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Perfluorinated HDAC inhibitors as Selective Anticancer Agents
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A series of potent histone deacetylase inhibitors is presented that incorporate alkyl or perfluorinated alkyl chains. Several

new compounds show greater in vitro antiproliferate activity than the clinically approved inhibitor, SAHA. Furthermore,
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the new compounds show up to 5-fold greater activity against cancer cells than healthy cells. This selectivity is in contrast
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to SAHA, which is more active against the healthy cell line than the cancer cell line tested. Finally, we report an increase in

activity for SAHA under mild hyperthermia, indicating that it could be an interesting candidate to use in combination with

thermal therapy.

Introduction

Over the past few decades, cancer chemotherapies have
moved away from targeting DNA, which is non-selective and
affects any rapidly dividing cell type, towards targeted
molecular therapies.l_3 Examples of targeted therapies include
activation of tumour suppressor genes,"_6 RNA targeting7_9 and
enzyme inhibition.*™** Enzymes that control post-translational
modification of histone proteins in chromatin are often
overexpressed in tumours and have been the focus of much
research in this area.> *®

One such class of enzymes is the histone deacetylases
(HDACs).w_21 Together with the histone acetylases, they
control the extent of acetylation of -lysine residues within the
histone core.? Hypoacetylation leads to a charged histone
core and a condensed chromatin structure, resulting in
suppression of tumour-repressor gene expression.”?
Hyperacetylation has the opposite effect, increasing tumour-
repressor gene expression. As a result, the development of
HDAC inhibitors as anticancer agents has been actively
pursued,z"_31 with four drugs, including vorinostat (suberoyl
anilide hydroxamic acid, SAHA,),32 approved for treatment of
cutaneous T-cell lymphomas and multiple myeloma.

SAHA (Figure 1) comprises a hydroxamic acid group that
chelates Zn** in a cavity in the enzyme active site, a
hydrophobic chain that penetrates the narrow cavity and a
phenyl head group that sits at the entrance to the cavity.33 This
head group is amenable to structural variation, leading to
changes in binding affinity34 or addition of function to the
inhibitor. For example, SAHA-analogues with fluorescent head
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groups have been developed that have the potential to
monitor HDAC dependent processes in real time through
optical microscopy.35

Combining drug activity with responsiveness to external
stimuli such as light or heat has the potential to produce highly
selective treatments, leading to more efficient cancer
treatment. Recently, a photoresponsive HDAC inhibitor has
been proposed,36 but no thermoresponsive inhibitors have
been reported. Using mild hyperthermia (local heating to 41—
42 °C) to increase drug potency is an attractive prospect, as
lead to targeted
One strategy is to encapsulate drugs within

localised heating of a tumour would
treatment.”*®
nanoparticles, such as liposomes, that release their payload
upon heating.39 Additionally, hyperthermia may sensitise some
tumour tissues to anticancer drugs,40 whilst other drugs are

only activated under hyperthermic conditions.**
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Figure 1. Clincally approved inhibitor SAHA and the

perfluorinated analogues investigated in this work.

Several known anticancer agents have been modified, with
the intention of inducing thermoresponsiveness. For example,
a chlorambusil derivative, with a perfluorinated alkyl chain was
recently reported,42 which showed no significant in vitro
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toxicity at 37 °C, but when dosed cells were heated to 41 °C for
a short time toxicity increased to levels comparable with
chlorambusil itself. By selectivity heating the tumour site this
activation mechanism could significantly reduce the general
toxicity associated with chlorambucil. Anticancer metal
complexes have also been designed that show increased
anticancer activity under hyperthermia.43 These ruthenium
complexes shown to reduce the growth of
adenocarcinomas in athymic mice by 90%, following localised
hyperthermia. The fundamental processes behind the
thermoresponsiveness is not well understood, but may be due
to increased membrane permeability,44 selective drug
solubility at the elevated temperature or acceleration of
chemical processes, such as ester hydrolysis, that activate
certain thermoresponsive drugs.45

