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Abstract

Epigenetic regulation of genes through posttranslational regulation of proteins
is a well-explored approach for disease treatment, particularly in cancer chemo-
therapy. Histone deacetylases have shown significant potential as effective drug
targets in therapeutic studies aiming to restore epigenetic normality in oncology.
Besides their role in modifying histones, histone deacetylases can also catalyze
the deacetylation of various nonhistone proteins and participate in the regulation
of multiple biological processes. This paper provides a review of the classifica-
tion, structure, and functional characteristics of the four classes of human histone
deacetylases. The increasing abundance of structural information on HDACs has
led to the gradual elucidation of structural differences among subgroups and
subtypes. This has provided a reasonable explanation for the selectivity of cer-
tain HDAC inhibitors. Currently, the US FDA has approved a total of six HDAC
inhibitors for marketing, primarily for the treatment of various hematological
tumors and a few solid tumors. These inhibitors all have a common pharmaco-
dynamic moiety consisting of three parts: CAP, ZBG, and Linker. In this paper,
the structure—effect relationship of HDAC inhibitors is explored by classifying the
six HDAC inhibitors into three main groups: isohydroxamic acids, benzamides,
and cyclic peptides, based on the type of inhibitor ZBG. However, there are still
many questions that need to be answered in this field. In this paper, the structure-
functional characteristics of HDACs and the structural information of the phar-
macophore model and enzyme active region of HDAC is are considered, which
can help to understand the inhibition mechanism of the compounds as well as
the rational design of HDACs. This paper integrates the structural-functional
characteristics of HDACs as well as the pharmacophore model of HDAC is and
the structural information of the enzymatic active region, which not only con-
tributes to the understanding of the inhibition mechanism of the compounds, but
also provides a basis for the rational design of HDAC inhibitors.
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1 | EPIGENETIC MODIFICATIONS
AND TUMORS

In the context of the remarkable progress in molecu-
lar biology, there has been a more systematic study of
epigenetics at the molecular level. This has led to the
discovery of various epigenetic modifications and a
better understanding of their complex biological roles.
Epigenetic regulation refers to the control of gene ex-
pression without altering the DNA sequence. It is based
on two molecular mechanisms (Tulsyan et al., 2022):
covalent modifications (such as methylation and de-
methylation) that target DNA, and posttranslational
modifications (including acetylation, deacetylation,
methylation, demethylation, ubiquitination, deubiq-
uitination, phosphorylation, and dephosphorylation)
of histones. Covalent modifications of DNA directly si-
lence the transcription of associated genes, while post-
translational modifications of histones regulate gene
expression by influencing the structural transition of
chromosomes between euchromatin and heterochroma-
tin (Gil & Vagnarelli, 2019). Epigenetic modifications
do not alter the base pair composition or alignment, but
they do affect the expression of associated genes through
complex DNA-protein and protein-protein interactions.
These modifications can result in stable and heritable
phenotypic changes.

Numerous enzymes associated with epigenetic mod-
ifications have been discovered and named based on
their primary functions. These include DNA methyl-
transferases (DNMT), DNA demethylases (DDM), his-
tone acetyltransferases (HATs), histone deacetylases
(HDAC), histone methyltransferases (HMT), histone
demethylases (HDM), histone ubiquitin ligases (HUL),
histone deubiquitinating enzyme (HUSP), histone phos-
phorylase, and histone dephosphorylase (DesJarlais &
Tummino, 2016). The dysregulation of their expression
and function can result in various diseases, with can-
cer being one of the most perilous conditions affecting
human life and health.

Research has revealed that malignant tumor tissues
exhibit a higher number of abnormal epigenetic modi-
fications compared to normal tissues. Furthermore, the
degree of abnormal epigenetic modifications tends to in-
crease with the level of malignancy. Numerous studies
have reported that the acetylation status of histones plays
a crucial role in tumorigenesis and evolution. Specifically,
it has been observed that tumor cells and tissues often dis-
play lower levels of histone acetylation compared to their
normal counterparts, while histone deacetylases exhibit a
significant overexpression (Lakshmaiah et al., 2014). Re-
cent studies have highlighted the potential of targeting
histone deacetylases as an effective strategy in therapeutic

interventions aiming to restore epigenetic normality in tu-
mors (Wang et al., 2016).

Researchers have developed a range of inhibitors that
exhibit remarkable antitumor activity and tumor selectiv-
ity by increasing the acetylation of histones. This indicates
that the development of HDAC inhibitors holds promising
prospects for application. Additionally, it offers new pos-
sibilities for identifying new markers for tumor diagnosis
and prevention, as well as for creating novel lead struc-
tures and innovative drugs that are highly efficient and
have low toxicity.

2 | HISTONE DEACETYLASE

Chromatin is a complex composed of DNA and pro-
teins, with nucleosomes being its basic building
blocks. Nucleosomes consist of DNA strands that are
approximately 147 bp in length wrapped around a his-
tone octamer (Khorasanizadeh, 2004). The structure of
chromatin can change in response to epigenetic modi-
fications of the DNA and histone ends, which can in
turn activate or repress specific genes. Around 50 years
ago, Allfrey and his colleagues discovered the acetyla-
tion of histone lysines, revealing the significance of the
acetylation of the S-amino group of histone lysine resi-
dues in gene expression (Allfrey et al., 1964). Acetyla-
tion works by neutralizing the positive charge of the
lysine residue and relaxing the chromatin structure.
This relaxation allows various transcription factors
and co-transcription factors to easily and specifically
bind to DNA binding sites, leading to transcriptional
activation. Conversely, the deacetylation of histones
results in the compaction of nuclear chromatin, lead-
ing to the repression of gene transcription. Lysine acet-
ylation also occurs on nonchromosomal proteins, such
as transcription factors and cytoplasmic proteins (Li &
Zhu, 2014), thereby affecting gene transcription and
other cellular processes. In normal human cells, the
level of histone lysine acetylation is regulated by two
enzymes with opposing roles: histone acetyltransferase
and histone deacetylase. The catalytic action of histone
acetyltransferase transfers the acetyl group of acetyl
coenzyme A to the e-amino group of histone lysine
residues (Bannister & Kouzarides, 2011). Conversely,
HDACSs carry out deacetylation by hydrolyzing the e-
amino group on the side chain of lysine residues in
histones using Zn®* ions and also exhibit catalytic ac-
tivity (Ramaiah et al., 2021). Mutations and abnormal
expression of HDACs contribute to the development of
various diseases, particularly tumors, highlighting the
significance of HDACs as potential targets for antitu-
mor therapies.
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2.1 | Classification of histone
deacetylase family

All HDAC proteins in the histone deacetylase family
have a common ancestor, resulting in shared 3D struc-
ture, function, and sequence homology. There are a total
of 18 isoforms of human-derived HDACSs, which can be
categorized into four subfamilies (Class I, Class II, Class
III, and Class IV) based on their homology, intracellu-
lar localization, and tissue distribution specificity with
yeast histone deacetylases (Nalawansha & Pflum, 2017)
(Table 1).

Class I subfamilies (HDAC1, HDAC2, HDAC3, and
HDACS) are homologous to yeast RPD3 (potassium de-
pendency-3) and are widely expressed in various tissues
(Ma et al., 2012). They are primarily localized in the nu-
cleus, where they function as repressors of gene transcrip-
tion. HDAC1 and HDAC2 exhibit high homology and
are closely associated with cellular processes such as cell
proliferation, cell cycle regulation, and apoptosis (Segré &
Chiocca, 2011). HDACS3 plays a significant role in the cell
cycle and DNA damage response (Bhaskara et al., 2008).
HDACS is particularly involved in smooth muscle cell dif-
ferentiation (Kim et al., 2022). The deacetylation of nu-
cleosomal histones by Class I HDACs is predominantly
achieved through the formation of enzymatically active
complexes (Li & Seto, 2016).

