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ABSTRACT
Cancer is among the leading causes of death worldwide and is therefore one of the diseases in which there have been major 
medical advances and which is the focus of researchers. Drugs used in cancer treatment affect rapidly proliferating normal 
cells as well as cancer cells. In recent years, targeted therapy has been provided by identifying specific pathways in cancer 
cells. Epigenetic mechanisms are among the targeted therapies in cancer treatment. Epigenetic regulators ensure the con-
tinuity of the normal process by inducing epigenetic changes through epigenetic mechanisms such as DNA methylation, his-
tone post-translational modifications, and non-coding RNA regulation. Histone deacetylases (HDACs), which are involved 
in transcription-independent events such as DNA repair and mitosis, are enzymes that remove acetyl groups attached to the 
lysine residue in the amino terminal tails of histones. Histone deacetylase inhibitors (HDACIs) that provide epigenetic treat-
ment of cancer, which play a key role in the balance between acetylation and deacetylation of histone, have been extensively 
studied by researchers. Today, there are four HDACIs on the market approved by the FDA (Food and Drug Administration) and 
combinations of these drugs with agents that show anticancer activity by different mechanisms are being studied. Promising 
results have been obtained from these combinations, and further studies are ongoing on hybrid derivatives of certain HDACIs 
in various stages.
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INTRODUCTION

Epigenetics is the study of inheritable changes in gene expression or phenotype that do not result from changes in the DNA 
sequence (Dupont, Armant, & Brenner, 2009). It has also been expressed as a bridge between phenotype and genotype (Korkmaz 
et al., 2011). These changes are called epigenetic changes and are crucial to the normal development processes of cells. Epigen-
etic regulators ensure the continuity of the normal process by inducing epigenetic changes through epigenetic mechanisms 
such as DNA methylation, histone post-translational modifications, and non-coding RNA regulation (Cao & Yan, 2020; Handy, 
Castro, & Loscalzo, 2011; İzmirli, 2013; Küçükoğlu, 2013). The presence of an abnormal epigenetic regulation in these epigenetic 
mechanisms causes many diseases such as cancer, autoimmune disorders, neurological diseases (Parkinson, Alzheimer, schizo-
phrenia), inflammation, and metabolic disorders (Arrowsmith, Bountra, Fish, Lee, & Schapira, 2012; Moosavi & Ardekani, 2016). 
Therefore these mechanisms are therapeutic targets for researchers. 

Post-translational modification is an important process in which certain groups such as acetyl and phosphate are transferred be-
tween proteins. These modifications include acetylation, phosphorylation, glycosylation, hydroxylation. Binding or separation of 
groups such as acetyl, hydroxyl, or phosphate to proteins affects cellular processes such as cell division, chromatin modification, 
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gene silencing, protein-protein interactions, DNA replication, 
and apoptosis (Hitosugi & Chen, 2014; Karve & Cheema, 2011; 
Shukla & Tekwani, 2020). Histones examples of such proteins that 
undergo post translational modification in this way. As a result 
of acetylation, which is one of the post-translational modifica-
tions of histones, the chromatin structure changes and plays an 
important role in gene expression (Eckschlager, Plch, Stiborova, 
& Hrabeta, 2017), and HDACs are enzymes that remove acetyl 
groups attached to the lysine residue in the amino terminal tails 
of histones. As a result of the electrostatic interaction between 
the negatively charged DNA and the positively charged histone 
in the deacetylated state, a more compact chromatin structure 
is formed. In this state, the chromatin structure is "closed" and 
transcription is suppressed. When the histone is acetylated, the 
"open" chromatin structure is observed and transcription is ac-
tive. Acetylation of histones and the level of transcription is con-
trolled by the HAT (histone acetylase) and HDAC enzymes and 
is reversible (Gürel, Feyda Nursal, & Yigit, 2016; Meng et al., 2016). 
Additionally, HDACs are involved in transcription-independent 
events such as DNA repair and mitosis, and histones are not their 
only substrates. It deacetylates non-histone proteins involved in 
various physiological events such as cell proliferation and gene 
expression. It causes the accumulation of deacetylated forms 
of non-histone protein substrates such as DNA repair enzymes, 
inflammation mediators and transcription factors. For this rea-
son, HDACs have been seen as drug targets due to their active 
role in transcription and transcription independent physiologi-
cal events. Treatment with HDACIs result in acetylation of sub-
strates, which is associated with transcriptional activation, but 
this treatment induces transcriptional suppressors, resulting 
in gene suppression. HDACIs are used in cancer treatment by 
causing apoptosis, growth arrest, inhibiting migration, invasion 
and angiogenesis. In addition, normal cells are more resistant 
to treatment with HDACIs than transformed cells and HDACIs 
have low toxicity in cancer treatment. This is one of the rea-
sons why they are seen as drug targets (Martínez-Iglesias et al., 
2008; Xu, Parmigiani, & Marks, 2007). HDACs can also influence 
transcription-independent events such as mitosis or deoxyribo-
nucleic acid (DNA). The chromatin structure that changes with 
the addition and removal of the acetyl group to the chroma-
tin structure via HAT and HDAC enzymes is shown in Figure 1 
(Zuma & De Souza, 2018). 