We set out to develop thermoresponsive HDAC inhibitors
by modulating the SAHA phenyl head group with
perfluorinated alkyl chains of varying lengths (Figure 1). Whilst
thermorepsonsiveness was only observed for one compound,
we found that several new species are selective towards
cancer cells over healthy cells. Furthermore, we report for the
first time potential thermorepsonsiveness of SAHA itself.

were

Results and Discussion

Our target compounds comprise the SAHA pharmacophore,
incorporating perfluorinated chains (5d-f) linked by ester
groups to the para position of the phenyl head group. For
analysis, the non-fluorinated alkyl
analogues (5a—c) were also synthesised. To aid efficient

comparative chain
synthesis, we designed a pathway that included a late stage
intermediate, 3a, common to all compounds (Scheme 1). To
prepare this intermediate, 4-aminophenylacetic acid was
protected as the methyl ester before ring opening amidation
with suberoyl anhydride46 afforded intermediate 2. Standard
amide coupling conditions were used to install the benzyl-
protected hydroxamic acid, before quantitative deprotection
of the methyl ester vyielded 3a. Steglich esterification®’
reactions with the relevant alcohols gave intermediates 4a-f,
which were deprotected under Pd-catalysed hydrogenation

H
NH,

(i) SOCI, , MeOH

N\n/\/\/\)J\OH (i) NH,OBn.HCI
(0]

conditions to give the target compounds 5a—f. The final
compounds were purified by recrystallisation from EtOAc and
fully characterised (see ESIT). The intermediate 3a was also
deprotected to form 3b, a potential metabolic by-product of
the esters 5a—f.

Scheme 2.
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To ensure dissolution of 4f, which incorporates the longest
fluorinated chain, during hydrogenation step 4 - 5, the
reaction was carried out in refluxing methanol for 3 h. Under
these conditions, the reaction proceeded to give the amide
species 6f rather than the desired hydroxamic acid 5f (Scheme
2). This competing reaction could be avoided by carrying out
hydrogenation at room temperature with dilute solution.
Despite its unplanned synthesis, 6f, was included in the
biological assays, to investigate the role of the hydroxamic acid
group upon activity. The purity of all compounds tested in
biological assays was assessed by elemental
analytical HPLC.

Compounds were assessed for their cytotoxicity against
ovarian cancer A2780 cells and healthy kidney HEK cells.
Following a standard MTT assay protocol,48 cells were
incubated with compounds for 72 h at 37 °C over the
concentration range 0.01 — 50 uM. ICs, values (concentration
of compound required to inhibit cell proliferation by 50%)
were calculated from the resulting dose response curves
(Table 1, see ESIT for full details).

We found that at 37 °C five of the newly synthesised
compounds, 5a—e, were able to inhibit cell proliferation of the
A2780 cancer cell line. These species have comparable in vitro
toxicity to the clinically approved HDAC inhibitor SAHA, with
two compounds, 5a and 5b, showing lower inhibitory
concentration (ICsp:2.6 and 1.3 uM, respectively) than SAHA
(ICso: 3.5 uM). Several of the new compounds display good
selectivity between the two cell lines. For example, the decyl
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Scheme 1. Synthesis of inhibitors.
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perfluorinated ester compound 5e, whose activity in the
cancer cell line matches that of SAHA, is more than 4 times
more active against the A2780 cells than the healthy HEK cell
line. The known inhibitor SAHA showed no such selectivity and
was, in fact, more active against the healthy cell line.
Compound 5b is both more active against the cancer cell line
and much more selective than the known inhibitor SAHA,
showing again the potential for these compounds to act as
selective anticancer agents.

Table 1. Cytotoxicity of 3b, 4a, 5a-f, 6f and SAHA against
ovarian cancer A2780 cells and healthy kidney HEK cells (MTT
assay, 72 h)

ICso (A2780) [uM] ICso (HEK) [uM]

Compound 37°C 41 °C 37°C 41 °C

3b >50 >50 >50 >50

4a >50 >50 >50 >50

5a 26+0.3 25+0.2 4.6+0.5 5.6+0.9
5b 1.33+0.09 1.23+0.08 3.5%0.5 5.3+0.7
5c 3.0+£0.3 1.60+0.04 2.8+0.3 1.9+0.3
5d 9.2+0.3 8.6+1.5 7.4+0.6 73+1.5
S5e 33+1.0 5.6+0.2 16.0+£3.0 9.8+3.0
5f >50 >50 >50 >50

