Cellular Oncology (2022) 45:779-829
https://doi.org/10.1007/5s13402-022-00704-6

REVIEW q

Check for
updates

HDAC6: A unique HDAC family member as a cancer target

Sumeet Kaur' - Prerna Rajoria' - Madhu Chopra'

Accepted: 10 August 2022 / Published online: 29 August 2022
© Springer Nature Switzerland AG 2022

Abstract

Background HDACS, a structurally and functionally distinct member of the HDAC family, is an integral part of multiple
cellular functions such as cell proliferation, apoptosis, senescence, DNA damage and genomic stability, all of which when
deregulated contribute to carcinogenesis. Among several HDAC family members known so far, HDAC6 holds a unique posi-
tion. It differs from the other HDAC family members not only in terms of its subcellular localization, but also in terms of
its substrate repertoire and hence cellular functions. Recent findings have considerably expanded the research related to the
substrate pool, biological functions and regulation of HDACS6. Studies in HDACG6 knockout mice highlighted the importance
of HDAC® as a cell survival player in stressful situations, making it an important anticancer target. There is ample evidence
stressing the importance of HDAC6 as an anti-cancer synergistic partner of many chemotherapeutic drugs. HDACG6 inhibi-
tors have been found to enhance the effectiveness of conventional chemotherapeutic drugs such as DNA damaging agents,
proteasome inhibitors and microtubule inhibitors, thereby highlighting the importance of combination therapies involving
HDACS® inhibitors and other anti-cancer agents.

Conclusions Here, we present a review on HDAC6 with emphasis on its role as a critical regulator of specific physiologi-
cal cellular pathways which when deregulated contribute to tumorigenesis, thereby highlighting the importance of HDAC6
inhibitors as important anticancer agents alone and in combination with other chemotherapeutic drugs. We also discuss
the synergistic anticancer effect of combination therapies of HDACS6 inhibitors with conventional chemotherapeutic drugs.
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1 Introduction

Acetylation, a major form of protein post-translational
modification is responsible for regulating various cellular
processes [1]. Lysine acetylation regulates the enzymatic
activity, subcellular localization and protein—protein interac-
tion of many cytoplasmic and nuclear proteins. It also affects
a multitude of vital cellular processes such as pluripotency,
cellular signaling, protein turnover, cell differentiation and
cell survival, all of which when deregulated contribute to
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carcinogenesis [2—4]. Histone acetyltransferases (HATs) and
histone deacetylases (HDACsS) catalyze acetylation and dea-
cetylation, respectively. Acetylome-based studies in various
cells have revealed that HATs and HDACs not only target
histones but also control the acetylation status of many non-
histone proteins [5].

Based on sequence identity and catalytic activity, 18
mammalian HDACs have been divided into four major
classes, out of which class I, II and IV HDACs are Zinc
dependent and class III HDACs are NAD* dependent and
known as sirtuins. Members of class I HDACs (HDACI, 2,
3 and 8) are primarily located in the nucleus and show sub-
strate specificity toward histone. Class II HDACs are further
divided into subclasses Ila and IIb. Members of the Class
ITa subclass include HDAC4, 5, 7 and 9 and that of class
IIb HDACS6 and 10. Class [Ila HDACs shuttle between the
nucleus and the cytoplasm. Class IIb HDACs are primarily
cytoplasmic and have non-histone proteins as primary sub-
strates. NAD* dependent Class III HDACs comprise seven
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members, SIRT1 to SIRT7. HDAC11 is the only member of
class IV HDAC:s [6].

Extensive studies during the past two decades revealed
that HDACs, as important epigenetic modulators, play key
roles in multiple stages of tumor initiation and progression,
and that deregulation of HDAC activity plays a causative
role in tumorigenesis. Numerous studies in the anti-cancer
drug discovery field have shown that HDAC inhibitors
(HDACi) may serve as effective chemotherapeutic agents.
Several pan-HDAC: are currently being used for the treat-
ment of various types of cancer. SAHA (vorinostat) [7] and
romidepsin (class I specific; depsipeptide or FK228) [8],
have been approved by the US FDA in 2006 for the treat-
ment of cutaneous T cell lymphoma [9, 10]. Belinostat and
panobinostat, have also been granted FDA approval for the
treatment of peripheral T-cell lymphoma and multiple mye-
loma, respectively [11]. However, the usage of pan-HDAC
inhibitors comes along with various side effects, which calls
for the development of effective subtype-selective HDAC
inhibitors.

Accumulating evidence indicates that HDAC subtypes are
not redundant in their activity and that each HDAC subtype
differs from the other in terms of substrate repertoire and,
hence, the molecular pathways they regulate. HDACG6 stands
out among all the HDACs known so far, owing to the fact
that it is structurally and functionally distinct from the other
members of its family. It differs significantly from the other
HDAC:Ss in terms of its subcellular localization, substrate
repertoire and, hence, the cellular/biological processes it
regulates. HDAC6 is a regulator of multiple vital cellular
processes and pathways, which are essential not only for
physiological homeostasis, but also account for the various
stages of multistep tumor formation including initiation, pro-
motion, progression and metastasis, when deregulated. Its
unique structure, substrate specificity and cellular function-
ality make it a good anticancer target and it forms the basis
for the success of HDAC6 inhibitors as subtype-selective
anticancer inhibitors [12, 13]. In this review we will discuss
the uniqueness of HDAC6 with relevance to its biological
functions and substrate proteins, which makes it an impor-
tant anti-cancer target. We will also discuss recent advances
in combination therapies of HDAC6 inhibitors with other
chemotherapeutic drugs.

2 HDAC6: Unique member of the HDAC
family

Zinc-dependent HDACG6 is a member of the class IIb sub-
class of the HDAC family. HDACG6’s unique structure and
cytoplasmic localization make it different from other mem-
bers of the HDAC family. HDACS6, unlike other HDAC:sS, is
primarily cytoplasmic in localization. Serine-Glu containing
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tetradecapeptide (SE14) motifs [7] and a leucine-rich nuclear
export signal (NES) at the N terminus of HDACG6 play a cru-
cial role in retainment of human HDACS6 in the cytoplasm.
p300 mediated acetylation of the nuclear localization signal
(NLS) of HDACS6 also contributes to its cytoplasmic reten-
tion by inhibiting the interaction of the NLS of HDAC6 with
importin o [14].

HDACS6 has two fully functional catalytic deacetylase
domains spanning amino acid residues 8§7-404 (DD1) and
482-800 (DD2) [15] that make it structurally distinct from
other members of the HDAC family (Fig. 1). The role of
these two catalytic domains of HDACS6 in the overall activ-
ity of HDAC6 has been a subject of controversy. An initial
report by Grozingeret et al.[16] assumed that both catalytic
domains of HDAC6 possess independent activities and con-
tribute independently to the activity of HDAC6. However,
this study was challenged by other studies that claimed
that the activity of HDACS6 relies solely on DD2 [15] or
the interplay between both domains [17]. Zsofia Kutil et al.
used acetylome peptide microarrays and peptide libraries
for mapping the substrate specificity of the DD1 and DD2
domains of human HDACG6 [18]. They found that the DD2
domain of HDACS6 has a broad substrate specificity, whereas
the activity of DD1 is highly specific for peptides bearing a
C-terminal acetyllysine residue. Their findings showed that
DDl is solely responsible for the deacetylation of substrates
harboring the acetylated lysine at their C terminus, whereas
DD2 exclusively deacetylates peptides with an internal acet-
ylated lysine residue [18]. A zinc ion, present at the bottom
of the catalytic pocket of HDACG is required for the deacety-
lation function of HDAC6.

Apart from its deacetylase domains, HDAC6 also pos-
sesses a ZnF ubiquitin-binding domain and a dynein binding
domain that is absent in other members of the HDAC family.
HDACG6-mediated cellular processes are not only dependent
on its lysine deacetylase activity, but also on its ubiquitin and
dynein binding ability. The ubiquitin binding Zinc finger
domain present in the C-terminal region of HDACS6 helps it
to bind ubiquitinated proteins. The dynein binding domain
of HDACS helps it to bind dynein and to transport the cargo
of ubiquitinated proteins along microtubules (MTs). Thus,
the ubiquitin-binding domain and dynein-binding domain
help HDACG in protecting cells from stress resulting from
the accumulation of cytotoxic protein aggregates in response
to proteasome inhibition. HDAC6 binds and mediates the
transport of ubiquitinated and misfolded proteins along MT
tracks to pericentriolar structures and facilitates the forma-
tion of aggresomes, followed by activation of autophagy for
clearance of cytotoxic protein aggregates.

Almost all members of the HDAC family are involved
in the deacetylation of histones. However, HDAC6’s
unique cytoplasmic substrate repertoire makes that it stand
out from other members of the HDAC family. HDAC6
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HDAC6 Structure: Unique member of HDAC family
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Fig.1 Schematic structure of HDAC6. HDAC6 is a unique mem-
ber of the HDAC family. HDAC6 consists of two fully functional
catalytic deacetylase domains spanning amino acid residues 87-404

regulates the function of non-histone cytoplasmic proteins
like a-tubulin, Hsp90, cortactin, retinoic acid-inducible
gene I, B-catenin and many more. Although HDAC6 has
been reported to interact and deacetylase histones in vitro,
in vivo interaction of HDAC6 with histones has not been
reported. Apart from cytoplasmic proteins, HDAC6 has
also been found to interact with some nuclear proteins.
Examples include the immunologically relevant transcrip-
tion factor forkhead boxp3 (FOXP3) and the DNA repair
factor KU70. HDACS6 is recruited to chromatin by active,
phosphorylated RNA polymerase II to reset acetylation/
deacetylation cycles, permitting transcription.

3 HDACG6: Role in the maintenance
of normal cellular physiology

HDACS6 plays an essential role in many cellular processes
that are important for the maintenance of the normal
physiology of a cell. It is an important regulator of cel-
lular proliferation, apoptosis, and cellular motility. It also
plays an important role in the aggresome pathway and heat
shock response.

(DD1) and 482-800 (DD2), making it structurally distinct from other
members of the HDAC family. HDACG6 also possesses a ZnF ubiqui-
tin-binding domain and a dynein-binding domain

3.1 HDACG: Regulator of cellular proliferation

HDACS is an important regulator of many signaling path-
ways that are associated with cellular proliferation. HDAC6
regulates the Ras/MAPK/ERK, PI3K/Akt and Wnt sign-
aling pathways, all of which are associated with cellular
proliferation and are activated in most tumors. ERK1 and
ERK2 are the final effectors of the ERK/MAPK pathway.
ERK1 and ERK2, when activated phosphorylate a plethora
of substrates, through which they regulate cell growth. Both
ERK1 (Extracellular signal-regulated kinase 1) and ERK2
(Extracellular signal-regulated kinase 2) have been found to
interact with HDACG6 in vivo. HDAC6-mediated deacety-
lation of ERK1 plays an important role in stimulating its
activity [19]. HDACS6 is itself also phosphorylated at serine
1035 by ERK (Fig. 2a) [20].

The ERK1/2 is activated by the binding of growth fac-
tors such as epidermal growth factor (EGF), platelet-derived
growth factor (PDGF) and G-protein-coupled receptors
(GPCRs) to the epidermal growth factor receptor (EGFR).
The EGFR and further activation of its downstream path-
ways play an important role in cellular proliferation, espe-
cially in lung cancer [21, 22]. Therefore, EGFR signaling,
which accounts for the cellular proliferation of most tumors,
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Fig.2 Role of HDACS6 in cellular proliferation. (a) HDACG6 is an
important regulator of the Ras/MAPK/ERK, (b) PI3K/Akt and (c)
Whnt signaling pathways, all of which when activated are associated

can be modulated by affecting the synthesis and degradation
of EGFR. HDACS6 via deacetylation of one of the substrates,
a-tubulin [23-25] plays an important role in cell endocy-
tosis and EGFR trafficking and degradation. HDACG6 defi-
ciency results in the accumulation of acetylated a-tubulin,
thereby resulting in deregulation of microtubule-dependent
endocytic vesicle trafficking and, hence, accelerating EGFR
degradation (Fig. 2a), further reducing cellular proliferation.

HDACG6 also regulates the PI3K/Akt pathway via modu-
lation of the acetylation status of HSP90, which plays an
important role in stabilizing Akt. HSP90 binds to Akt and
hence protects it from the action of phosphatases, thereby
maintaining the phosphorylation status of Akt and hence
its activity. Binding of Akt to HSP90, in turn, protects
HSP90 from proteasomal degradation. HDAC6-mediated
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with enhanced cellular proliferation. (d) HDAC6-mediated tubulin
deacetylation plays an important role in G1 to S phase transition of
the cell cycle and (e) spindle formation during mitotic metaphase

deacetylation of HSP90 increases the binding between
HSP90 and Akt. Thus, by deacetylating Hsp90, HDAC6
modulates the stability of Akt and hence its function, thereby
regulating the PI3K/Akt signaling pathway, which in turn
affects many oncogenic processes such as cell survival, dif-
ferentiation, migration and angiogenesis. HDACG6 inhibition
enhances Hsp90 acetylation, thereby reducing the binding
between HSP90 and Akt, and hence reducing cellular pro-
liferation (Fig. 2b).

HDACS also regulates oncogenic Wnt signaling pathways
via deacetylation of B-catenin, thereby mediating its nuclear
localization where it upregulates oncogenes such as c-Myc
[26]. Phosphorylation of HDAC6 by PKCa has been found
to enhance HDACG6’s ability to deacetylate beta-catenin
(Fig. 2c). Also, in osteosarcoma cells RHO-associated
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coiled-coil kinases (ROCK1/-2) phosphorylate tubulin
polymerization-promoting protein-1 (TPPP1/p25), thereby
preventing its binding to HDAC6. Consequently, in absence
of TPPP1/p25, the binding activity of HDACS is increased
which then leads to deacetylation of p-catenin [26]. Subse-
quently, the cells enter the S-phase, ultimately resulting in
continued cellular proliferation.

