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Shifting the paradigm in treating multi-factorial
diseases: polypharmacological co-inhibitors of
HDAC6

Alexandria M. Chana and Steven Fletcher *ab

Multi-factorial diseases are illnesses that exploit multiple cellular processes, or stages within one process,

and thus highly targeted therapies often succumb to the disease, losing efficacy as resistance sets in.

Combination therapies have become a mainstay to battle these diseases, however these regimens are

plagued with caveats. An emerging avenue to treat multi-factorial diseases is polypharmacology, wherein a

single drug is rationally designed to bind multiple targets, and is widely touted to be superior to

combination therapy by inherently addressing the latter's shortcomings, which include poor patient

compliance, narrow therapeutic windows and spiraling healthcare costs. Through its roles in intracellular

trafficking, cell motility, mitosis, protein folding and as a back-up to the proteasome pathway, HDAC6 has

rapidly become an exciting new target for therapeutics, particularly in the discovery of new drugs to treat

Alzheimer's disease and cancer. Herein, we describe recent efforts to marry together HDAC

pharmacophores, with a particular emphasis on HDAC6 selectivity, with those of other targets towards the

discovery of potent therapeutics to treat these evasive diseases. Such polypharmacological agents may

supercede combination therapies through inherent synergism, permitting reduced dosing, wider

therapeutic windows and improved compliance.

Post-translational modifications (PTMs) are covalent
modifications to proteins that result in functional diversity,
and play key roles in a variety of biological processes.1 Lysine
acetylation has fast become one of the more prominent
classes of PTMs.2 Histone acetyltransferases (HATs) and
histone deacetyltransferases (HDACs) function in opposing
roles for the regulation of acetylation: HATs catalyze the
addition of an acetyl group to the ε-amino group of lysine
residues, while HDACs catalyze their removal.3 The most
notable role of HDACs is their deacetylation of lysine residues
at histone tails. This affords a significant conformational
change in the chromatin, owing to the introduced charge
complementary between the negatively-charged DNA and the
now-positively-charged histones.4 This process makes the
DNA more difficult to access by the transcriptional
machinery, resulting in the repression of mRNA synthesis.
Due to their function in epigenetic regulation, the HDACs
became common targets for diseases involving the
dysregulation of gene expression, such as cancer. However, it
was later discovered that these enzymes also function on

proteins other than histones, thereby expanding their use in a
variety of human diseases by controlling post-translational
acetylation.2

HDACs are classified according to their function and DNA
sequence similarity, and can be broken down into two
families: the classical HDACs and the silent information
regulator 2 related proteins (sirtuin), which are considered
class III HDACs. The classical HDACs are further divided into
class I (HDAC1–3 and 8), class IIa (HDAC4, HDAC5, HDAC7
and HDAC9), class IIb (HDAC6 and HDAC10), and class IV
(HDAC11).2,4 Class I HDACs are mainly located in the
nucleus, while class IIa are shuttled between the nucleus and
cytoplasm, and classes IIb and IV are localized to the
cytoplasm.4 All of the classical HDACs share sequence
similarities and require Zn2+ for deacetylase activity.2,4

Accordingly, binding this zinc ion is exploited in HDAC
inhibitor (HDACi) design (Fig. 1).5 Since they function on a
wide range of proteins, including those in several
pathophysiologic states, the inhibition of HDACs is not only a
common practice for the treatment of malignant3,4 (both
hematologic and solid tumor cancers) but is also being
investigated for nonmalignant diseases including
neurodegenerative diseases, such as Alzheimer's disease
(AD)4,6,7 and Parkinson's,6,7 as well as inflammation and
autoimmune diseases.8,9 Though four pan-HDACis have
gained FDA approval, the lack of selectivities in these drugs
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are associated with adverse side effects including fatigue,
nausea, vomiting, and cardiotoxicity.10,11 Selective inhibition
of specific isozymes within the family may be a viable strategy
to mitigate these unwanted effects.

As illustrated in Fig. 1, the generic structure of an HDACi
consists of three components: a zinc binding group (ZBG)
grafted to a capping group via a linking moiety; while the
ZBG engages the zinc ion in the active site of the enzyme, the
capping group sits on the surface of the cavity.12,13 The
hydroxamic acid functional group is the more prevalent ZBG
in HDACis; to a lesser extent, carboxylic acids and
ortho-amino anilides also feature as the ZBG.4

HDAC6 is a member of class IIb, and the development of
drugs targeting this member specifically have increased
within recent years due to its unique structure and
physiological functions.11 In addition to histones, HDAC6,
which is primarily localized to the cytoplasm, is the only
HDAC to possess two deacetylase domains, and is responsible
for the acetylation of some key non-histones, including
α-tubulin, cortactin and heat-shock 90 (Hsp90) function.
Thus, HDAC6 is involved in the regulation of intracellular
trafficking, cell motility, mitosis, as well as the maturation
and maintenance of proteins.14 Indeed, HDAC6 further
distances itself from the other family members in regulating
the disposal of misfolded proteins, serving as a bridge
between the ubiquitin–proteasome system and the aggresome
pathway, through its unique ubiquitin-binding domain.15

Recent structural data have shed light on the origins of
the serendipitous selectivities in some of the earlier HDAC6
inhibitors (HDAC6is), and it is envisaged this will prove
instrumental in the rational design of further HDAC6is with
improved selectivities.13,16 Christianson's group deduced
from their X-ray co-crystal structures that all three
components – the cap, linker and ZBG – of an HDAC6i
contribute to affinity and selectivity. In particular, differences

in the L1 loop impact cap binding, the unique residue S531
at the entrance to the active site may be targeted by the
linking group, and the wider binding pocket permits access
by bulkier linkers, such as aryl instead of alkyl, whose
attached ZBGs bind the Zn2+ through a monodentate binding
mode (the ZBG cannot penetrate deep enough due to the
bulkier linker to coordinate through the more typical
bidentate binding mode). Therefore, it is proposed that
selective inhibition of HDAC6 is possible by modification of a
pan-HDACi through increasing steric bulk of the capping
and/or linking groups.13,16 Indeed, when comparing the
structures of the pan-HDACi SAHA (vorinostat, 1) and the
HDAC6i ricolinostat (3), the bulkier capping group of the
latter is the sole difference and, therefore, is responsible for
the 4-fold increase in selectivity, while the major difference
between SAHA and HPOB (2) is the conversion of the alkyl
linker to a benzyl linker affording a >16-fold improvement in
HDAC6 selectivity (Fig. 1).13

HDAC6 overexpression has been observed in a range of
diseases, including cancer, cardiovascular disease, and
neurodegenerative diseases, where the aberrant levels may
be the cause or a response to the pathophysiology.6,14

Crucially, HDAC6 knockout mice grow and develop without
physical or physiological impairments, indicating the
selective inhibition of HDAC6 would be tolerated as a
therapeutic.17 There have been clinical applications of
HDACi (and clinical trials using HDAC6 selective inhibitors)
in combination with other agents for the treatment of
human disease. Though combination treatments of HDACi
with other therapeutic agents have been successful,
polypharmacological strategies may provide additional
advantages.

