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Abstract: The development of new anticancer drugs is necessary in order deal with the disease and
with the drawbacks of currently applied drugs. Epigenetic dysregulations are a central hallmark of
cancerogenesis and histone deacetylases (HDACs) emerged as promising anticancer targets. HDAC
inhibitors are promising epigenetic anticancer drugs and new HDAC inhibitors are sought for in
order to obtain potent drug candidates. The new HDAC inhibitor SF5-SAHA was synthesized and
analyzed for its anticancer properties. The new compound SF5-SAHA showed strong inhibition of
tumor cell growth with IC50 values similar to or lower than that of the clinically applied reference
compound vorinostat/SAHA (suberoylanilide hydroxamic acid). Target specific HDAC inhibition
was demonstrated by Western blot analyses. Unspecific cytotoxic effects were not observed in
LDH-release measurements. Pro-apoptotic formation of reactive oxygen species (ROS) and caspase-3
activity induction in prostate carcinoma and hepatocellular carcinoma cell lines DU145 and Hep-
G2 seem to be further aspects of the mode of action. Antiangiogenic activity of SF5-SAHA was
observed on chorioallantoic membranes of fertilized chicken eggs (CAM assay). The presence of the
pentafluorothio-substituent of SF5-SAHA increased the antiproliferative effects in both solid tumor
and leukemia/lymphoma cell models when compared with its parent compound vorinostat. Based
on this preliminary study, SF5-SAHA has the prerequisites to be further developed as a new HDAC
inhibitory anticancer drug candidate.

Keywords: fluorine; histone deacetylase inhibitor; anticancer drugs

1. Introduction

Histone deacetylases (HDACs) are epigenetic regulators of chromatin (de-)condensation
and, thus, play an important role in various crucial cellular processes [1]. HDACs are over-
expressed in various cancers and exert a strong impact on cancer cell proliferation, dissemi-
nation and metastasis [2]. Hence, HDAC inhibitors are a promising class of compounds for
targeted cancer therapy. Some HDAC inhibitors such as vorinostat/SAHA (suberoylanilide
hydroxamic acid) and panobinostat are already approved for the treatment of hematologic
cancer and are currently under intensive investigation for their suitability in solid tumors [3].
However, severe drawbacks have emerged during the clinical application of single HDAC
inhibitors such as intrinsic or acquired drug resistance. Hence, the search for new HDAC
inhibitors with improved activities has become a relevant and prospering field of anticancer
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research and several HDAC inhibitors with promising effects on prostate cancer and liver
cancer were recently described [4–8].

Fluorine has a prominent role for the fine-tuning of drugs and fluorine substituents
significantly altered activity, conformation, pKa, membrane permeability, and pharmacoki-
netics of drug candidates [9]. Aside established 19F-PET methods, fluorination was also
successfully applied for bioanalytical labelling in drug uptake studies using molecular
absorption spectrometry [10]. The pentafluorothio group is a lipophilic and electron-
withdrawing substituent, which is a xenobiotic, chemically stable mimic of negatively
charged biomolecules [11]. The 8-pentafluorothio analog of the antimalarial drug meflo-
quine is a prominent example with a higher antimalarial in vivo activity and a longer
half-life than mefloquine [11,12]. Recently, our group has disclosed the positive effect of
SF5 substituents on the antitumoral activity of curcuminoids [13,14]. The SAHA molecule
was modified at the para-position with various halogen substituents of the cap phenyl ring
without loss of activity when compared with SAHA [15]. However, a para-SF5-aryl capped
vorinostat derivative was not reported until now.

In the present report, a new analog of SAHA with a 4-pentafluorosulfanyl substituted
cap phenyl ring is prepared, and its anticancer activities and modes of action are described
in comparison with the parent compound SAHA as a reference compound (Figure 1).
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Figure 1. Structures of SAHA (vorinostat) and the new analog SF5-SAHA (ZBG = zinc-
binding group).

2. Results
2.1. Chemistry

Ethyl hydrogen suberate was reacted with 4-pentafluorothioaniline and 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDCI) to afford the ethyl ester precursor SF5-SAHEt
in moderate yield (63%) (Scheme 1). Target compound SF5-SAHA was obtained in high
yield (87%) from SF5-SAHEt in aqueous hydroxylamine under basic conditions.
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2.2. Biological Evaluation
2.2.1. Antiproliferative Activity

Initially, the new compound SF5-SAHA was tested for its growth inhibitory effects
on human DU145 prostate carcinoma cells (androgen-independent prostate cancer cells)
and human Hep-G2 hepatoblastoma cells representing solid cancer entities with a high
need for expanded medical treatment options (Table 1). The results were compared with
data of the parent compound SAHA as a reference compound [16]. The DU145 cells were
sensitive to both test compounds and SF5-SAHA showed virtually the same activity as
SAHA in these cells. In contrast to that, SF5-SAHA was almost twice as active as SAHA
against Hep-G2 cells.

Table 1. Growth inhibitory activity expressed as IC50 (µM) of test compound SF5-SAHA and of
SAHA as positive control in human prostate (DU145) and hepatoma (Hep-G2) cancer cells as well
as in human T-cell leukemia/lymphoma cell lines (Jurkat, Hut78, SupT11, SMZ1), as determined
after 48 h. SAHA was used as clinically relevant reference for single HDAC-inhibition. All results are
described as means ± SEM of n ≥ 3 independent experiments.