Class II subfamilies (HDAC4, HDAC5, HDACS6,
HDAC7, HDAC9, and HDAC10) are homologous to yeast
Had 1 (histone deacetylases). The Class II subfamily can
be further divided into two groups: Class Ila (HDAC4,
HDACS5, HDAC7, and HDACY) and Class IIb (HDAC6
and HDAC10) (Kumar et al., 2022). Class Ila, similar to
other HDACS, contains only one catalytic domain, while
Class IIb members have two catalytic domains (McClure
et al., 2018). HDAC4 and HDACS5, which belong to Class
ITa, are expressed in the brain, heart, and skeletal mus-
cle (Kee et al., 2022). HDAC7 is expressed in the heart,
lung, placenta, pancreas, skeletal muscle, and thymus
(Verdin et al., 2004). HDAC9 is mainly expressed in the
brain and skeletal muscle (Das & Natarajan, 2020). On
the contrary, HDAC6, a member of Class IIb, is expressed
in the heart, skeletal muscle, and brain (LoPresti, 2020),
while HDAC10 is expressed in the liver, spleen, and kid-
ney (Cheng et al., 2021).

The only Class IV enzyme, HDAC11, is expressed in
the brain, heart, kidney, testis, and skeletal muscle, and it
is localized in the nucleus. HDAC11 is known for its high
catalytic efficiency as a fatty acid acylase and possesses a
catalytic activity center that is common to both Class I and
Class IT enzymes (Chen, Xie, et al., 2022).

The Class III subfamily, known as sirtuins, is named
after its strong resemblance to the yeast Sir2 protein. All
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seven members of this subfamily (SIRTI-7) rely on NAD*
for their catalytic activity and exhibit dual enzymatic ac-
tivities: ADP-ribosyltransferase and histone deacetylase
(Morigi et al., 2018). The SIR2 regulator family is divided
into four subclasses: I, II, III, and IV. Subclass I consists
of SIRT1, SIRT2, and SIRT3 proteins; subclass II contains
SIRT4 protein; subclass III includes SIRT5 protein; and
subclass IV comprises SIRT6 and SIRT7 proteins (Chen,
Zhou, et al., 2022). The amino acid sequence homology of
these seven proteins ranges from 22% to 50% and 27% to
88% in the conserved catalytic structural domain. Among
them, Sirtl exhibits the most significant histone deacety-
lase activity and has been extensively studied (Chang &
Guarente, 2014). SIRT1, SIRT6, and SIRT7 are predomi-
nantly located in the nucleus, SIRT2 in the cytoplasm, and
SIRT3, SIRT4, and SIRT5 in the mitochondria (Watroba
et al., 2017).

Classes I, II, and IV HDACs can be classified as Rpd3/
Hadl deacetylases. They all contain a high homology of
the catalytic core structural domain and depend on the
participation of Zn>* ions for their catalytic activity (Fin-
nin et al., 1999; Somoza et al., 2004; Wu et al., 2010). The
sequences and structures outside the catalytic domain
are relatively variable, suggesting different biological
functions. On the contrary, Class III HDACs are an atyp-
ical family of histone deacetylases known as the NAD*-
dependent Sir2 super protein family. They are completely
distinct from other HDACs (Blander & Guarente, 2004;
Haigis & Sinclair, 2010; Michan & Sinclair, 2007). Al-
though they also bind Zn*" ions and require them for their
deacetylase activity, Zn** ions are not directly involved in
the deacetylase reaction (Feldman et al., 2012; Landry
et al., 2000; Sauve, 2010).

2.2 | Histone deacetylase structure
and function

HDAC typically consists of a core structural domain
known as the HDAC structural domain, which spans ap-
proximately 350 amino acids. This domain comprises two
highly conserved isoforms: the HDAC N-terminal struc-
tural domain and the HDAC central structural domain
(Yoon & Eom, 2016). In contrast, the HDAC C-terminal
structural domain is a more diverse region, exhibiting
variations in length and amino acid sequences across dif-
ferent types of HDAC (Witt et al., 2009). Additionally,
HDAC can form complexes with other proteins, including
cell cycle regulatory proteins and transcription factors (de
Ruijter et al., 2003). The HDAC structural domain may
also contain significant catalytic sites, such as zinc ions
and arginine residues, which are essential for its catalytic
activity (Ren et al., 2014).
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2.2.1 | ClassI HDAC: Deacetylase complexes
The earliest discovered members of the Class I HDAC fam-
ily include Rpd3 in budding yeast, as well as HDACs 1-3
and 8, which belong to this class. Their catalytic structural
domains are located at the N terminus of the protein and
show 40%-70% sequence conservation with the catalytic
domain of yeast Rpd3 (Yang & Seto, 2008). In addition
to the catalytic domain, HDAC1-3 also has C-terminal
extensions of varying lengths. These extensions can be
modified by phosphorylation to enhance their deacetylase
activity and can influence the formation of co-inhibitory
complexes (Pflum et al., 2001; Sengupta & Seto, 2004).
Unlike HDAC1, HDAC?2 is only present in the nucleus,
while HDAC3 contains both the NLS (nuclear localization
signal) region and the NES (nuclear export-signal) region.
The localization of HDAC3 between the nucleus and cy-
toplasm may vary depending on the cell type and environ-
mental conditions (Yang et al., 2002). In addition, HDACs
1, 2, and 3 isozymes are found in large multiprotein com-
plexes. HDAC 1 and HDAC 2 act as catalytically active
subunits in Sin3, NuRD, CoREST, MiDAC, and MIER
complexes, while HDAC3 serves as the catalytic subunit
of SMRT and N-CoR complexes (Sarkar et al., 2020). All
three isozymes play a major role as nuclear deacetylases.
Unlike other Class I isozymes, HDACS lacks a C-terminal
extension region, aside from the catalytic core structural
domain. Interestingly, the HDACS protein alone exhibits
significant histone deacetylase activity and substrate se-
lectivity, suggesting it may function relatively indepen-
dently (Minucci & Pelicci, 2006).

The crystal structures reveal that the catalytic domain
of Class I HDACs consists of approximately 400 amino
acid residues. These residues have a similar overall struc-
ture, with a core composed of eight parallel p-fold bundles
forming a p-fold sheet. Surrounding the core are more than
13 a-helices and long loops extending from the C-terminus
of the p-fold, creating a narrow hydrophobic channel (Seto
& Yoshida, 2014). In HDACS, the hydrophobic channel is
made up of Phel52, Phe208, His180, Gly151, Met274, and
Tyr306. In the other members of the Class I subfamily
(HDAC1-3), all amino acid residues are highly conserved,
except for Met274, which is replaced by leucine residues
(Bondarev et al., 2021). The conserved hydrophobic res-
idues within the channel serve as binding sites for the
substrate. The acetylated lysine of the substrate reaches
the catalytic core pocket at the bottom of the channel and
interacts with the zinc ion bound there. In normal physi-
ological conditions, the hydrophobic channel is occupied
by the acetylated lysine side chain containing four meth-
ylene groups of the substrate. The Zn** ion, located at the
bottom of the channel, forms a five-tooth chelate with
Asp178 and Asp267 of HDAC, His180, the oxygen atom
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of the acetyl group of the substrate, and the oxygen atom
of the water molecule involved in the hydrolysis reaction.
In addition to the substrate binding site and the zinc ion
binding site, the catalytic domain of HDAC also contains
two metal ion binding sites (De & Chatterji, 2015). One
site, called Site 1, is located near the zinc ion binding site.
The other site, called Site 2, is located at the periphery of
the catalytic domain, close to the N-terminal end of the -
fold bundle. The binding of these two metal ions may con-
tribute to stabilizing the overall structure of the enzyme.
Additionally, the metal ion at Site 1 may assist in binding
the zinc ion and play a role in the deacetylase reaction.