Polypharmacology is an emerging field in drug discovery
that may revolutionize the treatment of multi-factorial
diseases, which are disorders that can exploit alternative
parallel and/or redundant pathways to accomplish drug
resistance.18,19 In a paradigm shift from conventional drug
therapy in which a single drug is designed to bind a single
target, polypharmacology is the development of single
drugs that have been rationally designed to inhibit multiple
targets. This may be achieved in several ways, for example,
a single pharmacophore may be fashioned to bind multiple
proteins, or two distinct pharmacophores may be ligated to
afford a bivalent inhibitor (Fig. 2).18,19 One of the most
exciting prospects of this strategy is the anticipated
synergistic therapeutic effect, which could allow for lower
doses of the therapeutic agent.18,19 The lower dosage could
result in less toxic side effects as well as increase the
therapeutic window of the drug as opposed to combination
therapy. The proposed synergistic effect can be attributed
to the simultaneous presence of both target ligands in
tissues where they are required for therapeutic effect.18

Additional pharmacologic advantages include a more
predictable pharmacokinetic profile and a decrease in
drug–drug interactions when compared to combination
treatment.18,19 Finally, polypharmacology may increase

Fig. 1 A. General HDACi pharmacophore; B. lead HDACis.
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patient compliance, provide an economic advantage, and be
easier to develop.18,19 Dosing schedules when using a
combination therapy can often be complex, especially when
these agents have significant toxicity; a polypharmacologic
agent would make the treatment easier to dose and develop
in clinical trials given that it is a single agents and requires
less safety and efficacy testing than combination
treatments.18

Given these advantages, this manuscript reviews recent
advances in the development of polypharmacological
inhibitors that, in addition to binding a secondary target,
preferentially inhibit HDAC6 around two-fold or better than
the other HDAC family members. Particularly, the tolerance
of varied capping groups in the HDACi pharmacophore lends
itself to the linked pharmacophore hybridization strategy,
and in all the reports that follow, the secondary
pharmacophore serves as the understudy to the capping
group of HDACi.11 In some cases, the biological activity may
be ascribed to other HDAC isoforms, but potent inhibition of
HDAC6 suggests some contribution to the observed biological
response is likely, and capitalizing on recent structural
studies may permit the discovery of more selective HDAC6
co-inhibitors. In the figures that follow, red colouration refers
to the HDAC6 pharmacophore whilst blue refers to the co-
pharmacophore. Lastly, all the HDAC isoform binding
affinity data for the compounds described herein are
conveniently located in Table 1.

Alzheimer's disease
HDAC6 in Alzheimer's disease

Alzheimer's disease (AD), which is characterized by protein
aggregate deposits of amyloid-β (Aβ) plaques and tau
neurofibrillary tangles, is the most common form of
dementia in the elderly population.20 The drug discovery
attrition rate for AD is bleak at 99.6%,21 and, although there
are drugs available that slow the progression of the disease,
there remains no cure, primarily because its molecular
pathogenesis is not fully understood.21 While the bulk of the
drug discovery efforts into AD has revolved around reducing
Aβ levels, alternative targets, including epigenetic targets,22

such as DNA methylation and histone acetylation, are being
discovered, testament to its multi-factorial disease infamy.

Since acetylation of histones plays a role in rescuing
learning and memory impairment, HDACs are emerging
targets for combating the effects of AD,23 in particular class
I HDACs and HDAC6, which have been linked to AD-
associated memory impairment.24 Furthermore, HDAC6
blockade promotes the removal of Aβ and tau.25 Though
HDAC6 as a therapeutic target for neurodegenerative
disease was originally controversial,26 more recent studies
have reported positive results from selective HDAC6
targeting.6 Tau hyperphosphorylation results in the
accumulation of tau aggregates, Aβ one of the hallmarks of
the development and progression of AD.27,28 HDAC6
activity, which is elevated in the cortex and hippocampus
of AD patients,29 indirectly contributes to this increase in
phosphorylation through the deacetylation of serine
residues in KXGS motifs within the microtubule-binding
domain of tau, rendering them phosphorylatable.30

Recently, the HDAC6 selective inhibitor MPT0G211 was
shown to considerably mitigate tau phosphorylation and
aggregation. Furthermore, Hsp90 acetylation levels were
increased, decreasing Hsp90, which resulted in
ubiquitination, hence clearance, of phosphorylated tau
proteins.31

GSK-3β/HDAC6 dual inhibitors. GSK-3β is a popular target
for AD treatment because it plays a significant role in disease
onset and progression; it is a key signaling enzyme that
modulates the hyperphosphorylation of tau proteins.28 Both
the GSK-3β and HDAC pathways are capable of shifting
microglia from the M1 proinflammatory phenotype to the M2
anti-inflammatory; the M1 is responsible for neurotoxic effects
while the M2 has neuroprotective effects.32 GSK-3β is also part
of the protein complex that is partially responsible for the
phosphorylation of HDAC6, which enhances its activity.33

Combination therapies of GSK-3β inhibitors and HDACis
have demonstrated synergism in models of AD, as well as
enhanced therapeutic selectivities.34–36 Accordingly, De
Simone and colleagues developed dual GSK-3β and HDACis
through the conjugation of phthalimide, present in several
GSK-3β inhibitors, such as 4 (3F8), to the hydroxamic acid
ZBG through an alkyl-thiourea linker (Fig. 3).37 Compound
5 was the most potent dual GSK-3β/HDAC6 inhibitor of the
library. This dual inhibitor was evaluated both in vitro and
in vivo using a zebrafish model, and exhibited the highest
affinities (IC50s) for GSK-3β (2.69 μM) and HDAC6 (3.19 ±
0.08 μM), with about four-fold selectivity over HDAC1
(12.78 ± 0.11 μM); these data are similar for SAHA under
their assay conditions. When tested in cells, 5
demonstrated a balance in the inhibition of GSK-3β and
HDAC6. Furthermore, there was an increase in
hyperacetylation of α-tubulin at low treatment levels (<0.1
μM) without an increase in acetylation of histone 3 (H3) at
the highest tested concentrations. In vitro studies also
confirmed that the inhibitor increased neurogenesis and
had the ability to counteract neuronal cell death caused by

Fig. 2 Two types of polypharmacology.
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oxidative stress. This dual inhibitor did not cause any toxic
effects up to 100 μM both in cells and in zebrafish. When
treating zebrafish embryos, there were no toxic effects seen
at 25 μM, though phenotypic changes were shown at
50 μM.

PDE5/HDAC6 dual inhibitors. Phosphodiesterase 5 (PDE5)
is upregulated in the brains of AD patients, often with
lowered cGMP in the cerebrospinal fluid.38 Inhibition of
PDE5 leads to activation of the CREB pathway, crucial for
memory formation, and subsequent improvement of AD
symptoms in animal models.39 Cuadrado-Tejedor and
colleagues previously demonstrated a synergistic effect
between the pan-HDACi SAHA and the PDE5 inhibitor
tadalafil in terms of mitigating cognitive deficits in AD mice,
and diminishing amyloid and tau pathologies, which was
greater than either drug alone.39 Motivated by these findings,
the authors embarked on the development of a dual PDE5/
HDACi: their goal was a moderate class I HDACi (to mitigate
side effects observed with pan-HDACis), but a potent HDAC6
and PDE5 inhibitor.40

Accordingly, the largely-solvent exposed (PDB: 1TBF)
sulfonylpiperazine motif of the PDE5 inhibitor 6 (sildenafil)
was replaced with various linkers to which were grafted
hydroxamic acids, while retaining the pyrazolopyrimidinone
core (Fig. 4). A library of over 100 compounds was prepared,
and after various in vitro screens and ADME studies,
compound 7 (CM-414) emerged as a tool to further explore
the dual inhibition of PDE5 and HDACs. The cis and trans
isomers of CM-414 were prepared and found to be
equipotent to the diastereomeric mixture, which was thus
used for further studies. CM-414 potently inhibited PDE5
with an IC50 of 60 nM, as well as several HDACs with at
least a three-fold selectivity for HDAC6: IC50 = 310, 490, 322
and 91 nM (HDAC1, HDAC2, HDAC3 and HDAC6,
respectively). Treatment of Tg2576 mice – a mouse model
for AD research in which the mice have a mutant form of

amyloid precursor protein (APP695SWE) that produces
excess Aβ – with CM-414 resulted in the rescue of cognitive
impairment as well as a reduction in Aβ and tau
phosphorylation. It is unclear if the dual drug is more
efficacious than the corresponding combination therapy as
that comparison was not made.

Further optimization of CM-414 to enhance selectivity for
HDAC6 focused on modifying the linker group;41 aryl
hydroxamic acids enhanced the HDAC6/HDAC1 selectivity up
to 33-fold, consistent with previous X-ray co-crystal structural
data explaining the HDAC6-selectivity of the phenyl
hydroxamic acid motif.6 Although CM-414, which functions
as a pan-HDACi, achieved greater improvement in memory,
the authors acknowledged that it is premature to surmise
that pan-HDAC inhibition is more optimal than HDAC6
selective inhibition, and they are engaged in further work
here.

