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Editorial on the Research Topic
 Epigenetic Therapy with Histone Deacetylase Inhibitors: Implications for Cancer Treatment



Epigenetic modifications including acetylation, methylation, phosphorylation, and ubiquitination, play a pivotal role in gene expression regulation. Among the enzymes involved in epigenetic modifications, histone deacetylase (HDAC) is known by promoting chromatin relaxation and gene transcription. Several HDAC isoenzymes are overexpressed in a variety of malignancies and their inhibition is a validate approach. HDAC inhibitors (HDACi) induce cancer cell cycle arrest, differentiation and death, and reduce angiogenesis and other cellular events (Glozak and Seto, 2007; Dawson and Kouzarides, 2012). Therefore, in the Research Topic “Epigenetic Therapy with Histone Deacetylase Inhibitors: Implications for Cancer Treatment,” several articles are presented to highlight exciting recent advances and provide more focused in-depth insights in several emerging areas in this field.

Li et al. described the diverse structures of HDACs and their underlying biological functions, highlighting the HDAC biological mechanisms and the potential avenues to HDACi as novel precise cancer treatments. Perla et al. discussed how HDACis display antitumor effects in experimental models of specific pediatric brain tumor types and new clinical perspectives for the use of HDACis in the treatment of these tumors. Colorectal cancer (CRC) progression is affected by both genetic and epigenetic regulations. Yeh et al. used a database mining method to evaluate a protein-protein interaction network and a candidate gene regulatory network for designing multiple-molecule drugs to prevent the progression of CRC. Freitas et al. described the role of HDACi as a possible intervention in the cervical cancer treatment induced by HPV, the major risk factor of this cancer. Yeon et al. have described in their review article the role of HDACi used alone and in combination with other drugs to overcome resistance in metastatic melanoma. Hontecillas-Prieto et al. described the limitations of monotherapy using HDACi, which was not observed for combinatorial regimens that could be explored in preclinical and clinical studies.

Based on cell MAP-kinase signaling pathways associated to prostate cancer, Corno et al. verified the effectiveness of the HDAC6 inhibitor and the MEK-inhibitor drugs in prostate cancer models and considered that HDACi can reactivate the expression of genes favoring cell response to drugs. Hu et al. studied a possible signaling pathway and molecular mechanisms by which HDAC 1 and 3 epigenetically suppressed a specific transcription factor during the epithelial—mesenchymal transition in liver cancer. Chen C.Y. et al. describes the anticancer effect of 2-O-methylmagnolol by in vitro and in vivo studies, which exhibited activity against hepatocellular carcinoma associated with HDAC1 inhibition. Kulka et al. gave an overview of the impact of HDACi treatment on protein quality control systems and its relationship with some cellular events associated with malignant diseases. Chen I.C. et al. describes the potential use of HDACi in clinical studies to treat T-cell and B-cell lymphomas, reporting the effectiveness and toxicity through different therapeutic approaches. Peters et al. also determined the synergism of an approved HDACi compound and drugs that can block DNA synthesis and induce DNA strand break; this combination increased the anticancer effect against lymphoma cell lines. Iannelli et al. evaluated the antitumor effects of a combination of HDACi and conventional chemotherapy drug, demonstrating antitumor effect also in vivo head and neck squamous cell carcinoma models. Xu et al. verified that a new HDACi hybrid improved the antitumor effect, studying in vitro and in vivo assays for potential breast cancer therapy. Mamdani and Jalal reviewed the available preclinical and clinical evidence for the use of HDACi in non-small cell lung cancer (NSCLC), emphasizing the potential efficacy of HDACi in combination with the treatment of NSCLC driven to immune checkpoint inhibitors and tyrosine kinase inhibitors. Tu et al. summarized the advances of HDACi nanomedicines to enhance HDACi therapy efficacy, discussing tumor-targeting delivery and how to achieve the site-specific controlled drug release.

Overall, the Research Topic presented here, containing original research and review of articles, highlights some current advances regarding the epigenetic therapy using HDACi, mainly focusing on cancer treatment. The topic aims to encourage scientific efforts to find new safe and effective therapies using HDACi.
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Colorectal cancer (CRC) is the third most commonly diagnosed type of cancer worldwide. The mechanisms leading to the progression of CRC are involved in both genetic and epigenetic regulations. In this study, we applied systems biology methods to identify potential biomarkers and conduct drug discovery in a computational approach. Using big database mining, we constructed a candidate protein-protein interaction network and a candidate gene regulatory network, combining them into a genome-wide genetic and epigenetic network (GWGEN). With the assistance of system identification and model selection approaches, we obtain real GWGENs for early-stage, mid-stage, and late-stage CRC. Subsequently, we extracted core GWGENs for each stage of CRC from their real GWGENs through a principal network projection method, and projected them to the Kyoto Encyclopedia of Genes and Genomes pathways for further analysis. Finally, we compared these core pathways resulting in different molecular mechanisms in each stage of CRC and identified carcinogenic biomarkers for the design of multiple-molecule drugs to prevent the progression of CRC. Based on the identified gene expression signatures, we suggested potential compounds combined with known CRC drugs to prevent the progression of CRC with querying Connectivity Map (CMap).
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Introduction

Colorectal cancer (CRC) is the third most commonly diagnosed type of cancer worldwide. Its incidence is increasing in young adults, especially in developing countries. As the fourth main cause of cancer-related deaths globally, CRC is a serious threat to human health (Deng et al., 2017). Recently, one study has mentioned that CRC was caused by epigenetic, genetic, and microenvironment factors (Khare and Verma, 2012). However, the molecular mechanisms of CRC are very complicated and remain unclear. Therefore, it is important to investigate the relationship between epigenetic and molecular mechanisms.

The progression mechanism and treatment methods for each stage of CRC has been discussed.

