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Abstract

Histone deacetylases (HDACs) play important roles in regulating gene expression of 

tumorigenesis and tumor maintenance, and they have been considered as key targets in cancer 

therapy. As an novel category of antitumor agents, the histone deacetylase inhibitors (HDACis) 

can induce cell cycle arrest, apoptosis, and differentiation in cancer cells, and then combat 

cancer. Despite the treatment of certain cancers have been approved, the therapeutic efficacy 

of HDACis with solid tumors is always unsatisfactory and the drug resistance may occur. To 

enhance the therapeutic efficacy and reverse acquired drug resistance, numerous combination 

therapies involving HDACis in synergy with other antitumor therapies have been studied. In this 

review, we have made a brief classification of HDACs. Moreover, the antitumor mechanism of the 

HDACis for targeting key cellular processes of cancers (cell cycle, apoptosis, angiogenesis, DNA 

repair, and immune response) has been summarized. In addition, we have also outlined the major 

developments of other antitumor therapies in combination with HDACis, including chemotherapy, 

radiotherapy, phototherapy, targeted therapy, and immunotherapy. Finally, we have discussed the 

current state and challenges of HDACis-drugs combinations in future clinical trials, with the aim 

of optimizing the antitumor effect of such combinations.
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1. Introduction

Epigenetic abnormalities, such as histone deacetylases (HDACs), play important roles in 

modulating cellular processes and regulating gene expression [1, 2]. Abnormal activity in 

histone acetylation are often associated with tumor progression and HDACs are recognized 

as key targets to the onset and maintenance of various cancers [3, 4]. HDACs are a family 

of human enzymes that can tight bind of DNA to the histone proteins and upregulate the 

deacetylation of protein substrates, thereby favoring compact chromatin and preventing gene 

transcription [5, 6]. Based on homology, HDACs enzymes are commonly divided into four 

different categories: class I (HDACs 1-3, and 8), which are mostly located in the nucleus; 

class II (class IIa: HDACs 4, 5, 7, and 9, class IIb: HDACs 6 and 10), which are mostly 

located in both the cytoplasm and nucleus; class III (sirtuins 1- 7), which are located in the 

cytoplasm, mitochondria, and nucleus; and class IV (HDAC11) [7, 8]. Classes I, II, and IV 

HDACs require zinc molecule as an essential cofactor, while class III HDACs are NAD+ 

dependent protein deacetylases [9, 10]. Particularly, the gene expression levels of HDACs in 

cancer cells are always higher than that in normal cells [11, 12]. Recently, several studies on 
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HDACs have received intensive attention in both scientific researches and clinical trials [13, 

14].

The histone deacetylase inhibitors (HDACis) can inhibit the growth of cancer cells by 

inducing cell cycle arrest, apoptosis, angiogenesis, DNA repair, and enhancement of 

immunogenicity [15, 16]. Therefore, a series of HDACis have been studied in clinical trials 

for developing novel antitumor strategies [17]. To date, five HDACis have been approved by 

the USA food and drug administration (FDA) for the treatment of various cancers: including 

vorinostat (SAHA), panobinostat (LBH-589), belinostat (PXD-101), valproic acid (VPA), 

and romidepsin (FK-228) [18, 19]. Despite a single agent of HDACis have been applied 

and conducted for treating tumors, the most of them are ineffective in the clinic [20]. When 

in combination with other antitumor therapies, HDACis might be effective for sensitizing 

tumor cells to a certain therapy, overcoming drug resistance and realizing synergistic effect 

[21, 22]. Therefore, to reverse the drug resistance and enhance the therapeutic potential 

of HDACis in solid tumors, combining HDACis with other antitumor therapies (HDACis-

drugs) have been investigated in the clinic [23, 24]. Therefore, this review will firstly make 

the description and classification of HDACs, outline the antitumor mechanisms of HDACis, 

and then highlight various combinations of HDACs with other therapies in cancer treatment, 

such as chemotherapy, radiotherapy, phototherapy, targeted therapy and immunotherapy. We 

also summarize the current clinical state and challenges of HDACis-drugs combinations, 

aiming at rational design of HDACis for enhanced efficacy in future clinical trials.

2. Role of HDACis in cancer therapy

HDACs are a class of enzymes which play a major role in many physiological processes, 

such as gene expressions transcription, cell differentiation, proliferation, metastasis, and 

survival [25, 26]. In recent years, HDACs have been found to be overexpressed in 

several human cancer cell lines, including breast, liver, gastric, and lung cancers [27, 28]. 

By regulating the activity or silencing gene expression of numerous proteins in cancer 

progression, HDACs are regarded as highly attractive drug targets for cancer therapy [29, 

30].

2.1 HDACs

HDACs are ancient protease found in various organisms of mammals, which play important 

roles in gene expression regulation and chromosome structural modification [31]. The 

acetylation and deacetylation processes of histone are in regulation with both HDACs and 

histone acetyltransferase (HATs) and sustain in dynamic equilibrium in the cell nucleus 

[32]. On one hand, acetylation of histone is conductive to generating a looser nucleosome 

structure which interferes with the repair and recombination process of DNA, and the gene 

transcription is promoted [33]. On the other hand, deacetylation of histones is beneficial 

for the ionic interactions between DNA with negative charge and histone octamers with 

positive charge, thereby a compact nucleosome structure is produced [34, 35]. By preventing 

the specifically access of various transcription factors to the DNA binding site, the gene 

transcription is inhibited [36]. This epigenetic information can regulate gene expression and 
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enhance the activity of transcription factors in various physiological processes, which has 

become the most attractive target related to disorders and diseases [37, 38].

