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Abstract: Prostate cancer (PCA) is one of the most prevalent types of male cancers. While current
treatments for early-stage PCA are available, their efficacy is limited in advanced PCA, mainly due
to drug resistance or low efficacy. In this context, novel valuable therapeutic opportunities may
arise from the combined inhibition of histone deacetylase 6 (HDAC6) and heat shock protein 90
(Hsp90). These targets are mutually involved in the regulation of several processes in cancer cells, and
their inhibition is demonstrated to provide synergistic effects against PCA. On these premises, we
performed an extensive in silico virtual screening campaign on commercial compounds in search of
dual inhibitors of HDAC6 and Hsp90. In vitro tests against recombinant enzymes and PCA cells with
different levels of aggressiveness allowed the identification of a subset of compounds with inhibitory
activity against HDAC6 and antiproliferative effects towards LNCaP and PC-3 cells. None of the
candidates showed appreciable Hsp90 inhibition. However, the discovered compounds have low
molecular weight and a chemical structure similar to that of potent Hsp90 blockers. This provides an
opportunity for structural and medicinal chemistry optimization in order to obtain HDAC6/Hsp90
dual modulators with antiproliferative effects against prostate cancer. These findings were discussed
in detail in the study.

Keywords: HDAC6; Hsp90; drug design; virtual screening; prostate cancer

1. Introduction

Histone deacetylases (HDACs) are a family of proteins primarily responsible for
regulating the acetylation status of lysine residues in histone tails, thus acting as key
epigenetic modulators in several biological processes [1,2]. HDACs are classified into four
major classes: class I (HDAC1, 2, 3, 8), class II, divided into subgroups IIa (HDAC4, 5, 7, 9)
and IIb (HDAC6, 10), class III (sirtuins 1–7), and class IV (HDAC11) [3]. Classes I, II, and
IV require Zn2+ for catalysis, while sirtuins employ Nicotinamide Adenine Dinucleotide
(NAD) as a cofactor [4]. Recent studies have shown that several Zn-dependent HDACs,
and especially class I and class II isoforms, are overexpressed in various tumors like
breast, prostate, and liver cancers, multiple myeloma and neuroblastoma, making these
enzymes suitable targets for the development of novel therapeutic agents [5]. Among
those, HDAC6 is extensively studied due to its involvement in diverse biological and
pathological pathways, making it of therapeutic relevance in cancer, neurodegenerative
disorders [6], and other diseases [7]. In addition, several studies have demonstrated that
HDAC6 overexpression stimulates cell motility and promotes endothelial cell migration,
triggering metastasis and angiogenesis [8]. Moreover, HDAC6 is regulated by estrogen
activity; hence, its activity might be involved in estrogen receptor (ER)-positive breast
cancer [9]. Given the wealth of applications and therapeutic relevance of this target, there
is considerable interest in developing inhibitors of this enzyme [10–12].
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The design of novel HDAC modulators primarily exploits the coordination with
the Zn2+ ion in the active site of the enzymes. This binding mechanism has enabled
the development of potent HDAC inhibitors, although they often lack selectivity among
various histone deacetylase isoforms [13]. The pharmacophoric model of HDAC inhibitors
(HDACis) includes: (i) a cap group interacting with the surface of the enzyme catalytic
cavity; (ii) a linker fitting into the catalytic tunnel, and; (iii) a metal-binding group (i.e.,
zinc-binding group, ZBG), coordinating the catalytic zinc ion [14]. Despite the discovery of
potent HDAC inhibitors, such as Belinostat, Panobinostat and Vorinostat [15], pan-HDACis
face several clinical issues mainly due to low selectivity, which often results in side effects
that limit their therapeutic potential [16–18].

Furthermore, several studies reported that HDAC inhibitors may have limited thera-
peutic effects on solid cancers, probably due to their low efficiency in reaching the tumor
site [19]. Single-target approaches based on HDACis often lead to temporary effects, while
combining HDAC inhibitors with other therapeutic agents targeting different pathways
exhibits more effective and durable therapeutic responses [16–18]. In particular, HDAC6
regulates a number of substrates, including heat shock protein 90 (Hsp90), which is a
chaperone protein involved in the correct folding of many proteins, some of them being
cancer-relevant targets [20]. In cancer cells, Hsp90 is responsible for uncontrolled prolif-
eration and apoptotic resistance by means of the regulation of several so-called clients,
including steroid hormone receptors, kinases (e.g., Akt, Raf-1, Bcr-Abl, Cdk4, and Wee1),
histone deacetylases (i.e., HDAC1 and HDAC6), and other oncogenic proteins [21,22].
Hsp90 is often overexpressed in several cancers [23–26], making it a suitable target for anti-
cancer drug discovery. However, despite the discovery of a number of highly active drug
candidates that modulate this enzyme, results from clinical trials on Hsp90 inhibitors were
disappointing, mainly because of undesired adverse effects [25]. In addition, monother-
apies with Hsp90 inhibitors have been demonstrated to provide acquired resistance in
different types of cancer and hepatotoxicity issues [27,28], which have hampered their
approval for clinical use [29]. Rather, strategies based on the combination of Hsp90 in-
hibitors with other anticancer drugs have shown promising results [15,30–32]. Indeed,
HDAC6 interacts with Hsp90 in several ways [15]. Moreover, HDAC6 is one of the most
studied clients of Hsp90 [33]. In addition, HDAC6 can reversibly modulate Hsp90 activity
through post-translational modifications, regulating its acetylation levels and disrupting its
chaperone function [34–36].