PDE9/HDAC6 dual inhibitors. Since elevated levels of
phosphodiesterase 9 (PDE9) have also been observed in AD
brains,38 Oyzarzabal's research group extended their dual
PDE5/HDAC strategy to a dual PDE9/HDAC inhibitor.42

Starting with known PDE9 inhibitors, including 8 (PF-
04447943) and the congener PF-04449613 that carries an
azetidine ring in place of the pyrrolidine, the authors grafted
on various linkers with hydroxamic acid and ortho-amino
anilides as ZBG through the pyrrolidine or azetidine rings
(Fig. 5). Crucially, the pyrazolopyrimidinone core was
retained so that PDE inhibition was sustained, but also the
basic nitrogens in the pyrrolidine and azetidine rings were
retained since previous work revealed these engage in a
water-mediated hydrogen bond with Tyr424, which is a non-
conserved residue in the PDE family and believed to be a
determinant in PDE9 selectivity.43,44 In all, three families of
compounds were prepared: dual PDE9/pan-HDAC, dual
PDE9/class I HDAC, dual PDE9/HDAC6 inhibitors. While
ortho-amino anilides were essentially inactive against HDAC6,
they exhibited triple-digit nanomolar IC50s against HDAC1.
In many cases, the hydroxamic acid ZBG elicited greater
inhibition of HDAC6 versus HDAC1, typically by a factor of
only three or four-fold, although selectivities as high as 32-
fold were also reported; the benzyl hydroxamic acid delivered
the best selectivity for HDAC6, in keeping with previous
crystallographic studies that explained the determinants of
HDAC6 selectivity.13 PDE9/HDAC dual inhibitor 9, with a
phenyl hydroxamic acid, demonstrated an IC50 for HDAC6 of

Fig. 3 Conversion of the GSK3β inhibitor 3F8 into a dual GSK3β/
HDAC6 inhibitor.

Fig. 4 Conversion of the PDE5 inhibitor sildenafil into a dual PDE5/
HDAC6 inhibitor.

Fig. 5 Conversion of the PDE9 inhibitor PF-04447943 into a dual
PDE9/HDAC6 inhibitor.
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40 nM, corresponding to almost 15-fold and 100-fold
selectivities over HDAC1 and HDAC2, respectively, and
potently inhibited PDE9 with an IC50 of 107 nM, and inactive
against PDE5 (IC50 > 10 000 nM). Given these excellent data
and satisfactory brain permeability, 9 was selected for further
study. In fact, 9 reversed the AD phenotype when aged
Tg2576 mice were treated chronically.45

Cancer
HDAC6 in cancer

HDAC6 overexpression has been reported in several different
cancers, including acute myeloid leukemia (AML), ovarian
cancer and hepatocellular carcinoma,46–48 and is required for
oncogenic transformation, tumor development, and also
plays a key role in cancer immunity.44 From a therapeutic
perspective, it is particularly noteworthy that knockdown of
the enzyme is not detrimental to growth, development, nor
overall survival of mice models.15 Indeed, HDAC6 has risen
as a prominent target for cancer treatment,11,14 and the more
recent efforts to marry together the HDACi pharmacophore
with other significant cancer-associated pharmacophores are
described below, along with discussions on HDAC6
selectivities.

Topoisomerase poisons/HDAC dual inhibitors. The
topoisomerase I and II enzymes are crucial to the regulation
of DNA topology; they catalyze the reversible cleavage of
single-(type I) and double-strand (type II) DNA, which relieves
the torsional stress that develops during replication and
transcription. Topoisomerase poisons are small-molecules
that stabilize the transient covalent complexes between
enzyme and DNA, thereby inhibiting DNA replication and
transcription.49–52 As such, topoisomerase poisons have found
utility as antineoplastic agents. Their efficacy is directly
related to their accessibility to the DNA; the more the histones
are acetylated, the less they interact with DNA and the more
lethal the DNA damaging agents become.53

Previously, synergy was observed between HDACis and
topoisomerase poisons, and this is likely due, at least in part,
to prevailing acetylated histones, indicating less condensed
chromatin, and greater DNA accessibility.54,55 SAHA is an
FDA approved HDACi for cancer treatment; however, this
drug has insufficient efficacy on solid tumors when used as a
monotreatment.56–58 DACA (10) is a topoisomerase I and
topoisomerase II poison that has proven susceptible to
resistance, reducing its efficacy in chemotherapy.59 Inspired
by the aforementioned synergy, Yu and co-workers replaced
the tertiary amino group of DACA with an hydroxamic acid,
maintaining the intercalating acridine core intact to arrive at
hybrid compound 11 (WJ35435), as illustrated in Fig. 6.60

Synergistic efficacy was observed in both in vitro and in vivo
evaluations. The hybrid molecule functioned as both an
HDAC6 (IC50 = 2.2 nM) and HDAC1 (IC50 = 16.6 nM)
inhibitor, as well as a topoisomerase I inhibitor, apparently
losing the topoisomerase II activity of the parent DACA;
however, despite proving to be a more potent HDAC6

inhibitor, the therapeutic effects were attributed to HDAC1
inhibitory activity rather than HDAC6. This is because
HDAC1 inhibition is known to induce changes in DNA
transcription and translation by removing acetyl lysine
groups on histones, resulting in conformational changes of
chromatin. WJ34534 also displayed characteristics of a more
potent topoisomerase poison than DACA.60 It is also
important to note that the hybrid molecule was significantly
more selective against malignant prostate cancer cells over
benign cells.

WJ35435 was next subjected to anti-proliferation studies,
and cell cycle growth at various stages in the human
hormone-refractory metastatic prostate cancer cells PC-3
and DU-145 were examined and compared to both SAHA
and DACA, although the combination of SAHA and DACA
was not explored. The proliferation inhibition of both cell
lines was in the sub-micromolar range (IC50 = 390 nM (PC-
3) and 330 nM (DU-145)), several fold better than SAHA or
DACA, good selectivity was exhibited over benign prostate
cells. At low concentrations, there was an arrest at the G1
phase of the cell cycle, consistent with the effects of SAHA.
At higher concentrations, cell cycle arrest was observed at
the G2/M phase, in line with the effects of DACA. The anti-
HDAC activity of the compound was tested by comparing
the acetylation of both histone H3 and α-tubulin to
controls. There was a drastic increase in acetylation of both
proteins at low concentrations. Xenograft nude mice were
used to determine the in vivo effects of WJ35435, which
resulted in tumor antiproliferation consistent with the
in vitro studies, and did not result in weight loss of the
animal models.

Structural modifications of the natural product
podophyllotoxin (PPT) resulted in the discovery of the FDA-
approved anti-cancer drug etoposide (12), which is a potent
topoisomerase II poison.61 Given reports of synergy between
HDACis and etoposide,62 Zhang et al. hypothesized that
more efficacious anti-cancer agents could be realized by the
replacement of the glucopyranoside of etoposide with an
aromatic capping group coupled to a ZBG through a linker,
as exemplified by 13 in Fig. 7.63 The authors investigated
the substitution position off the aromatic capping group,
the linker length, and two general types of ZBG: the
classical hydroxamic acid and the more novel ortho-amino
anilide; in general, the latter tends to show greater affinity
to HDAC1. Hydroxamate 13 showed high affinity for the
HDAC family as well as topoisomerase II, making it the
lead compound.

Fig. 6 Transformation of the topoisomerase poison DACA into a dual
topoisomerase I/HDAC6 inhibitor.
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When tested against three different HDAC isoforms,
compound 13 showed the highest affinity for HDAC6 (IC50 =
5.6 ± 0 nM) over HDAC1 (IC50 = 11 ± 3 nM) and HDAC3 (IC50

= 9.6 ± 3 nM). Topoisomerase II relaxation assays
demonstrated that the addition of the ZBG did not affect
topoisomerase II inhibition. Compound 13 was also the most
potent compound when tested in HCT116 cells with an IC50

value of 3.33 μM, which was four-fold worse than SAHA.
While the selectivity for HDAC6 was marginal – and was not
the goal of the work – it may be of interest to capitalize on
the findings by Christianson's group13 to enhance the HDAC6
selectivity and then investigate the biological ramifications of
a dual topoisomerase II/HDAC6 inhibitor.

