We recently reported that Jurkat cells treated with tropolone derivatives
exhibit H4K12Ac hyperacetylation at levels of ~6-fold over control cells!®. In order to
explore the specificity of histone modulation, we investigated the levels of H3K9Ac and
H3K23Ac hyperacetylation in Jurkat cells following a 12h treatment with the HDAC
inhibitors1? (Table 1, corresponding histograms are shown in Supplemental Information
Figure S1). While vorinostat increased acetylation 10-fold and 1.5-fold at histone H3K9 and
H3K23, the tropolones had a more modest effect. Compound 1 induced a modest two-fold
increase in histone H3K9 acetylation in the Jurkat cells and no tropolone showed increased
histone H3K23 acetylation. Furthermore, in a similar vein, we previously reported that
tropolones do not induce tubulin hyperacetylation, consistent with a lack of HDAC6
inhibition>, unlike pan-HDAC and HDAC6-selective inhibitors!8. Taken together, these
observations suggest that the isozyme selectivity of the tropolones produces unique patterns
of hyperacetylation relative to pan-HDAC inhibitors such as vorinostat.

2.2. Overexpression of p21 may not be required for tropolone-mediated growth inhibition

Treatment of cells with HDAC inhibitors has been shown to induce gene expression
changes. In related experiments, we observed that treatment of colon cancer cell lines with
several tropolone derivatives enhanced the expression of a variety of genes but with a profile
distinct from vorinostat 19. As activation of the CDK inhibitor, p21CIPY/WAFLS5, 20 jg 5
hallmark of pan-HDAC inhibitors, we investigated whether the tropolones also activate p21
expression. To measure these effects, p21 protein expression in Jurkat cells was determined
using flow cytometry after a 24h treatment with 10 pM and 50 uM concentrations of the
tropolones and vorinostat and mRNA levels were quantified with qRT-PCR (Figure 2;
accompanying histograms are in Figure S2, Supporting Information). After a 24h period,
vorinostat treatment resulted in a three-fold increase in p21 protein levels as well as a 300-
fold increase in mRNA levels. Although compound 1 showed a slight increase at the protein
level there was no measurable increase at the mRNA level at either 10 uM or 50 pM
treatments in Jurkat cells. These data suggest that p21 activation may not be a primary
mechanism for tropolone-mediated growth inhibition in Jurkat cells.

2.3. Tropolones affect cell cycle progression and apoptosis of Jurkat cells

HDAC inhibitors of various structural classes have been shown to induce G1, S phase and/or
G2/M arrest and concurrently disrupt mitotic progression in proliferating cells in normal and
malignant tissues /. To investigate the mechanism by which the tropolones inhibit the
growth of hematological cells, we performed cell cycle analyses at multiple time points
using Jurkat cells (Table 2; corresponding histograms are shown in Supporting Information).
Compounds 1 and 2 induced the appearance of sub-diploid cells (<GO/G1) at the 12h, 24h
and 36h time points (Data for the 12h timepoint are shown in Table 2; data for 24h and 36h
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are reported in Table S1). There was also a decrease in both the S-phase and G2-M phase
cells following tropolone treatment at all three time-points, such that the majority of non-
apoptotic cells were in G1. In contrast, treatment with the inactive tropolone methyl ether
(compound 4) resembled untreated controls. Conversely, vorinostat induced an increase in
the population of subdiploid and G2-M cells at 12h. At 24h and 36h following vorinostat
treatment, the percentage of apoptotic cells (<G0/G1) significantly increased to 48.90% and
60.80% respectively. Overall, the patterns of cell cycle arrest highlight the differences in
activity between these tropolone compounds and classical pan-HDAC inhibitors.

2.4. Tropolones induce apoptosis in a Caspase-8 independent manner

HDAC inhibitors, including vorinostat alone and/or in combination with other anticancer
agents have been shown to induce apoptosis in a caspase-8 dependent manner in several
malignant cells’12.16.20.21 Thus, we used flow cytometric analysis to monitor the activation
of caspase-8 by tropolones and vorinostat after a 24h treatment period in Jurkat cells.
Whereas treatment with vorinostat resulted in a greater than 100-fold increase in caspase-8
activation, the tropolones exhibited no activation of caspase-8 relative to the untreated
control (Table 3; Figure S4 Supporting Information). These data suggest that the extrinsic
apoptotic pathway may not be involved in the initiation of apoptosis by tropolones and in
fact that the mechanisms of apoptosis induced by vorinostat and the tropolones are different.