HDACE6 is also an important regulator of the PTEN/Akt
pathway. PTEN is a tumor-suppressor [27]. Activation of
PTEN through K163 acetylation, in response to HDAC6
inhibition, is an important mechanism underlying the anti-
tumor effects of pan-HDAC inhibitors [28]. PTEN inhib-
its cellular growth and proliferation by removing a phos-
phate group from PIP3, thereby preventing Akt activation
[29].Thus, HDACS6 inhibition-mediated PTEN activation
results in Akt dephosphorylation and inactivation. Also,
HDACS6 has been found to mediate its carcinogenic effect
in endometrial cancer through the PTEN/Akt/mTOR path-
way [30]. HDAC6 overexpression studies in stable HDAC6
overexpression cell clones resulted in a decrease in PTEN
expression levels and an increase in the levels of p-Akt and
p-mTOR, while no significant changes were observed in
total Akt and mTOR levels [30].

HDACS6 also regulates distinct phases of the cell cycle.
HDAC6-mediated tubulin acetylation/deacetylation plays an
important role in cell cycle progression (G1/S transition) and
mitosis. HDAC6-mediated tubulin acetylation/deacetylation
affects the interaction between Bcl-3, a protooncogene, and
the protein encoded by the cylindromatosis (CYLD) gene
[31-34]. CYLD controls cell cycle progression by delaying
the G1 to S phase transition via its interaction with Bcl-3, a
protooncogene, thereby blocking Bcl-3-dependent NF-xB
signaling [14]. Deacetylated microtubules prevent the inter-
action between CYLD and Bcl-3. Therefore, CYLD is not
able to inhibit Bcl-3 by using its deubiquitinase activity. As
a consequence, Bcl-3 is free to move to the nucleus leading
to transcriptional activation of NF-kB, thereby promoting S
phase progression.

Accumulation of acetylated microtubules upon HDAC6
silencing or knockdown results in translocation of CYLD
to the perinuclear region, thereby promoting the interaction
between CYLD and Bcl-3. CYLD then inhibits Bcl-3 by
using its deubiquitinase activity, resulting in an increase in
the levels of Bcl-3 in the cytoplasm with a simultaneous
decrease in the nucleus. Bcl-3 deficiency in the nucleus pre-
vents NF-kB transcriptional activity, thereby reducing cyclin
D1 expression and delaying the G1/S transition of the cell
cycle (Fig. 2d) [35].

HDACS6 also interacts with and is inhibited by the deu-
biquitinating enzyme CYLD at the perinuclear region,
thereby significantly delaying the G1-to-S phase transition,
and in the midbody where it regulates the rate of cytokine-
sis in a deubiquitinase-independent manner (Fig. 2e) [31].

Moreover, HDAC6 regulates the c-Raf-protein phosphatase
(PP)1-ERK signaling pathway, and inhibition of HDAC6
activity has been found to contribute to early M-phase cell
cycle transition arrest via sustained ERK activation in pros-
tate cancer [36]. Regulation of a-tubulin acetylation status
by HDAC6-mediated deacetylation can also affect cellular
proliferation by enhancing mitosis.

3.2 HDAC6: Regulator of cellular motility

HDACS6 is an important regulator of cellular migration.
HDACS6 regulates cellular motility via its substrates tubulin
and cortactin. a-Tubulin was identified as the first physi-
ological substrate of HDAC6 [37-39]. Microtubules (MTs),
the key regulators of cellular movement, are assembled by
a-tubulin. a-tubulin acetyltransferases (a«TAT) [40—43]
acetylate a-tubulin at lysine 40, whereas HDAC6 [39] and
SIRT2 deacetylate it. HDAC6-mediated reversible dea-
cetylation of a-tubulin affects MT stabilization and hence
regulates MT-dependent cell motility (Fig. 3a). HDAC6-
mediated a-tubulin deacetylation leads to microtubule depo-
lymerization [38]. ERK1 has been found to phosphorylate
HDACS6 at S1035, thereby enhancing its tubulin deacetylase
activity, resulting in increased cellular migration. Thus, the
EGF-Ras-Raf-MEK-ERK signaling cascade promotes cell
migration via HDACG6 phosphorylation, thereby increasing
its tubulin deacetylase activity. Overexpression of HDAC6
leads to tubulin hypoacetylation and, hence, greater motility
[39], whereas inhibition of HDACG6 leads to stabilization of
microtubules. Thus, the regulation of the acetylation status
of a-tubulin by HDACS6 affects cellular motility.

HDACE6 is also a regulator of actin polymerization-based
cellular mobility. Actin polymerization and crosslinking are
mediated by cortactin. Actin-dependent cellular motility
is regulated by HDAC6 via modulation of the acetylation
status of cortactin [44]. Cortactin is acetylated on lysines
within its F-actin binding repeats by acetyltransferase p300/
CBP associated factor (PCAF). Cortactin is a F-actin bind-
ing protein. It is present in the leading edge of migrating
cells, which involves dynamic actin assembly [45]. HDAC6
is translocated to actin enriched membrane ruffles, where it
interacts with cortactin and deacetylates it [44]. Deacety-
lated cortactin enhances actin polymerization and cellu-
lar motility due to its increased ability to bind to F-actin
(Fig. 3b). In contrast, highly acetylated cortactin is unable to
activate Racl or Arp2/3 and, thus, does not translocate to the
periphery of the cell. Therefore, binding between cortactin
and F-actin is reduced due to less cortactin in the cell periph-
ery, resulting in reduced cell motility. Cortactin is found to
be overexpressed in many carcinomas and HDAC6 inhibi-
tion results in hyperacetylation of cortactin, thereby result-
ing in impaired cellular motility. Cells without cortactin
have impaired invasion and migration abilities[46]. HDAC6
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Fig.3 Role of HDAC6 in cel-
lular motility. HDAC6 regulates
microtubule and actin polymer-
ization-based cellular motility
via (a) deacetylation of tubulin
and (b) cortactin, respectively
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plays an important role in the regulation of endothelial cell
migration and angiogenesis via cortactin deacetylation [47].
Thus, HDAC6 regulates actin-based cell motility by altering
the ability of cortactin to bind F-actin via modulating the
acetylation status of cortactin. Therefore, HDACG6 regulates
microtubule and actin polymerization-based cellular motil-
ity by modulating the acetylation status of a-tubulin and
cortactin, respectively.

Regulation of microtubule and actin polymerization-
based cellular motility by HDACS6 is influenced by the
interaction of HDAC6 with GRK2. GRK?2 is a stimulator of
HDACS6 [48]. G protein-coupled receptor kinase (GRK2)
directly associates with and phosphorylates HDAC6, thereby
stimulating its a-tubulin deacetylase activity, leading to
increased motility (Fig. 3a) [48]. GRK2 phosphorylation
specifically at the S670 position increases its ability to reg-
ulate HDAC6. HDACS6 colocalizes in the lamellipodia of
migrating cells, resulting in local tubulin deacetylation and
enhanced motility [48, 49]. GRK2 downregulation triggered
by RNA interference in HeLa cells has been found to lead
to a higher accumulation of acetylated tubulin in sync with
decreased motility resulting from decreased GRK2 levels
[48]. In agreement with a dependency of GRK2-mediated
enhanced motility on a-tubulin acetylation—deacetylation
cycling, migration of both parental and HeLa-wt5 cells
was inhibited in the presence of a-tubulin-K40A mutant, a
construct that enforces permanent hypoacetylation of MTs
[41, 48], thereby highlighting a role of HDAC6 mediated
a-tubulin deacetylation as a mechanism for GRK2 mediated
enhanced motility.

Sufficient literature supports that HDACS6 is involved
in modulating microtubule dynamics and dynamic F-actin
assembly by deacetylating a-tubulin and cortactin respec-
tively, thus promoting cellular motility. Chuang et al.
reported two HDACG6 phosphorylation sites, pSer22 and
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pSer412, as Pinl (peptidyl-prolyl cis/trans isomerase
NIMA-interacting 1) substrates. HDACG6-Pinl interaction
is involved in HDAC6-mediated cellular motility through
alteration of protein conformation and function. The authors
reported that overexpression of Pinl renders HDACS6 to a
stable structure and increases HDACS6 transcript levels and
hence cellular migration. Thus, anti-Pinl may serve as a
promising strategy to downregulate HDAC6 expression and
may be anti-metastatic in lung cancer. Pinl depletion abro-
gated HDAC6-induced cell migration and invasion in H1299
lung cancer cells. Therefore, Pinl regulates HDAC6-medi-
ated cellular motility via alteration of protein conformation
and function [50, 51].

Liu et al. revealed that enhanced matrix metallopeptidase
9 (MMP9) activity via the HDAC6/PTPN1/ERK1/2 axis,
may be one of the mechanisms underlying enhanced mela-
noma invasion and metastasis. They showed that HDAC6
interacts directly with Tyrosine-protein phosphatase non-
receptor type 1(PTPN1) and, thereby, increases its protein
level. PTPN1 has been found to promote enhanced prolifera-
tion and migration in melanoma via activation of extracel-
lular signal-regulated kinase 1/2 (ERK1/2). Also MMP9 has
been found to be a target of PTPN1/ERK1/2 pathway [52].

3.3 HDAC6: Regulator of apoptosis

HDACS6 regulates apoptosis by modulating the acetylation
status of the DNA repair factor Ku70, which is involved in
non-homologous end-joining DNA repair. Apart from its
role in binding DNA double-strand breaks in non homolo-
gous end-joining DNA repair, Ku70 is also known to bind
proapoptotic Bax protein in the cytoplasm, thus inhibiting
Bax-induced cell death [53-55].The binding of Ku70 and
Bax is regulated by the acetylation status of Ku70. Acetyla-
tion of Ku70 prevents it from interacting with Bax, hence
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Bax is free and can induce apoptosis. However, upon dea-
cetylation by HDAC6, Ku70 causes Bax sequestration,
which leads to the inhibition of apoptosis (Fig. 4a) [55].
Also, acetylation of Ku70 leads to its dissociation from
the anti-apoptotic protein FLIP, leading to its proteasomal
degradation and, hence, induction of apoptosis [56]. Thus,
HDACS® inhibits apoptosis and helps the cell to survive via
deacetylating Ku70 (Fig. 4b).

HDACG6’s role as an anti-apoptotic protein was further
strengthened by the finding that survivin, an oncogenic pro-
tein, serves as one of the substrates of HDAC6 deacetylase
activity. Survivin, when acetylated by the CREB-binding
protein (CBP), translocates to the nucleus and is, thereby.
not able to execute its anti-apoptotic effect [57]. However,
survivin upon deacetylation by HDACS, is transported from
the nucleus to the cytoplasm, where it inactivates caspase
proteins, thus inhibiting apoptosis and activating oncogen-
esis (Fig. 4c) [58]. Thus, survivin levels may increase in the
cytoplasm upon HDAC6-mediated deacetylation. Survivin
is highly expressed in breast cancer and HDAC6 has been
found to be responsible for abrogating CBP-mediated sur-
vivin acetylation in the ER-positive breast cancer cell line
MCEF-7.

HDAC6 also regulates cellular apoptotic responses by
deacetylating GRP78. Acetylation of GRP78 leads to its dis-
sociation from PERK, resulting in activation of UPR which,
in turn, leads to cell death. However, HDAC6-mediated

deacetylation of GRP78 prevents cell death (Fig. 4d). Thus,
to summarize, HDAC6 regulates apoptosis via deacetylation
of survivin, Ku70 and GRP78. HDACS6 inhibition can lead
to apoptosis.

3.4 HDACG: Role in the aggresomal pathway

Defects in the proteasomal degradation machinery of the
cell results in the accumulation of misfolded proteins which,
in turn, results in activation of the aggresomal pathway of
protein degradation. Aggresomes reduce the toxicity of scat-
tered protein microaggregates, accumulated in response to
proteasome inhibition. The sequestration of misfolded pro-
teins into aggresomes is a cytoprotective response that is fol-
lowed by the elimination of excessive amounts of misfolded
proteins by autophagy. Therefore, targeting the aggresome
pathway of protein degradation has become one of the strate-
gies for cancer treatment.

HDACS6 plays a crucial role in the activation of the aggre-
somal pathway [59, 60]. In unstressed cells, HDAC6 forms
a basal complex with p97/VCP, Hsp90 and HSF1, where
VCP/P97 sequesters HDCA6 and HSF1 is maintained in its
inactive form by Hsp90. Sequestering of HDAC6 by VCP/
P97 prevents binding of HDAC6 with ubiquitinated proteins,
making sure that ubiquitinated proteins undergo proteasomal
degradation (Fig. 5a). However, upon failure of the ubiquitin
proteasomal pathway of protein degradation, accumulation
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of ubiquitinated proteins takes place which causes HDAC6
to bind ubiquitinated proteins via its ZnF-UBD, resulting
in dissociation of HDAC6 from the p97/VCP complex [60,
61]. HDACG6 binds ubiquitinated proteins via its ZnF-UBD
and delivers them to the motor protein dynein which, in
turn, transports the cargo of ubiquitinated proteins along the
microtubules to the microtubule organizing centre (MTOC).
HDACS6 deacetylase activity is not involved in the transport
of misfolded proteins by HDAC6 along the microtubules to
MTOC. At the MTOC, HDAC6-mediated deacetylation of
cortactin leads to aggresome formation around misfolded
proteins [61]. Chaperones are recruited to aggresomes,
which facilitate the clearance of aggregated proteins. Thus,
both the C terminal zinc-finger ubiquitin-binding domain as
well as the deacetylase activity of HDAC6 are required for
aggresome formation.

Autophagy refers to the process of targeting aggresomal
protein aggregates to lysosomes for further degradation. Pro-
tein degradation by autophagy helps avoid the accumulation
of aggresomes containing polyubiquitinated protein aggre-
gates. A role of HDACG6 in autophagy was first demonstrated
by the Kopito laboratory, who showed that autophagic clear-
ance of mutant huntingtin (Htt) aggregates was HDAC6
dependent [62]. The role of HDAC6 in autophagy was
underscored when the function of HDAC6 was linked to
autophagic clearance of polyglutamine huntingtin aggregates
in Hela cells transfected with HDACG6 [62]. Also, studies
on parkin-mediated K63 linked polyubiquitination cou-
pled misfolded proteins to dynein through HDAC6 interac-
tion, resulting in aggresome formation and its clearance by
autophagy [63].