Compounds DU145 Hep-G2 Jurkat Hut78 SupT11 SMZ1

SF5-SAHA 0.73 ± 1.08 1.79 ± 1.06 0.76 ± 0.06 2.40 ± 0.40 3.08 ± 0.33 1.58 ± 0.29
SAHA 0.68 ± 0.04 3.22 ± 0.44 1.70 ± 0.17 5.07 ± 0.42 4.67 ± 0.31 2.87 ± 0.33

Lymphomas and leukemias are hematological malignancies where single HDAC
inhibitors such as SAHA or panobinostat are either already approved (T-cell leukemias/
lymphomas) or show eminent pre-clinical data [17]. Hence, SF5-SAHA was also tested for
its activity against a panel of lymphoma and leukemia cell lines (Jurkat, Hut78, SupT11 and
SMZ1) and the results were compared with corresponding data of SAHA again. The activity
(IC50 values) of SF5-SAHA was in the sub-µM concentration range for the Jurkat cells and
in the low single-digit µM concentration range for the other three cell lines Hut78, SupT11,
and SMZ1 (Table 1). Interestingly, SF5-SAHA was more active than SAHA, which served
as a reference for a clinically approved HDAC-inhibitor, against cells of these four cell
lines. Hence, the novel inhibitor SF5-SAHA was shown to have superior antiproliferative
potency in hematologic tumor cell models, too.

2.2.2. Unspecific Cytotoxicity of SF5-SAHA

To check for unspecific cytotoxic effects possibly contributing to the antiproliferative
effects of SF5-SAHA treatment, the release of lactate dehydrogenase (LDH) from the cytosol
into the supernatant of DU145 or Hep-G2 cell cultures was measured. Increased LDH re-
lease indicates unspecific and necrotic cell death due to a treatment-induced damage of cell
membranes [18]. However, SF5-SAHA did not induce significant increases in LDH release
after 3 and 24 h of treatment with rising compound concentrations (1–10 µM) (Figure 2). In
Hep-G2 cells, LDH levels were even decreased upon treatment with SF5-SAHA. The data
indicate that even at high concentrations SF5-SAHA does not affect cell membrane integrity.
Thus, an induction of immediate and unspecific cytotoxicity is unlikely to account for the
observed antiproliferative effects of the compound. Moreover, as expected for the reference
compound SAHA, no relevant induction of unspecific cytotoxicity was observed.

2.2.3. Apoptosis Induction by SF5-SAHA

To evaluate if apoptosis may play a role in the antiproliferative effects of SF5-SAHA,
the activation of the apoptosis specific effector caspase-3 in Hep-G2 and DU145 cells was
investigated. Upon SF5-SAHA treatment, a pronounced caspase-3 activation became
apparent. After 24 h of treatment, an upregulation of up to 5–6 times of the activity of
untreated cells was observed (Figure 3A). Treatment with SAHA evoked comparable
caspase-3 inductions. Western Blot analyses revealed a concomitant induction of apoptosis
specific cleavage of poly (ADP-ribose)-polymerases (PARP) (Figure 3B,C). PARP cleavage is
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caspase 3-driven and may be used as a marker for chemotherapy-induced apoptosis [19,20].
In Hep-G2 cells, PARP cleavage experiments led to inconclusive results. PARP expression
was suppressed, but no cleaved PARP was detected in Hep-G2 cells treated with SF5-
SAHA. Thus, we studied the expression levels of further important apoptosis-related
proteins such as pro-apoptotic Apaf-1 and anti-apoptotic Bcl-2. SF5-SAHA treatment
increased Apaf-1 expression at doses of 2 and 4 µM while anti-apoptotic Bcl-2 expression
was downregulated by 2 µM and 4 µM SF5-SAHA (Figure 3D). Our findings affirmed the
hypothesis that apoptosis may play a prominent role for the effects that we observed upon
treatment of Hep-G2 and DU145 cells with SF5-SAHA.
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2.2.4. ROS Induction by SF5-SAHA

For a deeper insight into the molecular events underlying the mode of action of SF5-
SAHA, we investigated a possible involvement in the induction of the formation of reactive
oxygen species (ROS), since HDAC inhibition has already been shown to be linked to ROS
induction in solid cancers, including prostate cancer [21]. Treatment of DU145 and Hep-G2
cells with SF5-SAHA led to a pronounced time- and dose-dependent increase in cytosolic
ROS after 6–24 h, as evidenced by fluorescence microscopy with the cytosol-specific ROS-
dye CellROX orange. Notably, a similar treatment with equimolar concentrations of SAHA
elicited a much weaker ROS increase in prostate and hepatocellular cancer cells (Figure 4).