2.5. Caspase-3 activation is involved in tropolone-mediated apoptosis

Based on the central role of caspase-3 in the execution of apoptosis, we conducted a time-
dependent assessment of caspase-3/7 activation in Jurkat cells after treatment with HDAC
inhibitor using an assay that correlates luminescence with caspase-3 activity22. Interestingly,
after a 6h treatment, compound 1 and compound 2 activated a higher level of caspase-3
activity than vorinostat (data for 12h are found in Figure 3; data for 6h, 24h and 48h in Table
S2; standard deviations in Table S3). At 12h, vorinostat activated a greater than 2-fold
increase in caspase-3/7 activity when compared to the untreated control. The tropolones also
activated an increase in caspase-3/7 activity at 12h, albeit at levels lower than vorinostat. For
both the tropolones and vorinostat, caspase-3 activation dropped after 24h or 48h,
potentially due to apoptotic cell breakdown and caspase leakage. This analysis indicates that
caspase-3/7 activation by both the tropolones and vorinostat peaks at 12h, suggesting that
caspase-3 activation may be one of the mechanisms for the execution of apoptosis in Jurkat
cells that is common for both the tropolones and vorinostat.

2.6. Evaluation of the ability of tropolones to enhance expression of perforin in Jurkat cells

Cytotoxic T lymphocytes (CTLs) and natural killer (NK) cells kill virally infected or tumor
cells by secreting membrane-disrupting proteins known as perforin and a family of serine
proteases known as granzymes that work together to induce apoptosis of the target cell 23: 24,
It has also been shown that Jurkat cells are themselves sensitive to the presence of
exogenous granzyme and perforin 2° and that the depsipeptide FK228 (an HDAC inhibitor)
increases the expression of perforin in T cells 26. Therefore, we investigated the effect of the
tropolones and vorinostat on the expression of perforin in Jurkat cells. A time-dependent
analysis revealed a two-fold increase in the expression of perforin after a 48h treatment with
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both vorinostat and compound 1 (Figure 4). The increased expression of perforin may be the
result of enhanced cellular maturation linked to cell cycle arrest, and may also contribute to
the downstream activation of caspase-3 through an autocrine or paracrine mechanism 27: 28,

3. Discussion

Alteration of gene expression by small molecule inhibitors of histone deacetylases may offer
a pathway to intervene in a variety of disease states. Currently, efforts to employ HDAC
inhibitors focus primarily on cancer. The present set of clinically approved agents function
broadly through inhibition of many different HDAC isoforms and as such, produce a fairly
broad range of cellular effects. It is presumed that inhibitors with a more restrictive profile
would activate a subset of target genes and would therefore have a more specific set of
cellular effects. As such, more specific epigenetic modulators could potentially find
application, especially in cases for which antiproliferative effects are not desired or greater
tissue specificity is required.

Here we show that the tropolones exert their antiproliferative activity towards Jurkat cells in
a manner that is distinct from the pan-HDAC inhibitor, vorinostat. While both the tropolones
and vorinostat induce apoptosis in this cell line, it appears that the tropolones work through
a more limited subset of cellular processes. Specifically, relative to vorinostat, the
tropolones have a more modest effect on histone hyperacetylation and do not appear to
induce the expression of p21. The patterns of cell cycle arrest are also clearly distinct. While
vorinostat appears to induce an extrinsic pathway of apoptosis, the tropolones do not
(although both increase caspase-3/7 activity). Both the tropolones and vorinostat also appear
to enhance the expression of perforin, which may be linked to cell maturation and,
potentially, activation of caspase-3. Overall, the more restrictive induction of apoptosis by
the tropolones relative to the pan-HDAC inhibitors may allow for the development of more
directed anti-leukemic agents. In addition, there are a number of inflammatory conditions
that feature elevated levels of T cell proliferation that may benefit from more targeted
HDAC inhibition, such as rheumatoid arthritis and multiple sclerosis?®: 30, In this regard, the
tropolone nucleus appears to be well-suited for generating HDAC inhibitors with distinct
cellular effects and may lead to the generation of compounds with unique pharmacological
benefits.