In later research, Sheng's group prepared the first-in-class
triple topoisomerase I/II/HDAC inhibitor. Grafting a SAHA-
like linker and hydroxamic acid onto the dual topoisomerase
I/II inhibitor 3-amino-10-hdroxylevodiamine 14, their work
culminated in 15 (Fig. 8), which potently, and with a similar
two-fold selectivity to 13, inhibited HDAC6 and HDAC1 with
IC50s of 13 ± 1.7 nM and 24 ± 3.2 nM, respectively.64 As well
as retaining dual inhibition of topoisomerases I and II, 15
inhibited the proliferation of HCT116 colorectal cells with
sub-micromolar activity (IC50 = 0.41 μM), comparable with
the parent topoisomerase I/II inhibitor 14 and almost an
order of magnitude better than SAHA; the combination of 14
and SAHA in a molar ratio was not explored.

AR/HDAC6 dual inhibitors. The androgen receptor (AR)
antagonists enzalutamide (16) and abiraterone are approved
treatments for metastatic castration-resistant prostate cancer
(mCRPC), but unfortunately they produce no therapeutic
effects in a large number of patients; secondary resistance to
approved drugs has also been a prevalent issue, as it is with
many other cancers.65 It is believed that the lack of
therapeutic affect and resistance are due to splice variants of
ARs.65 The AR functions as a transcriptional factor that is
responsible for growth regulation and development in the
prostate; therefore, the AR is a driving force behind prostate
cancer.66 Hsp90 controls the activation of the AR, as well as
regulating AR stability and nuclear localization.67,68 In order
to perform these functions, Hsp90 must be in its active,
deacetylated form, which is modulated by HDAC6.68 The
relationship between the AR and HDAC6 suggests dual
inhibition of these targets may be a promising avenue for the
discovery of new mCRPC therapeutics.67–69

Indeed, synergistic increases in the cytotoxicity in
preclinical models has been observed with HDACi and AR
inhibitor combination therapy, including in models that are
treatment resistant.69 And it has been proposed that the AR
antagonist of AR/HDAC dual inhibitors, may also function as
a homing device, delivering the HDACi to the prostate
cancer.70 Several groups have converted the AR antagonist
enzalutamide into a dual AR/HDAC6 inhibitor. In 2016,
Rosati and colleagues inferred from their cell data that their
dual AR/HDAC6 inhibitor was selective for HDAC6 over the
other HDACs but no specific binding data were provided to
gauge the selectivity.71

In the same year, Jadhavar et al. used the methyl amide of
enzalutamide as the grafting point, as depicted in Fig. 9,
attaching a wide range of ZBGs, and modifying the linker
length as well.72 The authors found that hydroxamate-based
dual AR/HDAC inhibitors were the most selective for
HDAC6,72 and retained their antiandrogen characteristics.
The authors specifically drew attention to compound 17,
which had an HDAC6 IC50 of 36 nM, almost 100-fold
selectivities over other HDAC isozymes, and an AR binding
IC50 of <30 nM. In vitro studies showed that the compound
decreased AR levels and increased levels of acetylated
tubulin. Control compounds MS-275 (HDAC1 and HDAC3
inhibitor), SAHA (pan-HDACi), and tubastatin A (HDAC6
inhibitor) were probed for changes in AR levels and degrees
of tubulin acetylation; only tubastatin A reduced the amount
of AR and increased tubulin acetylation, supporting the
premise of a link between AR and HDAC6.68 Similarly, 17

Fig. 9 Discovery of a dual AR/HDAC6 inhibitor.

Fig. 7 A dual topoisomerase/HDAC6 inhibitor beginning with
etoposide.

Fig. 8 A first-in-class triple topoisomerase I/topoisomerase II/HDAC6
inhibitor.
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lowered AR protein levels and caused the hyperacetylation of
tubulin. Finally, given the intrinsic toxicity of the hydroxamic
acid functional group coupled with its poor
pharmacokinetics, it is noteworthy that the authors observed
>100-fold selectivity, albeit moderate affinity (IC50 = 1.12
μM), for HDAC6 with the alternative sulfamide ZBG, which is
present in carbonic anhydrase inhibitors; they intend to try
to further optimize this, although no further updates have
hitherto been reported.

Hsp90/HDAC6 dual inhibitors. Along with activation of
AR, Hsp90 is an ATP-dependent molecular chaperone that is
responsible for assisting its substrate proteins in maturation;
hence, the inhibition of this protein results in the disruption
of many signaling pathways that are exploited by cancers.73

Inhibition of HDAC6 leads to the degradation of survival
proteins in human leukemia cells through the acetylation of
Hsp90, thereby inhibiting its ATP binding and chaperone
function.74,75

Motivated by recent publications describing synergy
between Hsp90 inhibitors and HDACis,76–79 Ojha et al.
designed dual Hsp90/HDACis by modifying a prior HDACi
from their group. Starting with a 5-aminoindoline scaffold,
they grafted on various hydroxamic acids at the 5-position
to recognize HDACs, and a resorcinol derivative at the
1-position, since this motif is present in several Hsp90
inhibitors, such as 18 (AUY922).80 The most promising
dual inhibitor was compound 19 (Fig. 10), with a linker
length of six carbons. This small-molecule potently
inhibited HDAC6 (IC50 = 1.15 nM) with 113-, 139- and 246-
fold selectivities over HDAC1, HDAC3 and HDAC8,
respectively (note: there is a conflict between the units in
the text and the table in this publication, but the
calculated selectivities provided here are consistent
throughout the paper), potently inhibited Hsp90 (IC50 = 46
nM) and had the greatest anti-proliferative effects in vitro.
Their compounds were evaluated in multiple cell lines,
including colorectal cancer (HCT116) and AML (HL60) cells,
with GI50 values in the low to sub-micromolar range,
largely on a par with SAHA. Notably, those compounds that
exhibited potent inhibition of Hsp90 but did not bind the
HDACs also demonstrated antiproliferative properties,
indicating that the anti-proliferative effect in these
instances was due to inhibition of Hsp90. Compound 19
was tested for its effect on Hsp90 client proteins by
examining Hsp70, Akt, STAT3, α-tubulin, and histone H3.

There was a considerable increase in Hsp70 and decrease
in Akt, which is indicative of Hsp90 inhibition. Results also
displayed an increase in the acetylation of both H3 and
α-tubulin, although the acetylation of α-tubulin occurred at
a lower concentration with a more defined increase. These
results were augmented when tested over time, along with
a decrease in STAT3, another factor characteristic of Hsp90
inhibition.

FGFR1/HDAC6 dual inhibitors. Fibroblast growth factors
function in many physiological processes, such as
embryogenesis, tissue homeostasis and repair, wound
healing, and inflammation.81 Fibroblast growth factor
receptors (FGFRs), which are tyrosine kinases (TKs), play
crucial roles in the cell, including tissue homeostasis,
inflammation and wound healing, and can be divided into
four isoforms (FGFR1–4), each of which are amplified in
many different types of cancer.81 Recently, the
combination of HDAC6 inhibitors with tyrosine kinase
inhibitors (TKIs) showed efficacy in breast cancer.82,83

Inspired by these reports, Liu and co-workers embarked
on the development of dual FGFR1/HDAC6 inhibitors.84 In
particular, the solvent-exposed N-ethyl-4-piperazine of the
FGFR1 inhibitor 20, which was introduced to improve the
compound's physicochemical properties, was replaced with
an hydroxamic acid, delivering a phenyl hydroxamic acid
moiety, the same motif that furnishes nexturastat A and
tubastatin A with HDAC6 selectivity, as shown in
Fig. 11.13

The library of compounds was first tested for inhibition of
HDAC6, followed by anti-proliferative evaluation of breast
cancer MCF-7 cells, using SAHA and nexturastat A as
controls. It was determined that compound 21 was the most
promising compound with the highest affinity for HDAC6
(IC50 = 34 nM) and greatest cytotoxic effects in cells (IC50 = 9
μM). Compounds were also tested for the percent inhibition
of FGFR1, HDAC1, HDAC6, and HDAC8 at a concentration of
1 μM. Lead compound 21 had the highest percent inhibition
of FGFR1 (64%) as well as excellent inhibition of HDAC6
(88%) with weaker inhibitions of HDAC1 and HDAC8 (59%
and 20%, respectively), demonstrating selectivity for the
HDAC6 isozyme. The percent inhibitions were determined by
a routine HDAC assay with a fluorogenic HDAC peptidic
substrate. In general, the HDAC6 inhibition data and the
anti-proliferative data were in agreement with one another.
Unfortunately, the potent inhibition of FGFR1 by 20 (98% at
1 μM) was lost and could not be recovered, which may be a

Fig. 11 Conversion of the FGFR1 inhibitor 20 into a dual FGFR1/
HDAC6 inhibitor.Fig. 10 A dual Hsp90/HDAC6 inhibitor.
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consequence of a clash of the hydroxamic acid with the
FGFR1 active site; it may be prudent to revise the design
slightly and re-graft the hydroxamic acid such that it points
further into the solvent, for example at the N-ethyl position
of the N-ethyl-4-piperazine.