2.2.5. HDAC Inhibition by SF5-SAHA

To assess the HDAC inhibitory potency of SF5-SAHA, commercially available HeLa
cell nuclear extracts constituting a cell free pan-HDAC enzyme profile, were treated with
SF5-SAHA (1–10 µM). The compound strongly inhibited the HDAC activity in a dose-
dependent manner leading to IC50 values in the submicromolar range. Compared with
SAHA (IC50 = 20 nM), the mainstay of HDAC-targeting anticancer therapy, the pan-
HDAC-inhibitory potency of the novel compound is only slightly weaker (Figure 5A).
The HDAC-inhibitory efficacy was further evaluated in prostate and liver cancer cells by
immunodetection of the increased portion of acetylated histone H3 which is part of the
cellular nucleosome. Western Blot analysis revealed a dose-dependent rise of H3 acetylation
of DU145 and Hep-G2 cells upon treatment with SF5-SAHA or SAHA as a consequence of
the suppression of the histone deacetylating activity of HDACs (Figure 5B,C).
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Figure 3. Apoptosis induction by SF5-SAHA. (A) Caspase-3 induction in DU145 or Hep-G2 cells
after 24 h treatment with SF5-SAHA and SAHA. Means ± SEM of n = 3 independent experiments.
(B) Representative Western blot out of n = 3 experiments, showing changes in the expression of PARP
and PARP after cleavage (cl. PARP) in DU145 cells after 24 h treatment with test compounds. (C) From
these Western blots gray intensities, of PARP and cleaved PARP specific bands were quantified adjusted
to protein loading and normalized to untreated controls. (D) Representative Western blot out of n = 3
experiments, showing changes in the expression of Apaf-1, PARP, and Bcl-2 in Hep-G2 cells after
24 h treatment with SF5-SAHA. Data are given as means ± SEM of n = 3 independent experiments.
* p ≤ 0.05, ** p ≤ 0.005, *** p ≤ 0.0005, **** p ≤ 0.0001; 2-way ANOVA Dunnett’s post-hoc test.
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Figure 4. ROS induction (fluorescence microscopy using the ROS-dye CellROX orange) after 6 h,
12 h, and 24 h of incubation with SF5-SAHA and SAHA in DU145 (A) and Hep-G2 cells (B). Orange
fluorescence indicates oxidation of the ROS-dye by formed ROS.

The levels of acetylated histone H3 and α-tubulin were also investigated in T-cell
leukemia/lymphoma cells upon treatment with SF5-SAHA for 24 h (Figure 6). Dose-
dependent increases in acetylated H3 were observed in all tested leukemia/lymphoma
cancer cell lines. Except for the Jurkat cells, increased acetyl-H3 levels were already
observed at the lowest SF5-SAHA dose of 1 µM when compared with untreated control
cells. Acetyl-α-tubulin levels also increased in a dose-dependent way in three out of four
tested cell lines, which was in line with the inhibitory effects of SF5-SAHA on cytoplasmic
HDAC6. Only the Jurkat cells already showed a high level of α-tubulin in untreated cells
and, thus, drug-induced changes were not detectable in these cells.
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Figure 5. HDAC inhibitory effects of SF5-SAHA in cancer cells. (A) HDAC activity was measured by luminescence display
of the acetylation state of histones. HeLa nuclear cell extracts, used as source for histones, where preincubated with
substrate and inhibitor. Results are given as relatives to controls, not preincubated with inhibitor, as means ± SEM of n = 3
independent experiment. (B) Representative Western blot out of n = 3 experiments, showing changes in the expression of
acetylated histone H3 after 24 h treatment with compounds in DU145 (left) and Hep-G2 (right) cells. (C) From the Western
blots gray intensity, mean ± SEM, of acetylated histone H3 specific bands where quantified adjusted to protein loading and
normalized to untreated control. * p ≤ 0.05, **** p ≤ 0.0001; 2-way ANOVA Dunnett’s post-hoc test.
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Figure 6. HDAC inhibitory effects of SF5-SAHA in T-cell leukemia/lymphoma cells (Jurkat, Hut78,
SMZ1, SupT11). Representative Western blots out of n = 3 experiments, showing changes in the
expression of acetylated histone H3 and acetylated α-tubulin after 24 h treatment with SF5-SAHA.

The subtype-specific inhibition of HDAC1, HDAC2 and HDAC6 by SF5-SAHA was
evaluated using cell-free enzymatic HDAC assays and compared with the activity of SAHA
(Figure 7). SF5-SAHA exhibited distinctly stronger HDAC6 inhibition than SAHA. In con-



Pharmaceuticals 2021, 14, 1319 8 of 20

trast, SAHA performed slightly better than SF5-SAHA in terms of HDAC2 inhibition. Both
compounds showed comparable activities against HDAC1. However, the inhibitory effects
of both compounds were less pronounced than against HDAC2 and HDAC6. Western blot
experiments confirmed that both DU145 cells and Hep-G2 cells express HDAC1, HDAC2,
and HDAC6 enzymes as conceivable targets of SF5-SAHA in these cell lines (Figure 8).
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SAHA. HDAC activity was measured by luminescence display of the acetylation state of histones.
Human recombinant HDAC1, HDAC2 and HDAC6 enzymes and adjacent fluorgenic HDAC sub-
strates were used to determine subtype specific HDAC activity levels after preincubation with
SF5-SAHA and SAHA. Results are given as relatives to controls, not preincubated with inhibitor, as
means ± SEM of n = 3 independent experiments. ** p ≤ 0.005, *** p ≤ 0.0005, **** p ≤ 0.0001; 2-way
ANOVA Dunnett’s post-hoc test.



Pharmaceuticals 2021, 14, 1319 9 of 20

Pharmaceuticals 2021, 14, x FOR PEER REVIEW 9 of 21 
 

 

 

Figure 7. Inhibition of HDAC1 (top), HDAC2 (middle) and HDAC6 (bottom) by SF5-SAHA and 

SAHA. HDAC activity was measured by luminescence display of the acetylation state of histones. 

Human recombinant HDAC1, HDAC2 and HDAC6 enzymes and adjacent fluorgenic HDAC sub-

strates were used to determine subtype specific HDAC activity levels after preincubation with SF5-

SAHA and SAHA. Results are given as relatives to controls, not preincubated with inhibitor, as 

means ± SEM of n = 3 independent experiments. ** p ≤ 0.005, *** p ≤ 0.0005, **** p ≤ 0.0001; 2-way 

ANOVA Dunnett’s post-hoc test. 