The deacetylation of nucleosomal histones by Class I
HDACs primarily occurs through the formation of com-
plexes, in which HDACs serve as the enzymatically active
components. These complexes not only directly bind to
and regulate the activity and selectivity of HDACs, but
more importantly, they are also regulated by other tran-
scription factors. These transcription factors enable the
complexes to bind to chromosomes and deacetylate them
at specific times and locations. As deacetylation itself
leads to the down-regulation of gene transcription, these
corepressor complexes typically work in conjunction
with transcription factors or suppressors that inhibit gene
transcription.

The crystal structures of the HDAC3 complex with
the DAD (deacetylase activation domain) in the SMRT
complex and the HDAC1/2 complex with the MTA1l
(metastasis-associated protein 1) in the NuRD complex
reveal that the corepressor protein binds to the end of
the HDAC catalytic domain, near the substrate binding
channel. This binding significantly enhances the deacety-
lase activity of HDAC (Millard et al., 2013). Additionally,
phosphatidylinositol, a regulator conserved in the Class I
HDAC co-inhibitor complex, was found to effectively pro-
mote HDAC enzymatic activity. However, it was observed
that HDAC enzymatic activity could only be effectively
activated in the presence of both co-inhibitors and phos-
phatidylinositol. In the HDAC3/DAD complex structure,
a phosphatidylinositol Ins (1, 4, 5, 6) P4 molecule was
bound to the substrate binding channel of HDAC3. In the
structure of the HDAC3/DAD complex, a phosphatidyli-
nositol Ins (1, 4, 5, 6) P4 molecule binds between the sub-
strate binding channel of HDAC3 and the DAD structural
domain. This binding facilitates the interaction between
HDAC3 and the DAD domain. Additionally, Ins (1, 4, 5,
6) P4 binds to the “distorted” a-like helix H1, loop L1, and
loop L6 at the substrate binding channel, potentially caus-
ing a change in the conformation of the substrate binding
channel. These interactions have the potential to modify
the conformation of the substrate binding channel, mak-
ing it easier for the substrate to access the catalytic active
site (Li et al., 2023). The significance of polyinositol in this
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complex also suggests a potential link between epigenetics
and cellular metabolism.

Unlike other Class I isoenzymes, HDACS8 functions
independently of the multiprotein complex and typi-
cally has a higher catalytic efficiency for acyl lysine sub-
strates than acetyl lysine. As the first crystal structure of
a human-derived histone deacetylase to be resolved, the
three-dimensional structural map in the PDB database
shows that the secondary structure of human HDACS
contains 11 or 13a-helices and 8 -folds(Figure 1) (Amin
et al., 2018). The PDB Protein Data Bank (PDB) (http://
www.rcsb.org/) is a U.S. Brookhaven National Laboratory
in 1971, maintained by the Research Collaboratory for
Structural Bioinformatics (RCSB). It is the leading col-
lection of 2.5-dimensional (data in two dimensions rep-
resenting three-dimensions) structures of biomolecules
(proteins, nucleic acids, and sugars), and is a database
of three-dimensional structures of proteins, polysaccha-
rides, nucleic acids, viruses, and other biomolecules, as
determined by experimental means such as x-ray single-
crystal diffraction, nuclear magnetic resonance, electron
diffraction, and so on. (Westbrook et al., 2022) The PDB

database shows that the a-helix H1 of HDACS is a regular
and typicala-helix structure, the loop L1 is 2 amino acid
residues shorter than the L1 of HDAC3, and the loop L6
contains a proline which makes the loop slightly far away
from the catalytic site, so that HDAC8 possesses a rela-
tively open pocket of catalytic activity, which may make
it easier for the substrate to approach the catalytic core of
HDACS; moreover, all of the above differences are present
in the crystal structure of HDAC1-3, which makes HDAC8
more suitable for the catalytic core of HDACS, and also
makes it easier for the substrates to approach the catalytic
core. The above differences are present in the crystal struc-
tures of HDAC1-3, making HDACS8 a more independent
deacetylase from HDAC1-3 (Watson et al., 2012). The crys-
tal structure analysis of HDACS is highly significant for
studying the structural analysis and catalytic mechanism
of zinc ion-dependent HDACsS, particularly the members
of the Class I subgroup. This is because HDACS shares a
40% amino acid sequence identity with HDAC1, 41% with
HDAC?2, and 41% with HDAC3. Additionally, the catalytic
activity centers of all zinc ion-dependent HDACS are con-
served. Therefore, understanding the crystal structure of

CLASS1: HDACS

CLASS1V: HDAC6

(c)

CLASSII: HDAC7

CLASSIII: SIRT 1

FIGURE 1 The crystal structure of representative HDACs. The three-dimensional structure of human HDACS, the first human histone
deacetylase to be resolved, consists of 11 or 13 a-helices and 8 p-folds (a). HDAC6 is unique as it is primarily located in the cytoplasm. Its
main structural domains include the nuclear localization signal region (NLS), two conserved leucine-rich nuclear export signal regions
(NES1, NES2), two tandem deacetylation catalytic regions (DD1, DD2), a serine-glutamate-containing tetradecapeptide repeat region (SE14),
and a ubiquitin-binding zinc finger structure (ZnF-UBP) (b). The HDAC7 protein has a distinct structure composed of a conserved catalytic
core structural domain at its C-terminus. Additionally, it features a conserved N-terminal extension region that contains multiple binding
sites (c). On the contrary, the catalytic structural domain of SIRT1 is elliptical and made up of two large and two small domains, totaling
around 270 amino acid residues (d).
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HDACS can provide valuable insights into this group of
enzymes.

2.2.2 | ClassII HDAC:II A recruiting class I;
IT b cytoplasmic protein deacetylation

The Class II HDAC family is a homolog of the Hdal pro-
tein found in budding yeast. This family is further divided
into two subtypes: Type a and Type b. Type a includes
HDAC4, 5, 7, and 9, while Type b includes HDAC6 and
the recently discovered HDAC10 (Bantscheff et al., 2011).

Structure of Ila

The structural feature of Ila is characterized by a conserved
catalytic core structural domain at the C-terminus of the
protein. Additionally, it possesses a unique and conserved
N-terminal extension region that contains multiple bind-
ing sites. For instance, it has the MEF2 (myogenic tran-
scription factor 2) binding site, which binds MEF2 protein
to inhibit muscle cell differentiation, as well as two to
three phosphorylated serine sites. These phosphorylated
serine sites bind to 14-3-3 proteins, regulating the cellular
localization of the enzymes and influencing their inter-
actions with tissue-specific transcription factors and co-
blockers (Hsu et al., 2017). Furthermore, type Ila HDAC
has both an NLS region at the N-terminus and an NES
region at the C-terminus, enabling it to shuttle between
the nucleus and cytoplasm. Overall, the catalytic domain
of type ITa HDAC is similar to that of Type I HDAC (Liu,
Dong, et al., 2021). It consists of an o/p domain with sev-
eral loops forming the substrate binding channel and cata-
lytic active site, with one zinc ion bound at the active site
and two potassium/sodium ion binding sites.