Based on these findings, a multi-target approach aiming to inhibit both Hsp90 and
HDAC6 with a single molecular entity represents a promising strategy against several
types of cancers. In line with the polypharmacology concept [37], this approach could
reduce tumor cell viability by interfering with different cancer-relevant biological pathways
and help to overcome issues, such as drug resistance and toxicity concerns [38,39]. In
advanced-stage PCA, the role of HDAC6 in regulating androgen receptor (AR) hyper-
sensitivity, occurring mainly through Hsp90 acetylation/deacetylation [40], underscores
the therapeutic potential of dual HDAC6/Hsp90 inhibitors. Although both targets were
studied from a structural perspective, the reported number of dual binders is limited and
is primarily characterized by poor drug-like properties, such as high molecular weight and
complex chimeric structures [15,41]. This is mainly due to the fact that HDAC6 and Hsp90
belong to different protein families and present two substantially different binding pockets.

In this context, novel valuable opportunities may arise from the application of de novo
design and virtual screening on large libraries of small molecules, as these approaches can
help in discovering novel chemotypes with a defined multi-target activity profile [42–44].
On these premises, we performed a series of ligand- and structure-based in silico screenings
of commercially available compounds, followed by experimental validation with recom-
binant enzymes and in PCA cells. In particular, substructure searches within the ZINC
database [45], followed by 2D similarity estimations and docking calculations into selected
conformations of both targets were performed. The drug-like properties of the resulting
compounds were carefully investigated. These analyses led to the selection of a series of
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compounds, which were experimentally tested in vitro for their inhibition ability against
Hsp90 and HDAC6, and for their antiproliferative activity in PC-3 and LNCaP PCA cell
lines. While we obtained potent inhibitors of HDAC6 with antiproliferative activity, the
compounds did not inhibit Hsp90. Further investigation into the binding mode of these
compounds and a comparison of their scaffold with already reported Hsp90 inhibitors
revealed that small changes in their chemical structures should be sufficient to achieve dual
HDAC6/Hsp90 inhibition.

Altogether, the performed analyses, along with the relatively low-decorated scaffold
of the top candidates identified in the screening, provide the opportunity for chemical
optimization in order to obtain the desired, structurally novel, drug-like HDAC6/Hsp90
dual inhibitors.

2. Results
2.1. Virtual Screening and Selection of Commercially-Available Dual Inhibitor Candidates

The ZINC database (over 120 million purchasable “drug-like” compounds) [45] was
used as a starting point to investigate the presence of the commercially available compounds
of interest. According to the literature data, compounds modulating Hsp90 and HDAC6
activity usually possess chemical moieties able to establish specific interactions with hot-
spot residues in the binding site of the two targets [15,32]. In particular, a ZBG is required
for a molecule to be active on HDAC6 [46], while functional groups able to establish H-bond
interactions with D93 and the conserved network of water molecules are needed for Hsp90
inhibitory activity [47].

To identify molecules potentially endowed with dual inhibitory activity, extensive
substructure filtering was performed on the screening compounds. This process utilized
HDAC6 and Hsp90 warheads identified in our previous work [15,32], along with a series
of additional moieties reported more recently, for a total of 10 different ZBGs (HDAC6) and
17 D93-binding groups (Hsp90) (see Figure S1). HDAC6 warheads included hydroxamic
acid (HA) [46], mercaptoacetamide [48], and trifluoromethyloxadiazole (TFMO), which we
explored in previous studies for the development of HDAC6 inhibitors [32,49]. Addition-
ally, less explored moieties, such as N-(2-aminophenyl)acetamide, N-(2-hydroxyphenyl)
acetamide, N-(2-mercaptophenyl)acetamide, 1-mercaptoacetone, (sulphamoylamino)
methane, ethylboronic acid, 3-methoxy-1H-pyridine-2-thione, and 1-methoxypyridine-2-
thione were considered [46]. For Hsp90, besides the well-known Hsp90 warheads used in
reference [32], additional less-explored D93-binding moieties were included to increase the
chances of identifying a suitable hit with dual activity.

These analyses resulted in 182,392 compounds containing at least one of the selected
ZBGs, 1,388,699 molecules bearing a D93-binding group, and only 598 compounds contain-
ing both of them. Given the significant reduction in compounds fulfilling both requisites,
we decided to continue investigating compounds with a single requirement. These com-
pounds were analyzed through extensive 2D fingerprints-based similarity estimations with
respect to known inhibitors of the two targets collected from ChEMBL. This allowed us
to include compounds that, although bearing only one of the identified warheads, are
structurally similar to known HDAC6 and Hsp90 inhibitors, thereby being closer to the
HDAC6 and Hsp90 chemical space. We performed the 2D similarity profiling using the
MACCS and ECFP4 molecular fingerprints [50,51], with settings described in the Methods
section. Only compounds that were similar to at least one of the Hsp90 or HDAC6 queries,
according to commonly accepted similarity thresholds (i.e., MACCS Tanimoto score ≥ 0.8
and ECFP4 Tanimoto score ≥ 0.3) [50], were selected for further investigation in the virtual
screening campaign, resulting in a total of 43,216 molecules. These compounds were subse-
quently docked into selected conformations of Hsp90 and HDAC6, as reported in Methods.
We selected seven crystallographic structures of Hsp90 and two of HDAC6 to perform
docking calculations, in order to take into account their binding site flexibility. Moreover,
these structures also allowed the consideration of different types of zinc coordination that
HDAC6 inhibitors can exhibit with the catalytic zinc in the protein binding site.
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The selection process, which took into account: (i) the binding scores and poses pre-
dicted for the compounds in the two targets; (ii) the chemical similarities of the compounds
with reported inhibitors of Hsp90 and HDAC6, and; (iii) the drug-like properties of the
compounds as evaluated by QikProp (Schrödinger Suite 2020-1) (Table S1) [52], led to
18 particularly interesting dual inhibitor candidates (Figure 1).
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Figure 1. Chemical structures of the 18 commercially available compounds selected from the virtual
screening campaign.