 

Figure 8. Western blot determined expression of HDAC1, HDAC2, and HDAC6 in DU145 prostate 

cancer and Hep-G2 liver cancer cells. 

Figure 8. Western blot determined expression of HDAC1, HDAC2, and HDAC6 in DU145 prostate
cancer and Hep-G2 liver cancer cells.

Docking studies of SF5-SAHA bound to the active site of HDAC2 (PDB ID 4LXZ)
were performed in order to determine the binding mode of SF5-SAHA (Figure 9). The
molecular docking was carried out in AutoDock Vina in the presence of the catalytic Zn2+

ion at the binding site. As expected, SF5-SAHA binds HDAC in a way very similar to
SAHA. The binding modes of SAHA and SF5-SAHA are similar because the structural
difference of both ligand molecules is based on the solvent exposed moieties and not on
the ZBG and linker systems. Both molecules coordinate the Zn2+ ion via their hydroxamic
acid ZBG. Interestingly, the calculated HDAC2 binding energy of SF5-SAHA was higher
(−7.4 kcal/mol) than of SAHA (−6.7 kcal/mol).
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2.2.6. Effects on EGFR Signaling

We checked for cellular effects of SF5-SAHA by determination of changes in the
expression level of the EGFR in DU145 prostate cancer cells. Western Blots for the EGFR
expression level of treated vs. non-treated DU145 cells revealed that SF5-SAHA led to a
significant downregulation of EGFR protein expression (Figure 10A,B). Treatment of DU145
cells with SAHA also led to a pronounced and significant suppression in the expression
of the EGFR. Thus, we could show that the hydroxamate pharmacophore contributes to
a significant suppression of the expression of the EGFR because the non-modified EGFR
inhibitor gefitinib, which does not inhibit HDACs, showed no EGFR-suppressing effects.
In addition, SF5-SAHA reduced the level of phosphorylated (activated) mTOR (P-mTOR)
similar to SAHA and gefitinib while the mTOR level itself was only slightly reduced by
SF5-SAHA and SAHA.
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Figure 10. Inhibitory effects of SF5-SAHA on EGFR signaling pathway protein expression. (A) Rep-
resentative Western blots of n = 3 independent experiments showing treatment induced changes in
the expression of EGFR in DU145 cells after 24 h. β-actin was used as loading control. (B) From these
Western blots gray intensity, mean ± SEM, of EGFRs specific bands were quantified and adjusted
to protein loading and normalized to untreated control. ** p ≤ 0.005; 2-way ANOVA Dunnett’s
post-hoc test.

2.2.7. Antimigration Effects

Scratch assays were performed in order to study the anti-migratory activity of SF5-
SAHA in DU145 prostate tumor cells (Figure 11). After incubation with SF5-SAHA for
24 h, cells clearly showed a reduced migratory activity at doses of 5 µM and 10 µM when
compared with untreated cells, where the initial scratch was largely healed.
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Figure 11. Inhibitory effects of SF5-SAHA on DU145 tumor cell migration. Representative scratch
assay images of n = 3 independent experiments showing a treatment induced retarded migration
of DU145 cells after 24 h. Black lines indicate the initial scratch areas at the corresponding starting
points (0 h). Control cells (ctrl) are untreated cells in medium.

2.2.8. Antiangiogenic Effects

Angiogenesis experiments using the chorioallantoic membrane (CAM) of fertilized
chicken eggs were carried out in order to study the antiangiogenic effects of SF5-SAHA
(Figure 12). After topical application of SF5-SAHA and incubation for 72 h, the CAM
clearly showed reduced vessel diameters and reduced numbers of vessel branches when
compared with untreated eggs. Hence, SF5-SAHA also conserved the previously reported
antiangiogenic effects of SAHA in the CAM assay [16]. In addition, no toxicity of SF5-SAHA
to chicken embryos was observed at the indicated doses of 5 and 10 µM.
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Figure 12. Angiogenesis in fertilized chicken eggs (CAM assay). Representative images of n = 4
independent experiments showing antiangiogenic effects of SF5-SAHA (5 or 10 µM) after 72 h.
Control (ctrl) image shows vessels of untreated CAM (PBS control). Red arrows indicate conspicuous
branches and vessel diameters.

3. Discussion

SAHA (vorinostat) is a clinically applied HDAC inhibitor. In this study, we have
shown that the novel pentafluorothio-substituted SF5-SAHA is more active than SAHA
against cancer cells. SAHA performed best in the DU145 prostate carcinoma cells and
SF5-SAHA displayed a very similar IC50 value in antiproliferative activity assays with these
cells. SF5-SAHA was distinctly more active than SAHA against all other cell lines tested in
this study. Hence, SF5-SAHA appears to be a suitable alternative to or surrogate of SAHA
for the treatment of cancers, which are less susceptible to SAHA treatment. Apoptosis
induction is a cell death mode of action of many anticancer agents and a hallmark of
drug sensitive cancers [22]. In the sensitive DU145 cells, SF5-SAHA induced apoptosis via
caspase-3 activation. After 24 h, SF5-SAHA strongly induced apoptosis both in DU145 and
in Hep-G2 cells, albeit slightly less than SAHA. The pro-apoptotic effect of SF5-SAHA was
confirmed by detection of PARP cleavage in treated DU145 cells. In addition, Bcl-2 was
suppressed and Apaf-1 was upregulated in Hep-G2 cells treated with SF5-SAHA. Apaf-1
is a crucial factor of the apoptosome and the associated mitochondrial-caspase apoptosis
induction pathway. Previous reports showed that the natural HDAC inhibitor trichostatin
A (TSA) upregulated Apaf-1 accompanied by apoptosome activation in HCC cells [23].
Hence, SF5-SAHA conserved the apoptosis inducing properties of HDAC inhibitors such
as SAHA and TSA. Apoptosis induction is a crucial mechanism of the anticancer effect of
SAHA and acquired SAHA-resistance of colon cancer cells was shown to be a consequence
of the loss of their apoptosis propensity [24]. While SF5-SAHA induced apoptosis, it
showed no unspecific toxicity in the tested cancer cells. However, SF5-SAHA owns further
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modes of action. For instance, SF5-SAHA led to much higher ROS levels in treated cells
than SAHA, which might explain its increased antiproliferative effect in the Hep-G2 cells
when compared with that of SAHA. In contrast to that, the increased ROS formation upon
treatment with SF5-SAHA probably does not play a distinguishing role for the DU145
cells. HDAC inhibition has already been shown to be linked to ROS induction in solid
cancers, including prostate cancer [21]. In addition, the redox modulator β-phenylethyl
isothiocyanate resensitized SAHA-resistant leukemia cells by inhibition of glutathione and
suppression of the cellular antioxidant-based resistance mechanism [25]. ROS induction has
also been linked to the activation of caspases and may serve as a trigger of apoptosis [26].
Hence, the higher ROS formation induced by SF5-SAHA when compared with the ROS
formation elicited by SAHA is of great significance.