In the early stage of disease, CRC invades through the bowel wall, without involving the lymph nodes. The current treatment for early-stage CRC is surgical resection. Conducting surgical resection in this stage shows no evidence of subsequent influence on the lymph nodes of adjacent organs or distant sites (Freeman, 2013). In the mid stage, CRC involves the lymph nodes. At this stage, the main treatment method is surgical resection, followed by administration of chemotherapy. Using this strategy, a previous study reported that the overall survival of patients was improved and the CRC recurrence rate was decreased (Bos et al., 2015). In the late stage, CRC is widespread through metastases. At this stage, the main treatment methods focus on palliative chemotherapy and radiation therapy. Moreover, the survival rate in patients with late-stage CRC is usually minimal. It is necessary to regularly track the status of patients for the prevention of deterioration (Bouvier et al., 2015). Effective biomarkers, which are correlated with multiple drugs for patients in each stage of CRC, provide an alternative approach to treatment.

It is established that microRNAs (miRNAs), influenced by aberrant epigenetic regulation, also mediate the regulation of gene expression. miRNAs are a broad class of noncoding RNAs (length: ~21 nucleotides), which play crucial roles in posttranscriptional gene regulation (Lee and Ambros, 2001). Accumulating evidence indicates that dysregulations of miRNAs are crucial factors in human development and involved in human diseases, including CRC (Stefani and Slack, 2008). Several studies have investigated (Stefani and Slack, 2008; Chen et al., 2011) the effects of miRNAs on CRC. Nevertheless, further investigations regarding the molecular mechanisms involved in the development of CRC using genome-wide genetic and epigenetic networks (GWGENs), in which miRNAs participate, are warranted. In addition, long noncoding RNA (lncRNA) is a newly identified noncoding RNA molecules that are considered to be important regulators of tumor initiation and development (Xu et al., 2014). Although lncRNA has no biological functions on transcription, accumulating studies have uncovered the emerging role of lncRNA in multiple cellular processes, such as cell differentiation, proliferation, migration, invasion, apoptosis, and so on (Sun et al., 2015; Forrest et al., 2018; Xu et al., 2018; Di et al., 2019). Moreover, epigenetic changes modify the activation of certain genes, but not the genetic code sequence of DNA. Along with the accumulation of epigenetic changes in colon epithelial cells, these cells transform into adenocarcinomas (Lao and Grady, 2011). The most important epigenetic change is aberrant DNA methylation. All CRC cells have aberrantly methylated genes. Aberrant DNA methylation may interact with the change in the tumor microenvironment (TME). TME is the cellular environment in which the tumor exists, including the surrounding blood vessels, immune cells, fibroblasts, bone marrow–derived inflammatory cells, lymphocytes, signaling molecules, and the extracellular matrix (Berraondo et al., 2012). Among them, immune cells are the vital cells which can defeat nascent tumors in the TME. Although tumor cells cannot be completely eradicated by the immune cells, the latter may control tumor growth (Wang et al., 2017). Hence, proper activation of the immune response is beneficial to patients in the early stage of disease.

In this study, we applied a big database mining method to construct candidate GWGENs. The real GWGENs, including a protein-protein interaction network (PPIN) (Hsu et al., 2008; Lin et al., 2010), gene regulatory network (GRN), transcriptional regulations by transcription factors (TFs), lncRNAs (Chen et al., 2011), miRNA inhibitions, and DNA methylations were constructed through system modeling and identification of mRNAs and miRNAs expression using microarray data for each stage of CRC. Analysis of the real GWGENs is complicated; thus, we propose a principal network projection (PNP) method for the selection of the corresponding core GWGENs. Through denotation using the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways, the core GWGENs at the three stages of CRC cells could be projected into core pathways of the corresponding CRC cells. By comparing the core pathways of neighboring stages, we identified essential biomarkers involved in the progression mechanisms of CRC cells. These biomarkers could be considered as drug targets for different stages of CRC. By querying Connectivity Map (CMap), multiple-molecule drugs were designed for the therapeutic treatment of CRC progression.



Materials and Methods


Overview of Constructing Candidate GWGEN and Real GWGENs for Identifying Essential Biomarkers in the Progression of CRC

To identify essential biomarkers and find potential multiple-molecule drug to prevent the progression of CRC, the flowchart is given in Figure 1. At first, we constructed the candidate GWGEN by mining big databases, including Database of Interacting Proteins (DIP), Biomolecular Interaction Network Database (BIND), Biological General Repository for Interaction Datasets (BioGRID), IntAct, MINT, Integrated Transcription Factor Platform (ITFP), and Circuits DB2. The genome-wide microarray raw data were downloaded from the Gene Expression Omnibus database (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi), including 290 primary colorectal tumor samples (GSE14333). For the convenience of analysis, we merged Dukes’ stages A and B into the early stage. Dukes’ stages C and D are considered as the mid stage and late stage, respectively (Jorissen et al., 2009). We separated the data in three stages: early stage (137 samples), mid stage (92 samples), and late stage (61 samples). Subsequently, we used the gene symbols of human gene information data from the National Center for Biotechnology Information (NCBI) website as standard human gene names. Secondly, with the help of above mentioned three stages of microarray data, we used system identification and model selection approaches to eliminate the false positives in the candidate GWGEN and obtain real GWGENs. Afterwards, since it was still too complicated to analyze the real GWGENs, the PNP method was applied to get core GWGENs shown as Figures 2–4. Moreover, based on the projection values, the core pathways shown as Figures 5 and 6 in respect of KEGG pathways could be extracted out from the core GWGENs. Eventually, we suggested two potential multiple-molecule drugs to reverse the identified abnormal signature to avoid the progression of CRC by querying CMap.




Figure 1 | Flowchart of identifying essential biomarkers and finding potential multiple-molecule drug for three stages of colorectal cancer cells. Microarray data of early-stage to late-stage samples, miRNA data, miRNA database, TF-gene database, and BioGRID database were searched to construct candidate genome-wide genetic and epigenetic networks (GWGENs) consisting of a candidate gene regulatory network (GRN), candidate protein-protein interaction network (PPIN), and candidate miRNA regulation network. Subsequently, false positives of the candidate GWGENs were pruned to construct real GWGENs of early-stage, mid-stage, and late-stage colon cancer through system identification and system order detection methods. The core GWGENs of early-stage, mid-stage, and late-stage could be extracted from the corresponding real GWGENs using the principal network projection (PNP) method. We investigated different molecular mechanisms from early-stage to late-stage colon cancer according to their core pathways in the annotation of Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways.