4. Experimental

4.1. Cell Culture

Jurkat cells were obtained from ATCC (Manassas, VA) and cultured in RPMI 1640 (ATCC)
supplemented with 10% fetal bovine serum (FBS; Atlanta Biologicals, Lawrenceville, GA),
1% penicillin/streptomycin (PEN-STREP; Mediatech Inc., Manassas, VA) and 1% L-

Glutamine (L-Glut; Mediatech Inc.). Vorinostat (SAHA) was obtained from Sigma Aldrich.

4.2. Analysis of histone modification and gene expression

Approximately 1 x10° logarithmic-phase Jurkat cells were treated with either a tropolone or
vorinostat for the applicable treatment period. Control wells contained no HDACI. After
pertinent exposure, cells were harvested, chilled on ice for 10 min, washed with PBS and
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fixed with 4% (w/v) paraformaldehyde (PFA) for 20 min. Fixed cells were resuspended in
5% BSA/PBS and stored overnight at 4°C. Cells were permeabilized with PBS plus 0.5%
(v/v) Triton-X-100, washed and blocked with 10% normal goat serum. Cells were then
incubated with either H3K9Ac, H3K23Ac, perforin, or p21 using primary antibodies
purchased from Cell Signaling Technology (Beverly, MA) at a 1:100 dilution in 5%
BSA/PBS and a FITC conjugated secondary antibody (Millipore,Billerica, MA) at a 1:1000
dilution in 5% BSA/PBS. Following staining, cells were evaluated for fluorescence 7 using
a Becton Dickinson (BD) FACSCalibur Flow Cytometer (San Jose, CA). Values for the
geometric mean fluorescence intensities (GMFI), equivalent to the median cell population
response, were obtained via analysis on the FlowJo Workstation (Treestar Inc., Ashland
OR). Assay results were compared to published data when possible 3132

4.3. Reverse-transcription PCR and quantitative real-time PCR analysis

Approximately 5 x106 Jurkat cells were treated with either a tropolone or vorinostat for 24h
in 6-well culture plates (Corning Inc). Cells were then harvested and washed with ice-cold
PBS. RNA was isolated using the Trizol reagent (Life Technologies) according to the
instructions of the manufacturer. Two micrograms of extracted RNA was subjected to
reverse transcription using the Applied Biosystems High Capacity cDNA kit according to
the manufacturer's instructions. Following the PCR reaction, Tagman gene expression
systems (Applied Biosystems) for p21 and beta-actin were prepared and added in triplicate
to optical 96-well micro-titer plates (Applied Bioystems) containing one microliter of cDNA
according to the instructions of the manufacturer. All cDNA samples were synthesized in
parallel and gRT-PCR was performed in triplicate on an Applied Biosystem's 7500 Fast
Real-Time PCR system and software. Relative mMRNA expression for p21 was normalized to
B-actin levels. p values <0.05 were considered to be significant. Standard deviation values
are reported in Supplemental Information.

4.4. Cell cycle Analyses

Approximately 1 x 108 logarithmic-phase Jurkat cells were treated with either tropolones or
vorinostat and incubated for 12h, 24h and 36h in 6-well culture plates (Corning Inc.).
Control wells contained no HDACI. After pertinent exposure, cells were harvested, washed
with cold phosphate-buffered saline (PBS). Cells were fixed with ice-cold 70% ethanol,
incubated at 4°C for several hours and incubated overnight at -20°C. Fixed cells were
stained with 50 pg/mL of propidium iodide (Life Technologies) and 200 pg/mL of DNA-
free RNAse A (Sigma Aldrich) and incubated in the dark for several minutes. Following
staining, cells were analyzed for the distribution of DNA content using a BD FACSCalibur
Flow Cytometer. Percentages of cell populations in each cell cycle phase were calculated
based on DNA content histograms with the aid of the FlowJo Workstation. Assay results
were compared to published reports on cell cycle analysis for the experimental control
vorinostat 21,