As shown in Table 1, HDACs have been identified in 18 isoforms and generally classified 

into four categories relying on subcellular localization, substrate recognition, expression 

patterns, and physiological implications: including class I (HDACs 1-3, and 8), class II 

(class IIa: HDACs 4, 5, 7, and 9, class IIb: HDACs 6 and 10), class III (sirtuins 1- 7), 

and class IV (HDAC11) [39, 40]. Among all human HDACs, eleven kinds of the HDACs 

(HDACs 1-11) are zinc-dependent (Zn2+) metalloenzymes, which water can be served as a 

nucleophile to hydrolyze the amide bond. Class I HDACs possess an amino acid sequence 

of 400-500 residues [41]. Class I HDACs molecules are expressed in most types of cells and 

can affect both non-histone and histone substrates [42]. Class I HDACs, including HDACs 

1-3 and 8, are usually localized in the cell nucleus (HDAC8 shuttles between the cell nucleus 

and cytoplasm), showing sequence homology with the gene of yeast reduced potassium 

dependency-3 (Rpd3) [43]. Class II HDACs are further classified into two subgroups: class 

IIa (HDAC 4, 5, 7 and 9) with a large C-terminus, and class IIb (HDAC 6 and 10) with 

two deacetylase domains [44]. Class II HDACs, including class IIa and class IIb, share 

sequence homology with the yeast histone deacetylases 1 (Hda1) gene, are mostly localized 

in the cytoplasm [45, 46]. Composed of an amino acid sequence of 1000 residues, class 

II HDACs exhibit certain tissue and cell specificity when compared to class I HDACs. 

Except for HDAC6, other class II HDACs (HDACs 4, 5, 7 and 9) could also shuttle 

between the cell nucleus and cytoplasm with the conduction of specific cellular signals 

[47]. Class IV HDACs molecules have only one member (HDAC11) and are mainly located 

in the cell nucleus. Composed of 347 amino acids, the structures of class IV HDACs are 

similar to class I HDACs [48]. Class III HDACs molecules, which always called “sirtuins”, 

composed of sirtuins 1-7 (sirt 1-7). Compared with other HDACs of Zn2+ dependent, 

Class III HDACs employ nicotine-adenine dinucleotide (NAD+) as a cofactor for their 

enzyme activity, displaying biochemical and structural specificity [49]. Generally, Class III 

HDACs are efficient in regulating cell metabolism, including DNA repair, cell apoptosis, and 

inflammatory response [50].

Epigenetic dysregulation can promote the occurrence and progression of various diseases 

[51]. Class I HDACs could regulate cell proliferation effectively. Among these isozymes, 

HDAC 1, a key regulator of tumor suppressor p53, is a promising target for the treatment 

of lung, breast, and gastric cancer [52]; by binding to nuclear receptors, HDAC 2 could 

not only simulate insulin release in the diabetes therapy, but also promote cell progression 

and prevent apoptosis by inhibiting the p53 [53]; deacetylation of HDAC 3 is related to 

cellular proliferation, DNA damage and cell apoptosis, which is overexpressed in various 

cancers, such as colon cancer, breast cancer, and cervical cancer [54]; HDAC 8 acts on 

non-histone proteins correlated with cancers, such as p53, inversion fusion protein, estrogen-

related receptor alpha, and cortactin, and only overexpressed in neuroblastoma [55]. Class 

II HDACs could be served as versatile regulators. Among these isozymes, by modulating 

the activity of RunX2, HDAC 4 can regulate bone hypertrophy during skeletogenesis 

[56]; HDAC 5 is an inhibitor of angiogenesis, which determines the development of the 

cardiovascular system [57]; by silencing the formation of endothelial progenitor cells, 

HDAC 7 plays an important role in maintaining vascular integrity [58]; HDAC 9 can 
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moderate the development of T-cells at various stages of thymocyte differentiation, which 

is a target for immunotherapy [59]; HDAC 6 can specially bind to α-tubulin proteins 

and block its fibrillar action, thereby regulating the actin dependent motility [60]; HDAC 

10 downregulates the cell survival by increasing the efflux of drugs and inhibiting DNA 

damage, serving as the target genes in neuroblastoma acute promyelocytic leukemia [61]. 

Class III HDACs (sirtuins) are eligible for various biological functions, including aging. 

Among these isozymes, redox homeostasis, metabolism regulation, and DNA repair. Under 

both physiological and pathological environment, sirtuins could regulate different metabolic 

and redox pathways, which are pivotal steps in several disorders [62]. By blocking the 

expression of gene encoding interleukin 10 (IL-10), Class IV HDACs (HDAC 11) is an 

immunoregulator, which may be a target for immunotherapy [63]. Because that many 

HDACs relate to various cancers, the inhibitors of HDACs can be considered as effective 

tools in cancer treatment.

2.2 HDACis

As HDACs-targeting inhibitors, several HDACis have been widely recognized for enhancing 

the acetylation of cellular proteins [64]. Due to altered HDACs expression, several types of 

cancers are associated with disrupted acetylation of histone/nonhistone proteins, resulting in 

inhibition of angiogenesis, cell cycle arrest, cell apoptosis, and modulate immune response 

[65, 66]. Attractively, HDACis can regulate the expression of several tumor suppressor genes 

or oncogenes, and they are necessary for regulating important genes related to survival 

and growth of cancer cells but not in normal cells [67]. Therefore, HDACis may produce 

additional therapeutic efficacy especially in cancer cells, bringing more breakthroughs in the 

field of tumor treatment. With the development of epigenetics research, HDACis have been 

identified as a promising treatment modality for cancer therapy with high efficacy and low 

toxicity.

According to chemical structures, currently discovered natural or chemically synthesized 

HDACis can be classified into four main categories (Fig. 1): hydroxamic acids, such as 

SAHA and trichostatin A (TSA); fatty acids, such as VPA and butyric acid; benzamides, 

such as entinostat (MS-275) and chidamide (CS055); cyclic peptides, such as natural 

products FK228 and apicidin [68, 69]. Hydroxamic acids is the largest one family among 

them, and its members including SAHA, LBH589, and PDX101, have been approved by 

the FDA [70]. TSA, the first natural hydroxamate to inhibit HDACs, exhibits a similar 

structure to SAHA. Short chain fatty acids, including VPA and butyric acid, target mainly 

class I HDACs and class IIa HDACs [71]. Benzamides and cyclic peptides families to a 

great extent target class I HDACs [72]. Recently, several HDACis have been approved by 

FDA as anticancer agents, including SAHA, FK228, PXD101, LBH-589 and VPA (Table 2) 

[73]. Besides, some other HDACis have been applied in clinical trials, such as CS055, TSA, 

MS-275, and curcumin.