Of note, 16 out of the 18 compounds bear one of the selected metal-binding groups
(i.e., all the selected molecules, excluding 9 and 10), while only six showed D93-binding
moieties (i.e., candidates 1, 2, 9, 10, 15, and 16). These results might be attributed to the
fact that: (i) compounds with the structural features necessary for the efficient binding on
such different targets are poorly represented in the chemical space covered by the ZINC
database, and; (ii) the design of potent HDAC6 inhibitors might require a higher number
of structural constraints to be satisfied compared to Hsp90 modulators. Considering that
most of the selected ligands bear an established ZBG, compounds were initially tested
against HDAC6 activity in vitro. Afterward, compounds with IC50 values below 20 µM
were tested for Hsp90 inhibition and assessed for their antiproliferative activity on LNCaP
and PC-3 prostate cancer cells.
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2.2. Four Selected Ligands Inhibit HDAC6 and Decrease Viability of Human PCA Cells

The 18 selected compounds were initially tested in vitro against the HDAC6 recombi-
nant protein, following the procedure described in the Methods section. Although many
of the selected candidates exhibited no or low (percentage of inhibition lower than 50% at
20 µM) HDAC6 inhibitory activity, compounds 4, 8, 11, and 18 inhibited HDAC6 activity
with IC50 concentrations in the low micromolar or nanomolar ranges (Table 1). These results
guided the selection of these four compounds for further evaluation of Hsp90 inhibitory
activity. Unfortunately, none of the four compounds resulted in being effective at inhibit-
ing Hsp90 in vitro. These results might derive from the absence of functional groups on
compounds 4, 8, 11, and 18 that efficiently establish interactions with the conserved waters
and the key residue D93 present in the Hsp90 binding site [28], albeit having resulted to
be similar to recognized Hsp90 warheads. For example, compounds 4, 8, and 18 embed
hydroxyl phenol and hydroxyl pyridine ring moieties (Figure 1) similar to the isopropyl-
resorcinol warhead present in potent Hsp90 blockers [28], and also on Hsp90/HDAC6 dual
inhibitors (e.g., C.17) [41]. This suggests that substituting these chemical moieties with
ones that bind more efficiently to the Hsp90 binding site might result in the desired dual
inhibitory activity.

Table 1. In vitro inhibitory activity of the compounds against the HDAC6 recombinant enzyme
(IC50, µM) and antiproliferative activity (GI50, µM) determined by cell viability assays on PC-3 and
LNCaP prostate cancer cells. Tubastatin-A (Tub-A), Geldanamycin, and SAHA were used as reference
compounds. Compounds shown in Figure 1 but not present in Table 1 displayed a percentage of
HDAC6 inhibition lower than 50% at 20 µM. None of the compounds resulted in being active against
the Hsp90 recombinant enzyme. Dose–response curves of the active compounds are reported in
Figure S2 (recombinant HDAC6) and Figure S3 (cellular assays).

Compound ID HDAC6
IC50 (µM)

LNCaP
GI50 (µM)

PC-3
GI50 (µM)

4 17 9.5 ± 0.7 9.5 ± 0.5
8 6.5 51.6 ± 3.7 51.8 ± 0.6
11 0.005 41.3 ± 8.7 13.9 ± 2.9
18 2.7 >75 21 ± 5.4

Tubastatin-A 0.007 5.9 ± 1.5 11.1 ± 1.6
Geldanamycin 0.05 ± 0.02 0.03 ± 0.02

SAHA 0.014 1.3 ± 0.3 1.9 ± 0.2
Note: Assays on HDAC6 were performed in singlicate. GI50 values on PCA cells are expressed as the mean of
three independent experiments ± SEM.

To investigate the potential anti-tumor activity of the four compounds that displayed
HDAC6-inhibitory activity (Table 1), we tested their antiproliferative ability in LNCaP and
PC-3 cells. LNCaP is an androgen-responsive prostate adenocarcinoma cell line isolated
from a lymph node metastatic lesion [53], while the PC-3 cell line derives from a prostate
cancer bone metastasis and exhibits androgen-independent growth, representing a more
aggressive, castration-resistant prostate cancer model [54]. Dose–response assays were
performed with the candidate compounds, and cell viability assays were performed after
72 h, as detailed in the Methods section. GI50 values were determined as the concentrations
that inhibit cell growth by 50% following 72 h of treatment (Table 1). All candidate com-
pounds decrease the proliferation of PCA cells. Compound 4 was particularly effective,
while compound 8 exhibited the lowest antiproliferative activity in both PC-3 and LNCaP
cells, with a GI50 of about 50 µM. Compounds 11 and 18, on the other hand, demonstrated
higher antiproliferative activity on PC-3 cells, which is interesting given that these cells are
considered a representative model for tumors more aggressive and resistant to first-line
hormone therapy.
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2.3. HDAC6-Targeting in LNCaP and PC-3 Cells