Structural components of typical histone deacetylase 
inhibitors
HDACIs consist of four main structural components: the zinc 
binding region, the linker, the surface recognition region (cap 
group) and the connecting unit between linker and surface rec-
ognition region. The zinc binding zone is located at the bottom 
of the 11 A° long enzyme pocket, and polar functional groups in 
the molecule chelate with the zinc ion therein. These functional 
groups can be hydroxamic acid, the first derivative, or nonhy-
droxamic acid derivatives, thiol, sulfone, carboxylic acid, boronic 
acid, trifluoromethylketone, and alpha substituted ketoamide.

The linker of hydrophobic character occupies the 11 A° long 
channel. The groups here can be linear, cyclic, saturated or 
unsaturated, and the residues in the channel change in dif-
ferent HDAC isoforms. This difference enables more selective 
inhibitors to be developed. The surface recognition region has 
groups to interact with residues at the entrance of the enzyme 
channel. These groups are aromatic heteroaromatic groups 
that are hydrophobic in nature. Many studies consider the con-
necting unit (or polar linker) to be within the surface recogni-
tion region and some as a separate pharmacophore (Bertrand, 
2010; Ganai, 2019; Pontiki & Hadjipavlou-Litina, 2012).

As a result of the research, an internal cavity with a hydro-
phobic character and a length of 14 A° was discovered right 
next to the internal cavity. Since the size of this cavity differs 
between isoforms, it is seen as a target to achieve a selective 
effect (Pontiki & Hadjipavlou-Litina, 2012). In Figure 2, the en-
zyme sites where the inhibitors bind are observed in the X-ray 
crystal of bacterial histone deacetylase-like protein and Tricho-
statin A (TSA) (Finnin et al., 1999).

FDA approved histone deacetylase inhibitors 
HDACIs have gained importance in cancer treatment due 
to their low toxicity and cancer cells being more sensitive to 
these inhibitors than normal cells (Martínez-Iglesias et al., 2008). 

Figure 1. The "closed" and "open" chromatin structure formed by the 
transfer of the acetyl group via HAT and HDAC enzymes (Zuma & De 
Souza, 2018).

Figure 2. X-ray crystal of TSA in the active site of bacterial histone 
deacetylase-like protein (Finnin et al., 1999).
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In treatment with conventional chemotherapeutic agents, 
changes occur in the tumor cell through epigenetic mecha-
nisms and as a result, resistance to treatment begins (Fardi, So-
lali, & Farshdousti Hagh, 2018). Because of their effect on one of 
the epigenetic mechanisms, the use of HDACIs is promising as 
monotherapy in cancer treatment or in combination with tra-
ditional chemotherapeutic agents. Combination therapies of 
HDACIs with radiation therapy, kinase inhibitors (sorafenib and 
imatinib), and topoisomerases are in clinical trials. HDACIs, which 
are considered as chemosensitizers in combined therapy, show 
a synergistic effect by increasing the effect of other agents in 
combined therapy. In combination therapy with HDACIs, it has 
been shown that the response to traditional chemotherapeutic 
agents is increased, as well as the decrease in resistance to these 
agents (Fardi et al., 2018; Küçükoğlu, 2013; Martínez-Iglesias et al., 
2008; Suraweera, O’Byrne, & Richard, 2018).