Figure 2 | Core genome-wide genetic and epigenetic network (GWGEN) of early-stage colorectal cancer (CRC) cells. The core GWGEN of early-stage colon cancer was extracted from the corresponding real GWGEN by applying the principal network projection (PNP) method. Among the core GWGEN of early-stage CRC, there are 340 receptors, 2,455 proteins, 101 lncRNAs, 17 miRNAs, and 87 transcription factors (TFs). The gray lines represent edges in protein-protein interaction network (PPIN); the purple lines represent edges in gene regulatory network (GRN); the red lines represent miRNA regulations.






Figure 3 | Core genome-wide genetic and epigenetic network (GWGEN) of mid-stage colorectal cancer (CRC) cells. The core GWGEN of mid-stage colon cancer was extracted from the corresponding real GWGEN by applying the principal network projection (PNP) method. Among the core GWGEN of mid-stage CRC, there are 362 receptors, 2,408 proteins, 129 lncRNAs, 15 miRNAs, and 86 transcription factors (TFs). The gray lines represent edges in protein-protein interaction network (PPIN); the purple lines represent edges in gene regulatory network (GRN); the red lines represent miRNA regulations.






Figure 4 | Core genome-wide genetic and epigenetic network (GWGEN) of late-stage colorectal cancer (CRC) cells. The core GWGEN of late-stage colon cancer was extracted from the corresponding real GWGEN by applying the principal network projection (PNP) method. Among the core GWGEN of late-stage CRC, there are 370 receptors, 2,464 proteins, 74 lncRNAs, 13 miRNAs, and 79 transcription factors (TFs). The gray lines represent edges in PPI; the purple lines represent edges in gene regulatory network (GRN); the red lines represent miRNA regulations.






Figure 5 | Differential core pathways for investigating the progression mechanism from early-stage colon cancer cells to mid-stage colon cancer cells. This figure shows the core pathways in the annotation of Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways extracted from core genome-wide genetic and epigenetic networks (GWGENs) of early-stage colon cancer cells and mid-stage colon cancer cells. The blue background covers the core pathways in early-stage colon cancer cells; the orange background covers the core pathways in mid-stage colon cancer cells; the green background covers the regulation of MIR133B which is modified by DNA methylation to inhibit cell migration and proliferation in mid-stage colon cancer cells. The green rectangular represents downregulation. The yellow rectangular represents upregulation. The blue lines represent the pathways in early-stage colon cancer cells; the orange lines represent the pathways in mid-stage colon cancer cells; the gray dash lines represent translocation; the green lines with an arrow head stand for activation of function; the green lines with a bar head stand for repressing function; the blue and orange lines with an arrowhead and circle head denote activation and repression of function, respectively; the red lines with a circle mean repression of function; and the yellow stars refer to gene involvement in mutation.






Figure 6 | Differential core pathways for investigating the progression mechanism between mid-stage colon cancer cells and late-stage colon cancer cells. This figure shows the core pathways in the annotation of Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways extracted from the core genome-wide genetic and epigenetic networks (GWGENs) of mid-stage colon cancer cells and late-stage colon cancer cells. The orange background covers the molecular mechanism in mid-stage colon cancer cells; the purple background covers the core pathways in late-stage colon cancer cells. The green rectangular represents downregulation. The yellow rectangular represents upregulation. The orange lines represent the pathways in mid-stage colon cancer cells; the purple lines represent the pathways in late-stage colon cancer cells; the grey dash lines represent translocation; the green lines with an arrow head stand for activation of function; the green lines with a bar head stand for repression of function; the orange and purple lines with an arrowhead and circle head denote activation and repression of function, respectively; the red lines with a circle mean repression of function; and the yellow stars refer to gene involvement in mutation.





Construction of the Systematic Models for the GWGENs

For the PPIN, the expression levels of the ith protein and its  hth interaction protein in the nth sample, denoted by qi [n] and ph[n], respectively, could be



where aih is the interaction ability between the i-th protein and its hth interactive protein; Hi indicates the total number of proteins interacting with the ith protein; βi, PPIN denotes the basal level of the ith protein expression; εi,PPIN [n] represents the stochastic noise owing to the modeling residue and measurement noise in the ith protein; I is the number of proteins; and N is the number of samples.

For the GRN, the expression level of a gene is regulated by its regulatory TFs/proteins, lncRNAs and wth miRNAs could be described by the following gene regulatory equation:



for j=1, …, J, n=1, …, N.

where zj [n] is the expression level of the jth gene; pu [n], xv [n] and rw [n] denote the expressions of the uth TF/protein, the vth lncRNA and the wth miRNA, respectively; dth≥ 0 represents the posttranscriptional regulatory ability of the wth miRNA to inhibit the jth gene; bju denotes the transcription regulatory ability from the uth TF to the jth gene; Uj indicates the total number of TFs binding to the jth gene; cjv is the transcription regulatory ability from the vth lncRNA to the jth gene; Vj denotes the total number of lncRNAs binding to the jth gene; Wj is the total number of miRNAs inhibiting the jth gene; βj,GRN indicates the basal level of the jth gene expression; εj,GRN[n] represents the stochastic noise owing to the modeling residue and measurement noise in the jth gene; J is the total number of genes; and N denotes the number of samples (i.e., patients).

For the lncRNA regulatory network (LRN), the expression level of an lncRNA is regulated by its regulatory TFs/proteins, lncRNAs, and miRNAs is described by the following regulatory equation:



for k=1, …, K, n=1, …, N.

where fk[n] is the expression level of the kth lncRNA; pu[n], xv[n], and rw[n] are the expression levels of regulatory TFs/proteins, lncRNAs and miRNAs, respectively; rkw≥ 0 denotes the posttranscriptional regulatory ability of the wth miRNA to inhibit the kth lncRNA; eku denotes the transcription regulatory ability from the uth TF to the kth lncRNA; Uk indicates the total number of TFs binding to the kth lncRNA; tkv is the transcription regulatory ability from the vth lncRNA to the kth lncRNA; Vk denotes the total number of lncRNAs binding to the kth lncRNA; Wk is the total number of miRNAs inhibiting the kth lncRNA; βk,LRN indicates the basal level of the kth lncRNA expression; εk,LRN[n] represents the stochastic noise owing to the modeling residue and measurement noise in the kth lncRNA; and K is the total number of lncRNAs.