4.5. Evaluation of induction of apoptosis

Approximately 1 x10° logarithmic-phase Jurkat cells were treated with either a tropolone or
vorinostat for the pertinent time period in 6-well culture plates. Control wells contained no
HDACI. After exposure, cells were harvested, washed with cold PBS, and resuspended in
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Annexin-binding buffer (10 mM HEPES, 140 mM NaCl and 2.5 mM CacCls, pH 7.4). Cells
were stained with Annexin V conjugated with a fluorescein molecule (Life Technologies)
according to the instructions of the manufacturer. Propidium iodide (PI; Life Technologies)
was also added to the cell suspension as a dead cell indicator. Following staining, cells were
analyzed for fluorescence using a BD FACSCalibur flow cytometer (Shi). Populations of
cells were sorted with the aid of the FlowJo Workstation as follows: live cells [Annexin V
(-), PI (-)]; early apoptotic cells [Annexin V (+), PI (-)]; late apoptotic/necrotic cells
[Annexin V (+), PI (+)].

4.6. Evaluation of Caspase-8 activation

Approximately 1 x108 logarithmic phase Jurkat cells were incubated in 6-well culture plates
with 10 pM of either a tropolone derivative or vorinostat for 24h. Untreated wells served as
negative controls for the assay. Cells were harvested, washed with cold PBS and evaluated
for caspase-8 activation via FACS analysis with the aid of a fluorescent inhibitor of caspases
(FLICA) reagent (Vybrant FAM Caspase-8 assay Kit, Life Technologies) according to the
instructions of the manufacturer 33. Assay data were collected with a BD FACSCalibur flow
cytometer and analyzed with the FlowJo Workstation.

4.7. Caspase-3/7 Analysis

Approximately 2 x 10* logarithmic phase Jurkat cells were incubated in triplicate in 96-well
culture plates with 10 uM of either a tropolone or vorinostat for the applicable time period.
Untreated wells served as experimental controls for the assay. Following treatment,
Caspase-3/7 activity was measured in Jurkat cells using the luminescent Caspase-Glo 3/7
assay (Promega) according to the manufacturer's instructions. The luminescent signal
generated from the assay is correlated with caspase-3/7 activity and luminescence was
measured using a Veritas Microplate reader (Promega). p values <0.05 were considered to
be significant. Standard deviation values are reported in Supplemental Information.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

a) Structures of the natural product p-thujaplicin and two synthetic tropolone derivatives with anti-proliferative activity, (b)
tropolone nucleus interacting with a divalent zinc ion and an inactive derivative (c) Structure of the hydroxamate pan-HDAC
inhibitor vorinostat
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Figure 2.
p21 protein expression (a) and mMRNA (b) after treatment of Jurkat cells at two concentrations (10 pM and 50 uM). Vorinostat

treatment was performed with only 10 pM owing to cytotoxicity at higher concentrations.

Bioorg Med Chem. Author manuscript; available in PMC 2015 April 01.



yduasnUe J0yINY Vd-HIN 1duIsNUeIN J0YINY Vd-HIN

1duosnuey Joyiny Vd-HIN

Ononye et al.

__ 200,000 -
=
3 150,000 -+
= 0 -
5 100,0C0
2 50,000 .
Q
8 o -
2 N
) 0 NG "y ’»
o ‘5“" o&.'b é‘b 006
o & o o
C R 3 S
06\ O(Q
< <
Figure 3.

Evaluation of Caspase-3/7 activation after a 12h treatment with 10 uM HDACI.
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Figure 4.

Evaluation of the expression of perforin in Jurkat cells after a 48h treatment with a) vorinostat and b) compound 1. Histograms
represent the untreated control (red) superimposed with the HDACi treatment (blue) for comparative analysis.
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progression as measured via flow cytometer analysis in Jurkat cells after a 12h treatment

Ononye et al.
12h
Trtmt
%<G0/G1 %Gl %S %G2-M

Control 4.16 65.0 195 10.0

Vor. 20.4 259 316 19.7
Cmpd 1 22.3 643 111 1.39
Cmpd 2 16.3 715 102 1.25
Cmpd 4 3.14 684 175 9.52
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Table 3
Evaluation of Caspase 8 activation in Jurkat cells after a 24h treatment with 10 uM
HDACI
Treatment % Intactcells %Caspase-8 responsive cells
Control 99.30 0.32
Vorinostat 62.60 35.90
Cmpd 1 98.90 0.43
Cmpd 2 99.40 0.40
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