Vorinostat (SAHA)
Vorinostat (suberoylanilide hydroxamic acid), also known as 
SAHA, was approved by the FDA in 2006 for the treatment of 
cutaneous T-cell lymphoma (CTCL) patients and is an orally 
used HDACI. As emphasized by the name SAHA, the drug is 
a derivative of hydroxamic acid. (Cappellacci, Perinelli, Maggi, 
Grifantini, & Petrelli, 2018; Mann, Johnson, Cohen, Justice, & 
Pazdur, 2007). The effect of DMSO (dimethyl sulfoxide) on 
murine erythroleukemia cells led to the discovery of HMBA 
(hexamethylene bisacetamide). A series of bishydroxamic 
acids derivatives have been synthesized due to HMBA's in-
hibitory effect on cell growth in altered cells. The best activity 
among them was observed with vorinostat. The similarity of 
vorinostat to TSA allowed the discovery of its HDACI effect 
(Marks & Breslow, 2007). The chemical structures of vorino-
stat, HMBA, DMSO and TSA are shown in Figure 3.

Vorinostat has an inhibitory effect on HDAC I and II enzymes 
at nanomolar levels (Marks & Dokmanovic, 2005). The com-
pound, which binds to the zinc ion in the catalytic region of 
the enzyme, acts as an inhibitor in this way and shows an an-
ticancer effect by preventing the deacetylation of histone pro-
tein like other HDACIs (Yoo & Jones, 2006). 

Patients with nonsmall cell lung cancer (NSCLC) and hepato-
cellular carcinoma (HCC) do not respond to treatment with a 

single therapy with tyrosine kinase inhibitors due to the devel-
opment of resistance over time. The combination of vorinostat 
with the epidermal growth factor receptor (EGFR) tyrosine ki-
nase inhibitor (TKI) gefitinib or a multi-target kinase inhibitor 
sorafenib was investigated in vitro and in vivo study. Vorinostat 
has been found to have the potential to restore the reduced 
sensitivity of the cancerous cell due to the development of re-
sistance and to lower the concentration required for cell death 

(Jeannot et al., 2016). Moreover, hybrid molecules such as 
CUDC-101 have been developed as a result of the synergistic 
effect of HDACIs and EGFRIs together and the sensitizing effect 
of HDACIs. CUDC-101 is a multi-target inhibitor that inhibits 
not only EGFR and HDAC but also human epidermal growth 
factor 2 (HER2) (Lai et al., 2010; Parag-sharma et al., 2021). The 
chemical structure of CUDC-101 is shown in Figure 4.

Combined treatment of vorinostat with belinostat and dexa-
methasone against multiple myeloma is new because vorino-
stat, which is HDACI, and belinostat, which is a proteasome in-
hibitor, show anticancer effects through different mechanisms. 
This triple combination therapy against multiple myeloma has 
yielded good results in the phase II trial. However, a toleration 
problem has been observed. Research suggests that more 
specific HDACIs with different toxicity profiles may provide 
more tolerance (Brown et al., 2021). 

Various effects of vorinostat on cervical cancer have been 
demonstrated, such as inhibition of proliferation, migration 
and invasion. Natural killer (NK) cells are part of the immune re-
sponse against tumor cells. Increased MICA (major histocom-
patibility class I related chain A) in cervical cancer cells affects 
the ability of NK cells to recognize and kill them. MICA induced 
by vorinostat increases the ability of NK cells to kill and recog-
nize cervical cancer cells, so vorinostat is considered as an im-
munotherapeutic enhancer (Xia, He, Cai, & Liang, 2020).