HDACSG regulates autophagy by deacetylating LC3B-II,
which is a key regulator of autophagy [64]. It also plays an
adapter role in autophagy in a deacetylase-independent man-
ner. The polyubiquitin binding protein p62 is required for
both formation and degradation of aggresomes by autophagy
[65]. E3 ubiquitin ligase TRIMSO0 interacts with HDAC6 and
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p62 and facilitates the clearance of ubiquitinated proteins
into the aggresomes [66, 67]. p62 recruits autophagosomes
to protein aggregates [68—70]. Autophagosomes engulf
aggresomes, which then fuse to lysosomes for protein deg-
radation by lysosomal hydrolases [67]. HDAC6 regulates
the fusion of autophagosomes and lysosomes by recruiting
and deacetylating cortactin, which recruits actin filaments to
tether the two vesicles [67]. Thus, HDAC6 along with p97/
VCP, TRIMS50 and p62 controls aggresome formation and
autophagosome maturation for ubiquitin selective quality
control autophagy (Fig. 5b). Lack of HDACG6 causes failure
of autophagosome maturation and protein aggregate accu-
mulation rather than autophagy activation inhibition.

3.5 HDACG: Role in activation of heat shock
response

Defects in the proteasomal degradation machinery of the cell
not only activates the aggresomal pathway and autophagy,
but also induces heat shock response, and HDAC6 plays an
important role in this response.

In a non-stressed cell, HDAC6 is associated with a protein
complex containing VCP/p97, Hsp90 and heat-shock factor
1 (HSF) (Fig. 6a) [61]. Upon accumulation of misfolded pro-
teins, the ubiquitin-binding domain of HDACS6 induces dis-
sociation of HDACG6 from the Hsp90-HSF1 complex. This,
in turn, results in dissociation of the Hsp90/HSF1 complex
and, hence, release and activation of HSF1 which is one of
the client proteins of Hsp90. Segregase activity of VCP/P97
plays a role in the dissociation of the Hsp90/HSF1 complex.
Liberated HSF1 activates heat shock protein (Hsp) genes,
including the gene encoding HSP90 that helps in reducing
protein aggregate toxicity by excessive expression of chap-
erones, thereby providing a survival advantage to oncogenic
transformed cells (Fig. 6b). A role of HDACH6 in the activa-
tion of HSF1 was further strengthened when HSF-1-Null
mouse embryonic fibroblast (MEFs) were found to inhibit
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DMBA-TPA treatment-induced skin tumors similar to
HDACG6 deficient cells and HDACG6 null mice. Elimination
of HSF1 was found to protect mice from tumors induced by
mutations of Ras or the p53 tumor suppressor protein [71].

Hsp90, whose expression is induced during heat shock
response, is one of the substrates of HDACG6. Acetylation
of Hsp90 regulates its ability to bind co-chaperones and
its client proteins. The chaperone activity of Hsp90 is acti-
vated upon its deacetylation by HDAC6 [72, 73].Followed
by HDAC6 mediated deacetylation, Hsp90 interacts with its
client proteins like Ber-Abl, glucocorticoid receptor (GR)
or androgen receptor (AR). Thus, Hsp90 via its chaperone
activity, ensures a favorable conformation of these proteins
(Fig. 6¢) [74, 75]. The stability of oncoproteins such as Ber-
Abl and Her?2 is thus dependent on the chaperone activity
of Hsp90.

HDAC6 knockdown studies have reaffirmed HDACG6’s
critical role in the modulation of Hsp90 activity. Hsp90
loses its chaperone activity upon HDAC6 inhibition, thereby
resulting in the degradation of its client proteins via the
proteasomal degradation pathway [72]. Many of the client
proteins of Hsp90 are oncogenic and play a critical role in
cell growth and survival and they are, thereby, important
for cancer progression[76]. LAQ824 and LBH589 medi-
ated HDACG inhibition has been found to result in increased

tion is activated by HDAC6, which causes the release of HSF1 which,
in turn, activates heat shock response. (¢) HDAC6 also activates heat
shock response by deacetylating Hsp90

Hsp90 acetylation, thereby decreasing its activity resulting
in polyubiquitination of its target proteins Bcr-Abl, c-Raf
and Akt in human leukemia cells, thus preventing cancer
[72]. HDAC6 knockdown mediated hyperacetylation of
Hsp90 also leads to dissociation of Hsp90 from p23, a co-
chaperone and, hence, loss of its chaperone activity. HDAC6
inhibition also affects Hsp90-mediated nuclear localization
and transcriptional activation of GR. Hsp90 hyperacetyla-
tion upon HDAC6 knockdown in prostate cancer C4-2 cells
resulted in inhibition of prostate-specific antigen (PSA)
expression. It also impairs ligand-independent nuclear local-
ization of endogenous androgen receptors and inhibits cell
growth in the absence and presence of dihydrotestosterone
(DHT). Since several oncoproteins rely on Hsp90 for stabil-
ity, HDAC6 inhibition can lead to their ubiquitin-mediated
degradation and, hence, cancer prevention.

3.6 HDACG: Role in transcriptional repression

HDACS is primarily cytoplasmic, but it can shuttle to the
nucleus and affect the activities of various transcriptional
regulators directly as well as indirectly by deacetylating
Hsp90 [74, 75, 77, 78]. Cellular proliferation prevents
the nuclear translocation of HDAC6. However, when cell
proliferation is arrested, a fraction of the HDAC®6 protein
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translocates to the nucleus through its nuclear localization
signal at the N-terminus.

HDAC®6 directly controls the activities of the transcrip-
tion factors Runx2 and nuclear factor-kB. RunX2 recruits
HDACS6 from the cytoplasm to chromatin in osteoblasts to
repress the p21 promoter (Fig. 7a) [79]. Transcription fac-
tors such as NFkB, p50 and p65 recruit HDAC6 from the
cytoplasm to the nucleus to repress the expression of the
gene encoding a subunit of HT-K*-ATPase (Fig. 7b) [80].
HDACEG results in transcriptional repression via its interac-
tion with corepressors such as HDAC11, sumoylated HAT
p300, and ligand-dependent nuclear receptor corepressor
(LCoR). Sumoylation of the CRD1 domain of p300 mediates
its repressor activity. HDAC6 binds to the SUMO-CRDI1
domain of p300 resulting in transcriptional repression [81].
Binding of HDACG6 to the SUMO-CRD1 domain of p300
is involved in the repression of p53-dependent transcrip-
tion (Fig. 7¢) [82, 83]. p300 also acetylates HDAC6, and
p300-mediated acetylation of HDACS6 inhibits its tubulin
deacetylation activity [84] and suppresses HDAC6-induced
Spl transcriptional activity [84]. HDACS retention in the
cytoplasm is affected by acetylation in the N terminal
nuclear localization signal (NLS) region. Mutation of this
region prevents the interaction between HDAC6 and nuclear

protein importin-o and, thereby, affects nuclear importing
and histone deacetylation [14]. p300 modulates HDAC6
nuclear import by blocking the HDAC6/importin-o interac-
tion [14].

LCoR is involved in ligand-dependent repressor activity
of nuclear receptors [85] as well as ETO-2 [86]. HDAC6
interacts with LCoR and enhances its repression activity
[85, 87]. In response to estrogen, LCoR and HDACS6 are
recruited to the promoter of ER-a target genes in MCF-7
cells where they repress the transactivation of estrogen
inducible genes (Fig. 7d) [87]. HDAC6 or LCOR knock-
down leads to enhanced expression of some estrogen target
genes such as Grebl and Fos, suggesting that HDAC6 func-
tions as a cofactor of LCoR.

Also, HDACG6 physically interacts with phosphorylated
RNA polymerase II (Pol IT) and its distribution pattern par-
allels the Pol II, but not the H3K36me3 signal. This result
indicates that HDACG6 can be recruited to chromatin by
active Pol II. HDAC inhibitor treatment causes increased
acetylation of active genes, with the increased levels being
correlated with HDAC binding, suggesting that HDAC
recruitment to active genes functions by removing acetyl
groups. This result implicates that HDAC may play a role
in maintaining an adequate level of acetylation for active
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Fig.7 Role of HDAC6 in regulating gene expression via interac-
tion with transcription factors. (a) HDACS is recruited to chromatin
by RunX2 and results in transcriptional repression of p21 in osteo-
blasts. (b) LCoR and HDACS6 are recruited to promoters of estrogen
receptor alpha target genes in response to estrogen where they repress
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transactivation of estrogen inducible genes. (¢) HDAC6 binds to the
SUMO-CRDI1 domain of p300 resulting in transcriptional repression.
(d) HDACS® is recruited to chromatin by NFxB resulting in transcrip-
tional repression of the gene encoding a subunit of H-K*- ATPase



HDACS6: A unique HDAC family member as a cancer target

789

genes during transcription and in inhibiting promiscuous
transcription initiation.

3.7 HDACG: Role in metabolic response

HDACS6 plays an important role in hepatic glucocorticoid-
induced gluconeogenesis via regulation of GR nuclear trans-
location. HDACG6 regulates Hsp90 deacetylation-mediated
activation of glucocorticoid receptors [74, 75] and, hence,
mediates transcription of gluconeogenic genes via glucocor-
ticoid receptors in the liver (Fig. 8) [88]. Dexamethasone-
induced expression of several hepatic genes such as G6P,
FBP and PEPCK has been found to be reduced in HDAC6
knockout(KO) mice and HDAC6-specific inhibitor-treated
cells. Also, dexamethasone-induced hepatic glucose output
and GR translocation were found to be impaired in HDAC6
KO mice and tubacin-treated cells. Hence HDACS6 is a key
regulator of hepatic glucocorticoid-induced gluconeogenesis
via the regulation of GR nuclear translocation. It is a poten-
tial therapeutic target for glucocorticoid-induced diabetes
[88].

3.8 HDAC6: Regulator of DNA damage response

Under normal conditions, p53 is maintained at a low level.
However, in response to cellular stresses such as DNA

damage, p53 is quickly induced to accumulate in the cell
nucleus. DNA damage-mediated sequential post-transla-
tional modifications including phosphorylation (Ser-15, Ser-
20, and Ser-46) and acetylation (Lys-373/382) contribute to
the induction of p53. For example, NH,-terminal phospho-
rylation of p53 promotes dissociation of MDM?2 from p53,
and -COOH terminal acetylation of p53 attenuates ubiq-
uitination mediated by MDM?2. Thus, these modifications
repress the ubiquitin-dependent proteasomal degradation of
p53, by which p53 becomes stable.

Upon repairable DNA damage, p53 transactivates its
cell cycle-related target genes including p21 and 14-3-3 s
to arrest cell cycle progression at the G1/S and/or G2/M
boundaries to save time to repair damaged DNA, after which
cells with repaired DNA re-enter the normal cell cycle.
When cells undergo severe DNA damage, p53 instead pro-
motes irreversible apoptosis through transactivating its pro-
apoptotic target genes such as BAX, NOXA and PUMA and
eliminates cells with seriously damaged DNA. Therefore, a
proper DNA damage response, which monitors and ensures
genomic integrity, has been considered to be a critical bar-
rier to tumorigenesis, with p53 at the crossroad between
cell survival and death following DNA damage.p53 becomes
acetylated after DNA damage, and the acetylated form has
been reported to exhibit increased transcriptional activity,
promote coactivator recruitment, and enhance site-specific
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Fig.8 Role of HDAC6 in hepatic glucocorticoid-induced gluconeogenesis via regulation of GR nuclear translocation. HDAC6 mediated Hsp90
deacetylation regulates activation of the glucocorticoid receptor, which is involved in gluconeogenesis
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DNA binding. Acetylation of p53 is also believed to increase
p53 stability by preventing the ubiquitination of key lysine
residues and its subsequent proteasomal degradation.
HDACSG6 is a novel p53 deacetylase (Fig. 9) with
Lys381/382 as its target site. HDACG6 has been found to bind
to the C terminal region of p53 via its deacetylase domain
in colorectal cancer (CRC) cells. The C-terminal lysine
residues within p53 are also targeted by HDAC1, HDAC2
and SIRT1. Romidepsin, a specific inhibitor of HDAC1/2,
results in increased p53 acetylation at Lys320/372, but not
at Lys381/382. The pan-HDACi SAHA, which inhibits pri-
marily class I HDACs and HDACS, increases p53 acetyla-
tion at Lys320/372/381/382. SIRT1 preferentially deacety-
lates p53 at Lys382. These data suggest that Lys382 can be
targeted by HDAC6 and SIRT1 and Lys381 by HDAC6 in
CRC cells [89]. HDACS6 levels are inversely correlated with
p53 acetylation at lysines 381/382, which is associated with
p53 functional activation. p53 acetylation strongly corre-
lates with protein stability and is required for its functional
activation as a tumor suppressor. HDAC6 makes p53 inac-
tive by deacetylation and, hence, negatively regulates p53
activity. Decreased levels of nuclear HDAC6 also elicited
changes in the expression of p53 target genes that promote
cell cycle arrest and apoptosis. These HDAC6 effects on
p53 stability and activity are attributed to HDAC6-mediated
p53 deacetylation at lysines 381/382. HDAC6 knockdown
studies confirmed these observations. Decreased levels of
HDACS6 activity by A452 and depletion of HDACG6 have
been found to contribute to the accumulation of p53 acety-
lation (Lys381/382) and its transcriptional activation. A452
increased the expressions of the p53 target genes p21,
Bax and Bak, and p53 transactivation activity in wtp53
HCT116 and RKO cells [90]. Treatment of CRC cells with
A452 caused a decrease in nuclear HDAC6 and interaction
between HDAC6 and p53, and an increase in acetylation

of p53 at Lys381/382. Thus, HDACS6 is considered a novel
deacetylase of p53 at Lys381/382.

Park et al. reported a role of HDACS6 in regulating the
survival of mesenchymal stem cells (MSCs) via modula-
tion of p53 acetylation at K120. HDAC6 was found to nega-
tively regulate pro-apoptotic acetylation of p53, specifically
at lysine residue 120 (K120) in MSCs. The authors showed
that the loss of HDAC6 promotes acetylation of p53 at K120
and triggers caspase-dependent apoptosis by elevating the
level of pro-apoptotic BCL-2 family member Bax and reduc-
ing the pro-survival protein Bcl-2 in MSCs. In addition, they
found that HDAC6 inhibition results in elevated ROS levels,
which is primarily caused by impaired mitochondrial oxida-
tive metabolism [91].