2.3 Effect of HDACis in cancer therapy

Due to the large number of oncogenic genes regulated by HDACs, HDACis have been 

extensively served as alternatives to anticancer agents, which exert a good antitumor efficacy 

in vitro and in vivo [74]. In many cases, inhibition of abnormal acetylation on histones can 
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emerge as a therapeutic tool with antitumor activity, inducing the cell cycle arrest, sensitivity 

to cell apoptosis, inhibition of angiogenesis, DNA damage repair, and modulating immune 

response [75]. Herein, the major cellular/physiological pathways affected by HDACs have 

been presented below (Fig. 2).

2.3.1 Cell cycle—By upregulating the expression of cyclin-dependent kinase (CDK) 

inhibitor, such as the protein p21, HDACis can induce cell cycle arrest (in G0/G1, G1/S 

or G2/M phase) [76, 77]. Induction of p21 protein disrupts the production of dimers from 

cyclins and CDK, thereby inhibiting cell differentiation. Besides, another CDK inhibitor, the 

protein p53, could regulate the expression of p21 protein via binding to its promotor [78]. 

The deacetylation of p53 protein inhibited by HDACis can further improve its interaction 

with p21 protein. Dysregulated growth of cells has been known as an important factor 

in cancers, therefore this epigenetic modification may produce essential influences in 

oncogenesis [79].

2.3.2 Apoptosis—HDACis play an important role in modulating apoptosis pathways 

of both the intrinsic and extrinsic, resulting in the elimination of damaged cells [80]. On 

one hand, HDACis can increase the expression of certain death receptor (DR4, DR5) in 

cancer cells as the extrinsic pathway [81]. The caspase 8 and 10 could be activated by the 

interaction of DR4 and DR5 with tumor necrosis factor (TNF) receptor and their ligands, 

thus inducing cell apoptosis [82]. On the other hand, HDACis can also regulate intracellular 

apoptotic pathways by regulating apoptosis inhibitor, or modulating the interaction of death 

domain with the death-inducing signaling complex [83]. HDACis have been proved to 

upregulate the expression of the anti-apoptotic BCL-2 proteins or BH3-only proteins [84]. In 

addition, HDACis could induce the intrinsic apoptotic pathway by promoting cytochrome c 

release from the membrane of mitochondrial, resulting in the activation of caspase-9 [85].

2.3.3 Angiogenesis—With a mainly anti-angiogenic action, HDACis have been shown 

to modulate angiogenesis via various mechanisms [86]. HDACis can not only downregulate 

the expression of hypoxia-inducible factor-1α (HIF-1α), but also upregulate the expression 

of vascular endothelial growth factor (VEGF) in several types of cancers, resulting in the 

degradation of HIF-1α [87]. Besides, HDACis can also increase the level of anti-angiogenic 

proteins, such as activin A and thrombospondin-1, therefore influence angiogenesis of 

endothelial cells. VPA could upregulate the expression of both anti-angiogenic genes by 

decreasing the level of proangiogenic factors [88].

2.3.4 DNA repair—Due to DNA damage repair (DDR) machinery, cancer cells exhibit 

inefficient sensitivity to chemotherapy and radiotherapies [89]. When combining with 

HDACis, an increase DNA damage could be induced, demonstrating that the inhibition 

of HDACs blocks the capacity to repair double strand break of DNA. Some HDACis, such 

as TSA and SAHA, can downregulate the expression of recombination protein A and breast 

cancer 1, thus inhibiting the mechanisms of homologous/non-homologous recombination 

end joining DNA damage repair [90, 91]. Besides, HDACis can upregulate the generation 

of reactive oxygen species (ROS), which induce DNA damages and cell death in apoptosis-

resistant cells [92].
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2.3.5 Immune response—HDACis can regulate the expression of immune response 

molecules, such as costimulatory molecules, thereby upregulating antigen presentation, 

which in turn activating T cells [93]. Generally, the inhibitors of class I HDACs have been 

proved to target adaptive immunity through advancing the functionality of CD8+ cells and 

natural killer [94]. Moreover, class II HDACis can target Tregs. In addition, the inhibitor of 

HDAC6 could improve immune checkpoint blockade (ICB) in melanoma [95].

3. HDACis as anticancer agents for combination therapy

Low plasma concentration of HDACis have shown no significant clinical efficacy in solid 

tumors [96]. To enhance the therapeutic efficacy, the development of drug combinations 

has become a promising approach. Targeting two or multiple different pathways involved 

in cancers often results in synergistic effects and low drug resistance [97]. For example, 

Vyxeos (a FDA-approved liposomal nanomedicine), which is constructed by cytarabine and 

daunorubicin in fixed ratio, could effectively prolong the survival time of cancer patients 

[98]. When compared to individual drugs, only smaller drugs doses are needed to realize 

excellent therapeutic effects in cancer therapy, thereby decreasing side and toxic effects [99]. 

Given that, designing combination therapy integrating with HDACis and other therapeutic 

modalities may further enhance the therapeutic effect of cancer therapy.

Generally, several studies have found that HDACs would result in tumor resistance to 

chemotherapeutic drugs, and inhibitors targeting HDACs could increase their sensitivity 

to chemotherapy [100]. Moreover, HDACis can enhance antitumor immune response via 
several endogenous mechanisms [101]. In recent years, combination therapy of HDACis 

with other therapeutic drugs have demonstrated to realize enhanced biological effects 

in preclinical trials [102, 103]. Various combinations of HDACis with other anticancer 

therapies can enhance the antitumor efficacy of several major treatment of cancers, such as 

chemotherapy, radiotherapy, phototherapy, targeted therapy and immunotherapy [104, 105]. 