Panobinostat (FARYDAK, LBH589)
Panobinostat is an orally used inhibitory drug that targets 
HDAC I, IIa, IIb and IV enzymes (Park, Terranova-barberio, 
Zhong, Thomas, & Munster, 2017; Raedler, 2016). The drug was 
approved by the FDA in 2015 to treat people with multiple my-
eloma who have previously had at least 2 standard regimens. 
This standard regimen includes bortezomib and immuno-
modulatory drugs. Panobinostat is effective at the nanomolar 

Figure 3. The chemical structures of DMSO (dimethyl sulfoxide), TSA 
(Trichostatin A), HMBA (hexamethylene bisacetamide) and vorinostat.

Figure 4. The chemical structure of CUDC-101.
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level. The drug, which reaches its maximum concentration ap-
proximately 2 hours after oral ingestion, is eliminated in the 
liver by the CYP3A4 enzyme (Moore, 2016; Raedler, 2016). Like 
other histone deacetylase inhibitors, it removes acetyl groups 
attached to lysine residues in histone or nonhistone proteins. 
Removal of the acetyl group from the lysine residue leads to 
relaxation of the chromatin structure and, consequently, tran-
scriptional activation occurs. As a result of the accumulation of 
these acetylated proteins, apoptosis and cell cycle arrest are 
observed in abnormal cells (Raedler, 2016). The chemical struc-
ture of panobinostat is shown in Figure 5.

It has been suggested that HDACIs have a therapeutic effect 
against glioblastoma multiforme (GBM) using various mecha-
nisms such as inhibition of angiogenesis or cell cycle arrest. 
Thereupon, the anti-GBM efficacy of the combined treatment 
of HDACI panobinostat and dual PI3K / mTOR inhibitor BEZ235 
was investigated. This binary combination has been shown to 
synergistically induce apoptosis, inhibit cell growth and pro-
liferation in GBM cells. In addition, this combination shows 
these effects through various mechanisms such as increasing 
caspase 3/7 activity (Meng et al., 2019). The chemical structure 
of BEZ235 is shown in Figure 6. 

Various studies have shown that some HDACI drugs, such as 
vorinostat and panobinostat, have sensitizing effects against 
ovarian cancer. These HDACIs block the removal of acetyl 

groups in a number of histone and nonhistone proteins as 
mentioned earlier. The increased acetylation level of heat 
shock protein 90 (HSP90) by panobinostat leads to a decrease 
in chaperone activity. Furthermore, resistance to drugs that 
cause DNA damage such as cisplatin develops. Priming with 
HDACIs such as panobinostat has been shown to sensitize 
ovarian cancer cells to HSP90 inhibitors and cisplatin, but triple 
therapy with HDACI, HSP90 inhibitor and cisplatin has no ad-
vantage (Moita et al., 2020; Ozaki et al., 2008).

In a phase I study conducted with 12 menopausal metastatic 
breast cancer patients, it was concluded that the combination 
therapy of panobinostat with an aromatase inhibitor letrozole 
is an effective potential therapy, especially in patients who 
have been evaluated to have chemotherapy and endocrine 
resistance (Tan et al., 2016). The chemical structure of letrozole 
is shown in Figure 7.

Belinostat (PXD-101)
Belinostat is an inhibitor of HDAC I, II and IV enzyme isoforms, 
approved by the FDA in 2014. FDA approval was based on the 
results of a trial conducted with 120 patients and the drug has 
been approved for the treatment of patients with relapsed or 
refractory peripheral T-cell lymphoma (Campbell & Thomas, 
2017; Poole, 2014). The chemical structure of belinostat is 
shown in Figure 8.

In a phase II study of belinostat in women with epithelial ovar-
ian cancer (EOC), belinostat was tested and found to be well 
tolerated in platinum-resistant EOC patients. However, it was 
concluded that belinostat as a single agent did not show 

Figure 6. The chemical structure of BEZ235.