Also, Runt-related transcription factor 2 (RUNX?2) has
been found to inhibit p53-dependent apoptosis via its col-
laboration with HDAC6 upon DNA damage [92]. RUNX2
plays an important role in osteoblast differentiation. Ozaki
et al. found that RUNX2 acts as a negative regulator for p53
in response to DNA damage. In response to DNA damage
upon Adriamycin (ADR) exposure, RUNX2, as well as p53
were induced at the protein and mRNA levels in U20S cells
along with a significant upregulation of various p53 target
genes. RUNX?2 is involved in p53-mediated transcriptional
activation of genes. Chromatin immunoprecipitation studies
revealed that in response to ADR, the RUNX?2/p53 complex
is recruited to p53 target promoters. RUNX2 depletion in
pS53-deficient H1299 cells had no detectable effect on the
expression of p53-target genes irrespective of ADR treat-
ment, which shows that RUNX2-mediated downregulation
of p53 target genes is dependent on p53. Also, p53 target
genes and, hence, ADR mediated apoptosis was found to be
enhanced in response to ADR upon RUNX?2 knockdown.
Following ADR exposure, HDAC6 was also recruited to
pS3 target promoters, which shows that HDACS is part of

Fig.9 HDACSH as a regula-

tor of DNA damage response.
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the RUNX2/p53 complex. Also, upon tubacin treatment,
a HDAC6-specific chemical inhibitor, ADR-mediated p53
target gene expression was further enhanced, confirming
that HDACG6 deacetylase activity plays an important role
in RUNX2-mediated downregulation of p53 target genes.
Therefore, the study conducted by Ozaki et al. strongly
emphasize that RUNX2 in collaboration with HDAC6
inhibits the DNA damage-induced transcriptional as well
as pro-apoptotic activity of p53, which makes it an attractive
therapeutic target for the treatment of cancer [93]. RUNX2-
mediated induction of anti-apoptotic Bcl-2 has been found to
contribute to the acquisition of an apoptosis-resistant pheno-
type in human prostate cancer. Although these studies have
suggested an oncogenic property of RUNX2, the underlying
molecular mechanism(s) is poorly understood. Collectively,
these findings provide strong evidence that RUNX?2 prohibits
p53-mediated apoptosis in response to DNA damage through
a collaboration with HDAC6 and may imply that RUNX?2
is a potential therapeutic target for cancer treatment [93].

Yang et al. reported a role for HDACS in regulating radio-
sensitivity of glioma stem cells (GSCs). They found that
HDACS6 inhibition in GSCs resulted in downregulation of
the expression and activity of components of SHH sign-
aling, glioma-associated oncogene homolog 1 (Glil)and
Patched (Ptchl and Ptch2) receptors. Inhibition of HDAC6
activity resulted in decreased GSC proliferation, increased
GSC apoptosis via inactivation of the SHH/Glil signaling
pathway and decreased GSC DNA damage repair capac-
ity via degradation of checkpoint kinase (CHK) 1 caused
by X-linked inhibitor of apoptosis (XIAP) downregula-
tion, resulting in elevated radiosensitivity [94].The role of
HDACG6 in DNA damage response was further strengthened
by the finding that MLH1 (MutL homolog 1), a key DNA
mismatch repair protein, serves as a substrate of HDAC6.
MLHI1 is involved in the maintenance of genomic stability
and DNA damage response. HDAC6 has been found to inter-
act with MLH1 via its deacetylation domain both in vitro
and in vivo. HDAC6 deacetylates the Lys-33 and Lys-241
sites of MLH1. MLH1 binding to MutSa is favored by acety-
lation of the Lys-33 and Lys-241residues. HDAC6-mediated
deacetylation of MLH1 results in reduced affinity of MLH1
to the MutSa complex, thus disrupting the assembly of the
MutSa—MutLa complex. Also, it was found that HDAC6-
mediated deacetylation of MLHI1 conferred 6-TG resistance
via disruption of the MutS—MutL complex [92]. Zhang M
et al. reported that HDACG interacts with the MMR proteins
MSH2 and MSH6, and hence deacetylates them. Deacety-
lated MSH2 is then degraded by the proteasome. MSH2 is
the major component of the DNA mismatch repair system
and is involved in mismatch recognition. HDAC6-mediated
deacetylation of MSH2 accounts for a significant decrease in
sensitivity to DNA-damaging agents due to the downregula-
tion of MMR activity [95].

4 Regulation of HDAC6 activity

Although, HDACE® is itself involved in the regulation of
a myriad of cellular processes, its deacetylase activity is
tightly regulated at multiple levels such as (i) HDAC6
localization within the cell, (ii) various PTMs such as
phosphorylation and acetylation (Fig. 10) [96] and (iii)
direct or indirect interactions of HDAC6 with various
partners, such as the membrane-associated protein dys-
ferlin, invasion inhibitory protein (IIp)45 [97], tubulin
polymerization-promoting protein/p25 (TPPP/p25) [98]
or farnesyltransferase [99]. Phosphorylation of HDAC6
by various kinases has been found to enhance HDAC6
deacetylase activity. For example, glycogen synthase
kinase 3(GSK3b) mediated phosphorylation of HDAC6
at position 22 (Ser22) [100, 101] and epidermal growth
factor receptor (EGFR)-RAS-RAF-MEK-ERK signaling
axis phosphorylation at position 1035 (Ser1035) [20] of
HDACS6 has been found to significantly increase HDAC6-
mediated tubulin deacetylase activity. EGFR-mediated
phosphorylation of HDAC6 at Y570 has been found to
result in reduced deacetylase activity and increased
acetylation of a-tubulin [25]. Kinases, such as G protein-
coupled receptor kinase 2 (GRK?2), Aurora A, and pro-
tein kinase C isoform z (PKCz), have also been found to
increase HDAC6-mediated tubulin deacetylase activity
by phosphorylation at positions that remain undefined
[49, 102]. Protein kinase CK2 (a serine/threonine kinase)
mediated phosphorylation of HDAC6 at position 458
(Ser458) accelerates the process of aggresomal clearance
of proteins[103]. Furthermore, upon Sendai virus infec-
tion, HDAC6 is phosphorylated and activated by PKCa,
leading to the deacetylation and nuclear translocation of
beta-catenin and, subsequently, the induction of antiviral
immune response [104, 105].

HDACS6 also undergoes acetylation-mediated regula-
tion. Unlike phosphorylation, acetylation has been found
to impair the deacetylase activity of HDAC6 against
a-tubulin and transcriptional regulation. HDACS6 is acety-
lated by acetyltransferase p300 at 16 lysine residues, lead-
ing to inhibition of HDAC6-mediated tubulin deacetyla-
tion and suppression of Spl transcriptional activity [14].
Acetylation also plays role in the cytoplasmic retention of
HDACSG. As a result of acetylation, interaction of HDAC6
with the nuclear import protein importin-a is blocked and,
hence, HDACS is retained in the cytoplasm [14]. Apart
from kinases and acetyltransferases, several other regu-
lators have been found to directly interact with HDAC6
and to regulate its deacetylase activity. One such regula-
tor is tubulin polymerization-promoting protein-1 (TPPP1/
p25) [106]. TPPP1 has been found to regulate MT acetyla-
tion and B-catenin expression by binding to HDAC6 and
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Fig. 10 Regulation of HDAC6 activity. Although HDACS is itself
involved in the regulation of a myriad of cellular processes, its dea-
cetylase activity is tightly regulated at multiple levels. Upper level:
Phosphorylation-mediated regulation: Phosphorylation of HDAC6 by

inhibiting its deacetylase activity. TPPP1 overexpression
in cells resulted in increased MT acetylation and, thereby,
enhanced MT polymerization, whereas cells treated with
TPPP1 RNAIi/siRNA showed reduced MT acetylation. The
TPPP1-HDACS interaction is impaired by Rho-associated
coiled-coil kinase (ROCK) and cyclin-dependent kinase
1 (CDK1) mediated phosphorylation of TPPP1, resulting
in increased HDACS6 activity followed by a decrease in
cell motility and an increase in cell proliferation, respec-
tively [98, 106, 107]. Other regulators such as paxillin
[108, 109], CYLD, dysferlin, Mdp3 [110], p62 and Ran-
BPM [111] directly interact with HDAC6 and, thereby,
inhibit HDAC6 mediated functions such as deacetylation
and aggresome formation. MicroRNAs can also regulate
HDACS6 expression and function. miR-26, miR-433, miR-
221, miR-206, miR-22 and miR-548 have been found to
downregulate the expression and activity of HDAC6 [30,
112, 113].

Okuda et al. studied the role of S-nitrosylation, a PTM
on HDACS6 in the regulation of protein acetylation. They
found that HDACG6 is S-nitrosylated by endogenously
produced NO. Thus, HDACS6 is a potential substrate of
NO. S-nitrosylation of HDAC6 diminishes its deacety-
lase activity and, subsequently increases the acetylation
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various kinases has been reported to alter HDAC6 deacetylase activ-
ity. Lower level: Acetylation-mediated regulation: Acetylation has
been found to impair the deacetylase activity of HDAC6 affecting
a-tubulin and transcriptional regulation

of a-tubulin resulting in the accumulation of misfolded
proteins and, ultimately, cell death [114].

5 HDACG6: An anti-cancer target

HDACS6 has emerged as a potential anti-cancer target
(Fig. 11), owning to its well-known roles in tumorigenesis
and tumor progression. HDAC6 is overexpressed in a variety
of tumors including primary acute myeloid leukemia (AML)
blasts [115, 116], colon cancer [117], some myeloblastic
cell lines, breast cancer cells [118], ovarian cancer cells,
human embryonic kidney cells (HEK), prostate epithelial
cells (PrEC) and primary oral squamous cell carcinoma cell
lines [119]. In cancer types such as oral squamous cell car-
cinoma, primary acute myeloid leukemia (AML), ovarian
cancer, acute lymphoblastic leukemia (ALL) and hepatocel-
lular carcinomas HDACG6 overexpression has been found to
correlate with advanced tumor stages and enhanced tumor
aggressiveness accompanied with lower survival rates.
HDACS6 participates in the process of tumorigenesis by play-
ing important roles in various processes, such as enhanced
cellular proliferation, cancer cell migration and invasion
[31, 48, 120]. Multiple HDAC6 knockdown and inhibition
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Fig. 11 HDACS6 as an anti-cancer target. Role of HDACG6 in inducing
angiogenesis, activating oncogenic proliferative signaling pathways
and tumor growth, activation of anti-apoptotic pathways via deacety-

studies have been carried out suggesting a role of HDAC6
in cancer. HDACG6 is required for efficient oncogenic trans-
formation, tumor growth and anchorage-independent prolif-
eration, an important hallmark of tumor cells, which allows
cells to survive by escaping anoikis. Multiple studies involv-
ing HDAC6 knockdown and inhibition have been carried
out to check this fact. HDAC6 knockout MEFs have been
found to be resistant to transformation, thus highlighting the
importance of HDAC6 in oncogenic transformation. HDAC6
knockdown in MCF7, SKBR3 and SKOV3 cancer cells has
been found to reduce their anchorage-independent growth
[120]. In vivo studies in immunocompromised SCID mice
also indicated that HDACG6 inactivation reduces the abil-
ity of the cells to form tumors. Mice injected with stably
expressed HDAC6-specific shRNA showed fewer tumors
than control mice (that were injected with stably expressed
HDACS6 scrambled control) [120]. Also, HDACG6 null mice
were found to be more resistant to chemical carcinogen-
induced skin tumors [120]. HDACS6 activity was found to
be significantly higher in inflammatory breast cancer (IBC)
cells compared with non-IBC cells [121]. ACY 1215, a
HDACG6-specific inhibitor, was found to inhibit the pro-
liferation of IBC cells, both in vitro and in vivo, whereas
non-IBC cells were found to be less sensitive to ACY 1215
treatment [121]. Keremu et al. showed that selective HDAC6

lation of substrates, activation of aggresomal pathways, and enhanc-
ing cellular migration and metastasis makes it a good anticancer drug
target

inhibition impaired tumor growth and downregulated PD-L.1
production in vivo by modulating STAT3 Tyr-705 phospho-
rylation, suggesting that HDACG6 inhibitors may serve as
potential anti-tumor agents in osteosarcoma [122].
Inactivation of oncogenic signaling pathways and delay
in cell cycle progression account for decreases in cellular
proliferation and tumor growth upon HDACS6 inhibition.
Cancer developmental steps involve sustained activation of
growth factor signaling pathways leading to continuous cel-
lular proliferation. As discussed above, HDACS6 is an impor-
tant mediator of oncogenic signaling pathways which result
in enhanced cellular proliferation. Concordantly, HDAC6
knockdown and inhibition have been found to decrease cel-
lular proliferation via modulation of these oncogenic signal-
ing pathways. ERK1/2 phosphorylation and levels of acti-
vated Ras and Akt were found to be decreased in HDAC6
knockout mice compared to wild-type control mice. HDAC6
inhibition promoted Akt and ERK dephosphorylation, and
reduced cellular proliferation. A decrease in the levels of
phosphorylated Akt and ERK [123-126] upon HDACS6 inhi-
bition is at least partly due to hyperacetylation of Hsp90,
one of the substrates of HDAC6. Hsp90 affects the PI3K/
Akt pathway by affecting the functional stability of Akt
[127, 128]. HDAC6 inhibition enhances Hsp90 acetylation,
thereby reducing the interaction between Hsp90 and Akt,
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rendering Akt inactive and reducing cellular proliferation. It
has also been found that HDAC6 overexpression in ovarian
cancer, breast cancer and other tumor models may be due to
oncogenic Ras signaling resulting in a substrate-independent
proliferation of cancer cells.

HDACG6 overexpression has been found to be associated
with the presence of an activated K-Ras mutant in colon
cancer patients. Mutant K-Ras induces HDACG6 expression
by a MAP kinase-dependent pathway. HDAC6 inhibition
has been found to decrease epithelial cell proliferation by
blocking epidermal growth factor-induced beta-catenin
nuclear localization and, hence, decreasing c-Myc expres-
sion [26]. Inactivation of the EGFR pathway has also been
found to account for a decrease in cellular proliferation upon
HDACG6 knockdown. Accumulation of acetylated a-tubulin
upon HDACS6 inhibition results in deregulation of microtu-
bule-dependent endocytic vesicle trafficking and, thereby,
enhanced EGFR degradation [24, 129, 130]. HDACS6 is
involved in promoting the development of colon cancer
by activating the MAPK/ERK signaling pathway. Thus,
HDACS6 inhibition results in the inhibition of cell prolif-
eration and migration via downregulating the MAPK/ERK
signaling pathway in colon cancer. Zhang et al. reported that
SETY7 inhibits the growth of colon cancer cells by interacting
with HDAC6 and, thereby, inactivating it. Thus, SET7 plays
a role in tumor suppression in colon cancer via increasing
levels of acetylated a-tubulin by inactivating HDAC6[131].