We will summarize the synergistic therapeutic mechanisms and corresponding examples of 

HDACis-drugs combinations in the following sections.

3.1 Chemotherapy

HDACis have been proved cumulative or synergistic antitumor efficacy in combination 

with other chemotherapeutic agents, and the synergistic effect are mostly been realized 

by damaging DNA or interfering with DDR [106]. Generally, the antitumor effect of 

chemotherapy is always limited by drug resistance to cytotoxic agents of cancer cells [107]. 

The combined use of HDACis at low doses might reverse resistance to chemotherapeutic 

drugs via removing some certain resistance phenotype [108]. When combined with 

topoisomerase II inhibitors, HDACis could improve the activity of topoisomerase II inhibitor 

to cleave DNA by promoting decondensation of chromatin, finally resulting in synergistic 

therapeutic effect [109]. Similar results have been found with other chemotherapeutic 

drugs, such as oxaliplatin, gemcitabine, 5-fluorouracil, and doxorubicin (Dox). ACY1215, 

a HDAC6 inhibitor, could block cell proliferation and cause apoptosis [110]. Therefore, 

the antitumor effect of oxaliplatin and gemcitabine could be enhanced by combining with 
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ACY1215 [111]. These studies have supported the use of HDACi-drug combinations in 

cancer chemotherapy.

The current therapy of sarcomas are always with poor prognosis and have shown limited 

therapeutic efficacy [112]. Available therapeutic agents for sarcoma patients with metastatic 

tumors are chemotherapy based on anthracyclines regimens, such as Dox and epirubicin 

[113]. However, the antitumor effect is still insufficient, and new strategies need to be 

developed to improve the management of sarcomas patients. Martile and co-workers have 

found that ITF2357, an HDACi, potently inhibited the survival of cancer cells via a 

p53-independent manner by using sarcoma cells with different subtypes [114]. BH3-only 

proteins were effectors of mitochondrial apoptosis, and showed capability to activate 

Bax and Bak via direct or indirect mechanisms. Attested by a both BCL-2 and caspases-

dependent mechanism and upregulating the expression of pro-apoptotic BH3-only proteins, 

ITF2357 activated mitochondrial pathway of apoptosis and finally cell death. Notably, 

co-treatment of ITF2357 with Dox strongly inhibited cell death of sarcoma cells in vitro. 

Compared to single treatments, the combination treatment effectively reduced xenograft 

tumor growth in vivo, demonstrating that combination of ITF2357 with Dox was promising 

to increase sensitization in preclinical and primary patient-derived sarcoma cells. Based 

on these results, this work highlights the potential therapeutic values of ITF2357 in 

combination therapies with anthracyclines regimens, aiming at further treating bone or soft 

tissue sarcomas.

Recently, many kinds of antitumor Pt(IV) prodrugs have been designed and 

synthesized, such as oxaliplatin, cisplatin and carboplatin [115]. Sabbatini and co-

workers designed a cyclohexane-1R,2R-diamine-based Pt(IV) derivative containing 

2-(2-propynyl)octanoic acid (POA), and (OC-6-44)-acetatodichlorido(cyclohexane-1R,2R-

diamine)(rac-2-(2-propynyl)octanoato)platinum(IV), 1, were prepared [116]. 

Besides, its isomers, (OC-6-44)-acetatodichlorido(cyclohexane-1R,2R-diamine)(2R-(2-

propynyl)octanoato)-platinum(IV), named 1R, and (OC-6-44)-acetatodichlorido-

(cyclohexane-1R,2R-diamine)(2S-(2-propynyl)octanoato)-platinum(IV), named 1S, were 

synthesized as comparation. Among them, POA could serve as an inhibitor of HDACs. 

The synthesis process, characterization, and antitumor activity of these complexes were 

investigated in 3 human cancer cell lines (HCT 116, SW480, and HT-29) and 1 mouse 

colon cancer cell lines (CT26). Compared to 1R and 1S, the complex 1 exhibited higher 

accumulation, retention, drug release and inhibition in tumors as well as less nephro- and 

hepato- toxicities in in vivo experiments when administered intravenously. POA reversed 

the immune escape genes involved and induced ICD by activating cytotoxic CD8+ T 

lymphocytes, therefore the following Pt(IV) treatment provided Prodrug 1 an effective tumor 

mass invasion. The remarkable therapeutic effect of epigenetic drugs based Pt(IV) prodrugs 

paves the way for the therapy of colorectal cancer.

TSA can downregulate the expression of tumor suppressor genes and decrease tumor 

cell proliferation [117]. Cai and co-workers investigated the therapeutic effect of TSA in 

combination with gemcitabine against pancreatic ductal adenocarnoma (PDAC) cells (Fig. 

3) [118]. The responsiveness and antitumor effect of PDAC cells to SAHA, TSA, and 

gemcitabine was evaluated. TSA or SAHA downregulated HDACs 1, 7 and 8, increased 
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the levels of E-cadherin mRNA and protein, and inhibited the pluripotency transcription 

factors (Sox-2, Oct-4, Nanog), finally caused cell death. By improving the accumulation 

of acetylated histones (histone 3 lysine 4 or 9 dimethylation levels) in PDAC cells, TSA 

silenced the expression of HDACs 1, 7 and 8, inhibited of cancer stemness, decreased cancer 

metastasis, and enhanced sensitivity to gemcitabine. Compared to SAHA, TSA regulated 

the oncogenic activity of PDAC cancer cells mediated by epigenetically, and potentiated 

therapeutic activity of gemcitabine. This finding makes a case for further research of 

HDACis alone or in combination with chemotherapeutic drugs in personalized medicine 

applications.