To assess whether the observed antiproliferative activity of the selected compounds
was a consequence of HDAC6-targeting, we examined the effect of the cell treatments on
the expression levels of acetylated tubulin (Ac-Tub), a well-known HDAC6 target. LNCaP
and PC-3 cells were treated with the tested compounds at their GI50 concentrations, and
SDS-PAGE and western blot were performed. In addition, the acetylation levels of histone
H3, which are mainly regulated by HDAC1, were also evaluated in order to exclude
potential class I-HDAC off-target activities. We used Tubastatin-A and Geldanamycin
as reference controls for cellular effects resulting from HDAC6- and Hsp90-inhibition,
respectively [55,56]. The results in Figure 2 show a significant increase in α-Tubulin
acetylation in LNCaP cells after treatments with compounds 8, 11 and 18. Indeed, these
compounds triggered a 2.9-, 5.1-, and 2.5-fold increase, respectively, compared to the control
(DMSO). Tubastatin-A, which is a potent HDAC6 inhibitor [55], showed a 3.3-fold change
under the same assay conditions. Western blot analyses led to similar results in PC-3
cells, with strong induction of α-Tubulin acetylation of 7.3-, 5.5-, and 4.9-fold, respectively,
following the administration of compounds 8, 11 and 18, similar to the effect of Tub-A.
Furthermore, no remarkable induction of H3 acetylation was observed after treatment with
compound 8 in both PC-3 and LNCaP cell lines, which is informative of the putatively
specific activity of the compounds on HDAC6, without affecting nuclear class I HDACs.
We also evaluated the expression levels of Hsp70, a well-characterized co-chaperone of
Hsp90 that is usually upregulated upon Hsp90 inhibition. As for in vitro assays, the four
selected compounds did not show inhibition of Hsp90 activity. Taken together, these results
corroborated the HDAC6 inhibitory activity observed in vitro and demonstrated that the
selected compounds can also inhibit HDAC6 in human PCA cell lines, with compound 8
even being selective for HDAC6 versus nuclear HDACs.
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Figure 2. Western blot analysis and relative quantification of the expression levels of acetylated-
Tubulin (Ac-TUB), acetylated H3 (Ac-H3), and HSP70 in LNCaP (A,B) and PC-3 (C,D) cells treated for
24 h at GI50 concentration. Tubastatin-A was used as HDAC6-specific positive control, Geldanamycin
(GELDA) as HSP90-specific positive control, and SAHA as pan-HDAC inhibitor. Protein expression
was normalized with Tubulin levels (Ac-TUB and HSP70) or total H3 (Ac-H3). Quantification is
reported as fold change in treated cells versus DMSO control (CTR), arbitrarily set at 1 (one sample
t-test p-values: * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001; n = 3).
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2.4. Binding Mode of the Four Discovered Hit Compounds into HDAC6 and Their Optimization
for Dual Inhibitory Activity

Compounds 4, 8, 11, and 18 proved to be active against HDAC6, establishing favorable
interactions with the residues lining the catalytic cleft of the enzyme. Specifically, the most
potent HDAC6 inhibitor identified in this study, i.e., compound 11, was predicted to fit
into the HDAC6 binding site, coordinating the catalytic Zn2+ ion through the hydroxamate
ZBG in a bidentate fashion (Figure 3A).
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Figure 3. Binding mode predicted for compounds 4, 8, 11, and 18 into HDAC6. In particular,
(A) reports the docking pose of compound 11 into HDAC6 (PDB code: 5WGI) [57]. (B) reports the
docking pose of compound 18 into HDAC6 (PDB code: 6DVL) [58]. (C) reports the docking pose
of compound 4 into HDAC6 (PDB code: 6DVL). (D) reports the docking pose of compound 8 into
HDAC6 (PDB code: 6DVL).

Moreover, the compound was predicted to form hydrogen bonds with the side chains
of H573 and Y745, as well as with a conserved water molecule through the isoindolin-1-one
moiety. According to docking, the aromatic linker of compound 11 fits perfectly into the
catalytic tunnel of HDAC6, engaging in π-π stacking interactions with the side chains of
F583 and F643.
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Compared to 11, compounds 4, 8, and 18, which possess a trifluomethyloxadizole ZBG,
were predicted to accommodate, on average, 1.0 Å less deep into the HDAC6 catalytic cleft
(Figure 3B–D). This result, which is in line with the previous literature data [49], may arise
from the stronger coordination ability of the hydroxamic acid moiety compared to TFMO. In
addition, compound 18 was predicted to bind to the HDAC6 catalytic site, establishing a H
bond interaction with the S531 residue (Figure 3B) and engaging in π-π stacking interactions
with the side chains of F583 and F643. The amide group and hydroxyl-substituted pyridine
ring were predicted to extend in the CAP region.

A similar mode of interaction was also observed for compound 4. In particular, the
phenyl ring near the TFMO ZBG made π-π stacking interactions with the side chains of F583
and F643. Moreover, the amide carbonyl oxygen established a hydrogen bond interaction
with the side chain of H573, and the hydroxyl group attached to the distal phenyl ring
interacted with N645.

