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Role of histone deacetylase 6 (HDAC®6) in cancers.
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Introduction

MicroRNAs (miRNAs), acetylation of histones and non-
histone proteins, and methylation of DNA serve as epigenetic
factors. A balance between histone acetylases (HATs) and
histone deacetylases (HDACSs) exists in which these enzymes
catalyze the addition or removal of acetyl groups on histones
and other proteins and alter the stability and function of such
proteins [1-4]. The mammalian HDAC family consists of 18
individual proteins based on their sequence homology,
removing acetyl groups from lysine residues on histones and
other proteins. The deacetylation can lead to modifications in
various cellular functions including transcription, cell
signaling, cell cycle kinetics, cell motility, cellular transport
processes, and cell death [5,6]. HDACs consist of four different
classes. Class I consists of HDACI,-2,-3, and -8, which reside
primarily in the nucleus, are found in various cells and tissues,
and are predominantly responsible for targeting histones to
repress gene transcription. Based on domain structure, Class II
HDACS are subdivided into Class Ila (HDACA4,-5,-7, and -9)
and Class IIb (HDAC6 and -10). These HDACs can move
between the cytosol and the nucleus and HDAC6 is
predominantly cytoplasmic [5]. Class III comprises the sirtuins,
which act through a distinct NAD+-dependent mechanism and
are not “classical” HDACs [1,5]. HDACI1 is the only member
of Class IV as phylogenetic analysis revealed very low
similarity to the HDAC:s in the other classes [5].
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HDAC6 contains two tandem deacetylase domains and a
C-terminal zinc finger, as well as an ubiquitin-binding domain
(Figure 1). HDACS6 participates in tumorigenesis, cell motility,
and metastasis. Therefore, HDAC6 has roles in a vast number
of microtubule-dependent cytoplasmic processes. Significantly,
since HDAC6 knockout mice are viable [4], it is an excellent
target for cancer therapy. HDAC6 functions as an o-tubulin
deacetylase [5] and deacetylates numerous substrates including
cortactin, survivin, HSP90, Ku70, B-catenin, p53, HIF-la,
AKT, K-ras, Tat, 14-3-3(, Hsc70, HMGN2, Sam68, DNAJAI,
MYH9, RIG-I, and others.

Overexpression and increased function of HDACS is associated
with the etiology of several cancers, systemic lupus
erythematosus (SLE), inflammation, and central nervous
system (CNS) disorders including Rett syndrome, Alzheimer's
and Parkinson's diseases, and major depression disorder. It also
deacetylates a number of critical cytoplasmic proteins involved
in numerous signaling pathways, cellular functions, and
biological processes (Figures 1 and 2). Therefore, there has
been increasing interest in discovery of HDACG6 selective
inhibitors as new therapeutic agents and chemical probes to
understand the biological functions of HDACG6. Several studies
[1,4-6] have implicated HDAC6 expression and function in
regulating microtubules, growth factor-induced chemotaxis,
misfolded protein stress response and tumor invasion, and it
has been linked to cell transformation (Figure 1).
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Figure 1. Structure and function of HDAC6. Through its deacetylase (DAC) domains, HDAC6 deacetylates a number of protein substrates to
regulate several cellular processes. The ubiquitin-binding zinc finger (ZnF) domain of HDACG6 binds to ubiquitin and regulates aggresome
formation, autophagy, stress response, and epidermal growth factor receptor (EGFR)-induced macropinocytosis.

Lee et al., [7] reported that fibroblasts lacking HDAC6 display
more resistance to both oncogenic Ras and ErbB2-dependent
transformation, indicating a pivotal role for HDAC6 in

3

oncogene-induced transformation. These authors also showed
that HDAC6 is required for tumor cells to be resistant to
anoikis (a programmed cell death that is initiated when cells
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detach from their peripheral matrix), therefore facilitating
tumor cell invasion and metastasis [7].

HDAC6 regulates several important cellular processes and
signaling pathways critical to physiological homeostasis in
normal cells as well as in tumor initiation, promotion,
proliferation, and metastasis [8] and is required for cancer stem
cells (CSCs) maintenance [9]. Knockdown or inhibition of the
function of HDAC6 promoted chemotherapy- as well as
radiation-induced apoptosis, autophagy, senescence [8], and
inhibits CSC stemness [9,10]. Deskin et al., [11] has showed
that that HDAC6 mediates transforming growth factor 1
(TGF-B1)-induced epithelial to mesenchymal transition (EMT)
in human lung cancer cells. Furthermore, inhibition of HDAC6
with tubacin or its silencing with siRNA attenuated TGF-f1-
induced Notch-1 signaling [11]. This work suggests that
HDAC6 may be an excellent therapeutic target for developing
agents against tumor progression and metastasis.