Artemisinin and its derivatives (ARTs) exhibit heme-dependent anticancer activity, and 

many clinical trials of artesunate (ARS) against solid tumors have been carried out [119]. 

However, the antitumor effect of ARS is always ineffective. It is worth noting that HDACis 

can promote the production of heme in erythroid cells, however, their regulatory effect 

on heme in non-erythroid tumor cells is still unknown. Chen and co-workers attempted 

to develop a combination of ARS and HDACi for antitumor therapy and investigate its 

therapeutic effect [120]. HDACi (SAHA or LBH589) has been found to increase the 

production of heme by upregulating the expression of the increase 5-aminolevulinate 

synthase (ALAS1) for heme synthesis, thereby enhancing the anti-tumor activity of ARS. 

Notably, due to the negative feedback regulation effect of heme on ALAS1, HDACi 

alone could only temporarily increase the expression of ALAS1. However, when used 

in combination with HDACi, ARS could maintain consuming the newly generated free 

heme, thereby weakening its negative feedback regulation effect on ALAS1 and increasing 

the expression of ALAS1 regulated by HDACi. Therefore, the antitumor efficacy of ARS 

was synergistically sensitized via continuous production of heme. These results not only 

preliminarily confirmed the feasibility of ARS-HDACi combination in the cancer treatment, 

but also provided the possibility of combining ARS with other heme synthesis promoters to 

combat solid tumors.

3.2 Radiotherapy

Clinical success of radiotherapy (RT) is always limited by two factors, insufficient DNA 

damage during cancer treatment and rapid DNA repair after treatment, respectively [121]. 

Therefore, strategies focus on both enhancing DNA damage and subsequent inhibiting DNA 

repair are crucial in improving the therapeutic outcome of RT. By disrupting the cell cycle 

and upregulating the generation of ROS, HDACis have been demonstrated to potentiate 

therapeutic activity of RT in preclinical studies [122].

Both generation of DNA damage and subsequent inhibition of DNA repair are key factors 

influencing the therapeutic effect of RT [123]. Jiang and co-workers have designed and 

developed a DNA-dual-targeting nanomedicine (NM) aimed at simultaneously promoting 

the formation of DNA lesion and preventing the subsequent repair (Fig. 4) [124]. 

Specifically, the cisplatin prodrug (PtIV) loaded in the NM formed platinated DNA in 

cell nuclei, making cancer cells DNA more sensitive to the ionizing radiation produced 

by RT. Due to the reduced expression of DNA repair-associated proteins, the release of 

vorinostat from NM prolonged the formation of double-strand breaks, generated ROS, and 
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caused cell apoptosis. Besides, this nanomedicine exhibited magnetic resonance imaging 

and fluorescence techniques, enabling accurate trafficking and real-time imaging-guided 

precision RT of the NM. Finally, the in vitro and in vivo studies revealed that this 

nanomedicine realized an obviously improved radiotherapeutic outcome. This DNA-dual-

targeting and imaging-guided design provided a promising strategy for precision RT of 

cancers.

Melanocortin 1 receptor (MC1R) is a major target for metastatic melanoma imaging 

and therapy [125]. Li and co-workers have used BRAF inhibitors (BRAFi) and HDACis 

to pharmacologically upregulate the expression of MC1R and enhance the delivery of 

radiolabeled peptide, [212Pb]DOTA-MC1L, in metastatic melanoma cancers (Fig. 5) [126]. 

Two HDACis, SAHA and 4-phenylbutyrate, were used as class I and II HDACs inhibitors. 

SAHA has been FDA-approved for clinical treatment of cutaneous T-cell lymphoma. 4-

phenylbutyrate, a fatty acidic HDACi has also been FDA-approved for treatment cancers, 

urea cycle disorders, motor neuron diseases, hemoglobinopathies, and cystic fibrosis. 

SAHA and 4-phenylbutyrate have been proved to improve the sensitivity and activity 

to ionizing radiation in cancer cells via regulating gene expression of pre-radiation and 

post-radiation. HDACis treatments could not only enhance the sensitivity of tumors to 
212Pb α-particle mediated radiotherapy, but also increase the radiation dose in the tumor 

microenvironment by upregulating gene expression of MC1R in tumors. Dabrafenib and 

vemurafenib, two BRAFis, were studied in this work for inhibiting mitogen activated protein 

kinase (MAPK) pathway. Moreover, BRAFi and HDACi obvious enhanced the expression 

of MC1R (up to 4-fold in protein levels and 10-fold in mRNA) via microphthalmia 

associated transcription factor (MITF)-dependent pathways, thereby resulting in increased 

ligand binding on the surface of cancer cells. The combination of BRAFi/HDACi based 

MC1R-targeted radionuclide therapy exhibited improved overall survival and superior tumor 

inhibition in both BRAFV600E A2058 and BRAFWT MEWO melanoma. These findings 

demonstrate that the combination of HDACi and BRAFi could realize effect therapeutic 

efficacy of MC1R-targeted RT via upregulated MC1R.

3.3 Phototherapy

Recently, the potential synergy of phototherapy and other antitumor therapies has also 

attracted research attention [127]. In particular, sodium butyrate (SB), an HDACi, has 

been proved to augment sensitivity to phototherapy/RT in cancer cells by decreasing the 

gene expression of double-strand breaks repair [128]. SAHA could also enhance radio-

cytotoxicity via inducing the formation of an open chromatin, thereby upregulating the 

number of binding sites for free radicals and photosensitizers (PSs) to cause DNA damage 

[129]. In cutaneous T cell lymphomas, the combinations of photochemotherapy and HDACi 

could significantly enhance apoptosis, promote DNA double-strand breaks, and decrease cell 

viability [130].

Photodynamic therapy (PDT) is a non-invasive treatment methodology for cancers [131]. 