Figure 7. The chemical structure of letrozole.

Figure 8. Chemical structure of belinostat.

Figure 5. The chemical structure of panobinostat.
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enough efficacy for further research (Mackay et al., 2010). In 
another study, a synergistic effect of belinostat with paclitaxel 
and carboplatin on ovarian cancer was observed, whereupon 
a phase 1b/2 clinical trial was conducted to further investigate 
the synergistic effect of belinostat with carboplatin and pa-
clitaxel in female patients with EOC. In this phase 1b/2 trial, 
women with ovarian cancer had previously received platinum 
therapy, and patients were evaluated as platinum sensitive 
or platinum-resistant according to the time elapsed after the 
platinum treatment. In this trial, it was shown that the overall 
response rate (ORR) to treatment was 43% and which was due 
to the heterogeneous distribution of the patients compared to 
the previous platinum treatment. It was not possible to evalu-
ate the benefit of belinostat over paclitaxel and carboplatin 
combination therapy. Therefore, it was decided that a study in 
which patients were classified according to their sensitivity to 
platinum was required (Dizon et al., 2012). 

Romidepsin (Depsipeptide or FK228)
Romidepsin is a naturally occurring compound that was first 
isolated in 1994 from the Gram negative bacterium Chromo-
bacterium violaceum. The compound was evaluated as a novel 
antitumor antibiotic in 1994 and received FDA approval in 
2011 for the treatment of peripheral T-cell lymphomas (PTCLs) 
(Barbarotta & Hurley, 2015; Shigematsu, Ueda, Takase & Tanaka, 
1994; Ueda et al., 1994). Romidepsin is a prodrug that becomes 
active as a result of the reduction of the intramolecular disul-
fide bond. The thiol group formed by reduction coordinates 
the Zn2+ ion of the enzyme (Cappellacci et al., 2018; Porter & 
Christianson, 2019). The chemical structure of romidepsin is 
shown in Figure 9.

Combinations of romidepsin with various drugs such as ifos-
famide, carboplatin and etoposide on PTCL were found to be 
more effective than romidepsin alone, but it was observed that 
the toxicity was higher in these combinations. For this purpose, 
due to the low toxicity of bendamustine, the combination of 
this drug with romidepsin was tried in patients with relapsed/
refractory T-cell lymphoma who had previously received treat-
ment. Romidepsin/bendamustine combination was observed 
to have a greater effect on patients with relapsed/ refractory 

T-cell lymphoma than either drug alone. In the study, it was 
emphasized that the combination showed acceptable toxicity, 
but this clinical data belongs to a small patient group and this 
combination deserves further research (Nachmias et al., 2019).

Pirfenidone and nintedanib are two drugs approved for the 
treatment of idiopathic pulmonary fibrosis (IPF), a progressive 
disease. However, these drugs have undesirable side effects, 
and no treatment for IPF has stopped the decline in lung func-
tion. After demonstrating in a phase II study that some HDACIs 
such as vorinostat and panobinostat have antifibrotic proper-
ties and romidepsin has selectivity against lung cancer, the 
antifibrotic effects of romidepsin was investigated in vivo and 
in vitro. As a result of the research, the antiproliferative and an-
tifibrotic effects of romidepsin were found to be potent and 
it was stated that these effects supported the evaluation of 
romidepsin as a new treatment for IPF in clinical research (Con-
forti et al., 2017).

Future Directions
Epigenetic therapy has proven its importance and success for 
cancer treatment. For this reason, in order to develop more ef-
fective and specific molecules and to reduce side effects, it is 
important to understand both the structures of enzyme iso-
forms and their differences from each other and the mecha-
nism of action of these epigenetic drugs. In this way, isoform-
specific molecules can be designed and more biomarkers can 
be discovered by understanding their mechanism of action. 
Thus, a mechanism-based treatment approach is provided 
(Küçükoğlu, 2013; Shukla & Tekwani, 2020). 