For the miRNA regulatory network (MRN), the expression level of a miRNA is regulated by its regulatory TFs/proteins, lncRNAs, and miRNAs could be described by the following regulatory equation:



for t = 1,…, T, n = 1,…, N,

where bt[n] is the expression level of the tth miRNA; pu[n], xv[n], and rw[n] are the expression levels of regulatory TFs/proteins, lncRNAs, and miRNAs, respectively; ntw≥ 0 denotes the posttranscriptional regulatory ability of the wth miRNA to inhibit the tth miRNA; ytu denotes the transcription regulatory ability from the uth TF to the tth miRNA; Ut indicates the total number of TFs binding to the tth miRNA; htv is the transcription regulatory ability from the vth lncRNA to the tth miRNA; Vt denotes the total number of lncRNAs binding to the tth miRNA; Wt is the total number of miRNAs inhibiting the tth miRNA; βt,MRN indicates the basal level of the tth miRNA expression; εt,MRN[n] represents the stochastic noise owing to the modeling residue and measurement noise in the tth miRNA; and T is the total number of miRNAs. Accordingly, we considered epigenetic modifications, such as acetylation, methylation, ubiquitination, and phosphorylation. These epigenetic modifications can contribute to change in the basal level indicated in equations (1–4) when compared in different stages.



System Identification of Candidate GWGEN via Genome-Wide Microarray Data

To identify the precise parameters of the PPIN in equation (1) through the system identification method, equation (1) can be represented by the linear regression form as shown below:



	

where   indicates the regression vector obtained from the corresponding microarray expression data, and θi,PPIN represents the unknown parameter vector to be estimated for the ith protein in PPIN. The equation (5) of the ith protein can be augmented for N samples as the following form:



which could be simply described as:



where



Therefore, by applying the following least-squares estimation problem, we could estimate the interactive parameters in the vector :



By solving the above optimization problem (8), we can obtain the interactive parameters in the PPIN interactive equation (1).

The linear regression form of the gene regulatory equations in (2) of GEN could be described as shown below:



	

where   indicates the regression vector obtained from the corresponding microarray expression data, and θj,GRN represents the unknown parameter vector to be estimated for the jth gene in GRN. The equation (9) of the jth gene could be augmented for N samples as the following form:



for j=1, …, J.

which could be simply described as:



where



Therefore, by solving the following constrained least-squares estimation problem, we could estimate the regulatory parameters in the vector  :

	

subject to



Simultaneously, the miRNA repression parameter -djw is guaranteed to be nonpositive (i.e. −djw ≤ 0, for w=1, 2, …, Wj.).

Similarly, the regulatory equations of LRN in (3) could be described below:

	

	

	



for k=1, …, K,

where   indicates the regression vector which can be obtained from corresponding microarray expression data, and θk,LRN represents the unknown parameter vector to be estimated for the kth lncRNA in LRN. The equation (13) of the kth lncRNA could be augmented for N samples of corresponding microarray expression data as the following form:



for k=1, …, K,

which could be simply described as:



where

	

Therefore, by applying the following constrained least-squares estimation problem, we could estimate the regulatory parameters in the vector  :

	

subject to



By solving the above constrained optimization problem (16), we can obtain the parameters in the LRN regulatory equation (3). Simultaneously, the miRNA repression −qkw is guaranteed to be nonpositive, i.e., −qkw ≤ 0, for w=1, 2, …, Wk.

Finally, the linear regression form of the MRN regulatory equation (4) could be described as shown below:

	



where   indicates the regression vector which can be obtained for N samples of corresponding microarray expression data, and θt,MRN represents the unknown parameter vector to be estimated for the tth miRNA in MRN.

The regulatory equation (17) of the tth miRNA could be augmented for N samples of corresponding microarray expression data as the following form:



which could be simply described as:



where

	

Therefore, by applying the following constrained least-squares estimation problem, we could estimate the regulatory parameters in the vector  :

	

subject to



By solving the above constrained optimization problem (20), we can obtain the parameters in the MRN regulatory equation (4). Simultaneously, the miRNA repression −ztw is guaranteed to be nonpositive, i.e., −ztw ≤ 0, for w=1, 2, …, Wt.



System Order Detection Scheme for Pruning the False Positives of the Candidate Network to Obtain the Real GWGENs of Early-Stage to Late-Stage CRC

Big database mining is associated with many false positives in the constructed candidate GWGEN. Therefore, we pruned the false positives in the candidate GWGEN to obtain the real GWGENs for the three stages of CRC using a system order detection scheme.

For the PPIN model in (7), the Akaike information criterion (AIC) for detecting the number of interactions of the ith protein could be defined using the following equation:



where   indicates the estimated interaction parameter vector of the ith protein by solving the equation,   is the estimated residual error. A decrease in the system interaction number (order) Hi will result in an increase in the corresponding estimated residual error. In contrast, attempts to minimize the estimated residual error, will result in an increase in the corresponding system order. Hence, we need to trade-off the system order and estimated residual error to determine the minimum value of the AICi for the real system interaction order Hi, i.e., the real system order   of protein i could minimize AICi(Hi) in (21). Therefore, the insignificant protein interactions out of system order   should be pruned from the interactions of the candidate PPIN. Gradually (one protein each time), we could prune the false positives of all proteins in the candidate PPIN to obtain the real PPIN using the AIC system order detection method. Similarly, for pruning false positives of the candidate GRN subnetwork in (11), the candidate LRN subnetwork in (15), and the candidate MRN subnetwork in (19), AICs for system order detection of the jth gene, the kth lncRNA, and the tth miRNA could be defined using the following equations, respectively:







where , ,   indicate the estimated parameter vector of the jth gene, the kth lncRNA, and the tth miRNA by solving the equations (11), (15), and (19), respectively; , , and   are the estimated residual error, respectively. In (22), (23), and (24), we could select , , , , , , and , , , to minimize AICj(Uj,Vj,Wj),AICk(Uk,Vk,Wk), and AICt(Ut,Vt,Wt), respectively. Then, , , and   would be the real numbers of the regulatory TFs, lncRNAs, and miRNAs of the jth gene, respectively; , , and   would be the real numbers of the regulatory TFs, lncRNAs, and miRNAs of the kth lncRNA, respectively; ,   and   would be the real numbers of the regulatory TFs, lncRNAs, and miRNAs of the tth miRNA, respectively. The insignificant regulatory TFs lncRNAs, and miRNAs out of , , and   in the ith gene, , , and   in the jth lncRNA, , , and   in the tth miRNA are considered false positives in the candidate GWGENs. By gradually pruning the false positives (i.e., one gene, one lncRNA, and one miRNA each time), we could obtain the real GWGENs at every stage of CRC. The GWGENs of early-stage, mid-stage, and late-stage CRC, constructed using the proposed systems biology method, are illustrated in Figures S1, S2, and S3, respectively.