ER/HDAC6 dual inhibitors. The estrogen receptor (ER),
which has two sub-types (ERα and ERβ), is a transcription
factor that has a regulatory role in many physiological and
pathological processes,85 and is itself regulated through ligand
binding.86 ERα is found predominantly in the sex organs,
whilst ERβ is found more generally about the body. Although
both sub-types have highly conserved ligand binding regions
(only two amino acid differences), it is thought that they use
different ligands and the two subtypes have opposite functions
with ERβ inhibiting ERα function. Indeed, in many breast
cancers, activation of ERα by estrogens is widely viewed as the
culprit for the hyperproliferation,87 and this is directly thwarted
by the anti-proliferative activity of Eβ, and thus ERα
antagonists and/or ERβ agonists are being considered as
sources of new anti-cancer drugs. Some of the more
predominant antagonists are hormone agents; the most
recently approved class is the selective estrogen receptor
modulators (SERMs).88,89 However, these treatments often lead
to resistance or are inactive against tumors.90

Recent phase II clinical trials have shown a possible
synergistic effect produced by co-treatment of tamoxifen, a
SERM, with the HDACi SAHA.91 The ER signaling pathway
requires the displacement of repressor proteins as well as the
recruitment of activator proteins to transcription complexes
with the bound ER.92 It is hypothesized that an interaction
occurs between HDAC, the repressor proteins, and the ER in
silenced nuclear transcription complexes.92 HDAC1,
specifically, was observed to interact with the activation
function 2 and DNA binding domain of ERα.93 Additionally,
ERα levels were decreased upon knockdown of HDAC1 or
inhibition of HDACs.94

Tang and colleagues accordingly developed a library of
dual ER/HDACis.95 Their strategy began with the novel SERM
oxabicycloheptene sulfonate (OBHS, 22). A range of HDAC
binding moieties were attached to these inhibitors, all of
which carry a SAHA-like six-carbon methylene linker with a
hydroxamic acid, a methyl ester or a carboxylic acid. From
these dual inhibitors, 23 (Fig. 12), with a carboxylic acid ZBG,
was the most potent antagonist of with a binding affinity
ERα (Ki = 25.00 nM) comparable to that of the parent
compound OBHS (Ki = 21.53 nM). However, in a dramatic
improvement of the two-fold selectivity demonstrated by
OHBS, 23 also exhibited the highest ERα/ERβ ratio (28.18),
showing that the compound is selective for ERα, an ideal
characteristic for cancer treatment. Interestingly, however,
when tested for antagonist activity against ERα, compound
23 had a better binding affinity and potency but a reduced
efficacy as an antagonist of 25%. 23 also exhibited a
nanomolar IC50 value for HDAC1 (0.107 μM) while having a
higher value for HDAC6 (8.34 μM). Although the authors were
not on a quest for HDAC6 selectivity, it is noteworthy that

replacement of the carboxylic acid of 23 with a hydroxamic
acid (24) afforded increased selectivity for HDAC6 over
HDAC1 (IC50s of 189 nM and 583 nM, respectively). The
development of a dual ER/HDAC6 inhibitor is of interest
because the overexpression of HDAC6, which is an estrogen-
regulated gene, has been observed in ER(+) MCF-7 breast
cancer cells.96

Although 23 was upwards of 30-fold worse in blocking
proliferation of two cancer cell lines (MCF-7 (breast) and
DU145 (prostate)) than SAHA, when evaluated in healthy
VERO cells, 23 was nontoxic with an in vitro therapeutic index
(IC50(VERO)/IC50(MCF-7)) > 5.24, which was better than
SAHA (1.64). As far as the binding of the polypharmacologic
compounds to targets, it is believed that they bind in a serial
fashion in which the drug molecule first binds to the ER
target, localizing them into the ER(+) tissues followed by
dissociation from the target and inhibition of HDAC.

PARP/HDAC6 dual inhibitors. Olaparib (25) is an FDA
approved drug for the treatment of BRCA-mutated ovarian
cancer.97 This drug inhibits poly(ADP-ribose)polymerase
(PARP), which is responsible for multiple cellular processes
such as DNA damage response, chromatin remodeling, cell
cycle regulation, and cell death.98 It is believed that PARP
inhibitors suppress DNA damage repair, therefore sensitizing
cancer cells to DNA damaging agents.99 However, olaparib
shows limited activity in tumor cells with defective
homologous recombination repair (HRR);97 a
polypharmacological strategy may help restore the anti-tumor
activity of olaparib especially in HRR proficient subtypes.

Both PARP and HDACis sensitize tumor cells to other
anticancer agents when delivered as a co-treatment.100,101

Dosing of PARP inhibitors in combination with HDACis
produces a synergistic effect both in vitro and in vivo.102–105 It
is believed that this is due to HDAC inhibition induces
damage in tumor cells while PARP inhibition suppresses the
DNA repair mechanisms. HDAC inhibition decreases the
levels of DNA damage response as well as downregulates
HRR genes, that lead to “BRCAness” and therefore enhancing

Fig. 12 Dual ERα/HDAC1 (23) and ERα/HDAC6 (24) inhibitors.
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PARP activity in triple negative breast cancer regardless of
BRCA1 mutation, triple negative breast cancer with
phosphatase and tensin homolog expression, HRR-proficient
ovarian cancer, and prostate cancer.102–105 These previous
studies were the basis of creating a small library of
polypharmacologic PARP/HDAC inhibitors by grafting
hydroxamic acid moieties at the aroyl amide bond location of
olaparib.106

When compared to olaparib (values in parentheses), lead
compound 26 (P1, Fig. 13) was 19-fold less potent against
PARP1 with an IC50 value of 68.15 nM (3.59 nM), and around
two-fold less potent against PARP2: IC50 = 5.02 nM (2.81
nM).106 This led to the determination that the piperazine
may be important for inhibition of PARP1 and is dispensable
for effective inhibition of PARP2. When tested for HDAC1
and HDAC6 inhibition, P1 had values more similar to the
control compound, SAHA (values in parentheses), with IC50

values of 27.26 ± 0.59 nM (11.34 nM) for HDAC1 and 8.21 ±
0.36 nM (7.70 nM) for HDAC6. The linker length was directly
related to the selectivity for HDAC6; compound 27 (P4) with
the shortest linker was the most selective with 30-fold greater
affinity towards HDAC6 than HDAC1.

All four compounds were tested in multiple cell lines in
various cancers, including breast, lung and cervical cancers,
leukemia, and lymphoma; in general, the in vitro data
mirrored the cell data. P1 demonstrated the greatest anti-
proliferative activity with IC50 values < 10 μM. In a long-term
anti-tumor study using MDA-MB-231 cells, P1 had a higher
potency (IC50 = 0.22 μM) than both olaparib (IC50 = 7.92 μM)
and SAHA (IC50 = 0.43 μM) controls, although it is unclear if
the polypharmacological strategy was superior to the
corresponding combination approach since no cell data was
provided for the combination of olaparib and SAHA. The lead
compound was also less potent than SAHA in healthy MCF-
10A cells. Further analysis of P1 revealed that it induced
apoptosis in MDA-MD-231 cells and that this was associated
with modulation of the HDAC and PARP pathways.