According to docking, compound 8 exhibited a slightly different binding mode, mainly
attributed to the more sterically hindered piperidine linker. Unlike compounds 4 and 18,
no π-π stacking interactions were possible for compound 8. However, a H bond interaction
was formed by its carbonyl oxygen with residue S531. Additionally, the distal 5-benzoxy-
2-hydroxy-phenyl group was predicted to extend towards the cap region of HDAC6, in
proximity to the side chains of H463 and P464.

Unfortunately, HDAC6 inhibitors emerging from the study did not exhibit the desired
dual activity against Hsp90. This result can be partially ascribed to the fact that (i) HDAC6
and Hsp90 have significantly different binding sites; (ii) we aimed to keep the molecular
weight of the compounds as low as possible to avoid molecular chimeras; and (iii) it was
challenging to find compounds that recapitulated pharmacophore requirements of both
targets among commercially available libraries of compounds. However, the compounds
feature at least one warhead required for binding to one of the two targets, and their
chemical structure is enriched with structural features found in potent inhibitors of Hsp90
and HDAC6 (see Tables S2 and S3 for general statistics), thanks to the 2D similarity
screening. Therefore, making small adjustments or additions through chemical synthesis
may provide the desired dual activity. For example, the cyan substituent of compound 4
could be replaced with a hydroxyl group to provide the resorcinol scaffold known to be
important for binding to Hsp90 [28,59]. In addition, chlorine or isopropyl substituents can
also be explored in this moiety to further improve the complementarity of the compounds
towards the Hsp90 binding site [28,59]. Indeed, the isopropyl-resorcinol warhead has
already been investigated also for the design of Hsp90/HDAC6 dual inhibitors providing
interesting results [41]. Similarly, an additional hydroxyl group in the meta position of
the hydroxyl pyridine ring of compound 18 could be introduced to mimic the resorcinol
Hsp90 warhead. Further chemical explorations potentially improving the inhibitory activity
towards both Hsp90 and HDAC6 might derive from the inversion of the amide moiety
present in compounds 4 and 18 similarly, as previously reported [28,41,59].

As for compound 8, a series of structural modifications could be proposed to improve
HDAC6 activity while gaining inhibitory activity on Hsp90. Specifically, replacing the
piperidine moiety with a phenyl ring could improve HDAC6 activity, and introducing
an additional hydroxyl group in the meta position of the phenol ring could provide the
resorcinol moiety important for Hsp90 activity [28,59].

Compound 11, identified as the best candidate in the study, also exhibited significant
structural similarity to several previously reported Hsp90 inhibitors (Tables S2 and S3),
providing valuable insights for optimization through chemical synthesis. For example,
the replacement of the isoindolin-1-one core of compound 11 with the structurally close
1,1-diketo-1,2-benzothiazol-3-one moiety, which is already present in established Hsp90
inhibitors (e.g., CHEMBL1562575 and CHEMBL1607801), could potentially result in the
desired dual activity [60]. Indeed, such a substitution is not expected to impair HDAC6
activity because the group would be accommodated into the solvent-exposed cap region of
the enzyme.
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3. Discussion

Hsp90 and HDAC6 represent two established targets for the treatment of a variety
of diseases, although they have primarily been studied in single-targeting approaches so
far [15]. Research evidence suggests that the combined inhibition of Hsp90 and HDAC6
could yield remarkable therapeutic benefits against prostate cancer, especially in its more
advanced and aggressive forms [61]. Moreover, the ability to inhibit these targets with a
single molecular entity would allow circumventing issues often observed in combination
therapies, in line with the polypharmacology concept [37].

With the aim of identifying candidates endowed with dual Hsp90 and HDAC6 in-
hibitory activity, we performed a virtual screening campaign integrating ligand- and
structure-based methods on a large collection of commercial compounds. The analyses
allowed the identification of a set of commercially available ligands that (i) exhibit drug-like
properties; (ii) bear a functional group important for the binding to HDAC6 or Hsp90;
(iii) display significant structural similarity with known inhibitors of HDAC6 and Hsp90;
and (iv) are predicted to establish favorable interactions with the active sites of HDAC6
and Hsp90. The identified candidates were tested in vitro to determine HDAC6 and Hsp90
inhibitory activity and antiproliferative effects on PC-3 and LNCaP prostate cancer cells.
Notably, four of the selected compounds (4, 8, 11, and 18) exhibited both HDAC6 inhibition
and antiproliferative activity in the cellular assays. Western blot analysis revealed that the
effects on PCA cells observed with these candidates are most likely HDAC6-dependent. In
particular, compounds 8, 11, and 18 increase α-Tubulin acetylation to levels comparable
to the control drug Tubastatin-A in LNCaP and PC-3 cells. The effect on H3 acetylation
clearly supported the hypothesis that only compound 8 is selective towards HDAC6 over
nuclear HDACs. Unfortunately, none of these candidates showed inhibition of Hsp90.
Since HDAC6 and Hsp90 have significantly different binding sites, this result can be par-
tially ascribed to the fact that (i)we aimed to keep the molecular weight of the compounds
as low as possible to avoid large molecular chimeras and (ii) it was challenging to find
compounds that recapitulated the pharmacophore requirements of both targets among
commercially available libraries. However, the identified candidates share significant simi-
larities with Hsp90 and HDAC6 inhibitors, which can provide structural insights that can
guide their optimization toward the generation of dual binders. In this regard, for example,
we suggested the introduction of an additional hydroxyl group in the meta position of the
hydroxyl pyridine ring of compound 18 or the replacement of the cyano substituent of
compound 4 with a hydroxyl group to provide the resorcinol moiety present into potent
Hsp90 inhibitors [28,59]. Moreover, we also suggested that replacing the isoindolin-1-one
core of compound 11 with the 1,1-diketo-1,2-benzothiazol-3-one moiety can help in obtain-
ing molecules that are also able to inhibit Hsp90 [60]. While limited by the commercial
availability of compounds with the pharmacophoric features required for binding at both
targets, the results of this study provide valuable starting points for the development of
novel drug-like HDAC6/Hsp90 dual binders.