Extract of the Core Network From Real GWGENs by Applying the PNP Method

It is difficult to directly investigate the genetic and epigenetic mechanisms of colon carcinogenesis using the real GWGENs owing to their complexity. Prior to using the PNP method for the extraction of the core GWGENs from the real GWGENs, we initially established a network matrix P, including all the estimated parameters of edges in the real GWGENs. The network matrix P of real GWGEN is shown below:



where   could be obtained in   by solving the equation (8) and pruning false positives through the AIC method in (21); , ,   could be obtained in   by solving the equation (12) and pruning false positives using the AIC method in (22); , , and   could be obtained in   by solving the equation (16) and pruning false positives via the AIC method in (23); , , and   could be obtained in   by solving the equation (20) and pruning false positives by the AIC method in (24); U, V, and W are the total number of TFs, lncRNAs, and miRNAs, respectively. The estimated interactive and regulative abilities of edges in real GWGEN are included in the network matrix P. If an edge does not exist in the GWGEN or has been pruned out through AIC, the corresponding parameter in network matrix P is padded with zero.

Subsequently, we extracted the core components of the GEN using the PNP method. The proposed PNP method is a principal network structure projection method based on principal singular value decomposition of the system matrix P in (25) as follows:



where unitary matrix ∈ ℝ(I+J+K+T)×(U+V+W); R∈ ℝ(U+V+W)×(U+V+W), and D=diag(d1,...,d(U+V+W)) is a diagonal matrix, which contains U+V+W singular values of P in a descending order, i.e., d1≥...≥ dU+V+W.

The eigen expression fraction Em is defined as the following energy normalization:



By selecting the minimum A  , the A top singular vectors of matrix P contained 85% of the core network structure of the real GWGEN from the energy point of view. Next, the projection of P to the top A singular vectors of N is defined as follows:



for ω = 1,…,I + J +K + T and ℓ = 1,…,A,

where aω,: represents the ωth row vector of P; and r:ℓ represents the   column vectors of N.

Next, we defined the 2-norm projection value of each node, including proteins, genes, lncRNAs, and miRNAs in GWGENs to the top A right-singular vectors



for ω = 1,…, (I  + J + K + T), and ℓ = 1,…,A,

where DR(ω) is the 2-norm projection value of the ωth node of GWGEN on the 85% core network architecture. We selected important proteins from receptors to TFs and their associated miRNAs, lncRNAs, and genes to construct core GWGENs for the investigation of significant genetic and epigenetic mechanisms in early-stage, mid-stage, and late-stage CRC cells. Finally, the core GWGENs of early-stage to late-stage CRC are shown in Figures 5 and 6.




Results


Overview of Constructing Genome-Wide Genetic and Epigenetic Network for Early-Stage, Mid-Stage and Late-Stage CRC

In this study, to identify core GWGENs for three stages of CRC, we did big database mining to construct candidate PPI and candidate GRN. The candidate GWGEN consists of candidate PPI and candidate GRN. We applied reversed engineering and model selection approaches with corresponding early-stage, mid-stage, and late-stage of CRC microarray data to obtain real GWGENs shown in Figures S1, S2, and S3, respectively. The total number of nodes including receptors, proteins, lncRNAs, TFs, and miRNAs and edges of their interactions in candidate GWGEN and real GWGENs for three stages of CRC are shown in Table 1. It is noted that the number of nodes and edges decline a lot compared to those in real GWGENs. This phenomenon showed that the false positives were removed by system identification and model selection approaches. Afterwards, we utilized the PNP method, which could help to extract core GWGENs based on significant projection value of the node. The higher the projection value is, the more contribution made by the node in the core GWGEN. For the early-stage core GWGEN of CRC cells as shown in Figure 2, we identified 340 receptors, 2,455 proteins, 101 lncRNAs, 17 miRNAs, and 87 TFs. For the middle-stage core GWGEN of CRC cells as shown in Figure 3, we identified 362 receptors, 2,408 proteins, 129 lncRNAs, 15 miRNAs, and 86 TFs. For the late-stage core GWGEN of CRC cells as shown in Figure 4, 370 receptors, 2,464 proteins, 74 lncRNAs, 13 miRNAs, and 79 TFs are identified. The identified nodes in three stages of CRC could be found in Supplementary Material. Moreover, in order to be convenient for investigating the genetic and epigenetic molecular mechanisms of CRC, we denoted core signaling pathways in respect of KEGG pathways. The differential core signaling pathways were identified and carcinogenic mechanisms were found for early stage to mid stage and mid stage to late stage of CRC, shown in Figures 5 and 6, respectively. Consequently, according to our analytic results, we identified two groups of essential biomarkers reflecting abnormal gene expression signatures for CRC progression. By querying CMap, we suggested two multiple-molecule drugs for early stage to mid stage and mid stage to late stage of CRC, respectively.


Table 1 | Number of edges and nodes in the candidate genome-wide genetic and epigenetic network (GWGEN) and identified real GWGENs in each stage of colorectal cancer.