SF5-SAHA is a strong inhibitor of HDACs with an activity similar to that of SAHA in
DU145 cells. HDAC enzymes are important targets of anticancer therapy. The increased
expression of HDACs in prostate cancer and HCC was correlated with lower survival
rates [27,28]. HDAC2 upregulation, for example, was a predictor for HCC patient sur-
vival [29]. HDAC2 expression was found crucial for anti-apoptotic effects and HDAC2
inhibition increased apoptosis in colon carcinoma cells [30,31]. HDAC inhibition by SAHA
also led to an enhanced apoptosis induction in prostate tumor cells [32,33]. Thus, the
observed HDAC inhibitory effect of SF5-SAHA is important in terms of its anticancer
potential. In addition, SF5-SAHA showed distinct HDAC6 inhibitory activity which was
superior to the activity of SAHA. SF5-SAHA was also slightly more active against HDAC6
than against HDAC1 and HDAC2, an effect, which was also reported of its previously
published trifluoromethyl analog [15]. In contrast to most HDACs, HDAC6 is a cytoplasmic
non-histone deacetylase enzyme that deacetylates cancer relevant cytoplasmic substrates
such as α-tubulin and Hsp90 [34,35]. The HDAC6-based effects on Hsp90 seem to be
important in leukemia cells [35]. In prostate cancer cells, deacetylated Hsp90 binds to and
stabilizes the androgen receptor (AR), while the HDAC6 suppressor sulforaphane led to
increased levels of acetylated Hsp90 accompanied by enhanced AR degradation [36]. In
HCC cells, HDAC6 overexpression enhanced migration and invasion activity [37]. Hence,
a strong inhibition of HDAC6 by SF5-SAHA can contribute to its anticancer properties, in
particular, in the HCC and leukemia cells where SF5-SAHA was more antiproliferative
than SAHA.

Our experiments for SF5-SAHA-related effects on EGFR signaling also provided
interesting new results. Both SF5-SAHA and SAHA suppressed EGFR expression in
DU145 cells, indicating that HDAC inhibition also modulates EGFR levels in cancer cells.
The distinct suppression of activated/phosphorylated mTOR in DU145 cells treated with
SF5-SAHA is of particular interest. EGFR activates PI3K/Akt signaling with mTOR as
downstream factor, rendering mTOR a valuable anticancer target. However, the efficacy of
mTOR inhibitors suffers from drug-induced Akt activation. SAHA in combination with
the mTOR inhibitor ridaforolimus showed synergistic effects in sarcoma cells based on
the suppression of Akt phosphorylation by SAHA [38]. This promising drug combination
passed a phase I clinical trial with remarkable outcome in advanced renal cell carcinoma
patients [39]. SF5-SAHA also showed antiangiogenic effects in the CAM assay similar to
those by SAHA as previously described by our groups [16]. The antiangiogenic activity
of SAHA is based on its interference with VEGFR signaling pathways [40]. However,
mTOR suppressors also blocked angiogenesis [41]. Thus, the mTOR suppression in DU145
prostate cancer cells treated with SF5-SAHA might be a mechanism of this new compound
preventing angiogenesis, too.

Considering the described antiproliferative activities and anticancer modes of action,
SF5-SAHA has the potential to overcome SAHA irresponsiveness in certain cancer types.
SAHA-resistant entities, which are sensitive to ROS, can be susceptible to a treatment
with SF5-SAHA [25]. Distinct HDAC6 inhibition can also sensitize cancer cells to SAHA
treatment because the HDAC6-selective inhibitor tubacin was able to increase apoptosis
and DNA damage induced by SAHA in LNCaP prostate tumor cells [42].
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4. Materials and Methods
4.1. General Chemical Procedures and Materials

Starting materials and reagents were purchased from Sigma-Aldrich (Thermo Fisher
Scientific, Waltham, MA, USA). The following instruments were used: IR spectra, Perkin-
Elmer Spectrum One FT-IR spectrophotometer with ATR sampling unit; nuclear magnetic
resonance spectra, BRUKER Avance 300 spectrometer; chemical shifts are given in parts
per million (δ) downfield from tetramethylsilane as internal standard; mass spectra, Varian
MAT 311A (EI); Thermo Fischer Scientific Q Exactive (ESI-HRMS); Elementar Unicube (EA).