Although Class IT a HDAC has a highly conserved his-
tone deacetylation domain, the unique catalytic activity of
this class remains to be explored. Class I HDAC and Class
IT b HDAC possess a conserved tyrosine residue, whereas
Class II a HDAC has a conserved histidine residue instead
(Wright & Menick, 2016). Due to the replacement of the
key tyrosine with a histidine at the active site and the
shorter histidine side chain compared to tyrosine, Class
IT a HDAC exhibits limited deacetylation activity (Hess
et al., 2022). However, this limitation does not prevent
them from functioning as transcriptional repressors by
binding to 14-3-3 protein or MEF 2 protein. Therefore, it
can be observed that Class II a HDAC exerts epigenetic
functions not solely through its deacetylation activity (Li
et al., 2022), but rather through its involvement in the re-
cruitment of Class I HDACs after being recruited by other
transcription factors. Class Ila deacetylase activity is de-
pendent on its binding to HDAC-polyprotein complexes,
such as HDAC3-SMRT/N-CoR. It is speculated that Class

sssssss

ITa HDACs may function as regulators by binding to regu-
latory factors, such as transcription factors, through their
N-terminal binding site. Subsequently, they target the en-
zymatically active SMRT/NCoR-HDAC3 complex to spe-
cific sites through their C-terminal catalytic domain, thus
exerting a regulatory effect (Park et al., 2018).

The structure of IIb
HDACS6 is primarily located in the cytoplasm and con-
sists of several distinct structural domains, including the
nuclear localization signal region (NLS), two conserved
leucine-rich nuclear export signal regions (NES1, NES2),
two tandem deacetylation catalytic regions (DD1, DD2),
a serine-glutamate-containing tetradecapeptide repeat re-
gion (SE14), and a ubiquitin-binding zinc finger structure
(ZnF-UBP) (Liu, Xiao, et al., 2021). While HDAC6 does
contain a nuclear localization signal, it is mainly found
in the cytoplasm due to the combined action of NES and
SE14 (Yue et al., 2022). The nuclear export signals prevent
HDACS6 from binding to nuclear proteins and facilitate its
translocation from the nucleus to the cytoplasm, while
the SE14 region anchors HDACS6 in the cytoplasm (Bertos
et al., 2004). For a long time, the function of HDAC6 in
the cytoplasm remained unknown. However, in 2002, it
was discovered that HDAC6 is a major histone deacety-
lase and has various nonhistone substrates, including a-
microtubulin, cortactin, Ku70, and HSP90 (Ali et al., 2020;
Miyake et al., 2016). The main substrate of HDAC 6 is tu-
bulin, which directly affects the cytoskeleton, intracellu-
lar material transport, and cell motility (Kaur et al., 2022).
HDAC 6 regulates microtubule assembly and the localiza-
tion of microtubule motor complexes, which in turn af-
fects microfilament-based cell motility and the interaction
of cortical actin with microfilaments (Losson et al., 2020).
Inhibition of HDAC 6 leads to hyperacetylation of mi-
crotubule proteins and enhanced intracellular vesicular
transport, which is associated with neurological disorders
like Parkinson's disease and Huntington's disease (Eng-
lish & Barton, 2021). Additionally, HDAC 6 plays a role in
important intracellular signaling processes and its exten-
sive substrate deacetylation activity highlights its signifi-
cance to cells. Another substrate of HDAC 6 is heat shock
protein 90 (HSP 90) (Seidel et al., 2016). As a cytoplasmic
protein substrate, HSP 90 plays a crucial role as a molecu-
lar chaperone in facilitating the structural maturation
and functional integrity of various intracellular proteins.
The deacetylation of HDAC 6 is vital for the interaction
between HSP 90 and the glucocorticoid receptor (GR).
Knocking down HDAC 6 leads to the acetylation of HSP
90, which subsequently weakens its interaction with pro-
teins like GR or Ber-Abl (Karra et al., 2022).

HDACI10 acts as a transcriptional repressor and is ca-
pable of shuttling between the nucleus and cytoplasm. It
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contains two conserved deacetylation catalytic domains
at the N-terminal end. Although the C-terminal region
bears some sequence similarity to the N-terminal end, it
lacks deacetylase activity. The leucine-rich domain at the
C-terminal end is responsible for its localization in the
cytoplasm (Herp et al., 2022). HDAC10 can interact with
HDACS3, similar to type a HDAC, but what sets HDAC10
apart is its ability to function as a deacetylase on its own.
However, the specific substrate of HDAC10 is currently
unknown.

2.2.3 | Class IV HDAC: Still needs to
be explored

Class IV HDAC consists of only one member, HDAC11,
which shows less similarity to both Class I and Class II
HDACs. HDACI11 is the shortest among all identified
HDACSs and mainly comprises the core catalytic domain,
exhibiting deacetylase activity alone (Liu et al., 2020). It is
localized in the nucleus and cytoplasm of cells. HDAC11
exhibits tissue-specific expression, with high levels ob-
served in the kidney, heart, brain, skeletal muscle, testis,
and other tissues (Liu et al., 2023). Additionally, HDAC11
has been found to form complexes with HDAC6 in vivo
(Yanginlar & Logie, 2018). Furthermore, HDACI11 plays
a role in regulating the protein stability of the DNA rep-
lication factor CDT1 and the expression of interleukin 10
(Nufiez-Alvarez & Suelves, 2022). Being the most recently
discovered HDACs, HDAC10, and HDAC11 are among
the least studied and understood proteins within the
HDAC family.

2.2.4 | Class III HDAC: Diversity

In addition to the 11 enzymes of the Zn>* cofactor-based
histone deacetylase family mentioned earlier, there are
seven specific deacetylases known as Class III HDACs
(Blander & Guarente, 2004). These deacetylases belong
to the sirtuin protein family and are represented by the
yeast Sir2 protein. Unlike the Zn®*-dependent HDACs
mentioned before, Class III HDACs are a type of NAD*-
dependent deacetylases that catalyze the deacetylation of
both histone and nonhistone substrates. Sirtuin proteins
are highly conserved across all organisms, from prokary-
otes to eukaryotes, and there are seven family members in
humans known as NAD-dependent deacetylases or SIRT
1-7 (Pande & Raisuddin, 2022).

The crystal structures of the catalytic core domains of
SIRT1, 2, 3, 5, and 6 in human Sirtuin proteins have all
been resolved. These structures exhibit a consistent over-
all structure, which can be attributed to the evolutionary

and sequence conservation of the catalytically active re-
gion. The catalytic structural domain is elliptical in shape
and comprises two large and two small structural do-
mains, each consisting of approximately 270 amino acid
residues. The large structural domain, which is relatively
conserved, features a typical Rossmann-fold domain. This
domain includes a central p-sheet with six p-strands, sur-
rounded by several a-helices that form pockets capable of
accommodating and binding NAD™. On the contrary, the
small structural domain, which shows more variability,
consists of two modules that extend from the large struc-
tural domain. These modules include a conserved Zn**
binding element and an a-helix region with relatively
high variability. The zinc finger structural domain is com-
posed of three reverse parallel p-strands and one o-helix
(Villalba & Alcain, 2012). It binds to Zn®* through two
pairs of cysteine residues in the conserved sequence CysX
2-4 -CysX 15-40-CysX 2-4-Cys. The four loops region that
connects the structural domains is highly conserved in
the Sirtuin family. This region forms the substrate binding
pocket and is the center of catalytic activity. The largest
loop, known as the f1-a2 loop or cofactor binding loop, is
responsible for part of the NAD+ binding site. It exhibits
a highly dynamic structure and plays a crucial role in cat-
alytic reactions (Gasparrini et al., 2022).

In addition to the catalytic domain, certain Sirtuin
proteins (such as Sir2, HST1, and SIRT1) also contain N-
terminal and/or C-terminal regulatory regions (Chadha
et al., 2019). Studies have shown that these regulatory re-
gions not only enhance the enzymatic activity of SIRT1
but also serve as binding sites for other proteins. This al-
lows for protein-protein interactions that can regulate the
enzymatic activity of these proteins (Pillus & Rine, 2004).