HDAC®6 also enhances cellular proliferation via its control
over cell cycle progression. Therefore, decreased cellular
proliferation upon HDAC6 knockdown is exerted partly via a
delay in cell cycle progression. As discussed earlier, HDAC6
regulates the cell cycle by promoting interaction between
CYLD and Bcl3 via deacetylating - tubulin [31, 33]. Upon
HDACG6 knockdown, levels of acetylated a-tubulin increase
and, hence, acetylated microtubules accumulate, resulting
in translocation of CYLD to the perinuclear region. This
results in reduced interaction between CYLD and Bcl3 [31,
35, 132]. Consequently, Bcl3 translocation to the nucleus
is decreased resulting in inhibition of the transcriptional
activity of NF-xB and reduced expression of cyclin D1,
thereby delaying G1/S transition [31]. Thus, HDACS6 inhi-
bition reduces cell proliferation by delaying the cell cycle
progression.

One of the hallmarks of cancer is enhanced cellu-
lar migration and metastasis, and HDAC6 is required for
enhanced tumor cell movement, invasion and metasta-
sis. HDACG6 participates in cell motility via its substrates
actin and tubulin. Overexpression and inhibition studies
of HDAC6 have also highlighted the role of HDACS6 as a
mediator of cellular mobility. HDACG6 inhibition promotes
a-tubulin acetylation, which enhances microtubule stabil-
ity and reduces cell migration [133]. TSA or tubacin-medi-
ated HDACG inhibition resulted in increased microtubule
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acetylation and decreased microtubule dynamics, leading
to a decrease in cellular mobility [134]. HDAC6-specific
inhibitors have been found to decrease MT dynamics and
reduce motility in neuroblastoma. NK84 (Tubacin deriva-
tive) treated ovarian cancer cells showed inhibition in
migration, further emphasizing the importance of HDAC6
in the metastasis of cancer cells. HDACS6 is an estrogen
upregulated gene. Therefore, expression of HDAC6 in
estrogen-positive breast cancer MCF 7 cells was found
to be increased, which further enhanced cellular motility
by promoting binding to its substrate, a-tubulin, thereby
enhancing microtubule activity [118]. Tamoxifen (TAM),
and another anti-estrogen agent, ICI 182,780, in combina-
tion with tubacin prevented both estradiol-induced HDAC6
accumulation and HDAC6-mediated tubulin deacetylation,
resulting in reduced motility. NIH3T3 cells overexpress-
ing HDAC6 moved significantly faster than control cells in
response to serum, and treatment with tubacin was found
to decrease their motility [34]. HDAC6 overexpression in
MCF-7 breast cancer cells increased their motility [118].
Cell motility studies in neuroblastoma showed that HDAC6
inhibitor treatment resulted in decreased MT dynamics and,
therefore, reduced motility [135]. Metastasis depends on
proteolytic degradation of the extracellular matrix, initiated
by invadopodium formation. HDACG6 regulates metastasis
by modulating the formation of invadopodia[136], which
are actin-driven membrane protrusions that possess matrix
degradative activity [137].The role of HDACS6 in invadopo-
dia formation, invasion and metastasis was studied in breast
cancer [136]. siRNA-mediated HDACH6 silencing in highly
invasive MDA-MB-231 breast cancer cells confirmed the
role of HDACS for 2D matrix proteolysis. HDAC6-mediated
Hsp90 deacetylation destabilizes breast cancer metastasis
suppressor 1, thereby decreasing its metastasis suppressor
activity [77]. Breast cancer metastasis suppressor 1, one of
the client proteins of Hsp90 [77] has also been found to
interact with HDAC6. Numerous reports have shown that
HDACS inhibition is effective in the treatment of cancer.
Ovarian cancer cells treated with the HDACG6 inhibitor
NK&84 (Tubacin derivative) showed migration inhibition.
siRNA or TSA treatment-mediated HDAC6 inhibition in
MDA-MB-231 cells resulted in a decrease in their invasive
ability in a 3D type 1 collagen matrix [136]. Similar results
were obtained in hepatocellular carcinoma [138]. Inhibi-
tion of HDACS6 leads to stabilization of microtubules and
accumulation of misfolded ubiquitinated proteins, promot-
ing apoptosis in tumor cells. HDAC6 upregulation-mediated
decreased tubulin acetylation has been found to enhance
the motility of fibroblasts [37] and breast cancer cells [118,
139]. Pham et al. reported a role of HDAC6 in driving
rhabdomyosarcoma (RMS) tumor growth, self-renewal and
migration/invasion. HDACS is involved in promoting tumor
growth by modulating cell cycle progression and tumor cell



HDACS6: A unique HDAC family member as a cancer target

795

differentiation and has been found to regulate the migratory
and self-renewal capacities of RMS tumor cells by altering
the microtubule and actin-dependent cytoskeletal dynamics
to promote RMS cell migration via RAC1. Thus, targeting
the HDAC6-RACI1 axis may be a promising therapeutic
approach for RMS [140].

HDACE® is a positive regulator of angiogenesis. One of
the mechanisms via which HDAC6 promotes angiogenesis
is by regulating the polarization and migration of vascu-
lar endothelial cells in a microtubule end-binding protein
1-dependent manner [141]. HDAC6 and HDACI10 play
important roles in Hsp-mediated regulation of VEGFR in
cancer cells [142]. Hypoxia has been found to upregulate
HDAC6 mRNA and protein levels in endothelial cells (ECs)
[47]. HDACS6 associates with HIF-1a and increases its stabil-
ity and transcriptional activity in cancer cells [143]. HDAC6
increases hypoxia-inducible factor (HIF)-1 stability in can-
cer cells via direct deacetylation, and indirectly via modula-
tion of the HSP90 chaperone function [144]. HIF-1 in turn
stimulates its transcriptional activity toward target genes
promoting angiogenesis such as vascular endothelial growth
factor (VEGF) [143]. HDAC6-mediated HSP90 deacetyla-
tion ensures adequate binding to VEGF receptor (VEGFR)-1
or VEGFR-2, which transduces angiogenic signaling upon
VEGEF-A stimulation [142]. HDAC6 silencing in endothelial
cells not only decreased sprouting and migration in vitro,
but also reduced the formation of functional vascular net-
works in matrigel plugs in vivo [47]. HDAC6 deficient
mice showed a reduced formation of perfused vessels in
matrigel plugs [47]. Surprisingly, hypoxia-induced suppres-
sion of HDAC6 has been found to promote angiogenesis in
hepatocellular carcinoma (HCC) by significantly upregu-
lating HIF-1/VEGF-A expression levels [145]. Therefore,
HDACS6’s role in migration, oncogenic signaling pathways,
anti-apoptotic pathways, cellular stress surveillance factor,
and aggresomal pathways makes it a good anticancer drug
target.

6 HDACG inhibitors

HDACSs are well-known anticancer targets. Pan-HDAC
inhibitors have turned out to be very effective for cancer
treatment. However, side effects associated with pan-HDAC
inhibitors limit their usage. Therefore, numerous stud-
ies have been reported for the development and study of
subtype-specific HDAC inhibitors owning to comparatively
fewer side effects associated with their usage. Each HDAC
subtype differs from the other in terms of its substrate speci-
ficity and, hence, the molecular pathway it participates in.
Among the different HDAC subtypes, HDACS is of par-
ticular interest as it differs from the other HDACs, not only
in terms of unique cytoplasmic substrates, but also in terms

of its structure. As discussed earlier in this review, HDAC6
contains two catalytic domains and a ubiquitin-binding
domain, which other HDAC members lack. These unique
properties of HDAC6 make it structurally and functionally
different from other members of the HDAC family. Also
selectively targeting HDACG6 over other subtypes maximizes
the pharmacological effects and also minimizes the side
effects associated with pan-HDAC inhibitors. HDAC6 inac-
tivation confers resistance to oncogenic transformation and
tumor formation [120]. Thus, a great deal of effort has been
devoted to studying the effect of HDAC6-selective inhibitors
in various tumors for anti-cancer therapy with the hope to
minimize the side effects associated with the usage of pan-
inhibitors. Therefore, the development of HDACS6 inhibitors
is a trending area of research and many studies are being
carried out in this area. Research carried out in our labo-
ratory found that the presence of features such as electron
donor groups, sterically bulky scaffold and a hydrophobic
ring is crucial for potent and selective HDAC6 inhibitory
activity [146]. Another unique function of the HDAC6-
specific inhibitors is that they increase acetylated tubulin
expression without having much effect on acetylated histone
levels. Table 1 shows a list of various HDAC6 inhibitors. All
the listed inhibitors have been validated for their HDAC6-
specific enzymatic activity via enzymatic assays, acetylated
tubulin expression via Western blotting, or both. Out of all
the HDACG inhibitors mentioned in Table 1, only ricolin-
ostat (ACY-1215) and KA2507 have entered clinical trials
as tabulated in Table 2, whereas all the rest are in the pre-
clinical stages. In addition, HDAC6 plays an important role
in protecting cells from stress-inducing chemotherapeutic
drugs. This is the rationale why HDACS inhibitors have been
found to enhance the effectiveness of stress-inducing chemo-
therapeutic agents used for tumor treatment as discussed in
the subsequent sections.

7 HDACG6: An important player in cell
survival under stressful conditions
-combination therapy

Chemotherapy is one of the major strategies for cancer treat-
ment, and functions by targeting the physiological character-
istics of cancer cells, including proliferation, angiogenesis,
apoptosis, invasion and migration [6]. However, drug resist-
ance [7] and severe side effects [8] still hinder the effects
of chemotherapy. Therefore, recently combinatorial thera-
pies have gained importance as they not only enhance the
therapeutic effects but also decrease the required dosages of
each drug, thereby reducing the severity of adverse effects
[9]. Thus, the search for combinations of chemotherapeutic
agents that can achieve synergistic antitumor effects remains
an important strategy.
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Table 1 HDACSH inhibitors

Inhibitors Structures References
ACY-738 [147]
o o)
HN\</ \
N—
HN—oH
ACY-775
F N \ <
N— HN— OH
ACY-241 (Citarinostat) 0 o [148]
cl Hﬁ/u\“/\/\/\/d\r‘/m
LG
Biarryl hydroxamic acids [149]

Cancer cells may harbor several epigenetic alterations,
including an increased expression and activity of histone
deacetylases (HDACs). Dysregulation of HDACsS is criti-
cal to the development and progression of the majority
of tumors. Thus, HDAC inhibitors seem to be one of the
promising anti-cancer drugs. The use of HDACi’s as mono-
therapy has shown positive pre-clinical results, but clinical
trials showed only limited success due to associated side
effects. However, combinatorial regimens of HDACi’s with
other anti-cancer drugs have shown synergistic effects both
in pre-clinical and clinical studies. At the same time, these
combinations have enhanced the efficacy, and reduced the
toxicity and tumor resistance to therapy.

HDAC:’s are broadly classified into five classes: hydroxa-
mates, cyclic peptides, short-chain fatty (aliphatic) acids,
benzamides and sirtuin inhibitors. HDACi’s are also clas-
sified based on their ability to inhibit HDAC classes as
pan-HDAC inhibitors (pan-HDACH’s) that act on all HDAC
classes (not including sirtuins), and selective HDAC
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inhibitors, that target a specific HDAC. So far, pan-HDACi’s
have been more widely studied and used rather than selective
HDAC:’s. Initially, several pan-HDACi’s were approved by
the US Food and Drug Administration (FDA) for clinical
treatment such as Suberoylanilidehydroxamic acid (SAHA;
Vorinostat) used for the treatment of relapsed and refrac-
tory cutaneous T-cell lymphoma (CTCL), romidepsin or
belinostat for various hematological tumors and many other
HDAC:’s for different malignancies. Vorinostat and Trichos-
tatin A were the first generation HDAC:’s.

Although pan-HDAC:i’s are currently approved by the
FDA, their usage is limited as single agents against solid
tumors in clinical trials compared to the hematological
malignancies due to associated secondary effects such
as thrombocytopenia, nausea, vomiting, anorexia and
fatigue. To broaden the therapeutic window, combination
of HDACi’s with other chemotherapeutic drugs (such
as topoisomerase inhibitors, PARP inhibitors, protea-
some inhibitors, radiotherapy, antimetabolites and mTOR
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Table 1 (continued)

2T

NH

NH

C-3 substitued vorinostat
derivative

0
N oH
[N}
:/\ : 7 N/
H

Chiral 3,4-dihydroquinoxalin- o o [150]
2(1H)-one | |
OH
H/
H
3,4-dihydroquinoxalin-1(2H)-one [149]
derivative —
g
-1 /
0 o
R -~
HN e H
H
N
HPOB 6 [148]
HO @]
N HN — OH
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Table 1 (continued)

Nexturastat A

CHy [ ::
HN

Ricolinostat (ACY-1215)

ST80

NHOH

Substituted phenylalanine- and
pyridylalanine-based

Tetrahydrocarboline derivatives

[149]
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Table 1 (continued)

R

Tetrahydroisoquinolines

o
A _OH
-

o

Isoindolines

iz

Tetrahydrothienol (2, 3-c)
pyridines

H,C
\
N _
oH
—= N
H
N
H.C
Tetrahydro-1H-benzazepines [90]
(8]
R: NHOH
N
(0]
Tetrahydroisoquinolines and
isoindolines .
OH
M -
H
M
/
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Table 1 (continued)

Tetrahydrothienol (3, 2-c)
pyridines

1, 2, 3-Triazoles

[149]

Tubacin

Tubastatin A

CH,

Triazolylphenyl

[151]

inhibitors) has emerged as a new therapeutic strategy in
the treatment of both hematological and solid tumors in
both pre-clinical and clinical studies. Combination stud-
ies involving SAHA with cisplatin (alkylating agent) have
shown a synergistic effect on cell proliferation, induction
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of apoptosis and cell cycle perturbation, and being benefi-
cial for patients with larynx cancer. Another well-known
HDAC: Panobinostat in combination with Bortezomib and
dexamethasone (proteasome inhibitor) has shown a syn-
ergistic effect in a phase III trial in MM patients. Also,
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Table 1 (continued)

=
R=—N
|
N=—"
Piperazine-2,5-dione aryl [150]
hydroxamates o R o
OH
HN H/
H
M
CH,
Compounds containing a [152]
phenylisoxazole as a cap group X WNHOH
~
Y "
CH,
4-(acylaminomethyl)-N- o [150]
hydrobenzamide 1a
_OH
4 N
| H
H
N
N
/
H,C o
Compound bearing [149]
trifluoromethyl ketone as ZBGs .