4. Methods
4.1. Molecular Modeling
4.1.1. Preparation of HDAC6 and Hsp90 ChEMBL Ligands

Activity records related to Hsp90 (UniProt ID: P07900) and HDAC6 (UniProt ID:
Q9UBN7) were first retrieved from the ChEMBL database (www.ebi.ac.uk/chembl/, ac-
cessed on 1 April 2020) [62], and then processed as follows. The activity records were
filtered to retain only those that derived from experiments on recombinant proteins, with
data reported as Ki, Kd, IC50, and EC50. Duplicate activity records resulting from differ-
ent experiments on the same target were removed, retaining those with the best activity
value. This led to 1024 and 2996 unique compounds for Hsp90 and HDAC6, respectively.
Afterward, the resulting records were further processed to retain only significantly active
compounds, i.e., those with an activity value (i.e., “Standard Value” on the ChEMBL website)
below 10 µM and a “Standard Relation” equal to “=”.

www.ebi.ac.uk/chembl/
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4.1.2. Protein Data Bank (PDB, www.rcsb.org/, Accessed on 1 April 2020)

X-ray complexes of Hsp90 and HDAC6 with small molecules were initially retrieved
from the study of Bonanni et al. [15], and ligands were extracted in their native confor-
mations. Then, the ligands were processed by means of the LigPrep utility (Schrödinger
Suite 2020-1) to address potential atom-type issues and evaluate their most likely tautomer
and ionization states at physiological pH [63]. Representative conformations of Hsp90
and HDAC6 proteins were selected, as detailed by Bonanni et al. [15] for the structure-
based analyses.

4.1.3. The ZINC Database Preparation

Commercial compounds available from ZINC (https://zinc15.docking.org/, accessed
on 11 May 2020) [45], a publicly available database containing data related to more than
750 million purchasable molecules, were first downloaded and duplicates removed, result-
ing in 414,827,667 compounds. They were then filtered using the Filter software (OpenEye,
Santa Fe, NM, USA, version 3.1.2.2) [64,65]. A custom filter (see Table S4) was applied to
retain compounds with a chemical scaffold close to already reported drug-like molecules
(see above) while ensuring a high degree of variability in their chemical structure. Subse-
quently, the molecules underwent a further step of filtration by using the OpenEye Toolkits
2020.1.0 [66], retaining only those bearing at least one substructure among the ZBGs and
D93-binding groups previously identified.

4.1.4. Two-Dimensional Ligand-Based Similarity Screening

Commercial compounds that passed the previous phases of filtering were then sub-
jected to a series of 2D similarity screenings, which were performed using two differently
designed types of fingerprints (i.e., MACCS and ECFP4) [50,51]. These fingerprints were
selected for their ability to consider the similarity between molecules based on the com-
position in functional groups (MACCS) and structural connectivity (ECFP4). Similarity
analyses were performed with default settings by using Hsp90 and HDAC6 ChEMBL
molecules previously collected (see above) as queries. Commercial compounds that did not
result similar to at least one Hsp90 or HDAC6 compound, according to accepted similarity
thresholds (MACCS Tanimoto score > 0.8 and ECFP4 Tanimoto score > 0.3) [50] were
discarded. The obtained similarity data were also taken into account during the final step
of candidates’ selection.

4.1.5. Structure-Based Screening

The structure-based calculations were performed using the utilities and tools imple-
mented into Maestro (Schrödinger Suite 2020-1) [67]. In particular, commercial compounds
that passed the previous filtering and similarity screening phases were prepared for the
structure-based calculations by using LigPrep with default settings [63], except for the
calculation of their additional metal-binding states, which was conducted to better take into
account the interactions with the Zn2+ ion in HDAC6 binding site. The crystal structures
1UY6 [68], 2BYI [69], 2YKI [70], 2VCI [71], 3TUH [72], 4AWO [73], 4YKW [74] for Hsp90,
and 5WGI [57] and 6DVL [58] for HDAC6 were selected as representative conformations in
the structure-based calculations, in line with our previous studies [15]. The conformations
selected for HDAC6 derived from crystallographic complexes on Danio Rerio proteins
(i.e., Trichostatin A—PDB ligand ID: TSN) [57] and 6DVL complex (i.e., PDB ligand ID:
HBG) [58], which required two of their amino acids to be mutated (i.e., N530D and N645M).
Receptors’ preparation was performed with the “Protein Preparation Wizard” [75] tool
available in Schrödinger Suite 2020-1 by: (i) fixing issues potentially present in the atom
types of the elements in the complex; (ii) evaluating the correct tautomerization and pro-
tonation states of the residues of the proteins; (iii) adding missing hydrogens, potentially
missing side chains to residues, and protein loops, and; (iv) minimizing overlapping atoms.
Once prepared, all the solvent molecules derived from the crystallographic process and
waters were deleted from the complexes, excluding the ones that are known to be con-