4.2. Synthesis of SF5-SAHEt

4-(Pentafluorothio)aniline (53 mg, 0.24 mmol) was dissolved in dry CH2Cl2 and
ethyl hydrogen suberate (49 mg, 0.24 mmol), EDCI (71 mg, 0.37 mmol), DMAP (14 mg,
0.095 mmol), and triethyl amine (172 µL, 0.78 mmol) were added. After stirring at rt for 24 h,
the solvent was evaporated and the residue was purified by column chromatography (silica
gel 60). The obtained residue was dissolved in ethyl acetate and washed with saturated
NH4Cl/1 M HCl (1:1) to remove further impurities. The organic phase was washed with
water, dried over Na2SO4, filtered and the filtrate was concentrated in vacuum. Yield:
61 mg (0.15 mmol, 63%); colorless gum; Rf = 0.37 (ethyl acetate/n-hexane, 1:2); υmax
(ATR)/cm−1 3344 (NH), 2946 (CH), 2867 (CH), 1699 (CO), 1630 (CO), 1596, 1533, 1501, 1468,
1419, 1403, 1381, 1333, 1310, 1258, 1232, 1186, 1166, 1098, 1037, 1009, 836, 810, 732, 694, 669,
632; 1H NMR (300 MHz, CDCl3) δ 1.2–1.4 (7 H, m), 1.5–1.7 (4 H, m), 2.2–2.4 (4 H, m), 4.09
(2 H, q, J = 7.1 Hz), 7.6–7.7 (4 H, m), 7.90 (1 H, s); 13C NMR (75.5 MHz, CDCl3) δ 14.2, 24.6,
25.1, 25.3, 28.5, 34.1, 37.4, 60.4, 113.3, 118.9, 126.8, 126.9, 127.0, 127.2, 127.4, 127.5, 140.8,
148.5, 148.7, 149.0, 149.2, 149.4, 171.8, 174.0; m/z (%) 403 (13) [M+], 358 (26), 261 (41), 219
(100), 185 (36), 111 (25), 83 (25).

4.3. Synthesis of SF5-SAHA

SF5-SAHEt (61 mg, 0.15 mmol) was dissolved in CH2Cl2/MeOH (9 mL, 1:2), hydrox-
ylamine (50% in water, 0.5 mL, 15 mmol) and NaOH (200 mg, 5 mmol) were added and
the reaction mixture was stirred at rt for 1 h. The solvent was removed, the residue was
dissolved in water and adjusted to pH 8 with acetic acid. The aqueous phase was extracted
with ethyl acetate (2 × 50 mL), dried over Na2SO4 and concentrated in vacuum. The
solid residue was recrystallized from CH2Cl2/n-hexane. Yield: 50 mg (0.13 mmol, 87%);
colorless gum; υmax (ATR)/cm−1 3247 (NH), 2951 (CH), 2864 (CH), 2405 (br, OH), 1665
(CO), 1647 (CO), 1621, 1597, 1538, 1505, 1469, 1447, 1401, 1352, 1311, 1264, 1226, 1203, 1101,
1061, 1040, 999, 968, 939, 832, 803, 762, 734, 668, 632; 1H NMR (300 MHz, MeOD) δ 1.3–1.4
(4 H, m), 1.6–1.8 (4 H, m), 2.0–2.2 (2 H, m), 2.3–2.5 (2 H, m), 7.7–7.8 (4 H, m); 13C NMR
(75.5 MHz, MeOD) δ 26.6, 30.1, 33.8, 38.0, 120.3, 127.9, 128.0, 128.1, 149.7, 150.0, 150.2, 173.0,
175.1; HRMS (ESI) m/z [M + H+] calcd. for C14H20F5N2O3S+ 391.11093, found: 391.10977;
Anal. calcd. for C14H19F5N2O3S: C, 43.08, H, 4.91. Found: C, 43.20, H, 4.96.

4.4. Biological Evaluations
4.4.1. Cell Culture

Human Hep-G2 cells (ATCC No HB-8065) and DU145 cells (ATCC No HTB-81) were
cultured in Roswell Park Memorial Institute 1640 Medium (RPMI) supplemented with
10% fetal bovine serum, 2 mM L-Glutamine, 50 U/mL penicillin-streptomycin (all from
Gibco, Thermo Fisher Scientific, Waltham, MA, USA) and grown in an incubator (37 ◦C,
5% CO2, humidified atmosphere). Jurkat and SupT11 cell lines were purchased from
DSMZ (Braunschweig, Germany). Hut78 cells were purchased from CLS Cell Lines Service
GmbH (Eppelheim, Germany) and the SMZ-1 cell line was provided by Dr. Raphael Koch
from the University Göttingen. The T-cell leukemia/lymphoma cell lines were cultured
in RPMI-1640 medium including L-glutamine (Gibco) supplemented with 10% or 20%
fetal bovine serum (Sigma-Aldrich, Darmstadt, Germany) and penicillin/streptomycin
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(100 U/0.1 M) at 37 ◦C in a 5% CO2 incubator with 95% humidity. The reference compound
SAHA was purchased from Sigma-Aldrich (Darmstadt, Germany).