Core Pathways in Early-Stage to Mid-Stage CRC

The core differential pathways between early-stage and mid-stage CRC are shown in Figure 5. Our results demonstrated that the receptor signal transducing adaptor family member 2 (STAP2), which binds the ligand protein tyrosine kinase 6 (PTK6) (hypoxic microenvironment), interacts with tubulin beta 1 class VI (TUBB1) and transmits the signal through protein mitogen-activated protein kinase kinase kinase kinase 1 (MAP4K1) to TF tumor protein p53 (TP53). TP53 is modified by deubiquitination and downregulates the expression of target gene MUC2, which is also modified by DNA methylation. This epigenetic modification can be detected by the basal level. The ligand growth factor receptor bound protein 2 (GRB2) binds to the receptor SHC3 modified by phosphorylation and transmits to proteins kelch like family member 15 (KLHL15) and SIM1. Following the modification of KLHL15 by ubiquitination, the signal will be transmitted to TF tripartite motif containing 65 (TRIM65). In the meantime, TF TRIM65 upregulates CUGBP Elav-like family member 2 (CELF2) to promote tumor apoptosis and inhibit cell migration and proliferation (Ramalingam et al., 2012).

The receptor protein kinase D1 (PRKD1), which is modified by phosphorylation and mutation, binds Mg2+ and transmits the signal to SIM1, MAP4K1, and zinc finger protein 260 (ZNF260). ZNF260 transmits the signal to KRAS which is modified by mutation, and then transmits it to Ras homolog family member F (RHOF) modified by acetylation and methylation. Finally, the signal reaches the TF TCF3, which is modified by mutation and methylation. This results in the upregulation of the target gene NFKB inhibitor like 1 (NFKBIL1), promoting immune response and inflammation (Atzei et al., 2010). The ligand WNT inhibitory factor 1 (WIF1) (signal transduction) binds to the receptor WNT4 and transmits the signal to TF zinc finger E-box binding homeobox 1 (ZEB1). ZEB1 appears in early-stage and mid-stage CRC cells through tubulin alpha 1b (TUBA1B), which is modified by acetylation and methylation, as well as transmembrane protein 39A (TMEM39A). ZEB1 modified by mutation downregulates HECTD3, which is also modified by DNA methylation. The aforementioned pathway controls the cell cycle and tumor apoptosis in early-stage CRC cells. Moreover, these epigenetic modifications can be detected by the basal level. The receptor RAR-related orphan receptor B (RORB), which is duplicated in early-stage and mid-stage CRC cells, binds ligand all-trans retinoic acid (ATRA) (apoptosis signal). Subsequently, it transmits the signal to TF TCF3 through cancer susceptibility 2 (CASC2), histone H4 transcription factor (HINFP) (modified by ubiquitination), and SMG8 (modified by phosphorylation) in early-stage CRC cells. TF TCF3 activates target gene NFKBIL1 to promote inflammation and immune response.

In the mid-stage CRC cells, there are three core pathways transmitting the signals after the binding of three receptors with three ligands and involving several transduction proteins to reach three TFs. Notably, receptor RORB and TF ZEB1 also present in early-stage CRC cells. Firstly, the receptor RORB binds ligand ATRA (apoptosis signal) and then transmits the signal to EGF-containing fibulin extracellular matrix protein 1 (EFEMP1), (modified by phosphorylation and mutation) and potassium two pore domain channel subfamily K member 2 (KCNK2) to interact with TF MAF bZIP transcription factor G (MAFG) (modified by phosphorylation and mutation). Eventually, the target gene MINK1 is upregulated, potentially leading to the migration of cancer cells to mid-stage CRC (Hu et al., 2004). Secondly, ligand G protein subunit alpha L (GNAL) (chemical stimulation) binds to the receptor olfactory receptor family 2 subfamily H member 1 (OR2H1) and transmits the signal through STK17B modified by phosphorylation, GDNF modified by mutation, and coactivator associated arginine methyltransferase 1 (CARM1) modified by acetylation and methylation to TF ZEB1. TF ZEB1 modified by mutation upregulates target gene LRRN1, which promotes proliferation in mid-stage CRC cells (Hossain et al., 2008). Thirdly, the receptor glutamate ionotropic receptor delta type subunit 2 (GRID2) binds ligand cerebellin 1 precursor (CBLN1) (protein secretion) to transmit the signal to TF POU class 2 homeobox 1 (POU2F1) through SMC2. This upregulates the target gene hematopoietic prostaglandin D synthase (HPGDS) and inhibits the migration and proliferation of CRC cells (Tippin et al., 2012).

In Figure 5, lncRNA LOC400043 interacted with MIR133B downregulating its expression. The target genes SMC2, POU2F1, and GDNF are downregulated by MIR133B modified by DNA methylation. Owing to the epigenetic effect, the target gene SMC2 promotes tumor apoptosis and inhibits the cell cycle; the target gene POU2F1 inhibits cell proliferation; and the target gene GDNF inhibits cell migration and proliferation (Segil et al., 1991; Choudhary et al., 2009; Davalos et al., 2012; Evangelisti et al., 2012; Huang et al., 2014; Guo et al., 2015; Wang et al., 2016b).



Core Pathways in Mid-Stage to Late-Stage CRC Cells

The core differential pathways between mid-stage and late-stage CRC are shown in Figure 6. Firstly, in mid-stage CRC cells, the ligand ATRA (apoptosis signal) binds to the receptor RORB and triggers the signaling to EFEMP1, which is modified by phosphorylation and mutation. Subsequently, the signal is transmitted to the protein KCNK2 and finally reaches the TF MAFG, which is modified by mutation and acetylation. Subsequently, the target gene MINK1 is upregulated, potentially leading to the migration of cancer cells to mid-stage CRC (Hu et al., 2004). Secondly, the receptor OR2H1 receives the GNAL (Chemical stimulation) signal and transmits it through sequential proteins STK17B, GDNF, and CARM1 to TF ZEB1. In this pathway, STK17B is translocated by phosphorylation and downregulated by MIR302B; GDNF is modified by mutation; CARM1 is modified by phosphorylation and methylation; and TF ZEB1 is modified by mutation. Finally, the upregulated LRRN1 leads to cell proliferation (Hossain et al., 2008).