However, the poor bioavailability, low physiological solubility, and acquired resistance, limit 

the effectiveness of PDT [132]. Liu and co-workers have designed a smart therapeutic 

nanomedicine based on Chlorin 6 (Ce6) as novel PSs and tumor-responsive nanogel as drug 
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carriers (Fig. 6) [133]. Compared to free Ce6, the as-prepared nanogel-Ce6 nanoplatform 

exhibited highly effective ROS yield for PDT treatment of cancer in the responsive tumor 

environment. Moreover, SAHA was loaded for enhanced synergistic therapy of prostate 

cancer. SAHA could reverse PDT resistance by inhibiting HIF-1α and VEGF pathways. 

Notably, the combination of SAHA and nanogel-Ce6 exhibited enhanced antitumor efficacy 

against the tumor cells, which exhibited a strong pro-apoptotic effect both in vitro and 

in vivo. This study offers a synergistic strategy to address the main limitations to the 

application of PDT and paves the way for imaging-guided combination therapy.

In order to enhance the anticancer efficacy of PDT, Aru and co-workers have developed and 

characterized a silicon phthalocyanine (SiPc) substituted with HDACi, 3-hydroxypyridin-2-

thione (3-HPT), and then SiPc-HDACi was prepared [134]. The chemical properties and its 

anticancer efficacy on different breast cancer cell lines (MCF-7 cells and MDA-MB-231 

cells) and a healthy human endothelial cell line (HUVEC cells) were investigated. Due to 

high ROS yield and HDACs downregulating properties, SiPc-HDACi effectively decreased 

the levels of HDAC6 and HDAC8 protein, induced cell cycle arrest and cell death. In 

addition, the decreasing protein levels of CD44 (a adhesion receptor that is overexpressed in 

surface of many cancers cells) and CCR7 (a protein involved in EMT process) proved that 

HDACis in combination with PDT may prevent metastases in vivo.

Recent research has demonstrated that the expression of HDACs in residual cancer cells 

would be increased after PDT, resulting in the potential metastasis of tumor [135]. 

To solve these questions, Zhang and co-workers have synthesized a series of novel 

cytotoxic derivatives based on chlorin as dual photosensitizers (PSs) and HDACis, and 

then investigated their biological activity [136]. Among them, compound 15e showed 

good inhibitory activities to HDAC 2 and HDAC 10 via increasing the expression of 

acetyl-H4. However, compound 15e showed weak inhibition activities to some other HDACs 

(including HDAC 1, HDAC 3, HDAC 6 and HDAC 8), displaying selective inhibition 

activities towards HDACs. Compared to talaporfin alone as a PS and SAHA alone as 

an HDACi, compound 15e showed higher phototoxicity and dark-toxicity. The in vitro 
studies displayed that compound 15e was much higher (almost 9 fold) cellular uptake than 

that of talaporfin, demonstrating that the compound 15e was more easily to accumulate 

in A549 cells. Moreover, compound 15e could significantly improve the production of 

intracellular ROS under light irradiation, which may due to the higher cellular uptake 

capability. The cellular uptake experiments displayed that compound 15e was liable to 

localized in multiple organelles of A549 cells, including lysosomes, mitochondria, golgi and 

endoplasmic reticulum (ER), which probably triggered various apoptosis pathways and cell 

destruction. Besides, compound 15e induced autophagy of cancer cell effectively as a dual 

PS and HDACi. All data exhibited that HDACis could be applied as synergistic agents for 

PDT.

3.4 Targeted therapy

Recently, dual-target or multitarget therapies have attracted a great deal of interest form 

medical researchers in cancers [137]. To maximize the efficacy of single-target drugs, 

the design of multitarget ligands has become an approach with clear advantages over the 
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past decade [138]. It is well known that several cancers could produce obvious resistance 

against any individual inhibitor of protein or kinase, so that developing dual-target ligands 

is necessary to improve the effect and reduce the side effects of single-inhibitor based target 

therapy [139]. The combinational inhibition of different cancer-related target pathways 

can cause additive or synergistic effects and inhibit drug resistance in cancer cells [140]. 

HDACs have been demonstrated a target for clinical cancer treatment, therefore, designing 

dual inhibitors of HDACs and other cancer-related target, such as DNA methyltransferases 

(DNMTs), EGFRs, Janus kinases (JAKs), receptor tyrosine kinases (RTKs), becomes a new 

trend of cancer treatment [141].

The overexpression of DNMTs aberrant always induces epigenetic dysregulations in a 

variety of cancer types, making them promising as cancer targets [142]. However, the short-

term stability, limited specificity of action, and low accumulation and retention of DNMTs 

greatly influenced their efficacy against solid tumors in clinical trials [143]. Wang and 

co-workers have designed a epigenetic modulatory drugs combination via a self-assembly 

method based on inhibitors of DNMTs and HDACs (Fig. 7) [144]. The nanofibers were 

developed through a simple ultrasonic mixture of a DNMT inhibitor (5-Aza), SAHA, and 

zinc ions. The drug conjugates could self-assemble into nanofibers with improved structure 

stability. The as-prepared nanofibers inhibited DNA methylation and histone deacetylation 

synergistically, subsequently promoted apoptosis of gastric cancer cells. The molecular 

mechanism of nanofibers was clarified by RNA-Seq technologies. Moreover, the nanofibers 

exhibited prolonged accumulation and retention in tumors and the reduced off-target effects, 

thereby showing superior therapeutic efficacy in vivo. Therefore, this combined inhibitors of 

DNMTs and HDACs may develop a promising strategy for tumor treatment.

The overexpression of EGFR is tightly binding with the occurrence of head and neck cancer 

(HNC) and has been proved an important therapeutic target for this cancer [145]. However, 

due to the acquired resistance caused by increased epithelial to mesenchymal transition 

(EMT), the use of EGFR inhibitors exhibits limited therapeutic efficacy [146]. In recent 

years, SAHA has shown promising capability to revert EMT in different cancers [147]. 