CF,

Compound containing a
cycloheptyl cap group and thiol
ZBG

CH,

Isoxazole derivatives
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Table 1 (continued)

CH,
Menadione [153]
H.C
(]
NQN-1
HN
NQN-2
HN
Quinazolin-4-one derivatives [154]
ST3595 [155]

a study conducted in our lab showed that Panobinostat
synergized with Topotecan/Etoposide (Topoisomerase
inhibitors) and resulted in cell death via induction of the
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intrinsic apoptotic pathway in cervical cancer cells [188,
189]. One more phase I study in patients with advanced
solid malignancies involving a combination of pazopanib



HDACS6: A unique HDAC family member as a cancer target

803

Table 1 (continued)

CH,
KA2507 - [156]
HH o
N/ﬁ
)l\yN
N
FK\LRN
N\,)
Cefoperazone sodium N\ [157]
Vg
5_(‘,If)(zw_pound 23 ,:,H«N\ [158]
(benzylamino)phenyl)isoxazol-3- . OH
ol
N
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Table 1 (continued)

Compound 25
5-(benzo[d][1,3]dioxol-5-
yl)isoxazol-3-ol

7a
N-hydroxy-4-(((2-oxo-4-phenyl- 0
1,2-dihydroquinolin-3-yl)
oxy)methyl) benzamide NHOH
= )
N o
H

[159]

hydroxybenzamide

7k
a-(((1-(4- = lN
((Diethylamino)methyl)benzyl)- N \/@)LNHOH
2-ox0-4-(pyridin3-yl)-1,2-
dihydroquinolin-3- "
yl)oxy)methyl)-N-

N 0

CH,
En/\cHJ
LCHJ

(Tyrosine Kinase Pathway Inhibitor) with pan-HDACIi
abexinostat resulted in a synergistic effect in patients
with advanced solid malignancies. Moreover, combina-
tion of Quisinostat (pan-HDACi) and Flavopiridol (CDKi)
turned out to be a promising therapeutic strategy for both
cutaneous and uveal metastatic melanomas. Several such
combination studies are currently in pre-clinical and
clinical trials. Contrary to the synergism in combinato-
rial regimens, numerous studies did not have not have the
same outcomes. For example, a phase I/II study involving
combination treatment with SAHA and Rituximab-CHOP
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resulted in increased toxicity, particularly neutropenia and
sepsis in patients with advanced-stage diffuse large B-cell
lymphoma, whereas a phase II study involving a combina-
tion of belinostat and paclitaxel/carboplatin did not show
any synergism and enhanced progression-free survival
(PFS) in patients with carcinoma of unknown primary ori-
gin. The underlying reason for these contrary results is not
clear but may involve drug interference. The pan-HDAC:’s
discussed so far show side effects such as fatigue, throm-
bocytopenia and gastrointestinal problems. Consider-
ing these adverse effects, researchers hypothesized that
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Table 1 (continued)

78

4-(((1-(4-
((Diethylamino)methyl)benzyl)-
2-ox0-4-phenyll,2-
dihydroquinolin-3-
yl)oxy)methyl)-N-
hydroxybenzamide

~

N

NHOH

Compound 71
4-((4-benzyl-2,5-dioxo-3-
(pyridin-3-ylmethyl)
imidazolidin-1-yl)methyl)-N-
hydroxybenzamide

[160]

Compound A7
N-hydroxy-8-[(11aS)-3,11-dioxo-
2,3,11,11a-tetrahydro-
1Hpyrrolo[2,1-
c][1,4]benzodiazepin-10(5H)-
ylloctan

[161]
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Table 1 (continued)

Compound 12al
HM

[162]

Compound 6b
4-((2,4-Dioxothiazolidin-3-
yl)methyl)-N-hydroxybenzamide

[163]

Compound 3
N-Hydroxy-9,10-dioxo-9,10-
dihydroanthracene-2-
carboxamide

[164]

Compound Ak 14

[165]

specific-HDACi’s with a higher selectivity and specificity
may exhibit better therapeutic indices and fewer adverse
side effects.

A pre-clinical combination study involving CS055 (Chi-
damide- a novel selective HDACi) and doxorubicin resulted
in a synergistic antitumor effect in peripheral T-cell lym-
phoma cell lines (PTCL). Also, the combination of nico-
tinamide (SIRT1 inhibitor) and doxorubicin significantly
enhanced inhibition of cell proliferation, induced apoptosis
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and reduced resistance to treatment in breast cancer cells.
Furthermore, in a pre-clinical study, combination treatment
with Sirtinol (selective inhibitor of SIRT2) and dichloro-
acetate acid (Tyrosine Kinase Pathway Inhibitor) showed
a synergistic effect in proliferation inhibition and apop-
tosis induction in vitro, and a reduction of tumor volume
in vivo in mice. Additionally, a pre-clinical study in lung
cancer cells revealed a synergistic interaction of Tenovin-6
(inhibitor of both SIRT1 and SIRT2) and metformin (an
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Table 1 (continued)

Compound 9r
N-hydroxy-4-(((3-(5-
methylthiophen-2-yl)-1-phenyl-
1H-1,2,4-triazol-5-
yl)methyl)amino)benzamide

[166]

Compound 13a

Compound 7b

[167]

Compound 28i
N-Hydroxy-4-{[1,4-dioxo-2-
propyl-1,3,4,6,12,12a-
hexahydropyrazino[1’,2":1,6]pyri
do [3,4-b]indol-7(2H)-
yllmethyllbenzamide

[168]

Compound 12, (E)-3-(3-
((1Hpyrrolo[2,3-b]pyridin-1-
yl)sulfonyl)phenyl)-N-
hydroxyacrylamide

| MHOH
-

[169]
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Table 1 (continued)
compound 6 & [170]
4-[5-fluoro-2,6-dioxo-3- [
(tetrahydro-furan-2-yl)-3,6- F.
dihydro-2H-pyrimidin-1- M
ylmethyl]-N-hydroxy-benzamide | H
H“‘\
N 0 OH
|
(]
ClA 0 [171]
& ~ X N/I:I
% \'// CH "
B s
H
A
cl
)
Compound 8 - [172,173]
3-[3-(3-Dimethylaminomethyl-2-
methyl-indole-1-sulfonyl)- M
phenyl]-N-hydroxy-acrylamide CH,
\_—
M 0
b
2 “\.\ H‘*/ OH
H
Compound 9 cH
3-[4-(3-Dimethylaminomethyl-2- /
methyl-indole-1-sulfonyl)- N\
phenyl]-N-hydroxy-acrylamide CH,
\ CH,
M
I
50,
h
/ ~ OH
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Compound 12
3-[3-(3-Dimethylaminomethyl-
indole-1-sulfonyl)-phenyl]-N-
hydroxy-acrylamide

CH,

Compound 13
3-[4-(3-Dimethylaminomethyl-
indole-1-sulfonyl)-phenyl]-N-
hydroxy-acrylamide

Compound 18

1-(4-((E)-2-
(Hydroxycarbamoyl)vinyl)benzyl)
-N,N-dimethyl-1H-indole-3-
carboxamide

Compound 13
N-Hydroxy-4-((quinolin-8-
ylamino)methyl)benzamide

\\ NH

[174]
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A452 0 [175]
Compound 3d [176]
4-((2,4-Dioxo-3-phenethyl-3,4- 0
dihydroquinazolin-1(2H)-yl)-
methyl)-N-hydroxybenzamide
M
N /&D
H
M
™~ OH
(4]
Suprastat /\@\ [177]
H.N 0
N)kN
H
N

‘))/\‘@\n/ M

OH
Compound 21b 0 [178]

N
\ HM :
NH “Son

anti-diabetic drug and mTOR signaling pathway inhibitor),
resulting in cell growth inhibition and apoptosis induction.
Thus, the above examples reiterate that subtype-selective
HDACi’s may have synergistic anticancer effects. In par-
ticular, HDAC6 inhibitors have emerged as potential selec-
tive HDACi’s because of their involvement in a variety
of cellular processes associated with cancer development
[190]. Ricolinostat, a HDAC6-selective inhibitor, is cur-
rently in a phase I/II clinical trial. Amengual et al. stud-
ied the effect of a first-in-Class Selective HDACG6 Inhibi-
tor (ACY-1215) in patients with relapsed and refractory
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lymphoid malignancies. ACY-1215 was well tolerated with
no observed dose-limiting toxicities. However, mild and eas-
ily controlled toxicities of gastrointestinal symptoms were
observed [191]. KA2507, a potent and selective small-mol-
ecule inhibitor of HDACS6 is currently under phase I and
phase II trials for adult solid tumors and biliary tract cancer,
respectively, as a single agent [156].

Also, HDAC6 deficient mice have been generated and
found to be viable. Studies in HDAC6 deficient mice have
shown that the HDAC6’s role is of minimal importance in
an unstressed condition. However, its role becomes more
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Table 1 (continued)

QTX125 [3-(3-furyl)-N-{4-
[(hydroxyamino)
carbonyl]benzyl}-5-(4-
hydroxyphenyl)- 1H-pyrrole-2-
carboxamide]

[179]

JoC1

WT161 [180]

SKLB-23bb [181]

Pentadecanoic acid [182]

Undecanoic acid

Nonanoic acid

Heptanoic acid
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Table 1 (continued)

Valeric acid

DTBP [183]

2,4- di- tert- butylphenol

TC24 [184]

Compound 27

5-(4-((3,4-
dichlorobenzyl)oxy)phenyl)isoxa
zol-3-ol

] : [158]

G1 CH, [185]
4\ 7 N
-
N
N
NN N
N
>:r-4 HM
H,C
important when a cell is subjected to stress. HDAC6 defi-  from stress generated by chemotherapeutic drugs such as

cient mice were found to exhibit increased susceptibility to  proteasome inhibitors, topoisomerase inhibitors and DNA
various stressful stimuli when challenged, highlighting its ~ damaging agents. Inhibition of the general proteasome
protective role under stressful conditions. It has also been ~ machinery of the cell results in the accumulation of protein
shown that HDAC6 can sense, respond and protect cells  aggregates which, in turn, leads to induction of three types
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Table 1 (continued)
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Table 1 (continued)

B1
N-(9-ox0-9H-fluoren-3-
yl)benzamide

of protective cellular responses, i.e., autophagy, aggresome
formation and heat shock response. As discussed above,
HDACS6 is involved in the activation of all these three
responses, which makes it an important cellular stress sur-
veillance factor [59, 61].

Stress granules (SG) increase in numbers when the pro-
teasome pathway is defective [192]. HDAC6 is important
for stress granule formation, as pharmaceutical inhibition of
HDACS has been found to abolish SG formation. HDACS6 is
a critical component of stress granules [193]. Deacetylase
activity as well as the ubiquitin-binding ability of HDAC6
is essential for SG formation. HDAC6 interacts with the
SG protein Ras-GTPase activating protein SH3 domain-
binding protein 1 (G3BP1) via its deacetylase domain [61].
Both HDAC6 and G3BP colocalize to the SGs under stress
conditions [193]. Disruption of MT or motor proteins also
disrupts SG formation. The absence of SG formation upon
application of nocodazole and dynein ATPase inhibitor sug-
gests that HDAC6 recruits SGs to motor proteins via binding
of SG protein G3BP1, to allow movement of SG components
along the MTs. Thus, HDACG6 coordinates SG formation by
facilitating the motor protein-driven movement of SG com-
ponents along the MTs. Therefore, HDAC6 not only protects
cells from proteasome inhibitor-mediated cellular stress by
autophagy, aggresome formations and heat shock response,
but also via SG formation. Thus, HDAC6 prevents cells
from undergoing proteasome inhibitor-mediated cell death
by activating alternate pathways of degradation of ubiquit-
inated proteins. Also, cells lacking HDAC6 are more sensi-
tive to proteasome inhibitor-mediated cell death. HDAC6
inhibition also sensitizes cells to MT inhibitors and the DNA
damaging effect of topoisomerase II inhibitors. Therefore,
HDACS inhibitors augment the anti-cancer effect of stress-
inducing chemotherapeutic drugs. Several examples have
been published where HDACS inhibition has been found to
enhance cell death mediated by chemotherapeutic drugs. In
the following section, we will review all combination stud-
ies of HDAC6 inhibitors with other chemotherapeutic drugs
with relevance to cancer. Table 2 (https://www.clinicaltrials.
gov/) summarizes HDAC6 inhibitors that are in clinical tri-
als with other chemotherapeutic drugs.
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7.1 Combination studies of HDAC6 inhibitors
and proteasome inhibitors

Accumulating evidence indicates that HDAC6 and pro-
teasomal inhibition is synergistic for cancer treatment as
it impairs both proteasome-dependent and proteasome-
independent aggresomal pathways of protein degradation.
Misfolded proteins accumulated in transformed cells are
cleared off by the proteasomal or aggresomal pathway. The
aggresomal pathway is activated when the basal protea-
somal machinery of the cell is unable to take care of a
load of ubiquitinated protein and autophagy ensures clear-
ance of the toxic protein aggregates in the aggresomes.
As discussed above, both the ubiquitin-binding domain as
well as deacetylase domain of HDACS6 is essential for the
aggresomal and the autophagy process. Therefore, inhibi-
tion of both proteasomal and aggresomal pathways results
in aggregation of misfolded proteins and, hence, apopto-
sis of cancer cells due to increased ubiquitin proteasome
system stress resulting from enhanced metabolic activity
compared to non-transformed cells.