All pathways are initiated from the common receptor GRID2 between mid-stage and late-stage CRC cells. In the mid-stage CRC cells, the ligand CBLN1 (protein secretion) binds to receptor GRID2 to transmit the signal to TF POU2F1 through SMC2, which is modified by mutation. In turn, TF POU2F1 upregulates target gene HPGDS to inhibit cell migration and proliferation (Tippin et al., 2012). After regulated by lncRNA LOC400043, MIR133B modified SMC2 resulting in the inhibition of cell proliferation and migration (Choudhary et al., 2009; Davalos et al., 2012; Guo et al., 2015). In the late-stage CRC cells, receptor GRID2 binds with the ligand CBLN1 (protein secretion) and sequentially transmits the signal to TF WD repeat domain 4 (WDR4) through proteins cell cycle associated protein 1 (CAPRIN1), secreted protein acidic and cysteine rich (SPARC), protein phosphatase 2 regulatory subunit B’’beta (PPP2R3B), ectonucleotide pyrophosphatase/phosphodiesterase 4 (ENPP4), and single-pass membrane protein with aspartate rich tail 1 (SMDT1). Eventually, TF WDR4 upregulates target gene LIG3 for DNA repair (Chen et al., 1995).

Notably, the late-stage CRC cells involve two additional pathways. In one pathway, receptor glycoprotein V platelet (GP5) binds ligand von Willebrand factor (VWF) (extracellular matrix organization) to activate TF aryl hydrocarbon receptor (AHR) through a cascade of proteins stomatin (STOM), SLC16A, SH3, and cysteine rich domain (STAC), major facilitator superfamily domain containing 2B (MFSD2B), GDNF, arylsulfatase F (ARSF), and ANGEL2. The protein GDNF, which also appears in mid-stage CRC cells pathway is modified by mutation. Finally, TF AHR upregulates target gene acidic nuclear phosphoprotein 32 family member E (ANP32E) modified by DNA methylation to promote cell proliferation, migration and DNA repair (Obri et al., 2014). In the other pathway, ion K+ binds to receptor potassium voltage-gated channel subfamily Q member 2 (KCNQ2) and transmits the signaling to TF LIG1 through a cascade of proteins, namely peptidylprolyl isomerase F (PPIF), KCNK2, DNA polymerase theta (POLQ), zinc finger protein 37B (ZNF37BP), SIM1, and HUS1. The second pathway present in both mid-stage and late-stage CRC cells; POLQ is modified by mutation (Lin et al., 2000; Nilsson et al., 2001); target gene p53-induced death domain protein 1 (PIDD1) is downregulated by TF LIG1 which promotes tumor apoptosis.




Discussion


Genetic and Epigenetic Progression Mechanisms of Early-Stage to Mid-Stage CRC via Cell Apoptosis and Migration

By applying the systems biology approach and PNP method, we constructed the core pathways to investigate the genetic and epigenetic carcinogenic mechanisms of CRC, as shown in Figure 5. In the left-pathway in the early-stage CRC cells, the ligand PTK6 binds to the receptor STAP2 phosphorylated in the hypoxic microenvironment (Semenza, 2016). While STAP2 is modified by phosphorylation, the signal is transmitted to cascade proteins TUBB1, armadillo repeat containing 8 (ARMC8), and MAP4K1 (Fujita et al., 2014; Cho et al., 2017). At this point, with signal coupling from SIM1, the pathway activates the MAPK signaling pathway which is related to the control of immune response. MAP4K1 interacts with TF TP53 modified by deubiquitination. Following the modification of TP53 by deubiquitination, it may upregulate MUC2, leading to the progression of CRC. The ubiquitinated TF TP53 inhibits apoptosis and downregulates target gene MUC2 (Malkin et al., 1990; Ghosh et al., 2004). Furthermore, the main cellular functions of MUC2 are to protect the colon from disease, including the activation of inflammation and immune response and the inhibition of migration due to DNA methylation. Unfortunately, TF TP53 is eventually modified by mutation and deubiquitination that will affect the expression level of MUC2 to cause tumorigenesis. However, MUC2 with epigenetic DNA methylation exhibits lower expression to prevent CRC cells from progressing to the mid stage (Moehle et al., 2006; Cobo et al., 2015).

The next pathway begins with the ligand GRB2 in human B lymphocytes, which phosphorylates the receptor SHC3 after binding. This process activates two pathways: (1) through SIM1 to crosstalk with the MAPK pathway via protein MAP4K1 (Magrassi et al., 2005; Tashiro et al., 2009; Azzalin et al., 2014), and (2) transmission of the signal to KLHL15, which is modified by ubiquitination and activation of TF TRIM65. This upregulates target gene CELF2, which activates apoptosis, to inhibit cell proliferation and migration. KLHL15 effected by epigenetic changes stabilizes the expression level to avoid progression to mid-stage CRC (Ferretti et al., 2016; Wang et al., 2016a). Therefore, we concluded that the second pathway could inhibit cell migration, proliferation, cell apoptosis to prevent the progression of early-stage CRC to mid-stage CRC.

The third pathway initiates with binding of Mg2+ to the receptor PRKD1, which is modified by phosphorylation and mutation. Subsequently, the signal is transmitted through proteins SIM1 and ZNF260 to KRAS. KRAS mediates ZNF260 to stabilize PRKD1 in this pathway. It has been reported that this interaction occurs through epigenetic silencing due to mutation (Serra et al., 2014). After transmission of the signal to TF TCF3 with DNA migration through RHOF, which is modified by methylation and acetylation (Gouw et al., 2005), it upregulates target gene NFKBIL1 to activate inflammation and immune response and inhibit the development of CRC (Atzei et al., 2010; Mcallister et al., 2014; Taniue et al., 2016).