Citro and co-workers studied the cooperative activity of SAHA and gefitinib (an inhibitor 

of EGFR tyrosine kinase) in HNC cells [148]. The in vitro and in vivo studies showed that 

both SAHA and gefitinib exhibited antitumor effect in HNC cells of both HPV-positive and 

HPV-negative, and the combination produced a synergistic therapeutic efficacy in inhibiting 

tumor growth. SAHA inhibited tumor-promoting TGFβ signals which initiated EMT and 

decreased the expression of mesenchymal transcription factor ΔNp63α. Downregulated of 

ΔNp63α suppressed the level of EGFR protein, and then inhibited cell proliferation and 

TGFβ-dependent mesenchymal transcription factors in HNC cells of both HPV-positive and 

HPV-negative. By clarifying a molecular mechanism clearly, this work provides a rationale 

for the combination of SAHA with gefitinib in HNC patients.

JAKs, a family of nonreceptor tyrosine kinases, play major roles in transducing cytokine-

mediated signals and are associate with various hematological malignancies or autoimmune 

diseases [149]. Inhibition of JAKs and HDACs at the same time may improve the efficacy 

of the HDACis in the cancer treatment and inhibitor resistance of HDACis in some types 

of tumors [150]. Liang and co-workers have designed and synthesized a novel series of 
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pyrimidin-2-amino-pyrazol hydroxamate derivatives as dual inhibitors of JAKs (ruxolitinib) 

and HDACs (SAHA), and evaluated their characteristics and antitumor effect [151]. Among 

them, compound 8m possessed balanced activities and maximal inhibitory efficacy against 

both JAK2 and HDAC 6. Compound 8m showed enhanced antiproliferative and proapoptotic 

activities over ruxolitinib and SAHA in several cancer cell lines. Notably, compound 

8m exhibited synergistic and more potent antiproliferation effect in JAK2V617F mutated 

HEL cells. Pharmacokinetic studies displayed that compound 8m exhibited excellent 

bioavailability after intraperitoneal administration. In addition, high antitumor effect and less 

significant toxicity was found in 8m treated HEL xenograft model. These results confirmed 

the antitumor potential of JAK/HDAC dual inhibitors in malignancies, providing valuable 

leads for further optimization of antitumor strategies in the clinic.

3.5 Immunotherapy

Even though cancer immunotherapies have received extensive research attention for cancer 

treatment, the low response rate of patients and severe adverse effects related to immune 

remain problems [152]. The antitumor efficacy of immunotherapy is always decreased by 

the immunosuppressive tumor microenvironment (TME). How to comprehensively inhibit 

the TME and enhance antitumor immune response mediated by immune cells (T cells, 

natural killer (NK) cells, antigen- presenting cells, etc.) is still a challenge for cancer 

immunotherapy [153]. The HDAC6 inhibitor, ACY241, can activate the AKT/mTOR/p65 

pathways in cancer cells, and then increase the number of antigen-specific CD8+ T cells to 

suppress cancer progression [154, 155]. Moreover, HDACis can upregulate the expression of 

NK cells receptor, thereby enhancing the recognition of cancers by NK cells [156]. Besides, 

HDACis can also enhance the sensitivity of cancer cells against ICB by activating immune 

surveillance mechanism [157, 158].

Despite tumor immune disease remains a big challenge in clinal trails, immunotherapy in 

combination with HDACis have realized success [159, 160]. Shen and co-workers have 

designed and prepared a series of inhibitors to HDAC6, and then investigated their structural 

and biological characterization [161]. Among them, SS-208, a novel HDAC6-selective 

inhibitor which composed of a hydrophobic linker and isoxazole-3-hydroxamate moiety 

was identified. SS-208 showed inefficient therapeutic effects in murine SM1 melanoma 

cells in vitro, while significantly upregulated the levels of Ac-α-Tubulin. Moreover, SS-208 

efficiently decreased Y705 phosphorylation of STAT3 mediated by IL-6, and reduced the 

PD-L1 expression in melanoma cells. Furthermore, SS-208 significantly inhibited tumor 

growth in a murine SM1 syngeneic melanoma mouse in vivo, which was mediated by 

the enhanced infiltration of NK+ T and CD8+ cells and the increased ratio of M1/M2 

macrophages in the TME. The combination of a selective HDAC6i, and PD-1 immune 

blockade has been proved significant enhanced in antitumor immune responses, resulting in 

the further inhibition of tumor growth compared to single immunotherapy.

Despite ICB exhibits remarkable clinical success against PD-1/PD-L1 pathway, this 

therapy has encountered limitations in most patients by the upregulation of certain tumor 

immunosuppressive factors (myeloid-derived suppressor cells, MDSCs) [162]. HDACis 

could reverse the resistance of ICB by reducing the immunosuppressive activity of MDSCs 
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and enhanced PD-L1 expression in cancer cells [163]. In order to realize enhanced antitumor 

efficacy, Adeshakin and co-workers combined VPA and anti-PD-L1 antibody aiming at 

promoting the polarization into M-MDSCs from bone marrow-derived precursor cells [164]. 

Both the in vitro and in vivo results demonstrated that VPA promoted the reactivation 

of CD8+ T cells response and generated TNFα, which further converted M-MDSCs to a 

stimulatory phenotype from an immunosuppressive phenotype. The combined therapy of 

VPA with anti-PD-L1 antibody increased the accumulation of M-MDSCs and enhanced 

the proportions of CD4+ T cells and CD8+ T cells in spleen. Besides, VPA promoted the 

PD-L1 blockade therapy by upregulating IRF1/IRF8 transcriptional axis in cancer cells, 

resulting in reduced immunosuppressive function of MDSCs via decreasing the expression 

of IL-6, IL-10, and ARG1. In addition, the possible synergistic effect of VPA with antiPD-

L1 antibody in suppressing tumor growth was also investigated. Compared to the mice 

group treated with anti-PD-L1 antibody, the combination-treated group showed a significant 

reduction in tumor weight on day 20, displaying a synergistic antitumor effect. These 

studies provide a potential rationale for the synergistic therapy of HDACis with anti-PD-L1 

antibody in the preclinic.