Another important issue is the epigenetic profiles of the pa-
tients. The epigenetic and genetic profile of each patient is 
unique. The epigenetic and genetic profile of the patient 
should be known in order to obtain an optimum response in 
these combined treatments with epigenetic drugs. Otherwise, 
no response may be obtained from the treatment. In the fu-
ture, patients can be screened with more precise methods and 
classified according to their genetic structure. With all these 
considerations, a personal, unique treatment should be pro-
vided for each patient (specific drug should be selected) in 
order to achieve optimal effect as well as reduce side effects 
and toxicity (Fardi et al., 2018; Martínez-Iglesias et al., 2008; 
Schwartsmann et al., 2000).

At this point, biomarkers should be determined. HDAC levels 
in the patient can be used as a biomarker and have prognos-
tic importance. In this way, patient subgroups that will benefit 
from HDACIs can be determined and specific treatment can be 
provided for the patient (Stimson & La Thangue, 2009).

Another major promising topic is hybrid HDACIs. There is a 
paradigm shift from "one drug one target" theory to "multi-
target drug". Combination of HDACIs with other anticancer 
drugs is being investigated in preclinical and clinical studies 
and many combinations are known to have synergistic effects. 
For this purpose, hybrid molecules have been designed to re-
duce both side effects and drug-drug interactions, and also 
to achieve this synergistic effect with a single molecule. Hy-
brid drugs designed with the protection of HDACIs and other 

Figure 9. Chemical structure of romidepsin.
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anticancer drug's pharmacophore groups that interact with 
the enzyme can simultaneously inhibit various cancer-related 
targets or pathways. Hybrid molecules of HDACIs have been 
designed with many drug groups such as topoisomerase, pro-
tein kinase, proteasome, phosphodiesterase type 5 (PDE5) and 
bromodomain containing 4 (BRD4) inhibitors. Of these, CUDC-
101 (a molecule mentioned earlier) and fimepinostat (CUDC-
907) are hybrid molecules in various clinical trial phases for the 
treatment of different types of cancer (Bass et al., 2021; Vaid-
ya et al., 2021). Fimepinostat (CUDC-907), a dual inhibitor of 
HDAC and PI3K enzymes, has been shown to have more tumor 
growth inhibiting and pro-apoptotic activity in various cancer 

lines than single targeted agents that inhibit these enzymes 
(Younes et al., 2016). The chemical structures of CUDC-101 and 
CUDC-907 are shown in Figure 10.

Domatinostat is a hybrid molecule that targets both HDAC and 
LSD1, which was investigated in the phase I trial for the treat-
ment of patients with hematological malignancies and demon-
strated good tolerability and efficacy in this study (von Tresck-
ow et al., 2019; Wobser et al., 2019). The chemical structures of 
tinostamustine and domatinostat are shown in Figure 11.

CONCLUSION

HDACIs are a promising class of anticancer drugs that has 
caught the attention of researchers. Many studies have shown 
that epigenetic changes play an important role in cancer de-
velopment, tumorigenesis or resistance to the anticancer drug 
used. There are currently four FDA-approved HDACIs, although 
their effects against solid tumors as a monotherapy are lim-
ited. Belinostat, vorinostat, panobinostat, and romidepsin are 
approved for the treatment of patients with peripheral and/
or cutaneous T-cell lymphoma and multiple myeloma. In addi-
tion, the effects of these drugs in combination with antitumor 
drugs that affect different pathways such as protein kinases, 
topoisomerases, proteasome inhibitors or their effects with 
radiation therapy have been investigated in various clinical 
studies. Studies have shown the important effects of HDACIs, 
such as regaining reduced sensitivity with the development 
of resistance to these drugs and reducing the dose required 
for treatment. Although HDACIs are successful in combination 
therapy, a new approach is to rationally design hybrid mol-
ecules to minimize drug interactions and side effects. Phase 
studies of some hybrid molecules targeting both the HDAC 
enzyme and another cancer pathway are ongoing. With the 
discovery of specific effective and multi-targeted new drugs, it 
will be possible to reduce side effects and increase efficiency 
in cancer treatment.
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