https://zinc15.docking.org/
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served in the Hsp90 and HDAC6 binding sites [17,76]. Afterward, receptor grids, prepared
for the docking calculations on the Hsp90 and HDAC6 crystal structures by means of
the “Receptor Grid Generation” tool [66,77], were centered on the co-crystallized ligands
within a box of 12 Å × 12 Å × 12 Å length. Default settings were used for the generation
of the grids, except for structurally conserved waters, which were considered as a part
of the receptor in Hsp90, and metal coordination constraints were included in HDAC6
calculations. A series of docking models were then developed with Glide [66,77] for each
of the selected Hsp90 and HDAC6 representative structures and validated by redocking of
the co-crystallized compounds into their parent receptor. All the validated models showed
satisfactory results (i.e., Root-Mean-Square Deviation—RMSD lower than 2.0 Å). Default
settings were used for the docking calculations, except for the use of constraints on the
metal binding coordination for the HDAC6 complexes. Validated docking models were
finally employed in the virtual screenings of the two targets. The results of the calculations
were visually inspected, and the most promising candidates were selected to be purchased
at Enamine (https://enamine.net/, last access 23 May 2023) and in vitro validated, as
described below.

4.2. Experimental Methods
4.2.1. Fluorimetric HDAC6 Assay

In vitro assessments of compounds on the HDAC6 enzyme were performed, as de-
scribed in our previous works [12,49]. In particular, the reactions were carried out by incu-
bating the HDAC6 recombinant enzyme, ligands, and substrate (i.e., the fluorogenic peptide
from p53 residues 379–382—RHKK-Ac-AMC) with the buffer (50 mM Tris–HCl—pH 8.0,
137 mM NaCl, 2.7 mM KCl, 1 mM MgCl2, and 1 mg/mL BSA). All the compounds were
tested with a 3-fold serial dilution in DMSO, starting from 100 µM; compound 11, which
showed high potency in the assay, was also re-tested with a 3-fold serial dilution in DMSO,
starting from 1 µM. The fluorescence signal was registered after reactions completeness
reading the signal at 360 nm (excitement)/460 nm (emission) light wavelength. Two micro-
molar volume of the reference compound was added to a solution of 16 mg/mL trypsin
in 50 mM Tris–HCl, pH 8.0, 137 mM NaCl, 2.7 mM KCl, and 1 mM MgCl2 and used
to record the fluorescence signal. The blank employed for curve fitting was evaluated
on a solution of the buffer containing a concentration of 1.00 × 10−12 M of DMSO. IC50
values were calculated by using the GraphPad Prism 4 program based on a sigmoidal
dose–response equation.

4.2.2. Hsp90 Assay

In vitro assessments of compounds on Hsp90 were performed, as described in our
previous work [30], through the competition of fluorescently labeled Geldanamycin (FITC-
GM) [78]. In particular, Hsp90 assays were performed using human recombinant Hsp90α
at a 30 nM concentration with His-tag, MW = 90 kDa, expressed in E.coli expression system
in a buffer of 20 mM HEPES, pH 7.5, 50 mM NaCl, 10 mM MgCl2, 0.02% Brij 35, and
Add fresh: 2 mM DTT, 0.02mg/mL BSA, 1% DMSO. First, compounds were solubilized
at 10 mM in 100% DMSO, then serially diluted 1 to 3 (10 concentrations), starting from
100 µM. Then, the resulting solutions were added to the enzyme mixture and incubated for
30 min. The FITC-labeled Geldanamycin probe (used also as a positive control) was added
at a 5 nM concentration to initiate the reaction and incubated for 3 hr at room temperature.
Geldanamycin was used as a positive control. Fluorescence polarization was then read,
and IC50 values and the titration curves were fit by using GraphPad Prism 8.0 software.

4.2.3. Cell Lines

The human prostate cancer cell line PC-3 (ATCC Cat# CRL-1435) was grown in Ham’s
F12 (Biowest, Nuaillé, France) medium, while the human prostate cancer cell line LNCaP
(ATCC Cat# CRL-1740) was grown in RPMI 1640 (Biowest, Nuaillé, France) medium. Both
media were supplemented with 10% Fetal Bovine Serum (FBS, Gibco, Fisher Scientific Italia,

https://enamine.net/
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Segrate, Italy), 2 mM glutamine, 100 U/mL penicillin, and 100 µg/mL streptomycin. PC-3
and LNCaP cells were maintained at 37 ◦C in a humidified 5% CO2 atmosphere.