Studies have shown that SIRT 1-3 exhibit high
deacetylating activity, while SIRT 5-7 have low activ-
ity (Simé-Mirabet et al., 2017). Notably, SIRT 4 does not
demonstrate any relevant deacetylation activity. Several
studies also suggest that different SIRTs may have higher
activity toward other novel acylations. Specifically, SIRT
1-2 exhibit significant activity against various acylations
(Wu et al., 2022). Additionally, SIRT 2 catalyzes the de-
benzoylation of histone lysine both in vitro and in vivo
(Chen & Guarente, 2007). SIRT 5 possesses debenzoyla-
tion function and is active against malonylation, buta-
noylation, and glutarylation. Both SIRT 4 and SIRT 6 also
exhibit ADP ribosyltransferase activity, with SIRT 6 spe-
cifically demonstrating debenzoylation of long-chain fatty
acids (Dong, 2023). The deacetylation activity of SIRT
7 is activated by double-stranded DNA, leading to the
deacetylation of histone H3 position 18 lysine (H3K18)
in chromatin. Furthermore, the long-chain fatty acylation
activity of SIRT 7 can be enhanced by rRNA, possibly sur-
passing its deacetylation activity (Lucatelli et al., 2022).
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The intracellular environment of Sirtuin family
deacetylases is well characterized. SIRT 1, which is closely
related to yeast Sir 2, has been extensively studied. SIRT 3
is present in both the nucleus and mitochondria (Zhang
et al., 2020), while SIRT 4 and SIRT 5 are primarily found
in mitochondria (Di et al., 2021). SIRT 6 is exclusively lo-
cated in the nucleus, and SIRT 7 is specifically found in
the nucleolus (Kida & Goligorsky, 2016). Additionally,
there are cytoplasmic and nuclear proteins associated
with these SIRT enzymes (Yoon & Eom, 2016). Overall,
the functions of SIRT 1-7 in cells are complex and diverse
(Beegum et al., 2022).

With the increasing abundance of structural informa-
tion on HDACsS, researchers have gradually uncovered
the structural differences among subgroups and even
subtypes. This knowledge has provided a reasonable
explanation for the selectivity of certain HDAC inhibi-
tors. For instance, a series of novel o-phenylenediamine
HDAC inhibitors were discovered to only inhibit HDAC1
and HDAC2 (Wang et al., 2022). Further analysis of ho-
mologously modeled HDAC1 and HDACS3 revealed that
a difference in an amino acid located in the cavity at the
base of the catalytically active center (the substitution of
Ser113 residue of HDAC1 with Tyr96 residue of HDAC3)
may be the structural basis for this selectivity. Addition-
ally, the lack of isoform selectivity in the majority of
current HDAC inhibitors can be attributed to the highly
conserved amino acid sequence of the catalytic active
center of Zn** dependent HDACs (Morse et al., 2022). In
contrast, the amino acid sequence around the entrance of
the active center, located on the protein surface, varies sig-
nificantly among isoforms. In the HDACS8 isoform, the L1
loop near the entrance of the active center is shorter com-
pared to other Class I members. This results in a larger
active center entrance and a more flexible protein surface
for the HDACS isoform. Currently, one effective strategy
in this field is to design subtype-selective inhibitors based
on the structural differences around the active center inlet
of each HDACS subtype. Furthermore, a comprehensive
analysis and understanding of the structural information
of each isoform of HDACs will greatly assist in the design
of highly active and selective inhibitors.

3 | HISTONE DEACETYLASE
INHIBITOR (HDACI)

HDACIs are a novel class of targeted anticancer drugs
that primarily modify chromatin structure by altering
the acetylation levels of histones, thus regulating gene
expression (Sanaei & Kavoosi, 2019). In both in vivo and
in vitro settings, HDACis have demonstrated the ability
to induce growth arrest, differentiation, and apoptosis in

oesten

tumor cells, making them promising candidates for tumor
treatment (Ceccacci & Minucci, 2016). Clinical trials have
been conducted for targeted Class I/II HDACis, with the
most effective inhibitors being isohydroxamic acids like
SAHA and cyclic peptides resembling FK228. However,
it is worth noting that most existing HDACis suffer from
issues such as low bioavailability, rapid metabolism, irre-
versible differentiation, and lack of selectivity toward can-
cer cells. Therefore, it is crucial to investigate the diverse
functions of different HDACs and the range of HDAC sub-
strates, in order to develop effective and selective HDA-
Cis based on the specific biological effects of individual
HDAG:S.

3.1 | Overview of HDACis research

The discovery of HDACis predates the discovery of their
targets, HDACs. HDACis have been found to have ef-
fects on various cells and genes, indicating that they have
multiple antitumor mechanisms (Mottamal et al., 2015).
As the close relationship between HDACs and tumors
becomes clearer, more and more HDAC inhibitors have
shown highly effective antitumor activities in vitro and in
vivo, with multiple mechanisms of action. These mecha-
nisms include inducing apoptosis and autophagy (Gilar-
dini et al., 2017), causing tumor cell cycle arrest (Zhang
et al., 2013), inhibiting tumor cell angiogenesis (Mottamal
et al., 2015), reducing tumor cell motility and migration
ability, and enhancing tumor cell sensitivity to radiother-
apy and chemotherapy (Chen et al., 2007; Lee et al., 2010).
HDACIs can activate either the extrinsic pathway (re-
ceptor death pathway) or the intrinsic pathway (mito-
chondrial pathway) for cell death in many cancer cells
(Johnstone et al., 2002).

In recent years, a significant number of HDACis have
been synthesized or derived from natural sources (Yoshida
et al., 2001). Trichostatin A (TSA) was the first natural hy-
droxamic acid known to inhibit HDACSs. Vorinostat (sub-
eroylanilide hydroxamic acid, SAHA), which has a similar
structure to TSA, was the first FDA-approved HDAC in-
hibitor for the treatment of refractory cutaneous T-cell
lymphoma (CTCL) (Zhang, Wang, et al., 2018). Currently,
the FDA has approved six HDACIs for the treatment of
various hematologic tumors and a few solid tumors (Kelly
et al., 2005; O’Connor et al., 2006).

3.2 | Histone deacetylase inhibitor
pharmacophore model

The compound library of Zn**-dependent HDACis has
significantly expanded in the past 20years. While the
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structures of these HDACis, whether synthetic or natu-
ral, are complex and diverse, the majority of Zn** HDA-
Cis share a common pharmacophore model. This model
consists of three components: (1) the Cap structure, also
known as the Surface Recognition Domain, which is typi-
cally a hydrophobic aromatic group that interacts with the
enzyme's surface; (2) a Zn*t binding group (ZBG), such as
isohydroxamic acid, carboxylic acid, or benzamide, which
chelates the Zn** at the enzyme's active center; and (3) a
Linker, which is a saturated or unsaturated linear or hy-
drophobic long chain with a ring structure. The Linker
connects the Cap structure to the ZBG (Finnin et al., 1999;
Miller et al., 2003). Co-crystalline complex studies of iso-
hydroxamic acid HDACis and HDACs demonstrate the
interaction between the inhibitor's Cap structure and
the amino acids near the entrance of the enzyme's active
center, while the ZBG structure chelates with the metal
ion at the bottom of the enzyme's active center to form
the complex (Lauffer et al., 2013; Vannini et al., 2004).
The linker structure, of appropriate length, brings the
ZBG group to the bottom of the HDACs active region. It
chelates Zn®* and forms hydrogen bonds with histidylic
acid and tyrosine, among others. The long linker chain in-
teracts with the amino acid residues in the active region
through forces such as van der Waals forces. It occupies
the active region, while the cap structure acts as a cover
for the entrance to the enzyme's active region, resembling
a cap (Drummond et al., 2005). HDACis inhibit enzyme
activity by competitively inhibiting the binding of acetyl-
lysine residues of the substrate to the active site of the en-
zyme, as mentioned earlier.