HDACS is overexpressed in various cancer types [12-14] and
its association with tumor prognosis and may be dependent on
tumor type. For instance, Zhang et al., [12] reported that the
expression levels of HDAC6 mRNA may have potential as an
endocrine responsiveness marker as well as a prognostic
indicator in estrogen receptor (ER)-dependent breast cancer
possibly because HDACG is an estrogen-regulated gene [15].

However, further investigations are required to determine the
relationship between HDACG6 expression and the response to
endocrine therapy [12]. Interestingly, the
immunohistochemical expression levels of HDAC6 and
androgen receptor (AR) are correlated in ER-negative breast
cancer and the expression of these proteins have negative
prognostic value in predicting the overall survival of ER-
negative breast cancer patients [13].

The HDAC6 expression levels in ovarian cancer cell lines and
tissues are higher compared with benign lesions [16]. HDAC6
expression is also upregulated in primary oral squamous
primary tumors [17]. HDACS6 is also overexpressed in primary
acute myeloid leukemia (AML) blasts [18]. Temozolomide
(TMZ)-resistant  glioblastoma (GBM) cells  express
significantly more HDAC6 than their TMZ-sensitive
counterparts and these TMZ-resistant cells showed more
activation of the EGF receptor (EGFR). Interestingly, HDAC6
inhibitors decreased EGFR protein levels and impaired EGFR
pathway activation [19]. Therefore, HDAC6 inhibition may
represent a promising strategy for treating GBM. The
upregulation of HDAC6 in diverse tumors and malignant cell
lines suggests an important role of this protein in cancer.

A considerable amount of data has shown that HDAC6
regulates p53 function, and directly or indirectly plays a role
via HSP90 to stabilize hypoxia-inducing factor 1-o (HIF-1a), a
transcriptional factor involved in tumor angiogenesis, Ber-Abl,
FLT-3, c-Raf and AKT (Fig. 2), and the breast cancer
metastasis suppressor 1, BRMS1. HDAC6 also regulates the
androgen receptor (AR) in cancer by modulating HSP90
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acetylation. A recent study by Li et al., (13) evaluated HDAC6
and AR in 228 randomly selected cases of invasive breast
cancer. High HDACG6 expression was significantly associated
with high histologic grade (G3) (P<.001) and high AR
expression levels (P<.01). These authors also showed that
HDAC6 and AR have prognostic value in predicting the
overall survival of ER-negative breast cancer patients.

Overexpression of HDACS6 is associated with an activated K-
ras mutant in colon cancer patients. Moreover, expression of
HDACS6 and c-myc are elevated in fibroblasts transformed with
activated K-ras and mutant K-ras induces HDAC6 expression
by a MAP kinase-dependent pathway [20].

Another interesting regulatory mechanism is EGF modulation
of EGFR trafficking through intracellular sodium-mediated
HDACS6 inactivation and tubulin acetylation [21]. Interestingly,
HDAC6 participates in EGF-triggered p-catenin nuclear
localization and activation of c-myc [22]. Mak et al., [23]
demonstrated that HDAC6 physically associates with CD133
to negatively regulate CD133 trafficking down the endosomal-
lysosomal pathway for degradation. Similarly, these authors
showed that CD133, HDACS6, and B-catenin form a ternary
complex [23]. Interestingly, HDAC6 is known to deacetylate -
catenin at lysine 49, which promotes B-catenin nuclear import
[22].

HDACS6 overexpression significantly increased the expression
of pro-inflammatory cytokines such as TNF-a, IL-1p, and IL-6.
Increased expression of HDAC6 significantly induced reactive
oxygen species (ROS) generation via upregulation of NADPH
oxidase expression and activity (Figure 2). Furthermore,
HDAC6 overexpression also increased activation of MAPK
species including ERK, JNK, and p38. Therefore, HDAC6
regulates the ROS-MAPK-NF-kB/AP-1 pathways in Figure 2
[8-24].

Heat shock protein 90 (HSP90), acting as a chaperone protein
known to safeguard proteins, is deacetylated by HDACS.
Recent data demonstrated the complexity and significance of
the HDAC6-HSP90 interplay.Current data demonstrate that
HDACS6 inhibitor-induced acetylation of HSP90 might control
oncoproteins in malignant cells and serve as anti-cancer agents
[25]. Therefore, combinations of HDAC6 and HSP90
inhibitors may synergistically trigger cell death and inhibit
tumor growth.