6f >50 >50 > 50 >50
SAHA 3.5+04 1.0+0.2 26+0.4 1.9+0.6

At 37 °C, the dodecyl fluorinated ester compound 5f was found
to be inactive against both HEK and A2780 cells lines. These
results show that the length of perfluorinated alkyl chain is
critical in determining cytotoxicity. It is likely that the longer
perfluorinated chain either leads to low solubility in the assay
medium or is it possible that interaction between the
hydrophobic chain and the cell membrane results in reduced
drug uptake. Compound 4a, in which the hydroxamic acid is
benzyl protected, shows no cytotoxicity against either tested
cell line at 37 °C. This highlights the importance of the
hydroxamic acid functionality on the observed toxicity. The
analogous deprotected compound 5a has an inhibitory
concentration 1Csy: 2.6 UM against A2780 cells. Interestingly,
the carboxylic acid compound 3b, shows no cytotoxicity at 37
°C. This could either be due to an unfavourable interaction
between the HDAC enzyme active site and the negatively
charged carboxylate or lower cell uptake of 3b, due to
repulsion of the carboxylate and the negatively charged
phospholipid cell membrane.

To probe whether the compounds are thermoresponsive,
separate assays were run in which dosed cells were initially
incubated at 41 °C for 2 h, followed by 70 h at 37 °C (Table 1).
Whilst no  compounds showed high levels  of
thermoresponsiveness, the dodecyl ester compound 5c
showed around 2-fold increase in activity at the higher

This journal is © The Royal Society of Chemistry 20xx

temperature in both A2780 and HEK cell lines. This compound
has the longest alkyl chain of any tested compound and future
studies will focus on extending this alkyl chain length with the
intention to induce further thermoresponsiveness. Of all the
tested compounds, it is SAHA itself that shows the greatest
potential for thermoresponsiveness. A 3.5 fold increase in
toxicity is observed under hyperthermia in the A2780 cell line,
whilst no such response is observed in the HEK cell line. To our
knowledge, this is first time that the potential
thermoresponsiveness of SAHA has been reported. We will
need to validate this result against more cell lines, but in
principle the combination of wusing hyperthermia in
combination with a clinically approved anticancer agent is an
exciting prospect, as most of the current drugs evaluated in
combination with hyperthermia do not show any synergism in
vitro.

Table 2 HDAC activity in presence of potential inhibitors at
0.05 pM and 1 pM concentration, measured using
commercially available assay kit. Values are reported as
percentage activity relative to a positive control (no inhibitor).

Compound 1 uM 0.05 uM
Control 100% 100%

3b 33.5+0.5% 83+3%
4a 97% 96%

5a 47 + 7% 75+ 1%
5b 36 +3% 69.0 £ 0.5%
S5c 67 +11% 78 £ 14%
5d 66 + 9% 81+12%
5e 68 £ 2% 83+1%
5f 59% 75%

6f 96 + 3% 89 + 3%
SAHA 10.2+0.1% 53+7%

To elucidate a potential mechanism of action of these
novel compounds, HDAC inhibition assays were run, using
commercially available assay kit containing Hela nuclear
extract (EnzolifeSciences). Assays were run at 1 uM and 50 nM
drug concentrations and fluorescence measurements used to
determine the extent of HDAC activity, with no fluorescence
indicating complete HDAC inhibition (see Experimental
Methods below for full details). Results are presented as a
percentage of HDAC activity, relative to a control with no
added inhibitor (Table 2). At 1 uM, compounds 5a—f are able
to inhibit the HDAC enzymes. Compound 5b is the most active
of the new species in the HDAC assay. This compound was also
the most active in the MTT cytotoxicity assay, supporting the
hypothesis that HDAC inhibition is a viable mechanism of
action of these species. In the HDAC enzyme assay none of the
compounds cause inhibition at the same level as SAHA itself.
This is in contrast to the MTT cell assay, where activity
between SAHA and compounds 5a-e was similar. Together
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these data suggest that HDAC inhibition is the most likely
mechanism of action, but may not be the only pathway by
which antiproliferative activity occurs. The ability to inhibit cell
proliferation by more than one mechanism of action is
considered beneficial, as acquired drug resistance is more
likely to occur against drugs that operate via a single
mechanism. Such promiscuity may also explain the
improvements in cancer cell selectivity over SAHA.