Kastle et al. demonstrated involvement of HDAC6 in
the induction of nuclear factor erythroid 2-related fac-
tor 2 (Nrf-2) and hemeoxygenase 1 (HO-1) upon protea-
some inhibition. Several studies suggest that proteasome
inhibition-mediated HO-1 elevation is mediated by Nrf-2
and by activation of the p38-MAPK pathway. HDAC6
siRNA studies by Kastle et al. revealed p38 as a substrate
of HDAC6. HDAC6 knockdown resulted in attenuation of
p38 phosphorylation after proteasome inhibition. HDAC6
was found to deacetylate p38, thereby facilitating phospho-
rylation of p38 which, in turn, led to Nrf-2 phosphoryla-
tion, consequently causing its dissociation from Keap-1
and its translocation to the nucleus, resulting in the tran-
scription of Nrf-2 target genes, such as HO-1 [194]. Also
as discussed above, HDACG6 plays a significant role in Hsp
activation and de novo synthesis of Hsps post proteasome
inhibitor treatment. Therefore, the involvement of HDAC6
in various processes which help in protecting cells from
undergoing proteasome inhibition-mediated cell death
reinforces that combination therapy of HDAC6 inhibitors
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Table 2 HDACSH inhibitors used in combination therapy of cancer (clinical trials)

HDAC6 Structure Disease/cancer Combination Clinical trial stage
inhibitor type with (Clinical trial
Identifier/ Study start
date/ Current status)

ACY-1215 MM Alone and Phase V11 trial

(Ricolinosta @ l/j/tk AN + Bortezomib | (NCT01323751/July

t) N (proteasome 2011/Completed)

© inhibitor)

+Dexamethaso
ne
+Pomalidomide | Phase I/II trial
+Low-dose (NCT01997840/March
Dexamethasone | 1, 2014/0Ongoing)
(In relapsed and
refractory MM)
+Pomalidomide | Phase I
+Dexamethaso | (NCT02189343/Septemb
ne (in Relapsed | er 15, 2014/Completed)
or Relapsed-
and-Refractory
MM)
+Lenalidomide, | Phase I/II
+Dexamethaso | (NCT01583283/July 12,
ne 2012/Completed)

Unresectable or
metastatic CC

+ Gemcitabine

Hydrochloride | (NCT02856568/May 1,
(DNA synthesis | 2017/Completed)
inhibitor)

+ Cisplatin

Phase I trial

GC + Paclitaxel Phase I trialterminated
(Microtubule (NCT02661815/June 15,
polymer 2016/Completed)
stabilizer)

Relapsed/refracto | Alone Phase I/II trial

ry lymphoid (NCT02091063/April 2,

malignancies 2014/Completed)

MBC +Nab-paclitaxel | Phase |

(NCT02632071/March
1, 2016/Completed)

and proteasome inhibitors may be quite effective for cancer
treatment.

Several studies have highlighted the effectiveness of
combination therapy of HDAC6 inhibitors and proteasome
inhibitors for cancer treatment. Several HDACG6 inhibitors
have been found to synergize with Bortezomib (BTZ) in
Multiple Myeloma (MM) cells. Tubacin and BTZ combi-
nation treatment synergistically induced apoptosis in MM

cells via the caspase 8-dependent pathway [195]. A452,
a HDAC6-selective inhibitor, was found to significantly
decrease the activation of BTZ-resistant markers, such
as ERK and nuclear factor kappa B (NF-«xB), in acquired
BTZ-resistant MM cells. Combination treatment of A452
with BTZ or CFZ was also found to synergistically inhibit
the activation of NF-kB and signal transducer and activa-
tor of transcription 3 (STAT3). Overall, A452 and BTZ/
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Table 2 (continued)

Chronic + Ibrutinib Phase I
Lymphoid (Selective (NCT02787369/May
Leukemia Brutons 2016/0Ongoing)
tyrosine kinase
(Btk) inhibitor
+ Idelalisib
(Selective p110
inhibitor)
(BCR Pathway
Inhibitors)
ACY-241 MM +Pomalidomide | Phase I
(Citarinosta ‘ - +Dexamethaso | (NCT02400242/May 7,
t) @Lkﬁ)&w/ ne 2015/0Ongoing)
@ Malignant +Ipilimumab Phase I
Melanoma +Nivolumab (NCT02935790/Septemb
er 30, 2016/ Completed)
Advanced Solid +Paclitaxel Phase I
Tumors (Microtubule (NCT02551185/Decemb
polymer er 22, 2015/Completed)
stabilizer)
NSCLC + Nivolumab Phase 1
(NCT02635061/August
25, 2016/0Ongoing)
KA2507 Biliary Tract Alone Phase II
- Cancer (NCT04186156/March
| 5, 2020/0ngoing)
HN 0 Solid Tumor, Alone Phase 1
Adult (NCT03008018/August
7,2017/Completed)
N /\H
N
| Y
N \2

MM Multiple myeloma, CC cholangiocarcinoma, GC gynecological cancer, NHL non-Hodgkin lymphoma, MBC metastatic breast cancer, CLL
Chronic Lymphoid Leukemia, NSCLC Non-Small Cell Lung Cancer

CFZ when used in combination result in synergistic cell
death in BTZ-resistant U266 cells [196]. NexA could
also overcome BTZ resistance in MM cells, and NexA in
combination with BTZ showed a stronger efficacy [197].
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Huang et al. studied the effect of combination treatment of
HDACS6 inhibitor, N-hydroxy-4-((5-(4-methoxybenzoyl)-
1H-indol-1-yl)methyl)benzamide (MPT0G413) and BTZ
using in vitro (RPMI-8226 and NCI-H929 cells) and
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in vivo models, thereby providing a framework for the clin-
ical evaluation of combined therapies for MM. Combina-
tion treatment of MPT0G413 and BTZ enhanced apoptosis
and anti-MM activity synergistically in human MM cells
via inhibition of the proteasomal and aggresomal pathways
of protein degradation and subsequent activation of apop-
tosis pathways. Combination treatment blocked the protea-
somal and aggresomal pathways resulting in an increase
in the expression of ubiquitinated proteins and decreased
aggresome formation (LC3B). Combination therapy in a
xenograft mouse model (in vivo studies) showed a potent
reduction in tumor volume compared to individual treat-
ments via apoptosis. Combination treatment also inhibited
the adherence of MM cells to BMSCs, thereby inhibiting
cell growth and decreasing VEGF and IL-6 secretion in
the bone marrow microenvironment [198]. The combina-
tion of a novel HDAC6-selective inhibitor, MPT0G413,
and proteasome inhibitor BTZ turned out to be synergistic
in MM cells [198]. WT161, a potent HDAC6-selective
inhibitor, and BTZ when used in combination, were also
found to be synergistic in MM and to trigger a significant
accumulation of polyubiquitinated proteins followed by
apoptosis [195]. The combination was also effective in
BTZ-resistant cells [199]. In addition to that, a pre-clinical
study using ACY-1215 in combination with BTZ in a MM
mouse model showed delayed tumor growth and increased
mouse survival [200]. BTZ also increased the pharmaco-
dynamics and pharmacokinetic properties of ACY-1215
[52]. Combination of HDACG6 inhibitors and BTZ has
also been found to be effective in other cancer types. Syn-
ergistic cell death was observed in ovarian cancer cells
that were treated with BTZ and Tubacin derivative NK84.
Pancreatic cancer cells showed increased apoptosis upon
combination treatment of HDAC6 siRNA along with BTZ
[201]. In an in vivo xenograft mouse model of diffuse large
B cell lymphoma (DLBCL), ACY-1215 and BTZ treat-
ment significantly delayed tumor growth and prolonged
overall survival. Dual targeting of protein degradation
pathways via simultaneous treatment with ACY-1215 and
BTZ turned out to be synergistic in lymphoma. In addition
to BTZ, other proteasome inhibitors have also been found
to synergize with HDACS6 inhibitors. Ricolinostat, when
used in combination with CFZ, triggered synergistic anti-
MM effects, even in BTZ-resistant cells. CFZ was found
to increase the accumulation of ubiquitinated proteins and
protein aggregates in the cytoplasm, as well as the engulf-
ment of aggregated ubiquitinated proteins by autophago-
somes, which was blocked by ricolinostat. Electron
microscopy imaging showed increased autophagy, which
was triggered by CFZ, and was inhibited by ACY-1215
addition. Finally, an in vivo mouse xenograft study con-
firmed a decrease in tumor volume, following treatment
with CFZ in combination with ricolinostat. These results

suggest that ricolinostat inhibits aggresome formation,
caused by CFZ-induced inhibition of the proteasome path-
way, resulting in enhanced apoptosis in MM cells [202].

7.2 Combination studies of HDAC6 inhibitors
and microtubule inhibitors

Microtubules (MTs) are validated drug targets for the treat-
ment of cancer [203, 204]. Taxol inhibits microtubule insta-
bility and hence cell division by stabilizing microtubules,
resulting in acetylation of a-tubulin. The dynamic instabil-
ity of microtubules is important for their role in cell divi-
sion. Reversible acetylation of the amino group of Lys40 of
a-tubulin regulates MT turnover [205]. HDAC6 regulates
the stability of MTs by deacetylating a-tubulin. Several
HDACSG6i’s have been found to synergize with paclitaxel
(MT targeting drug) in ERa-positive breast cancer cells. The
combination of thiol-based HDAC6 inhibitors with pacli-
taxel caused synergistic inhibition in colorectal and breast
cancer cells [206]. In vitro studies conducted by Yoo et al.
showed that a second-generation HDAC6-selective inhibitor,
ACY-241 (citarinostat), and a novel inhibitor, A452, exhib-
ited synergistic anticancer effects with paclitaxel in AT-
rich interaction domain 1A-mutated ovarian cancer [207].
Ricolinostat was found to enhance the anti-tumor effect of
eribulin (an inhibitor of MT dynamics) through acetyla-
tion of a-tubulin in MDA-MB-231 and Hs578T cells [208].
Studies conducted by Tu et al. showed that co-treatment of
MPTO0G211 and vincristine may alter MT dynamics, thereby
triggering acute lymphoblastic leukemia cells to arrest in the
mitotic phase followed by induction of the apoptotic path-
way [209]. When a taxane was used in combination with
ACY1215, a synergistic cytotoxic effect accompanied by
increased apoptosis was observed in various prostate cancer
models [210].

7.3 Combination studies of HDAC6 inhibitors
and DNA damaging agents

As discussed in detail above, HDACG is an important regula-
tor of DNA damage response. HDAC 6 overexpression has
been found to decrease the sensitivity of cells towards cell
death induced by DNA damaging agents. Zhang M et al.
reported that HDACG6 interacts with the MMR proteins
MSH2 and MSH6 and, hence, deacetylates them. Deacety-
lated MSH?2 is then degraded by the proteasome. MSH?2 is
a major component of the DNA mismatch repair system.
It is involved in mismatch recognition. HDAC6-mediated
deacetylation of MSH2 accounts for a significant decrease in
sensitivity to DNA-damaging agents due to downregulation
of MMR activity. Also, HDAC6-mediated deacetylation of
MLHI1 has been found to confer 6-TG resistance via disrup-
tion of the MutS—MutL complex [92].
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Several studies support the notion that HDACG6 inhibition
induces DNA damage and sensitizes transformed cells to
DNA damaging agents. Kim et al. suggested HDAC®6 selec-
tive inhibition as a promising approach for the treatment of
Temozolomide (TMZ)-resistant GBM. TMZ is a DNA dam-
aging agent. HDAC6-selective inhibitors increased the levels
of MSH2 protein in TMZ-resistant GBM cells. They studied
the effect of combination treatment of Temozolomide (TMZ)
with the HDAC6 inhibitors A452 and ACY-1215 in TMZ
sensitive and TMZ-resistant GBM cells. Combination treat-
ment with both inhibitors synergistically induced apoptosis
in TMZ-resistant cells by increasing MMR proteins and,
hence, activating MMR pathways in TMZ-resistant T98G
cells, but not in TMZ-sensitive U87 GBM cells. The HDAC6
inhibitors A452, and ACY-1215 also decreased the expres-
sion of MGMT (DNA repair protein) in TMZ-resistant GBM
cells [99], thereby highlighting that HDAC6 inhibitors can
overcome resistance and hence synergize with DNA damag-
ing agents [95]. Tubacin enhanced cell death mediated by
the topoisomerase II inhibitors etoposide and doxorubicin
in MCF 7 and LnCaP cells [211]. Also, HDACG6 inhibitor
ACY 1215 enhanced the cell death mediated by oxaliplatin
in colorectal cancer cells [212]. Ozaki et al. reported that
tubacin, when used in combination with ADR, enhances
ADR-mediated p53 target gene expression upregulation
[93]. Combination treatment involving ACY?241 with the
chemotherapy drug oxaliplatin led to significantly enhanced
tumor-associated T cell effects or functionality in lung can-
cer-bearing mice and patient-derived tumors, suggesting a
better therapeutic intervention in NSCLC [213]. ACY 1215
when used alone was found to suppress the proliferation and
induce the apoptosis of gallbladder cancer cells. In addition
to that, ACY 1215 also increased the chemotherapy effect of
gemcitabine (inhibitor of DNA synthesis) and oxaliplatin
[214]. HDACS6 depletion sensitized NSCLC cells to cispl-
atin, one of the first-line chemotherapeutic agents used to
treat this disease [199]. Sun et al. showed that WT161, a
histone deacetylase 6 (HDAC6) inhibitor, when used in com-
bination with cisplatin had a synergistic inhibitory effect on
retinoblastoma cells [215]. Hydroxybenzoic acid (4-HBA), a
HDACEG inhibitor, successfully reversed ADM resistance in
human breast cancer cells. It also potentiated the anticancer
effect of ADM in a MCF-7 breast cancer animal model with
low toxicity [216]. MPT0G211 combined with doxorubicin-
induced DNA damage response in human acute myeloid
leukemia cells and ectopic expression of HDAC6, succes-
sively reversed apoptosis triggered by the combined treat-
ment [209]. Won et al. found that A452 in combination with
irinotecan was more potent than either drug alone in activat-
ing the apoptotic pathway in colorectal cancer as evidenced
by activated caspase-3 and PARP, increased Bak and pp38
expression, decreased Bcl-xL, pERK and pAkt expression,
and induced apoptosis [217]. WT161, a selective HDAC6
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inhibitor, suppressed the growth and induced apoptosis of
osteosarcoma cells in a dose- and time-dependent manner.
Also, WT161 in combination with 5-FU showed synergistic
inhibition on osteosarcoma cells both in vitro and in vivo
[180]. Yang et al. reported a role of HDACS6 in regulating
the radiosensitivity of glioma stem cells (GSCs). They found
that HDACG6 inhibition in GSCs resulted in downregulation
of the expression and activity of components of SHH signal-
ing, glioma-associated oncogene homolog 1 (Glil), Patched
(Ptchl and Ptch2) receptors. Inhibition of HDAC6 activity
resulted in decreased proliferation and increased apoptosis
of GSCs via inactivation of the SHH/GIil signaling path-
way, and decreased DNA damage repair capacity of GSCs
via degradation of checkpoint kinase (CHK) 1 caused by
X-linked inhibitor of apoptosis (XIAP) downregulation,
thereby resulting in increased radiosensitivity [94].