HDACG6-selective and potent inhibitors including CAY 10603,
Tubacin, Tubastatin A, Rocilinostat (ACY-1215), and
Nexturastat A provide promising new anti-cancer therapeutics
[26], but their detailed mechanisms of action are not well
elucidated. While there are several potent and selective
inhibitors of HDACG6, the selective HDAC6 inhibitor
ACY-1215 is being evaluated in clinical trials including
multiple myeloma (MM) patients. ACY-1215 is cytotoxic for
cultured and primary cells from patients with MM. ACY-1215
is known to shift cancer cells from antiapoptotic pathways to
proapoptotic pathways.
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Figure 2. HDACG6 signaling pathways. HDAC6 interacts with several substrates known to regulate various cytoprotective and anti-apoptotic

signaling pathways involved in the survival of cancer cells.

Additionally, they trigger reactive oxygen species (ROS),
inhibit DNA repair genes, and induce cell cycle arrest. Recent
data using colorectal cancer cell lines revealed that the
HDACS6-selective inhibitor A452 increased expression of wild-
type p53 by destabilizing MDM?2, but interestingly decreased
mutant p53 by inducing MDM2 and inhibiting HSP90-mutant
p53 complex formation [27]. Moreover, after treatment,
HDAC6 expression levels inversely correlated with p53
acetylation at lysines 381/382 and were associated with p53
functional activation. A452 treatment increased levels of
acetylated p53 at Lys381/382. A452 also disrupted the
HDAC6-HSP90 chaperone complex via HSP90 acetylation and
degradation. Bitler et al., [28,29] recently reported HDAC6
activity is essential in ARID1A-mutated ovarian cancers.
ARIDIA is a subunit of the SWI/SNF chromatin-remodelling
complex which is the most frequently mutated epigenetic
regulator among all human cancers. Inhibition of HDAC6
activity significantly improved the survival of mice bearing
ARIDIA-mutated tumors, but not wild-type ones. Therefore,
HDACS6 inhibitors may serve as novel anticancer therapeutics
regardless of the p53 mutation status of cancer.

Recent data demonstrated that HDAC6 is upregulated in
human glioblastoma (GBM) stem cells (GSCs) compared to
non-stem tumor cells [9] and its inhibition prevented
radiosensitivity stemness and radioresistance of GSCs by
downregulating glioma-associated oncogene homolog 1 (Glil),
Patched (Ptchl and Ptch2) receptors and components of Sonic
Hedgehog (SHH) signal expression and activity. HDAC6
inhibition decreased the stemness of GSCs and increased GSCs
radiosensitivity through inactivating the SHH/GIil pathway.
This provides a promising novel drug target to overcome GSCs
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stemness and radioresistance [9]. Therefore, HDAC6 is a
promising therapeutic target for radiosensitization and reducing
stemness in GSCs.

Cancer cells accumulate misfolded proteins at faster rate than
normal cells [8] and they must dispose of these misfolded
proteins through either the ubiquitin-proteasome system (UPS)
or the aggresome-autophagy pathway [8,29]. Proteasome
inhibitors are known to attenuate disposal of misfolded
proteins by the UPS and their use in combination with HDAC6
inhibitors may enhance cytotoxicity by inhibiting both the UPS
and the aggresome-autophagy pathway [30]. Indeed, HDAC6
inhibitors are being used in combination with proteasome
inhibitors to treat lymphoma [31] and multiple myeloma [32].

A significant number of cancer patients develop severe side
effects from certain anti-cancer drugs, and one of the most
common neurological complications is painful peripheral
neuropathy. Usually, chemotherapeutic agents that interfere
with microtubules can cause these drug-induced peripheral
neuropathies (CIPN). Recently, Van Helleputte et al., [33]
reported that HDAC6-inhibitors offers neuroprotection without
interfering with the anti-cancer efficacy of the anti-cancer
agent vincristine. Therefore, HDACG6 inhibitors may offer a
new and effective class of drugs that enhance chemotherapy-
trigged cancer cell death as well as preventing the devastating
chemotherapy-induced neuropathies.

In conclusion, HDAC6 is an unique isoenzyme, primarily
expressed in the cytoplasm. Mice lacking HDAC6 are viable
and develop normally, therefore it is an excellent target for
developing inhibitors for cancer therapy. HDACG6 has specific
substrates involved in protein trafficking, protein degradation,
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cell migration, and metastasis. HDAC6-selective inhibitors are
an emerging class of therapeutics for cancer, neurodegenerative
diseases, and immunological disorders.
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