Changes in all three components can significantly
affect the activity or selectivity of HDACis. The func-
tional groups of ZBG include isohydroxamic acid, ben-
zamide, carboxylic acid, sulthydryl groups, ketones, and
epoxides. When comparing the three clinical HDACis
SAHA, entinostat (MS275), and valproic acid, which use
isohydroxamic acid, benzamide, and carboxylic acid as
chelating groups, respectively, it is evident that these com-
pounds exhibit significant differences in their inhibitory
activity against HDACs. Among them, isohydroxamic acid
demonstrates the strongest ability to chelate zinc ions (Wu
et al., 2011).

Linker structures can vary in terms of different chain
lengths, saturation, unsaturation, linearity, cyclicality,
and modifications. It has been observed that modifying
the linker can significantly impact the activity (Rajak
et al., 2014). Some common types of linkers include ali-
phatic chains (e.g., six-carbon chains in SAHA), aromatic
rings (e.g., 1,4-phenylene support in MS-275), and vinyl-
aromatic rings (e.g., styryl groups in PXD101). Through
docking and energy-optimized pharmacophore localiza-
tion, it has been found that inhibitors with at least one

aromatic ring in their linkage region exhibit a higher af-
finity for the target enzyme, whereas those without aro-
matic rings tend to be poor binding agents. Additionally,
the length of the linkage region also plays a role in de-
termining the activity. The study demonstrated that the
most effective enzyme inhibitory activity occurred when
the carbon number of the linkage region (n) was 6. Hy-
drophobic and high-capacity Cap groups (such as phenyl,
naphthyl, and thiophene groups) were found to enhance
HDAC inhibition. Additionally, greater lipophilicity of the
substituent (trifluoromethyl) resulted in stronger HDAC
inhibition when methoxy and trifluoromethyl were sub-
stituted at the adjacent, inter-, and para-positions of the
CAP group. Therefore, lipophilicity promotes a stron-
ger hydrophobic interaction between the surface of the
HDAC active site and the HDAC inhibitor, consequently
increasing the activity of the HDAC inhibitor (Micelli &
Rastelli, 2015).

The integration of the pharmacophore model of HDAC
inhibitors and the structural information of the enzymatic
active region contributes to understanding the inhibition
mechanism and serves as a basis for the rational design of
HDAC inhibitors. Consequently, modifying the structure
of HDAC inhibitors based on the three components of the
pharmacophore is a widely adopted strategy for the ratio-
nal design and optimization of HDAC inhibitors.

3.3 | Classification of histone
deacetylase inhibitors

ZBG binds to Zn** and its surrounding residues, play-
ing a crucial role in the inhibitory activity of HDACis
(Bantscheff et al., 2011). Based on the type of inhibitor
ZBG, the six HDACISs can be categorized into three main
groups (Figure 2): (1) isohydroxamic acids, including
SAHA, belinostat (PXD101), and panobinostat (LBH589);
(2) benzamide, including mocetinostat (MGCD0103)
and chidamide; (3) cyclic peptides, such as romidepsin
(FK228) (Heers et al., 2018). Furthermore, several HDACI
drugs are currently being studied in preclinical and clini-
cal trials(Rodriguez-Paredes & Esteller, 2011).

3.3.1 | Isohydroxamic acid

The isohydroxamic acid HDACI are the most extensively
studied and widely used inhibitors. They are considered
broad spectrum HDACIs because of their inhibitory ef-
fect on almost all Zn?* dependent HDACSs of Classes I,
II, and IV. However, this also leads to a series of toxic
side effects. Despite these side effects, these drugs ex-
hibit potent single-agent antitumor effects and are often
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FIGURE 2 Classification of HDACis and the representative compounds. ZBG binds to Zn** and its surrounding residues, playing
a crucial role in the inhibitory activity of HDAC is (a). Based on the type of inhibitor ZBG, the six HDACIs were categorized into three
main groups: (b) isohydroxamic acids, including SAHA, belinostat (PXD101), and panobinostat (LBH589); (c) benzamide, consisting
of mocetinostat (MGCDO0103) and chidamide; (d) cyclic peptides, represented by romidepsin (FK228).

used in combination with various anticancer drugs. The
combination of these drugs not only enhances their an-
titumor effects but also has irreplaceable clinical value
(Li & Seto, 2016).

Under normal physiological function, the hydropho-
bic channel of HDAC is occupied by the acetyl lysine
side chain of the substrate, which contains four meth-
ylene groups. At the bottom of the channel, Zn** forms
a five-tooth chelate. In the presence of inhibitors of iso-
hydroxamic acid HDACs, the hydrophobic channel is
competitively occupied by the hydrophobic linker of the
inhibitor. Zn** is chelated by the zinc ion chelating group
(ZBG) of the inhibitor. The ZBG in the figure represents
the widely used isohydroxamic acid group, which has
the strongest chelating ability with Zn**. Additionally,
the isohydroxamic acid group can form oxygen bonds
with H142, H143, and Y306, aside from forming a strong
diphthong chelate with Zn®*. The isohydroxamic acid
group, acting as a ZBG, possesses several advantages in-
cluding strong binding ability with zinc, good in vitro
stability, good solubility, and easy synthesis (Moham-
med et al., 2016). However, it is important to note that
the binding of isohydroxamic acid groups to other zinc-
dependent enzymes such as aminopeptidases, matrix

metalloproteinases, and carbonic anhydrases may result
in undesirable side effects. Moreover, isohydroxamic
acid is prone to hydrolysis and glucuronidation, leading
to unfavorable pharmacokinetic properties and reduced
efficacy in vivo (Zhang et al., 2015). The linker domain
of isohydroxamic acid can have linear or cyclic struc-
tures, as well as saturated or unsaturated structures.
The cap structure of straight-chain linear linker isohy-
droxamic acid HDACIs is the main site for modifying
and optimizing the compounds, which contributes to
its diversity. Linear linkers are flexible structures that
facilitate interaction between the cap structure and the
amino acid residues on the surface during the activity of
HDACSs. Therefore, more complex cap structures, such
as branching caps, are often used in the design of HDA-
Cis. The cap structural domains typically consist of hy-
drophobic groups, particularly aromatic ones (Giannini
etal., 2012).

SAHA

This drug, developed by Merck and approved by the FDA
in 2006, was the first HDACI used for the treatment of
cutaneous T-cell lymphoma (Mann et al., 2007). Recent
research has revealed its potential for various clinical
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effects, including hematologic tumors. It has shown dif-
ferent efficacy in B-cell lymphomas such as diffuse large
B-cell lymphoma, follicular lymphoma, and set of cell
lymphoma. In solid tumors like prostate and pancre-
atic cancers, SAHA has been found to inhibit the Akt/
FOXO03a signaling pathway, promoting apoptosis of
prostate tumor cells and preventing the occurrence of
resistant prostate cancer caused by traditional therapies
like androgen deprivation therapy (Shi et al., 2017). Ad-
ditionally, SAHA helps reduce side effects such as drug
resistance and dose toxicity caused by chemotherapeutic
drugs like paclitaxel (Wu et al., 2017). Moreover, SAHA
is known to play a crucial role in inducing autophagy
in tumor cells and preventing acute graft-versus-host
disease.

SAHA has demonstrated significant antitumor ef-
fects, but it is also associated with considerable toxic-
ity, including fatigue, diarrhea, anorexia, dehydration,
bone marrow suppression, and thrombocytopenia,
particularly at high doses (Mrakovcic et al., 2017). As
a broad-spectrum inhibitor, SAHA simultaneously tar-
gets multiple HDAC isoforms, which contributes to its
toxic side effects. Therefore, enhancing the selectivity of
HDAC inhibitors (HDACIs) or developing novel HDA-
Cls based on the fundamental pharmacodynamic moiety
of SAHA holds promise for future applications. Studies
have shown that modifying the hydrophobic long chain
of SAHA can enhance its selectivity for HDAC. For in-
stance, substituting the hydrogen atom (H) at the C2
position of the hydrophobic long chain of SAHA with al-
iphatic or aromatic hydrocarbons resulted in the analog
C2-R-SAHA, which effectively improved its selectivity
for HDAC6 and 8 (Yang et al., 2020).