7.4 Combination studies of HDAC6 inhibition
and miscellaneous inhibitors

HDACS® inhibitors have been found to synergize with several
kinase inhibitors in several cancer types. Bobrowicz et al.
suggested that PI3K inhibitor when used in combination
with HDACS6 inhibitor may turn out to be a better therapeutic
option for patients with cutaneous T-cell lymphoma CTCL.
They evaluated the effect of HDACS6 inhibitors in combina-
tion with PI3K inhibitors on two CTCL cell lines (HUT78
and HH). Combination studies revealed a synergistic anti-
tumor effect on the CTCL cell lines. In combination studies
on primary T-cells, CD4 + cells isolated from patients, gen-
erally apoptosis-resistant, also exhibited anti-tumor effects
to some extent [218]. Imatinib (tyrosine kinase inhibitor)
when used in combination with 7b (a HDACS6 inhibitor)
resulted in strong synergistic caspase-dependent apoptotic
cell death and drastically reduced the proportion of leukemia
stem cells. Also, HDAC6i potentiated the effect of imatinib
and overcame TKI resistance in chronic myeloid leukemia
(CML) cells [219]. In vitro and in vivo studies conducted by
Qin et al. showed that ACY-1215 synergized with imatinib
in suppressing the growth of CML cells [220]. Lee et al.
studied the effect of combination treatment of HDAC6
inhibitors with a Bruton's tyrosine kinase (BTK) inhibitor
ibrutinib in NHL (Non-Hodgkin lymphoma) cell lines. The
combination treatment resulted in synergistic cell growth
inhibition, decreased cell viability and a significant increase
in apoptosis. Ibrutinib, an irreversible selective inhibitor of
BTK, induced cellular toxicity and resulted in inhibition
of growth in NHL cell lines. Combination treatment with
HDACS6 selective inhibitors enhanced ibrutinib-induced cel-
lular toxicity, resulting in significant synergistic growth inhi-
bition, induction of apoptosis and increased DNA damage in
NHL cell lines. Lee et al. also studied the molecular mecha-
nism underlying A452-ibrutinib synergism. Combination
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treatment decreased ERK and Akt phosphorylation, altering
the expression of its main downstream effectors (Bcl-2, p27
and cyclin D1). Combination treatment of HDAC6-selective
inhibitors and ibrutinib leads to suppression of cytoprotec-
tive Akt, ERK and c-Myc. Combination treatment works
via regulating the MAPK and Akt signaling pathways and
anti-apoptotic factors including Bcl-2 and c-Myc. This study
also demonstrated that combination treatment with A452
shows a higher anti-lymphoma activity compared to ACY-
1215 [221]. Corno et al. investigated the interaction between
ricolinostat and the MEK-inhibitor selumetinib (AZD6244)
in prostate cancer models. Using cell lines that exhibited
differential activation of survival pathways (PC3, DU145,
22Rvl), a synergistic interaction was observed in all cell
models. The drug combination was particularly effective in
22Rv1 cells. RNAi-mediated HDAC6 knockdown in selu-
metinib-treated 22Rv1 cells resulted in increased apoptosis
[210]. Park et al. evaluated the anticancer effect of ACY-
241, a HDACG6-selective inhibitor, on erlotinib-resistant
pancreatic cancer cells that overexpress HDAC6. ACY-241
treatment alone resulted in a significant reduction in the
viability of erlotinib-resistant pancreatic cells, BxXPC3-ER
and HPAC-ER. Also, combined treatment with ACY-241
and erlotinib induced synergistic cell death by reducing
Akt—-mTOR activity and increasing phospho-AMPK sign-
aling [222]. ACY-1215 has been found to sensitize BRAF-
mutant A375 cells to vemurafenib-induced proliferation
inhibition and apoptosis induction [223].

Some reports also suggest that HDAC 6 inhibitors syner-
gize with COX inhibitors. Zhang et al. studied the effect of
combination treatment of a HDAC6 inhibitor, Tubastatin,
and a cyclooxygenase— 2 (COX-2) inhibitor, celecoxib, in
CAL 27 and SACC-83 cells. The combination treatment
resulted in synergistic antitumor effects [224]. Celecoxib
was found to enhance the Tubastatin-induced anti-cancer
effect via activation of the PTEN/AKkt signaling pathway
[224]. Celecoxib and Tubastatin alone activated PTEN and
inactivated Akt and combination treatment with both inhibi-
tors synergistically activated PTEN and inactivated Akt
[162]. The synergistic activation of the PTEN/Akt signal-
ing pathway could be reproduced in PTEN-deficient U-87
MG cells that had been stably transfected with wild-type
PTEN, but not in PTEN-deficient U-87 MG cells that had
been stably transfected with mutant PTEN-K163R, reinforc-
ing that the celecoxib and Tubastatin combination works
synergistically via activation of the PTEN/AKkt signaling
pathway [224].

HDAC 6 inhibitors have also been found to enhance the
anticancer activity of other HDAC6 inhibitors and pan-
HDAC inhibitors. Aceroside VIII selectively inhibited
HDACG6 catalytic activity, whereas a combined treatment of
aceroside VIII with A452 (HDACG inhibitor), led to a syn-
ergistic increase in levels of acetylated a-tubulin. Aceroside

VIII was found to synergistically enhance apoptosis and
growth inhibition by A452. Additional findings point to
a mechanism via which HDAC6-selective inhibitors may
enhance the efficacy of other histone deacetylase 6 inhibitors
in HT29 colon cancer cells [175]. A452 in combination with
SAHA (pan-HDAC inhibitor) was more potent than either
drug alone in activating the apoptotic pathway as indicated
by activated caspase-3 and PARP, increased Bak and pp38
expression, decreased Bcl-xL, pERK and pAkt expression
and induced apoptosis [217].

Vekaria et al. reported the effects of combined inhibition
of p97 and HDACS6 in mantle cell lymphoma (MCL) cells.
Combined inhibition of p97 and HDAC6 with a p97 inhibi-
tor, CB-5083, and a HDACS6 inhibitor, ACY-1215, resulted
in synergistic cell death by inducing ER stress, depleting
CDK4, CyclinD1, BRCAI and ATR. Additionally, syner-
gistic apoptotic activity was observed via dysregulation of
proteostasis and impaired DNA repair. Co-treatment with
CB-5083 and ACY-1215 resulted in reduced tumor volumes
and, hence, improved survival in Z138C and Jeko-1 xeno-
grafted NSG mice. Thus, combined inhibition of p97 and
HDAC6 abrogated the resolution of proteotoxic stress and
impaired DNA repair in MCL cells [221]. Cosenza et al.
suggested that HDAC®6 inhibitor ricolinostat in combina-
tion with bendamustine may be a novel combination with
a potential for use as an antitumor regimen in lymphoma.
They investigated the anticancer effects of HDAC6 inhibitor
ricolinostat alone and in combination with bendamustine
in lymphoma cell lines {WSU-NHL, RL (follicular lym-
phoma, FL), Granta-519, Jeko-1 (mantle cell lymphoma,
MCL), Hut-78 (cutaneous T cell lymphoma, CTCL), and
Karpas-299 (anaplastic large cell lymphoma, ALCL)}. Com-
bination treatment with ricolinostat and bendamustine syner-
gistically enhanced the anti-tumor activity by decreasing cell
viability via downregulating the Akt pathway and increased
tubulin acetylation resulting in microtubule stabilization.
Combination treatment reduced the proportion of cells in
the GO/G1 and S phases and increased the “sub-G0/G1”
peak, modulated Bcl-2 protein family members and acti-
vated caspase-3 causing PARP degradation. Combination
treatment showed enhanced apoptosis via ROS generation,
resulting in higher endoplasmic reticulum (ER) and unfolded
protein response (UPR) stress [225]. Carew et al. proposed
HDACS6 upregulation as a major underlying mechanism in
drug resistance to bromodomain and extra terminal (BET)
inhibitors. They identified HDAC6 inhibition as a novel
approach to augment BET inhibitor therapy in MM. Their
study showed that BET inhibitor treatment synergized with
HDACS6 inhibition to suppress tumor growth via c-Myc and
Bcl-2 suppression and showed synergistic anti-tumor activ-
ity in MM [226]. Studies conducted in a MM in vivo murine
xenograft model revealed that pomalidomide when used in
combination with ACY-241 resulted in enhanced tumor
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growth inhibition via increased suppression of pro-survival
factors such as survivin, Myc and IRF4 [227]. Miyake et al.
demonstrated that co-administration of RCS with Adv (Ada-
vosertib) suppressed cyclin-dependent kinase 1(Tyrl5)
phosphorylation and increased the expression of y-H2A.X (a
marker of DNA double-strand breaks) in CAL27 cells. Also
RCS enhanced Adv-induced premature mitotic entry and cell
death induction in the mitotic phase. Co-administration of
RCS with Adv in HNSCC cells resulted in the suppression
of Chk1 activity, thereby leading to synergistically enhanced
apoptosis via mitotic catastrophe in a p53-dependent manner
[228]. Adeegbe et al. demonstrated that the selective HDAC6
inhibitor ricolinostat synergized with the bromodomain
inhibitor JQ1 and enhanced suppression of tumor growth
of non-small cell lung cancer (NSCLC). Combination treat-
ment enhanced immune-dependent suppression of tumor
growth via T cell-mediated anti-tumor response. The tumor
killing potential of tumor infiltrating T cells was enhanced
significantly upon combination treatment in mouse models
resulting in prolonged survival [229]. Cho et al. reported
that a combination of ACY-241 and JQI resulted in syner-
gistic growth inhibition, viability reduction and apoptosis
induction in HNSCC cells through inactivation of Akt and
NF-kB signaling in human papillomavirus (HPV)-positive
and HPV-negative HNSCC cells. They also demonstrated
that combined treatment of ACY-241 and JQ1 synergisti-
cally suppressed TNF-a-induced migration and invasion via
dysregulating matrix metalloproteinase (MMP)-2, MMP-9
and MT1-MMP [230]. Also, combined treatment of human
and mouse SCLC cell line—derived xenograft tumors with
ricolinostat (HDACS6 inhibitor) and JQ1 resulted in signifi-
cant inhibition of tumor growth [231].

Epigenetic modulator DNMTi (5-Azacytidine) when used
in combination with HDAC6i (Nexturastat A) resulted in an
amplified type I interferon response, leading to increased
cytokine and chemokine expression and higher expression
of the MHC I antigen presentation complex in human and
mouse ovarian cancer cell lines. Treating mice bearing ID8
Trp53~'~ ovarian cancer with HDAC6i/DNMTi led to an
increase in tumor-Kkilling cells and a reversal of the immu-
nosuppressive tumor microenvironment with a decrease
in MDSCs and PD-1"CD4 T cells, corresponding with
an increase in survival [232]. Fukumoto et al. showed that
HDACS® inhibition via ACY 1215 synergized with anti-PD-
L1 immune checkpoint blockade in ARID1A-inactivated
ovarian cancer. Reduced tumor burden and improved sur-
vival were observed inARID IA™f*/pIK3CAHI%7ROCCC
mice treated with ACY1215 and anti-PD-L1 immune
checkpoint blockade as a result of activation and increased
presence of IFNy-positive CD8 T cells. Thus combined
treatment limited tumor progression in a cytotoxic T-cell-
dependent manner, as depletion of CD8*T cells abrogated
this antitumor effect [233]. In vivo studies revealed that a
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combination of Suprastat and anti-PD1 immunotherapy
enhanced the antitumor immune response, mediated by a
decrease of pro-tumoral M2 macrophages and an increased
infiltration of antitumor CD8™ effector and memory T-cells
[177]. Kim et al. proposed that immunomodulatory drugs
(IMiDs) when used in combination with A452, a HDAC6
inhibitor, could overcome resistance to IMiDs, the principal
MM therapeutic drugs. Their findings highlighted that A452
alone reduced the viability of IMiD-resistant cells and syn-
ergistically reduced viability and induced apoptosis when
combined with IMiDs. To determine if A452 overcomes
IMiD resistance, they checked the change in the protein level
of IMiDs direct and indirect targets. They found that the
combination of A452 and IMiDs slightly increased CRBN
and decreased Aiolos and Ikaros, the targets of CRBN.
Moreover, A452 decreased c-Myc and IRF-4 when com-
bined with IMiDs. These data suggest that A452 helps to
overcome the resistance of IMiDs [234].

8 Conclusions

The distinct structural and functional features of HDAC6
make it unique among all the known conventional HDAC
enzymes. Unlike other HDACs, HDACS is not limited to
histone acetylation and deacetylation, but also interacts with
several non-histone substrates, such as cortactin, o-tubulin
and heat shock protein 90 (HSP90),which are associated
with cell proliferation, mitosis, metastasis and invasion in
tumors. Any alteration in HDAC6 expression level results in
oncogenic cell transformation and tumor cell proliferation,
mitosis, metastasis and invasion. There is ample evidence
for HDAC]’s as a promising class of antitumor drugs. Pan-
HDAC:Ss being more specific result in a lower toxicity. Over
the past few years, much attention has been given to the
development of more selective HDACi’s which are more
tolerable than pan-HDACi’s. HDACS6 is a promising target
due to its distinct structural and functional features and its
interaction with non-histone substrates, which are closely
associated with oncogenic transformation. Also, HDAC6
is a regulator of many pathways that are frequently found
to be deregulated in cancer. HDACS inhibitors being more
specific, result in a lower toxicity. Various HDAC6-selective
inhibitors have been studied so far. These studies show com-
binations of HDACS6 inhibitors and other anticancer drugs
have synergistic anticancer effects. Thus, combination
studies may yield very attractive therapeutic strategies. The
present review discussed the structural features of HDACS6,
its interaction with non-histone substrates and associ-
ated functions. We further discussed the role of HDAC6
in normal cell physiology and its role in numerous physi-
ological pathways deregulated in cancer. We also discussed
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the therapeutic potential of selective HDAC6 inhibitors
(HDAC®6i) as emerging drugs in cancer treatment.
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