4.2.4. Cell Viability Assays

PC-3 and LNCaP cells were seeded at a density of 4000 and 6000 cells/well into
a 96-well plate, respectively, together with a calibration curve of known cell numbers.
The following day, the cells were treated with the indicated test compounds at different
concentrations starting at 75µM with 2-fold serial dilutions. Cell viability was evaluated
after 72h by colorimetric MTT (PC-3) or PrestoBlue™ (LNCaP) cell viability reagents. A total
of 0.5 mg/mL of thiazolyl blue tetrazolium bromide (MTT) (Sigma-Aldrich, St. Louis, MO,
USA) in Ham’s F12 medium was added to the wells, and the plate was incubated at 37 ◦C
for 2 h. Medium containing unconverted MTT was removed, and 100 µL of MTT solvent
(4 mM HCl, 0.1% NP40, in isopropyl alcohol) was added to the wells in order to solubilize
MTT crystals. After 15 min of incubation at room temperature, the absorbance values at 570
nm were obtained with a Multiskan FC Microplate Photometer (Thermo Fisher Scientific,
Waltham, MA, USA). PrestoBlue reagent (#A13261, Thermo Fisher Scientific, Waltham, MA,
USA) was added to the medium (1:10 v/v) and incubated for 1 h at 37 ◦C. Cell viability
was calculated by quantifying PrestoBlue reduction by measuring the absorbance at 570
and 620 nm, according to the manufacturer’s protocol. The viability of untreated cells was
arbitrarily set at 100%, and the concentration at which cellular growth is inhibited by 50%
(GI50) was determined. Three independent experiments were performed.

4.2.5. Protein Extraction and Immunoblotting

Cell treatment. PC-3 and LNCaP cells were grown in 12-well tissue-culture plates
and treated with test compounds at the evaluated GI50 concentration for each candidate
inhibitor for 24 h. DMSO was used as a negative control, while Tubastatin-A and Gel-
danamycin were used as positive controls for HDAC6 and Hsp90 inhibition, respectively.
Vorinostat (SAHA) was used as a pan-HDACi control. Drug-treated PC-3 and LNCaP
cells were harvested by trypsinization, washed with phosphate-buffered saline 1 × (PBS),
and whole-cell protein extracts were prepared by lysis into 1x SDS sample buffer (25 mM
Tris–HCl pH 6.8, 1.5 mM EDTA, 20% glycerol, 2% SDS, 5% b-mercaptoethenol). Protein
quantitation was performed with Pierce Detergent Compatible Bradford Assay (#23246,
Thermo Fisher Scientific, MA, USA), and equivalent amounts of cellular extracts were
resolved by SDS-PAGE, transferred to PVDF or Nitrocellulose membrane with Trans-Blot
Turbo Transfer System (Bio-Rad, Hercules, CA, USA), and immunoblotted with the follow-
ing primary antibodies, diluted 1:1000 in 1× TBS with 1 mg/mL BSA: Anti-Histone H3
(#PA5-16183, Invitrogen, Thermo Fisher Scientific, MA, USA), Anti-acetylated histone H3
(#sc-518011, Santa Cruz Biotechnology, Inc., Dallas, TX, USA), Anti-Tubulin (#E-AB-20073,
Elabscience, Houston, TX, USA), Anti-acetylated α-tubulin (#sc-23950, Santa Cruz), and
Anti-HSP70 (#4872S, Cell Signaling Technology, Inc., Danvers, MA, USA). After incuba-
tion with secondary HRP-conjugated antibodies, Anti-mouse (#A16017, Invitrogen), and
Anti-rabbit (# A16023, Invitrogen, Thermo Fisher Scientific, MA, USA), membranes were
scanned with an Amersham Imager AI680 RGB (GE Healthcare Europe GmbH, Freiburg,
Germany), using detection reagents Westar ηC and Supernova HRP substrates (Cyana-
gen, Bologna, Italy). The raw data of the Western blot experiments are available in the
Supplementary Materials (Figure S4).

5. Conclusions

In this study, we devised and applied a virtual screening campaign on a large library of
commercially available compounds, searching for molecules endowed with Hsp90/HDAC6
dual activity and antiproliferative activity against LNCaP and PC-3 prostate cancer cells.
The performed analyses allowed the selection of eighteen compounds, four of which were
active against the HDAC6 recombinant enzyme and also displayed antiproliferative activity
against selected prostate cancer cell lines. While none of the compounds showed inhibition
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of Hsp90, they present low molecular size and structural features that might be opti-
mized through organic synthesis to potentially obtain structurally novel Hsp90/HDAC6
dual binders.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ph17081072/s1. Table S1: Drug-like properties predicted with
QikProp for the selected compounds; Table S2: Hsp90 and HDAC6 inhibitors reported in ChEMBL
that exhibited similarity to the commercial candidates showing activity on HDAC6, according to
the performed ligand-based analyses; Table S3: Number of Hsp90 and HDAC6 inhibitors reported
within ChEMBL with results similar to the commercial candidates resulting active against HDAC6,
according to the performed ligand-based analyses; Table S4: Custom filtering criteria applied to
retain compounds with a chemical scaffold closely resembling already reported drug-like molecules;
Figure S1: Hsp90 and HDAC6 warheads employed within the in silico screening campaign in the
initial phases of the filtering process; Figure S2: Dose–response curves of compounds 4, 8, 11,
and 18 tested for in vitro inhibition of HDAC6 activity; Figure S3: Dose–response curves of the
antiproliferative effects determined by PrestoBlue cell viability assay on LNCaP (panel A) and MTT
cell viability assay on PC-3 (panel B) cells treated for 24 h with different doses of the synthesized
compounds and of the reference standard Tubastatin-A; Figure S4: Raw data of the western blot
experiments shown in Figure 2A,C.
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