The molecular docking model revealed that all HDAC
isoforms have highly conserved active catalytic regions.
Class I HDAC has a narrower hydrophobic channel com-
pared to HDACS. Substituting aliphatic hydrocarbons on
the hydrophobic chain of SAHA can increase the barrier
to the catalytic channel, effectively preventing the catal-
ysis of compounds HDAC]1, 2, and 3. Furthermore, sub-
stituting unsaturated hydrocarbons on aromatic, cyclic,
or adjacent isohydroxamic acid groups can enhance the
selectivity of HDACS, as seen in tubastatin A (Brightman
et al., 1992). It is important to note that TSA has a simi-
lar structure to SAHA, but exhibits much stronger inhi-
bition activity on HDAC. The main difference lies in the
TSA linkage region, which contains a diene and an R-type
methyl group. However, researchers discovered that these
features are not solely responsible for the increased activ-
ity. The arylamine ring on the surface recognition region
of TSA may also play a key role in its high activity by in-
teracting with amino acid residues of the enzyme capsule
(Patel et al., 2022).

3.3.2 | Benzamide inhibitors

Benzamide inhibitors are a novel type of HDACI that exhibit
reduced side effects due to their enhanced selectivity. These
drug molecules contain a distinctive N-(2-aminophenyl)
benzamide pharmacodynamic group, which provides them
with a stronger selectivity towards HDAC1 and 2 compared
to conventional isohydroxamic acid compounds. In a mo-
lecular docking study using histone deacetylase-like protein
(HDLP) to screen for inhibitors, it was found that benza-
mides inhibitors bind to HDLP in a manner that may be
quite different from that of isohydroxamic acid analogs to
HDLP (Bass et al., 2021). The docking results showed that,
instead of targeting Zn>* for binding, the former targeted
the 2 benzene rings relative to Phel41 and Phe198, the nar-
rowest part of the active pocket, to block the channel of the
N-terminal Lys acetylation side chain of histone, the physi-
ological substrate of HDAC, reaching to the catalytic center,
where the 2-amino acid forms a hydrogen bond with Tyr91
or Glu92, and the intermediate benzene ring forms a sand-
wich structure with Phe141 and Phe198 to form a sandwich
structure. Because of this mode of binding, benzamide-
based inhibitors have significantly better target selectivity
than isohydroxamic acid inhibitors with Zn** as the bind-
ing target. There are many Zn**-containing proteins in the
object, so the isohydroxamic acid inhibitors are more toxic.

The eutectic structures of HDAC2-inhibitor reveal
that the catalytic active center of HDAC2 encompasses
not only an approximately 8 A long hydrophobic channel
and the catalytic Zn*" located at the bottom of the chan-
nel, but also an adjacent inner cavity (referred to as the
foot pocket) of approximately 14 A. This foot pocket re-
gion plays a crucial role in constituting the HDAC2 active
center. During drug inhibition, the benzamide inhibitor
deeply penetrates the bottom of the active cavity. The o-
amino group of the molecule, along with the carbonyl ox-
ygen, participates in the Zn** chelation. Additionally, one
side of the inhibitor molecule's aromatic ring enters the
catalytic “foot pocket”, causing the repositioning of the
two side chains of the “foot pocket” residues to accommo-
date the aryl part. However, SAHA is unable to enter the
catalytic foot pocket due to its own structural properties.
This inability is a significant reason why SAHA does not
specifically inhibit HDAC2 (Bressi et al., 2010).

The time-dependent effect of benzamide inhibitors is sig-
nificantly influenced by the intramolecular hydrogen bond-
ing in the compounds. In contrast, SAHA only has a Zn**
chelating group at the top of the molecule, which means
that the formation of drug-target complexes does not require
extensive protein rearrangement or hydrogen bond break-
ing of the internal ligand. When SAHA is in close proximity
to the protein, isohydroxamic acid can directly bind Zn**
at the bottom of the hydrophobic channel and replace the
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bound water. As a result, ligands containing isohydroxamic
acid esters usually exhibit rapid binding kinetics. On the
contrary, benzamide inhibitors need to break their intramo-
lecular hydrogen bonds before they can chelate with Zn**.
Additionally, the large molecular size and curved hydropho-
bic channels of benzamide inhibitors are important factors
that limit their rapid binding to Zn>* (Lauffer et al., 2013).

Chidamide

Chidamide, developed and synthesized in China, is the
first subtype-selective histone deacetylase oral inhibitor. It
has been approved by the State Food and Drug Adminis-
tration (China Food and Drug Administration, CFDA) for
clinical trials (Dong et al., 2012). Chidamide belongs to the
class of benzamide histone deacetylase subtype-selective
inhibitors and possesses a unique chemical structure.
Its chemical name is N-(2-amino-4-fluorophenyl)-4-
{N-[(E)-3-(3-pyridyl)acryloyl]aminomethyl}benzamide.
Chidamide exhibits high antitumor activity and low cy-
totoxicity compared to similar drugs. It primarily targets
subtypes 1, 2, and 3 of Class I HDAC and subtype 10 of
Class II b (Zhang, Tao, et al., 2018). Chidamide has the
potential to induce tumor stem cell differentiation and re-
verse epithelial-mesenchymal phenotypic transformation
(EMT) of tumor cells, thereby restoring the sensitivity of
drug-resistant tumor cells to drugs and inhibiting tumor
metastasis and recurrence. It achieves this by inhibiting
relevant HDAC isoforms, increasing the acetylation level
of chromatin histones, and triggering chromatin remod-
eling, which leads to epigenetic alterations that inhibit the
tumor cell cycle and induce apoptosis. Additionally, Chid-
amide exhibits modulatory activity on cellular immunity,
enhancing natural killer (NK) and antigen-specific cyto-
toxic T cell (CTL)-mediated tumor killing.

3.3.3 | Cyclic peptide inhibitors

Cyclic peptides are the most structurally complex class of
HDACI and can be divided into two groups, that is, cy-
clic peptides containing the Aoe moiety, such as trapoxin
A, trapoxin B, and WF-3161, and cyclic peptides without
the Aoe moiety, such as apicidin, and depsipeptide. both
of them bind HDACSs in a manner similar to that of iso-
hydroxamic acids but with different mechanisms of ac-
tion differ (Buckton et al., 2021). The spatial orientation
of the cyclic tetrapeptide macrocycles of Aoe-containing
inhibitors was tested by x-ray crystallography and NMR
techniques, and it was found that these macrocycles
were arranged with D-amino acids and cycloamino acids,
with a spacer region on one side of the amino acids, and
a large number of internal hydrogen bonds to generate
a restricted 12-membered cyclic structure, which was
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speculated that the amino acids of the D-configuration
were required for the tight binding to the edge of the
CAP activation site; some inhibitors of the Aoe structure
also required epoxyketones to bind to HDAC. Some Aoe-
containing inhibitors also require an epoxy keto group, a
large cyclic peptide structure that can bind to the “groove”
at the entrance of the duct, a keto carbonyl group that can
interact with Zn2+ and polar amino acid residues in the
HDAC ribbon duct, and an epoxy group that can alkylate
the active site of HDAC and irreversibly inhibit the HDAC
enzyme activity. activity, and if the epoxy keto group is re-
placed with isohydroxamic acid, the inhibition of HDAC
shows reversibility (Ramadhani et al., 2022).