JAK2/HDAC6 dual inhibitors. Activation of Janus kinases
(JAKs) – which is a family of non-receptor tyrosine kinases –

results in phosphorylation and dimerization of signal
transducers and activators of transcription (STAT) protein,
leading to gene transcription activation. The JAK/STAT
signaling pathway is pivotal in survival, cell proliferation,
differentiation and a range of developmental processes.

Dysregulation of the pathway is associated with several
pathophysiologies, including immune disorders and
cancer.107 Hence, JAK inhibitors have been extensively
investigated as new therapeutics for the treatment of
immune-inflammatory diseases such as rheumatoid arthritis,
as well as solid tumors and hematological malignancies.108

The deployment of JAK inhibitors for targeting the JAK/
STAT pathway have been effective in the treatment of patients
with myeloproliferative neoplasms, which often lead to
leukemia.109,110 HDAC inhibition also has implications in T
cell lymphoma.111 Recent clinical trials demonstrated the
usefulness of the JAK2 inhibitor ruxolitinib and the pan-
HDACi panobinostat dosed in combination as a viable
treatment for both solid tumors and hematological
malignancies; therefore, the combination of these families of
inhibitors into a single multi-targeted compound could prove
a useful anti-cancer treatment.112–114

Motivated by the observed synergy between the JAK2/FLT3
inhibitor pacritinib (28) and HDACis in cells, Dymock's
laboratory embarked on the development of
polypharmacologic inhibitors of both JAK2 and, through the
grafting of the linker and hydroxamic acid of SAHA, HDACs
onto pacritinib.115 Exposed to the solvent, the pyrrolidine
ring served as an excellent point of fusion of the two
pharmacophores.

Both carboxylic acids and hydroxamic acids were tested as
potential ZBG; as anticipated, the carboxylic acids were weak
binders, and so the majority of the research centered on
hydroxamic acids. In addition, the optimal linker length was
six methylenes. Hydroxamic acid 29 (Fig. 14) demonstrated
potent HDAC6 inhibitory activity with an IC50 value of 2.1 nM
and >100-fold selectivity over HDAC1. This compound also
retained potent JAK2 inhibition with IC50 value of 1.4 nM,
and was >50-fold selective for JAK2 over a panel of 97
kinases. The library of compounds was also evaluated in both
solid tumor and hematological cell lines. The carboxylic acid
derivatives displayed no activity in any of these cell lines.
However, hydroxamate 29 was potent against all cancer cell
lines with IC50s around 1–2 μM, and as low as 0.94 μM in the
erythroleukemia cell line HEL92.1.7 that expresses the
JAK2V617F mutant. Lastly, the anti-proliferative effects –

comparable with that of the controls SAHA and pacritinib –

of the lead compounds were consistent with abrogation of
the JAK/STAT and HDAC pathways in multiple hematological
cell lines.

Fig. 14 A dual JAK2/HDAC6 inhibitor.
Fig. 13 Transformation of the PARP inhibitor olaparib into a dual
PARP/HDAC6 inhibitor.
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Dymock's group also approached the discovery of dual
JAK/HDACis through grafting SAHA-like linkers and
hydroxamic acids onto the pyrazole portion of the JAK1/2
inhibitor ruxolitinib (30), retaining the crucial
pyrrolopyrimidine that is known to bind the hinge region of
JAK1/2 (Fig. 15).116 Although favoring HDAC6 ever so slightly,
resulting bivalent compound 31 inhibited HDAC1 and
HDAC6 equipotently (IC50s of 6.0 ± 2.0 nM and 1.0 ± 0.1 nM,
respectively). Compound 31 also potently inhibited JAK1 (IC50

= 11 nM) and JAK2 (IC50 = 65 nM). In a panel of 97 kinases,
desmethyl congener 32, which exhibited similar HDAC1/6
binding affinities and selectivities, revealed notable selectivity
for the JAK family of kinases. In addition, 32 showed
promising anti-tumor activity (high nanomolar/low
micromolar) in a panel of cancer cell lines that once again
was congruent with blocking the JAK–STAT and HDAC
pathways.

More recently, the same group sought a new family of
dual JAK2/HDAC inhibitors through capitalizing on the
solved co-crystal structure of the JAK2 inhibitor XL019 (33)
that revealed regions of the inhibitor that are bound in
solvent channels in JAK2.117 A large library of dual inhibitors
was synthesized based on XL019 using two different points of
attachment of the linking unit and hydroxamic acid of SAHA
at positions of XL019 that are solvent-exposed when bound to
JAK2.117 Design A projected the HDAC binding moiety from
the aniline of XL019 via replacement of the morpholino
group, while design B projected these pharmacophores from
the acetamide. Design A yielded several potent compounds,
one of which is 34 (Fig. 16) with sub-nanomolar activity

against both JAK2 and HDAC6 with IC50 values of 0.9 nM and
0.1 ± 0.05 nM, respectively. This compound also
demonstrated over 7000-fold selectivity for HDAC6 over
HDAC1. It is also of note that the addition of a basic
methylpiperazine side chain decreased activity against JAK2
while the activity for the HDAC isozymes remain relatively
unchanged. The dual inhibitors demonstrated potent
inhibition of a panel of solid tumor and hematological
cancer cell lines, mirroring the in vitro data, with anti-
proliferative IC50 values as low as 70 nM in the multiple
myeloma (MM) cell line KMS-12-BM, considerably more
potent than the controls XL019 and SAHA, although in most
cancer cell lines, 34 exhibited similar anti-proliferative
activities to the parental drugs. Further analysis revealed that
the lead compounds induced cell death by apoptosis.

Huang and co-workers prepared three series of dual JAK2/
HDACis through modifications of the JAK2 inhibitor CYT-387
(35).118 Particularly, the solvent-exposed morpholine was
replaced with piperidines substituted in the 4-position with
various linkers and (mostly) hydroxamic acids, and a sub-
class of this type saw the substitution of the
N-cyanomethylene amide with a methyl sulfonamide (also
known to elicit JAK2 inhibition),119 and the third class
involved replacement of the N-cyanomethylene amide with
either an hydroxamic acid or an ortho-amino anilide whilst
retaining the morpholine. One of their most potent
compounds was 36, depicted in Fig. 17, with IC50s of 8 nM
and 46 ± 1.7 nM for JAK2 and HDAC6, respectively. The
selectivity of 36 for HDAC6/HDAC1 was about 24-fold, and
around 5-fold more selective for HDAC6 over HDAC3. Many
of their compounds inhibited the proliferation of
hematologic cell lines in the low micromolar range.
Significantly, 36 was more potent (IC50 = 340 nM) on the HEL
cell line than the combination of CYT-387 and SAHA from
which 36 was derived, and that combination exhibited
greater anti-tumor activity than either drug alone in K562
cells. Taken together, these data suggest there may be synergy

Fig. 15 Conversion of the JAK2-selective inhibitor ruxolitinib into a
dual JAK2/HDAC6 inhibitor.

Fig. 16 A dual JAK2/HDAC6 inhibitor based on the JAK2 inhibitor
XL019. Fig. 17 A dual JAK2/HDAC6 inhibitor.
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between the JAK2 and HDACis, and that this is more
pronounced when the key pharmacophores are present in the
same molecule. Leukemia patients are especially vulnerable
to Invasive fungal infections (IFIs), and so the authors
investigated the efficacy of several of their lead compounds
with the anti-fungal drug fluconazole in resistant Candida
albicans isolates; several compounds demonstrated synergic
effects, including 36. In fact, compound 36 exhibited anti-
tumor efficacy in several AML models and synergized with
fluconazole in those models infected with resistant C.
albicans.