By improving antitumor immune responses, indoleamine 2,3-dioxygenase 1 (IDO1) 

inhibitors can control and eradicate tumor growth [165]. However, IDO1 inhibitors only 

showed moderate therapeutic activity when served as single antitumor agents. Indeed, IDO1 

inhibitors are generally used combining with other antitumor agents in preclinical and 

clinical trials [166]. Fang and co-workers have designed and developed a dual inhibitors 

of IDO1 and HDAC1 (compound 10) for enhanced antitumor efficacy (Fig. 8) [167]. 

The highly active compound 10 exhibited balanced and excellent activity against IDO1 

and HDAC1, which IC50 were 69.0 nM and 66.5 nM, respectively. The dual targeting 

mechanisms were investigated and validated in tumor cells. As an orally active antitumor 

agent, compound 10 significantly decreased the 1-kynurenine level in plasma with good 

pharmacokinetic profiles. Compound 10 also possessed synergistic antitumor efficacy and 

low toxicity in the murine LLC tumor model. This work clarified the mechanisms and 

relationships between immunotherapy and epigenetics of cancer, providing a valuable 

suggestion for the design of novel antitumor agents.

4. Conclusions

As the first found epigenetic therapeutic strategy against cancer, HDACis have been 

attracted increasing research attentions in cancer research. However, recent studies of 

HDACis are always difficult to meet the desired antitumor efficacy. In the recent years, a 

great deal of mechanistic evidence proves that the combination therapy containing HDACis 

can synergize with other anticancer agents, thereby exciting great interests of scientists. 

The combination treatment can target to multiple signaling pathways related to cancers 

simultaneously, and then reverse drug resistance in various preclinical models. Therefore, 

the advantages of combination strategy or dual targeting agents based on HDACs may 

become a promising trend for cancer therapy.

Nevertheless, the efficacy of HADCis based combination therapy tested in clinical trials 

remains unsatisfactory. Since this strategy involves two or multiple antitumor therapies or 
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targets, it is crucial to rational design the selected compounds. The challenges for these 

HDACis-drugs are maintaining the balancing of two pharmacophores with safety profiles, 

limited tolerability, and desired pharmacological properties. Taken the safety profiles, 

selectivity, pharmacological properties, and membrane permeability of antitumor agents 

into consideration, the rational development of HDACis-drugs may enhance the therapeutic 

index. Therefore, more explorations are needed to develop sequential and targeted delivery 

of drugs for combination therapy with lower doses, and it is hopeful that more and more 

HDACis-drugs combinations will be advanced to further clinical stage.
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• Histone deacetylations (HDACs) are novel anticancer drug targets, and a brief 

classification of HDACs is made.

• The antitumor mechanism of histone deacetylases inhibitors (HDACis) have 

been summarized.

• The major developments of other antitumor therapies in combination with 

HDACis are outlined, including chemotherapy, radiotherapy, phototherapy, 

targeted therapy, and immunotherapy.

• The current clinical state and challenges of HDACis-drugs combinations 

are discussed, aiming at rational design of such combinations for enhanced 

efficacy in future clinical trials.
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Fig. 1. 
Classification of HDACis and the structures of representative compounds.
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Fig. 2. 
The major cellular processes affected by HDACis in cancer cells.
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Fig. 3. 
A schematic summary showing SAHA or TSA inhibition of cancer invasion, and increased 

sensitivity to chemotherapy. Adapted with permission from Ref. [118].
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Fig. 4. 
Schematic of an imaging-guided nanomedicine for targeted cancer chemoradiotherapy via 
increased DNA lesions formation and inhibited DNA damage response. Adapted with 

permission from Ref. [124].
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Fig. 5. 
The synergistic mechanism and in vivo imaging of BRAFi/HDACi based MC1R-targeted RT 

(2 hour post-injection SPECT/CT imaging of A2058 melanoma in mice treated with SAHA 

and 4-phenylbutyrate). Adapted with permission from Ref. [126].
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Fig. 6. 
The synthesis route of nanogel-Ce6 nanoplatform and the combination of Ce6 and SAHA 

for synergistic therapy. Adapted with permission from Ref. [133].
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Fig. 7. 
Development of nanofibers and the synergistic mechanism via epigenetic reprogramming. 

Adapted with permission from Ref. [144].
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Fig. 8. 
Design and chemical structure of dual IDO1 and HDAC inhibitors. Adapted with permission 

from Ref. [167].
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Table 1.

Classification of HDACs.

Class HDACs Localization Dependent Amino Acid Physiological Implications

I

HADC 1 Nucleus

Zn2+

483 Cell survival, proliferation

HADC 2 Nucleus 488 Insulin resistance

HADC 3 Nucleus/Cytoplasm 428 Cell survival, proliferation

HADC 8 Nucleus 377 Cell proliferation

IIa

HADC 4 Nucleus/Cytoplasm

Zn2+

1084 Skeletogenesis

HADC 5 Nucleus/Cytoplasm 1122 Cardiovascular growth

HADC 7 Nucleus/Cytoplasm 952 Endothelial growth

HADC 9 Nucleus/Cytoplasm 1011 Thymocyte differentiation

IIb
HADC 6 Nucleus/Cytoplasm

Zn2+
1215 Cell motility

HADC 10 Nucleus/Cytoplasm 669 Cell survival

III

Sirtuin 1 Nucleus/Cytoplasm

NAD+

747

Aging, redox regulation, apoptosis, metabolism

Sirtuin 2 Nucleus 389

Sirtuin 3 Mitochondria 399

Sirtuin 4 Mitochondria 314

Sirtuin 5 Mitochondria 310

Sirtuin 6 Nucleus 355

Sirtuin 7 Nucleus 400

IV HADC 11 Nucleus Zn2+ 347 Immunomodulators
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Table 2.

FDA approved anticancer HDACis.
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