Cyclic peptide inhibitors of HDACs mainly use larger
cyclic peptide structures as Cap groups, and the most
widely studied one is FK228, which does not conform to
the classical pharmacophore model of HDAC, and needs
to be hydrolyzed in vivo to release the sulthydryl moiety
of the zinc chelating group in order to chelate with zinc
metal ions and thus exert the enzyme inhibitory activity
effectively. Cyclic peptide HDAC inhibitors exhibit good
enzyme inhibitory activity due to their larger Cap group,
which enhances their interaction with amino acids on the
edge of the active pocket, thereby increasing their affin-
ity for the target (Pojani & Barlocco, 2021). In addition,
cyclic peptide inhibitors of HDACs showed some subtype
selectivity for the HDAC family, with good selective in-
hibitory activity for class I HDACs and poor enzyme in-
hibitory activity for class IIb HDACs (especially HDACS),
which provided a new idea for the design of selective
HDAC inhibitors. However, the complexity of the cyclic
peptide structure and the poor drug ability caused by the
large molecular skeleton and molecular mass are the main
challenges for the design and synthesis of these inhibitors.

In 2012, the US FDA approved romidepsin (FK228) for
the treatment of cutaneous T-cell lymphomas (CTCL) and
peripheral T-cell lymphomas (Ni et al., 2015). The drug,
an atypical HDACI, primarily acts as a Class I HDAC. It
is produced by Gram-negative pigmented bacillus No. 968
and has a caged bicyclic phenolic peptide structure with
rare disulfide bonds. These disulfide bonds are activated
in human cells after metabolism (Furumai et al., 2002).
FK228 is a precursor drug that is more stable than its
reduced form, Red-FK228. The disulfide bond helps the
compound diffuse more efficiently across the cell mem-
brane. Once inside the cell, FK228 is activated by gluta-
thione reduction. This activation allows the Red-FK228
free sulfhydryl group to interact with the active site, Zn>*,
thereby preventing HDAC from binding to the substrate.
It is important to note that although FK228 itself does not
have HDAC inhibitory activity, its intracellularly active
form after glutathione reduction is fully compatible with
the pharmacophore model of HDAC:is.
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TABLE 2 Completed Phase III clinical trial of co-administered HDACISs.

HDACi Drug Condition
1 Vorinostat Bortezomib Multiple myeloma
2 Vorinostat Cytarabine, Acute Myeloid leukemia
daunorubicin, untreated adult acute myeloid
hydrochloride, leukemia
idarubicin
3 Vorinostat Bortezomib Lymphoma

4 Chidamide

PD-1, lenalidomide and

NK/T-cell lymphoma

etoposide Antibody

5 Chidamide PD-1 blocking antibody,  Peripheral T-cell Lymphoma
lenalidomide and
gemcitabine

6 Panobinostat  Bortezomib, Multiple Myeloma
Dexamethasone

7 Panobinostat  Ruxolitinib tablets Primary Myelofibrosis Chronic
or oral pediatric Idiopathic Myelofibrosis
formulation Post Polycythemia Vera

Myelofibrosis

Title

Study of Vorinostat (MK-0683) an HDAC
Inhibitor, or Placebo in Combination With
Bortezomib in Patients With Multiple
Myeloma (MK-0683-088 AMN)

Cytarabine and daunorubicin Hydrochloride or
idarubicin and Cytarabine With or Without
Vorinostat in Treating Younger Patients
With Previously Untreated Acute Myeloid
Leukemia

Vorinostat With or Without bortezomib in
treating patients with refractory or recurrent
Stage I1B, Stage III, or Stage IV Cutaneous
T-cell lymphoma

PD-1 Antibody, Chidamide, Lenalidomide and
Etoposide for Relapsed or Refractory NK/T-
cell lymphoma

PD-1 Antibody, Chidamide, lenalidomide and
gemcitabine for peripheral T-cell Lymphoma

Panobinostat or Placebo With bortezomib and
dexamethasone in Patients With Relapsed
Multiple Myeloma

CINC424A2X01B Rollover Protocol

Note: Several HDACi-bsased combination drug regimens have entered clinical studies.

Limitations of HDACi therapy and strategies for
combination drugs

Significant progress has been made in the study of HDA-
Cis, but there are still unresolved issues. First, due to the
high sequence similarity of some HDACs, most HDACis
are currently broad-spectrum inhibitors. They primarily
compete for Zn** in the enzyme's active site, lacking selec-
tivity for specific isoforms. However, by disrupting specific
HDAC activities crucial for protein-protein interactions,
some selectivity for HDAC isoforms can be achieved
(Sacks et al., 2006). As mentioned earlier, HDAC1, 2, and
3 function as subunits of multiprotein complexes in the
nucleus. Removal of HDAC from these complexes signifi-
cantly reduces enzyme activity. Therefore, disrupting the
formation of these complexes can partially inhibit HDAC
activity. Inositol phosphate, a conserved regulatory factor
in the multi-protein complex, effectively enhances en-
zyme activity. The interaction between inositol phosphate
and arginine residues near the active site entrance plays
a pivotal role in complex formation and enzyme activa-
tion. Competing or disrupting the interaction of arginine
residues with inositol phosphate may specifically enhance
the inhibitory effect on HDACI, 2, and 3 (2). HDAC

inhibitors (HDACis) typically utilize Zn** binding groups
such as isohydroxamic acid, thiol, carboxylic acid, ketone,
or 2-aminoaniline. However, these functional groups can
also strongly bind to other essential metalloenzymes, lead-
ing to cytotoxicity and restricting the clinical use of HDA-
Cis (Sacks, Lichtenstein, Van, et al., 2006). In addition, the
currently identified inhibitors of HDACs show significant
therapeutic effects only in hematologic tumors, but are
not yet effective as single agents in solid tumors. These in-
hibitors have also been shown to cause serious side effects
in clinical trials. Notably, successful cases of combining
HDAC inhibitors with other chemotherapeutic agents in
the treatment of solid tumors are not uncommon.
Combination is an important strategy to improve effi-
cacy, reduce the occurrence of adverse effects and overcome
drug resistance in tumor treatment. Many studies have in-
vestigated the use of HDACi in combination with other
drugs, including antimetabolites, antimicrotubule drugs, to-
poisomerase II inhibitors, DNA cross-linking agents such as
cisplatin, HSP90 antagonists, and targeted drugs (Wanczyk
etal., 2011). HDAC] has also been reported to synergize with
the transcriptional regulator all-trans retinoic acid, DNA de-
methylating agents, and Ber-Abl kinase inhibitors (Suraweera
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et al., 2018). HDACi up-regulates death receptors and/or re-
duces inhibitory regulators of the death receptor pathway,
sensitizing tumor cells to TRAIL. Many kinase inhibitors,
all of which enhance the cell-killing effect of HDACI. Taken
together, these findings suggest that combination therapy
with HDACi may be the optimal therapeutic strategy using
these agents. First, HDACi synergistically increases the ef-
fectiveness of anticancer therapy in combination with other
anticancer regimens. Second, HDACI can overcome the re-
sistance of some tumor cells to chemotherapy or targeted
therapy drugs. Again, intervening against the deficiency or
cancer-promoting effect of HDACI in anticancer therapy can
further enhance the anticancer effect of HDACI.

Currently, several HDACi-based combination drug
regimens have entered the clinical study stage (Table 2)
(Tasneem et al., 2022). With the continuous development
of a large number of novel HDACI, the in-depth under-
standing of the anticancer mechanism of HDACIi and the
continuous optimization of the drug combination strat-
egy, HDACI has gradually become a promising new tumor
therapeutic drug with broad application prospects in the
field of anticancer therapy. In conclusion, conducting a
comprehensive study on the conformational relationship
of HDACis will aid in the rational design of drugs and the
development of effective and innovative treatments. While
HDAC:is are still in the early stages of research, they offer
a new perspective for mankind to overcome tumors, mak-
ing them a promising avenue for tumor treatment. The de-
velopment of HDACis holds significant clinical and social
value.
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