Liang and colleagues created another dual JAK and HDAC
targeting compound by the addition of a hydroxamic acid
motif onto their previously reported JAK inhibitor 37.120 The
dual inhibitors were fashioned by grafting the hydroxamic
acid moiety to the N1 atom of the pyrazole ring, as illustrated
in Fig. 18. A library of compounds was synthesized with
various substituents on the pyrimidine of the JAK targeting
moiety. From this library, compound 38 emerged with the
best balance between the two targets and improved
anticancer effects in four cell lines compared to ruxolitinib
and SAHA controls. Compound 38 was selective for HDAC6
over HDAC2 with IC50s of 14.4 nM and 120 nM, respectively.
Most notably, 38 was superior to the combination treatment
of the two control compounds. Specifically, 38 exhibited IC50

values ranging from 0.06–0.49 μM while ruxolitinib, SAHA,
and a 1 : 1 molar ratio of the two controls ranged from
15.8–>5 μM, 0.27–1.11 μM and 0.30–1.03 μM, respectively.
Results indicated the dual inhibitor also possessed good
bioavailability using intraperitoneal administration and did
not show significant toxic effects against HEL xenografts.

CRBN/HDAC6 dual inhibitors: PROTACs. Within recent
years, protein degradation by proteolysis targeting chimeras
(PROTACs) has become a popular strategy in the development
of new drugs.121 PROTACs are bifunctional small molecules
that contain ligands for both the protein of interest and an
E3 ubiquitin ligase.122 Protein degradation begins with the
formation of a binary complex between the PROTAC and one
of the two target proteins, followed by formation of a ternary
complex when bound to both protein targets; this results in
the recruitment of the protein of interest to the E3 ligase,
causing degradation by the ubiquitin–proteasome system.122

Previously, Tang's laboratory developed the first-in-class
HDAC6-sepcific PROTAC employing a pomalidomide
derivative as the E3 ligase ligand.123 Although this hybrid was

generated by grafting on the alkyl hydroxamic acid of SAHA
that is inherently non-HDAC6-selective, the authors observed
the selective degradation of HDAC6 in cells, which they note
was “unexpected, but not surprising”. Later, the same group
focused on improving the HDAC6 selectivity by grafting
pomalidomide (39) onto the para-position of the aniline of
the HDAC6 selective inhibitor nexturastat-A (Next-A, 40).124

As illustrated in Fig. 19 with a specific example, 18 degraders
were thus synthesized using different attachment points and
linker chain lengths. When tested using a validated high-
throughput in-cell enzyme-linked immunosorbent assay
(ELISA), it was determined that the optimal linker length was
six methylene units and that the linkage at C4 of
pomalidomide's phthalimide ring afforded a more potent
inhibitor than at C5. Additionally, there is a phenomenon
using pomalidomide analogues that activates CRBN's E3
ligase towards the Ikaros family zinc fingers (IKZFs) and
promotes their degradation and this induced degradation is
thought to be the cause of their antiproliferative effects in
MM.125–127 Though IKZF degradation is usually seen as an
undesirable effect in PROTACs, it was hypothesized that
HDAC6 degraders maintaining IKZF degradation would have
enhanced MM activity.

However, only compound 41 was capable of inducing IKZF
degradation in the MM cell line MM1S. In-cell ELISA showed
41 had a potency of DC50 = 1.6 nM for HDAC6. In a full dose
response experiment, it was seen that HDAC6 was the only
member of the HDAC family affected by compound 41;
HDAC6 protein levels were reduced starting at 3 nM with
maximal effect at 30 nM while IKZF degradation started at 30
nM and was dose dependent. This was interesting given that
HDAC6 degradation by the PROTAC requires binding of both
ligands while IKZF degradation only requires the binding of
pomalidomide. This may be attributed to the turnover rate of
the proteins, having tested the re-synthesis rates of the

Fig. 19 An HDAC6-selective PROTAC.Fig. 18 A dual JAK2/HDAC6 inhibitor.
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proteins and discerning that IKZF returned to original levels
much quicker than did HDAC6.

In the same year, Rao's group also developed an HDAC6-
selective PROTAC based on Next-A but this time tethering
pomalidomide through the alkyl group of Next-A. However,
the antiproliferative effects of this PROTAC were not
beneficial over regular inhibition using Next-A.128

Compound 41 was compared to both Next-A and SAHA. In
these tests 41 caused increased tubulin acetylation at 100
nM, unlike Next-A and SAHA, indicating that HDAC6
degradation was the primary cause. Additionally, no H3
acetylation was detected, indicating that the degrader had a
high selectivity for the HDAC6 isozyme with IC50 of 8.7 nM
for HDAC6, similar to Next-A. The role of the pomalidomide
moiety in 41 was confirmed to modulate the IKZFs along
with HDAC6 degradation being responsible for the marked
increased in acetylation. Examination of mRNA levels also
showed that the decrease in HDAC6 levels were due to
degradation and not transcriptional downregulation. Finally,
experiments using modified PROTACs were completed to rule
out any possible cell permeability problems. Results indicate
that compound 41 functions as an HDAC6 degrader, HDAC6
inhibitor, and IKZF degrader with high selectivity for HDAC6.
These characteristics cause the antiproliferative effects of the
drug compound in MM cell lines.

Proteasome/HDAC6 dual inhibitor. The ubiquitin–
proteasome system introduced in the previous PROTAC
section regulates the destruction of cellular proteins.
Proteasome inhibitors (PIs), which may be non-covalent or
covalent in nature, such as bortezomib, have been clinically
validated as anti-cancer therapeutics, in particular for MM,
owing to a dependence of the cancer cells on the proteasome
for survival.129–131 However, the aggresome pathway,
regulated by HDAC6, serves as a back-up, and its
upregulation is one particular mechanism attributed to the
acquired resistance observed in MM treatment regimens.132

Accordingly, combination studies of HDACis and PIs
have been conducted with synergism observed,132 most
recently between the HDAC6i ricolinostat and
bortezomib.133

In 2018, Bhatia and colleagues inspected X-ray structures
of the peptidomimetic, non-covalent PI ML16 (42) bound to
the proteasome and noted that the 3-acylindole portion at
the N-terminus was solvent-exposed.134 Accordingly, they
replaced this portion with a 4-phenylhydroxamic acid, a motif
believed to impart HDAC6-selectivity to furnish the
unprecedented dual PI/HDAC 43 (RTS-V5), shown in Fig. 20.
This hybrid molecule inhibited HDAC1–3 in the low
micromolar range, but much more potently against HDAC8
(IC50 = 0.53 ± 0.01 μM) and HDAC6 (IC50 = 0.27 ± 0.01 μM); a
co-crystal structure of 43 with HDAC6 confirmed a
monodentate engagement of the zinc ion, as observed with
other bulky, phenyl hydroxamates and likely the origin of
HDAC6 selectivity. Inhibition of the proteasome was in the
high nanomolar range, which is consistent with non-covalent
proteasome inhibitors. 43 was cytotoxic to several leukemia

and MM cell lines (IC50s ranging from 0.89 to 3.14 μM) –

comparable to or slightly outperforming ricolinostat – with
limited toxicity towards peripheral blood derived
mononuclear cells acquired from healthy patients. In
summary, this data and further biological analyses indicated
disruption of both the aggresome and proteasome pathways,
and heralds an exciting advancement in next-generation
treatment for MM patients who become refractory to gold
standard treatments like bortezomib due to acquisition of
resistance.134 In April 2020, Zhou et al. published dual
proteasome/HDAC inhibitors by grafting hydroxamic acid
motifs onto the covalent proteasome inhibitor bortezomib.135

However, since these dual inhibitors did not exhibit HDAC6
selectivity, they are outside the scope of this review.