It is of interest to note that, while the dodecyl ester
compound 5f showed no activity in the MTT cell assay, it is
able to inhibit HDAC activity to a similar extent to the
perfluorinated compounds 5d and 5e. This suggests other
factors, such as low cell uptake or low solubility, lead to the
lack of observed toxicity in vitro of 5f. In a similar way, the
carboxylate compound 3b was inactive in the MTT assay, but is
the most active new compound in the HDAC enzyme assay.
This supports a low level of cell uptake of 3b leading to the
observed low cell toxicity, rather than a lack of enzyme
inhibitory potency, although other explanations for the lack of
activity in cytotoxicity assays are possible.

When the concentration of potential inhibitors 5a-f is
lowered to 50 nM HDAC activity increases slightly, but remains
less than in the absence of inhibitor. Two compounds are
unable to inhibit HDAC activity. They are: (i) the
benzylprotected hydroxamic acid compound 4a and (ii) the
amide compound 6f. This indicates the requirement for a
hydroxamic chelating group and provides further evidence for
a mechanism of action for compounds 5a—e involving HDAC
inhibition.

Computational modelling studies were undertaken in order
to validate the hypothesis that HDAC inhibition is the
predominant cause of cell antiproliferate activity. Docking
studies were run using the X-ray structure of HDACS8 (PDB ID:
1t69).49 Pleasingly, the docking study with SAHA closely

(A) ~ Cavity leading to Zn} (C)

Fig 2. X-ray structure of HDAC8 (PDB ID: 1t69) with bound
SAHA (magenta).49 (A) and (B): predicted binding poses of
SAHA (yellow) and (C) and (D): predicted binding poses of 3b
(green). Key interactions with amino acid residues: a H-bond

between Aspl101 and SAHA amide carbonyl; b H-bond

between Tyr100 and 3b carboxylate.
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matched the binding site observed in the crystal structure
(Figure 2A and 2B), with a key H-bond interaction between the
SAHA amide carbonyl and protonated Aspl01l. When the
carboxylic acid derivative 3b was docked, a similar binding
mode was observed (Figure 2C and 2D). In addition to the
carboxamide H-bond, 3b also shows a second H-bond
interaction between the carboxylate end group and Tyr100.
This additional interaction may explain the increased potency
of 3b over the ester derivatives 5a—f. When docking was
attempted with compounds 5a-5f, hydroxamate chelation
with Zn was predicted, but the alkyl and perfluoroalkyl chains
found several potential docking conformations with no strong
interaction with the cavity entrance. Future studies will use
computational modelling to maximise the enzyme-inhibitor
interactions, leading to more potent drug candidates.

Conclusions

We have synthesised a series of new perfluorinated and alkyl
derivatives of SAHA and investigated their potential as
anticancer agents. Five of the new compounds showed high
levels of in vitro toxicity towards A2780 ovarian cancer cells,
with compounds 5a and 5b, which incorporates octyl and decyl
esters, respectively, showing higher cytotoxicity than the
clinically approved SAHA compound. Compared to SAHA, much
higher levels of selectivity (up to 5-fold for 5e) towards cancer
cells over healthy cells were observed for several of the new
compounds. Compound 5b shows excellent promise as a lead
compound for further investigation, as it was both more active
than the clinically-approved drug and showed good selectivity
towards the cancer cells over healthy cells. Fluorescence
assays support HDAC inhibition as a plausible mechanism of
action, while potential binding in the HDAC active site was
validated in computational docking studies.
Thermoresponsiveness was investigated and 5c¢ was found to
have 2 fold greater antiproliferate activity under hyperthermic
conditions. Furthermore, SAHA was found to have
thermoresponsiveness, with a 3.5-fold increase in toxicity
under hyperthermia. Future studies will be dedicated to
investigating this potentially exciting new finding and to use
computational docking to design more potent HDAC inhibitors.
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