4.4.2. Antiproliferative Activity Assay

Stock solutions (10 mM) prepared by dissolution in DMSO were stored at −20 ◦C. Work-
ing solutions were always freshly prepared before each experiment by dilution of stock solu-
tion with medium. The final DMSO concentration never exceeded 0.25%. Treatment-induced
changes in cell number were determined by crystal violet (N-hexamethylpararosaniline
from Sigma Aldrich) staining [32]. 1000 cells/well (DU145) or 1500 cells/well (Hep-G2)
were seeded in 96-well plates and maintained for adherence in an incubator (37 ◦C, 5%
CO2, humidified atmosphere) for 48 h prior to the beginning of the treatment. Subse-
quently, cells were treated with rising concentrations (0–10 µM) of the novel compounds,
or SAHA, respectively, for 72 h. Thereafter, the cells were fixed with 1% glutaraldehyde
and stained with 0.1% crystal violet. The unbound dye was removed by rinsing with
water. Bound crystal violet was solubilized with 0.2% Triton X-100 (Sigma-Aldrich). Light
extinction of crystal violet, which increases linearly with the cell number, was analyzed at
570 nm using an ELISA-Reader (Dynex Technologies, Denkendorf, Germany). For T-cell
leukemia/lymphoma cell lines apoptosis was determined using dual staining for Annexin-V
and 7AAD via flow cytometry. Time- and dose-dependent growth inhibition as well as
IC50 values are given as means ± SEM of n ≥ 3 independent experiments performed in
triplicates or more.

For T-cell leukemia/lymphoma cell lines, IC50 values were determined using dual
staining for Annexin-V and 7AAD via flow cytometry [17].

4.4.3. Determination of Unspecific Cytotoxicity

To exclude unspecific cytotoxicity as the driving mode of action for antiproliferative
effects, the release of lactate dehydrogenase (LDH) from DU145 cells was determined
after 3 h and 24 h of treatment using the Cytotoxicity Detection Kit PLUS LDH (Roche
Diagnostics GmbH, Mannheim, Germany). The assay was performed as described ear-
lier [43]. Cytotoxicity was determined by subtracting the percentage of LDH release into
the supernatant under control conditions of those from treated samples. Measurements
were performed in duplicate in n = 3 independent experiments and mean percentage
changes ± SEM as compared to controls are shown.

4.4.4. Apoptosis-Specific Caspase-3 Activation

Changes in caspase-3 activity were measured by the cleavage of the fluorogenic sub-
strate AC-DEVD-AMC (EMD Millipore, Billerica, MA, USA), as described previously [43].
After incubation with SF5-SAHA or SAHA (1–10 µM) for 24 h the cells were harvested and
lysed with lysis buffer. Subsequently, the lysates were incubated for 1 h at 37 ◦C with a
substrate solution containing 20 µg/mL AC-DEVD-AMC, 20 mM HEPES, 10% glycerol and
2 mM DTT at pH 7.5. Substrate cleavage was measured fluorometrically using a Varioskan
Flash fluorometer (Thermo Fisher Scientific, Waltham, MA, USA; filter sets: ex 360/40 nm,
em 460/10 nm). n = 3 independent measurements were performed in triplicate, and data
are given as the mean percentage increase ± SEM above control, which was set at 100%.

4.4.5. ROS Formation

The formation of cytosolic ROS in DU145 and Hep-G2 cells after treatment with SF5-
SAHA or SAHA (10 µM) was measured using the membrane permeable dye CellROX®

Orange (Thermo Fisher Scientific) which accumulates in the cytoplasm, exhibiting strong
fluorescent signals at excitation/emission levels of 545 nm/565 nm upon oxidation [44]. Un-
treated cells incubated with 1.6 mM H2O2 for 30 min served as positive controls. CellROX®

Orange reagent (1 µM) was applied, when adding the test compounds. Formation of ROS
was measured after 3 h, 6 h, 12 h (not shown) and 24 h using ZOE™ Fluorescent Cell
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Imager (Biorad, Munich, Germany). n = 3 independent experiments performed in triplicate
for each condition.

4.4.6. HDAC Inhibition

The HDAC-inhibitory potential of SF5-SAHA was determined by using fluorogenic
HDAC Assay kits for the detection of pan-HDAC activity (Calbiochem, Merck Chemicals,
Darmstadt, Germany) or the subtype specific HDAC1, HDAC2 and HDAC6 activity
(BPS Biosciences, San Diego, CA, USA). HDAC activity was measured according to the
instructions of the supplier. SAHA (1–10 µM) served as positive control. Human HDAC
enzymes derived from HeLa cell nuclear extracts (pan-HDAC assay) or human recombinant
HDAC1, HDAC2 and HDAC6 enzymes and adjacent fluorogenic HDAC substrates were
used to determine HDAC activity levels. A 50 µL assay buffer containing 1 µg/µL bovine
serum albumin, the human HDAC enzymes, SF5-SAHA (1–10 µM) and the corresponding
HDAC substrates were added into a black 96-well assay plate. The reaction in each well
was incubated at 37 ◦C for 30 min, followed by adding 50 µL HDAC developer reagent, and
incubated at room temperature for an additional 15 min. Fluorescence intensity of the assay
plates was measured on a Varioskan Flash fluorometer (Thermo Fisher Scientific, Waltham,
MA, USA) using excitation wavelengths of 350 nm to 380 nm and an emission wavelength
of 460 nm. Docking studies of SF5-SAHA and SAHA bound to the active site of HDAC2
(PDB ID 4LXZ) were carried out using AutoDock Vina in the presence of the catalytic
Zn2+ ion at the binding site. The co-crystallized ligands and the Zn2+ ion were used as
reference to define the binding pockets within a radius of 30 Å. The protein preparation
and ligand preparation procedures were done using the open-source web server Dockthor
(www.dockthor.lncc.br, accessed on 19 October 2021) and Merck molecular force field was
applied. The protein preparation was done at physiological pH 7.4. All dockings and
calculations were performed using AutoDock-Vina 1.1.2 software [45]. All other settings
for the ligand and receptor definitions were used as default. The docking strategy, scoring
and chemical parameters were kept as default. For each compound, nine poses were
generated, and all were evaluated with the built-in scoring function. PyMOL software was
utilized to visualize, compare and analyze the binding pose predictions, and to create the
images [46]. For visualization, the protein was used in the cartoon mode and the surface
mode, wherein the metal chelation of Zn2+ was visualized in the sphere mode and nb
sphere mode, respectively (Figure 9).