Bcl-2/HDAC6 dual inhibitors. Venetoclax (ABT-199, 44), an
FDA-approved drug for the treatment of chronic lymphocytic
leukemia and is emerging as the standard of care for acute
myeloid leukemia, functions through inhibiting the anti-
apoptotic BCL-2 protein within the family of the same
name.136 Engineered through extensive rounds of medicinal
chemistry guided by structural biology, ABT-199 binds with
picomolar affinity to the BH3-binding groove on the surface
of BCL-2.137 Recently, the combination of BCL-2 inhibitors
and HDACis has produced synergistic effect in MM cell lines,
as well as rescue sensitivity to bortezomib in resistant
cells.138–140

Chen, Zheng and colleagues recognized from the co-crystal
structure of ABT-199/BCL-2 that the tetrahydropyran motif
makes minimal interactions with the protein and is largely
directed to the solvent. Accordingly, and considering the HDACi
pharmacophore three component make-up, the authors
reasoned that this motif could be replaced with linking units to
hydroxamic acid functional groups to accomplish HDAC

Fig. 20 A non-covalent, dual PI/HDAC6 inhibitor.
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recognition without mitigating affinity for BCL-2 affinity
(Fig. 21).141 In total, seven compounds were prepared with
increasing methylene units, from 1 through 7, between the
aniline NH and the hydroxamic acid. Compounds were
evaluated in vitro for inhibition of HDAC1 and HDAC6. A linker
of at least 5 CH2 groups was required for appreciable activity
(IC50 < 1 μM), which is consistent with previous findings, and
those compounds demonstrated around 10-fold, or better,
selectivity for HDAC6. Compound 45 inhibited HDAC1 and
HDAC6 with IC50 values of 281 ± 70 and 19 ± 1 nM, respectively,
with negligible impact on BCL-2 affinity (relative to ABT-199). 45
was active in cells as well, inhibiting the growth of the MM cell
lines RPMI-8226 and U-226 with IC50s of 0.2 μM and 8.7 μM,
respectively.

Tubulin/HDAC6 dual inhibitors. Chen's laboratory
previously reported that the HDAC6-selective inhibitor 46
(SKLB-23bb, Fig. 22) outperformed the HDAC6-selective
inhibitor ricolinostat in anti-tumor activities both in vitro and
in vivo.142 46 had an IC50 value of 17 ± 2 nM against HDAC6
with 25-fold and better selectivities over the other isozymes.
More recently, the group performed a head to head tumor cell

viability study with 46 and ricolinostat, and, while IC50 values
for 46 were mostly in the double-digit nanomolar range, in every
case, IC50 values for ricolinostat were one to two orders of
magnitude worse, typically around the single-digit micromolar
range.143 Particularly noteworthy is the observation that 46 was
considerably more efficacious against MM cell lines (e.g. MM1S
cells: IC50s 67 nM vs. 1.33 μM), Wang and colleagues conducted
further research into delineating where this superiority
originated. First, it was noted that although 46 inhibited cellular
HDAC6, the anti-tumor activity did not correlate with HDAC6
inhibition, and HDAC6 knockout cells remained sensitive.
Given that a similar quinazoline motif is present in the
microtubule inhibitor MPC6827, the authors considered that 46
might also interfere with the microtubule system.
Immunofluorescence staining confirmed that 46 caused
disruption of microtubule assembly, coupled with the changes
in morphology, the authors were able to infer that 46 is a
microtubule polymerization inhibitor, and this was
subsequently corroborated with a tubulin polymerization assay.
Since correct microtubule assembly is required for cell division,
this newly discovered biological activity of 46 explains, in part,
the enhanced anti-tumor activity relative to ricolinostat. Further
analysis revealed 46 triggered apoptosis. Unusual for HDACis,
46 was effective against solid tumor cell lines. In contrast to
ricolinostat, which demonstrates limited anti-tumor activity
in vivo against solid tumors when administered alone, orally

Fig. 23 A dual tubulin/HDAC inhibitor.

Fig. 24 A dual tubulin/HDAC6 inhibitor.

Fig. 21 Conversion of the BCL-2 clinical drug venetoclax into a dual
BCL-2/HDAC6 inhibitor.

Fig. 22 The dual tubulin/HDAC6 inhibitor SKLB-23bb.
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bioavailable 46 effectively blocked the growth of B-cell
lymphoma in vivo.

Several research groups have rationally designed dual tubulin/
HDACis to realize especially potent anti-tumor agents, motivated
by prior research that indicated anti-tumor synergism between
HDACis and microtubule-destabilizing agents.144,145 For example,
Zhang et al. grafted linkers with hydroxamic acids onto the
scaffold of the tubulin inhibitor colchicine,146 while Hamze's
laboratory reported a similar strategy with isocombretastatin.147

While both laboratories discovered potent anti-tumor
compounds, either HDAC6 activity was not discussed or the
hybrids proved more selective for other HDAC isoforms and will
not be discussed further. In 2019, Wang and colleagues
functionalized the phenol hydroxyl of combretastatin-like
chalcones (for example, 47), which interfere with tubulin
assembly through occupying the colchicine binding site, with
various linkers and hydroxamic acids to also engage HDACs
(Fig. 23).148 Ten hybrid compounds were prepared employing
linker lengths between the two pharmacophores of 3 to 7
methylenes. In an initial screen, the optimal linker length was
defined as 6–8 carbons, as seen elsewhere. Several compounds
demonstrated potent inhibition of HDACs from HeLa cell nucleus
extract down to IC50 = 71.5 nM. Although the least potent to
HDACs with IC50 values of 996 nM, 470 nM, and 1700 nM for
HDAC1, HDAC6, and HDAC8 respectively, 48 was the most potent
in cells, inhibiting the proliferation of several cancer cell lines at
low to sub-μM, and, in certain cases, outperforming SAHA and
the parent combretastatin-like chalcones. However, this data
should be treated with caution as the lack of agreement between
HDAC and cell data suggests additional target(s) are involved.
Moreover, the anti-proliferative studies were not performed with
the combination of the parent drugs, and so it is unclear if 48 is
demonstrating a synergistic effect. Compound 49, roughly on a
par with SAHA in the initial HDAC screening assay, was almost
9-fold selective for HDAC6 over HDAC1 (IC50s 4.6 nM and 36.3
nM, respectively), but proved several-fold less effective in the cell
proliferation assays than either of the two parent drugs.

Lee and colleagues prepared dual tubulin/HDACis through
grafting linkers and hydroxamic acids onto the indole nitrogen of
the tubulin inhibitor 50 (SCB01A), as depicted in Fig. 24.149 Their
best compound was 51 (MPT0B451),150 which is almost two-fold
selective for HDAC6 (IC50 = 275.35 ± 14.47 nM) over HDAC1 (IC50

= 467.82 ± 7.80 nM), retained tubulin polymerization inhibitory
activity, and demonstrated double-digit nM IC50 values in a
sulforhodamine proliferation assay, was selected for further study.
Cell proliferation assays with the AML cell line HL60 and the
prostate cancer cell line PC-3, both of which harbor elevated
HDAC6 levels, revealed MPT0B451 potently blocked cell growth
(IC50s = 42 nM and 1.1 μM, respectively). MPT0B451 caused
mitotic arrest and cell death by apoptosis. Lastly, MPT0B451
demonstrated efficacy in HL60 and PC-3 xenograft models.

Conclusions

Combination therapies are the standard of care for many
multi-factorial diseases, particularly cancer. However, this

strategy is fraught with challenges, including lack of patient
compliance, spiraling healthcare costs, and limited
improvement in quality, and extension, of life. Although it is
yet to prove itself – indeed, even in this review, the multi-
targeting drug was compared side-by-side with the
corresponding combination of single-target drugs in only a
couple of cases – the emerging field of polypharmacology may
succeed where combination therapy fails, with the promise of
accomplishing all that combination therapy is purported to do
so, without any of the detriment and all in a single drug
molecule. This represents a significant paradigm shift in the
treatment of multi-factorial disease. Perhaps ideal therapies
may lie somewhere in between, for example a dual inhibitor
combined with a second drug. Time will tell, but even if
polypharmacology does not yield superior results to
combination therapy, at the very least, it should expand the
drug arsenal. Pan-HDACis are associated with a plethora of side
effects that heavily restricts their use in the clinic. Recent
structural data has illuminated the binding modes of HDAC6
selective inhibitors, which has been instrumental in advancing
the development of such compounds as safer therapies for
cancer and AD, among others. In particular, this will facilitate
the discovery of polypharmacological inhibitors of HDAC6.
While much of the research described herein identified
inhibitors that are serendipitously selective for HDAC6 over the
other isoforms, it is of interest to further enhance their HDAC6
selectivities in order to better understand the biological
ramifications of rationally inhibiting HDAC6, while minimally
impacting its family members, and one additional co-target.
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