4.4.7. Western Blots

Western blots were performed as described earlier [47]. Cells were seeded in 100 mm
petri dishes, grown to almost confluency, treated for 24 h, washed and frozen, followed by
lysis with RIPA Buffer, added with one cOmplete™ Mini protease Inhibitor tablet/10 mL
(Roche), and quantification with PierceTM BCA Protein Assay Kit (Thermo Fisher Scientific).
Thereafter protein levels were normalized to untreated controls so equal protein loading
of 20 µg/lane. Laemmli Buffer and β-mercaptoethanol were added before probes were
desaturated at 96 ◦C for 10 min. First, 7.5% or 12% SDS gels (Biorad, Munich, Germany)
were loaded with proteins and electrophoresis was done. Thereafter, proteins were trans-
ferred to activated polyvinylidene difluoride membranes (PVDF) by electroblotting. Finally,
the membranes were blocked with 1% BSA and incubated with primary antibodies over
night at 4 ◦C. The following antibodies acetylated histone H3 (ab47915 Abcam, 1:1000),
acetyl-α-tubulin (5335, Cell Signaling, 1:1000), EGFR (sc03 Santa Cruz Biotechnology, 1:500),
poly-(ADP-ribose)-polymerase (PARP) and cleaved PARP (11835238 Roche, 1:1000), Apaf-1
(ab5088 Abcam 1:500), Bcl-2 (7382 Santa Cruz Biotechnology, 1:1000) and β-actin (A5441
Sigma Aldrich, 1:2000) for standardization were used. levels also decreased in a dose-
dependent way in three out of four cell lines. Only the Jurkat cells had already a high level
of α-tubulin in untreated cells and, thus, drug-induced changes were not detectable in
these cells.
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Blots were washed three times with 1% TBS-Tween and incubated with anti-mouse or
anti-rabbit peroxidase-coupled anti-IgG secondary antibodies (1:5000–1:10,000) at room
temperature for 60 min. Subsequently, antibody bondage was illustrated using Clarity and
Clarity Max ECL Western Blotting Substrates (Biorad, Munich, Germany) for detection and
Celvin-S developer (Biostep, software SnapAndGo Vs 1.8.1) for development. Independent
blots of n = 3 experiments were generated, and the expression levels were determined
by analyzing the bands with ImageJ and calculating the area under the curve (AUC)
relative to its greyscale. Values were normalized to β-actin expression, which served as a
loading control and compared to untreated control expressions which was set at 1. The
mean ± SEM of the relative values to control are illustrated with Graph Pad Prism 8.

4.4.8. Scratch Assay

To investigate the anti-migratory effects of SF5-SAHA scratch assays were performed
as described [48]. In brief, cells were grown to sub-confluency in 6-well plates. The cell
monolayer was then scratched using a pipet tip. Cells at the edge of this artificial gap
migrate into the cell-free area to close the gap in a time-dependent manner. DU145 cells
were seeded at a density 1.5 × 105 cells/well and treated with SF5-SAHA (0–10 µM) for 24 h
and bright-field images were taken before and after 12 h and 24 h of treatment using a an
EVOS M5000 microscope (Thermo Fischer Scientific, Waltham MA, USA). The experiments
were performed n = 3.

4.4.9. In Vivo/Ovo Evaluation of Angiogenesis

Anti-angiogenesis activity of SF5-SAHA was tested on the CAM (chorioallantoic
membrane) of fertilized chicken eggs [49]. The embryonic development was started by
placing the eggs in a humidified (>60%) incubator in an upright position at a temperature
of 37.8 ◦C. After 3 days, a hole of 2 mm was pierced in the eggshell top side in order
to detach the developing CAM from the eggshell and let it sink into the allantoic cavity.
After 10 days, the eggshell hole was broadened, and a silicone ring (1 cm Ø) was placed
on the CAM, which was allowed to attach for 6 h. Then, 20 µL of SF5-SAHA containing
medium or PBS (control) was added into the ring. The angiogenic states of the CAM
were documented using a stereomicroscope equipped with a Kappa digital camera system
(Distelkamp-Electronic, Kaiserslautern, Germany). Pictures were taken every 24 h until the
finish of the experiment after 72 h. The CAM experiments were carried out with n = 3 eggs
for each condition.

4.4.10. Statistical Analysis

Statistical calculations were carried out with GraphPad Prism 8 (GraphPad Software
Vs 8.2.1, San Diego, CA, USA) using 2-way ANOVA Dunnett’s post-hoc test for statistical
significance testing or linear regression.

5. Conclusions

The synthesis and anticancer modes of action of a new SAHA analog with a para-
pentafluorosulfanyl substituted phenyl ring were described. The compound was found
to encompass pronounced antiproliferative, apoptosis inducing and ROS forming effects
in a panel of hematological and solid cancer cell models, warranting further studies to
elucidate the underlying mechanisms and suitability of this promising compound as an
anticancer drug candidate in the future.
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