The next pathway is initiated with receptor WNT4. Several studies have shown that this pathway could inhibit the proliferation and migration of tumors (Seth and Ruiz I Altaba, 2016; Tang et al., 2018). In the WNT-signaling pathway, ligand WIF1 (signal transduction) binds with the receptor WNT4 to transmit the signal to TF ZEB1 through cascade proteins TUBA1B and TMEM39A. When highly expressed in tumor cells, TUBA1B improves their proliferation. To solve this problem, the acetylation of TUBA1B (also affected by epigenetic methylation) may play an important role in balancing the expression and signal transfer to TF ZEB1 through TMEM39A (Lu et al., 2013). TF ZEB1 is duplicated in both early-stage and mid-stage CRC cells. Its major function is to regulate the apoptosis, migration, and proliferation of cancer cells, as well as the downregulation of target gene HECTD3. As HECTD3 exhibits low expression levels, it may lead to apoptosis of cancer cells and promotion of cell cycle (Shu et al., 2017). Hence, the marked reduction in the expression of HECTD3, caused by DNA methylation, may be beneficial to patients. Unfortunately, TF ZEB1 may undergo mutation during the carcinogenic process. Mutated ZEB1 may result in epithelial–mesenchymal transition (Loboda et al., 2011), progressing CRC to the mid-stage. The final pathway in early-stage CRC cells is initiated from receptor RORB. Some studies have shown that RORB acts as a tumor suppressor. A high expression level of RORB may exert an effect on TF TCF3 to activate a downstream pathway in early-stage CRC (Mühlbauer et al., 2013; Wen et al., 2017). In contrast, a low expression level of RORB may activate another downstream pathway in the mid-stage CRC.

After binding of ligand ATRA to receptor RORB (apoptosis signal), two pathways with epigenetic modifications are activated. In the first pathway, in early-stage CRC, the upregulated CASC2 transmits the signal to HINFP, which is modified by ubiquitination to inhibit tumor growth (Baldinu et al., 2007), and transmits the signal to TF TCF3 through SMG8. Subsequently, SMG8 is modified by phosphorylation to maintain its function in inhibiting cell apoptosis. Finally, the signal is transmitted to TF TCF3 to regulate target gene NFKBIL1, directing inflammation and immune response. We concluded that the cellular dysfunctions in early-stage CRC should include immune response, inflammation, and cell apoptosis. In the second pathway, in mid-stage CRC, receptor RORB transmits the signal to TF MAFG through EFEMP1 and KCNK2; epigenetic modifications were also found in this pathway. EFEMP1 is modified by phosphorylation, which activates the mitogen-activated protein kinase/extracellular signal-regulated kinase (MAPK/ERK) signaling pathway (Dou et al., 2016) to control the disordered cell proliferation in mid-stage CRC (Setia et al., 2014). Following activation of the MAPK/ERK pathway, the signal is transmitted through KCNK2 to TF MAFG, which plays a crucial role in this pathway by the modification of acetylation to promote cell migration (Fang et al., 2014; Vera et al., 2017). Subsequently, MINK1 is upregulated by MAFG. Moreover, previous studies (Hu et al., 2004; Nicke et al., 2005) have shown that MINK1 is an essential target gene in the MAPK/ERK pathway. Specifically, sustained high expression of MINK1 is associated with the occurrence of cell migration. Furthermore, there are some proteins and one gene affected by mutation in this pathway. For example, EFEMP1 is modified by mutation; this may inactivate the MAPK/ERK pathway to induce cell proliferation. The next protein is MAFG; following the mutation of TF MAFG, acetylation does not downregulate its expression level. The aforementioned process may inhibit cell migration. In general, MINK1, which is regulated by the TF MAFG, exhibits high expression in CRC. However, while MINK1 is mutated, the expression may be downregulated to inhibit cell migration.

The second pathway in the mid-stage CRC cells starts with receptor OR2H1. When OR2H1 binds ligand GNAL, it may stimulate the G-protein signal pathway to promote cell proliferation. The signal is transmitted through STK17B, which is modified by phosphorylation to control the cell cycle and apoptosis, to GDNF. GDNF is an essential protein related to cell migration in the progression of CRC. Numerous studies (Oppenheim et al., 1995; Evangelisti et al., 2012; Zhang et al., 2017; Fielder et al., 2018) have shown that GDNF would control cell migration. However, while GDNF is mutated in the signaling cascade, it may cause the pathway to be inactive. CARM1 (modified by methylation and phosphorylation) transmits the signal to TF ZEB1, which may be upregulated to cause cell proliferation (Guo et al., 2017; Zhang et al., 2018). TF ZEB1 plays an important role in this pathway to connect the early-stage and mid-stage of CRC. In the mid-stage, ZEB1 may upregulate LRRN1 to inhibit cell proliferation (Hossain et al., 2008).

The final pathway in the mid-stage CRC cells is activated by receptor GRID2 after binding the ligand CBLN1 (protein secretion). The signal is transmitted to TF POU2F1 through SMC2 to upregulate target gene HPGDS, inhibiting cell proliferation and migration. There are two studies (Tippin et al., 2012; Tippin et al., 2014) indicating that high expression of HPGDS might inhibit tumor proliferation in normal human cells. However, in CRC, HPGDS exhibits a five-fold lower expression (Tippin et al., 2012) to promote tumor migration. The aforementioned processes do not involve mutations. Mutations in this pathway (e.g., receptor GRID2) would lead to its inactivation. Moreover, mutation of the protein SMC2, may impair the natural expression and promote tumor growth.

We also investigated the role of miRNA regulation in the molecular carcinogenic mechanism of mid-stage CRC. As shown in Figure 5, some proteins (GDNF, SMC2, and POU2F1) may be translocated through miRNA regulation. One study has indicated that the overexpression of MIR133B in CRC cells induces apoptosis and cell cycle arrest at G1 phase (Lv et al., 2015). However, they have not mentioned that the molecular mechanism involved in the regulation of MIR133B. In this study, we hypothesized that the overexpression of MIR133B would lead to loss of its inhibitory function on other genes. However, accompanying by the regulation of lncRNA LOC400043 and DNA methylation, MIR133B might reverse the overexpression to its natural expression, leading to downregulation of GDNF, SMC2, and POU2F1 in this pathway. Furthermore, the high expression of GDNF may affect tumor migration. As GDNF is downregulated by MIR133B, it inhibits tumor migration and proliferation (Evangelisti et al., 2012; Huang et al., 2014). The expression of SMC2 modified by MIR133B could downregulate the control of tumor proliferation, migration, and apoptosis (Choudhary et al., 2009; Davalos et al., 2012; Je et al., 2014). POU2F1 may be overexpressed in CRC cells to cause proliferation. Affected by MIR133B, the expression of POU2F1 would be downregulated to inhibit cell proliferation. Finally, we found that the cellular dysfunctions in mid-stage CRC include migration and proliferation. The key point of progression from early-stage to mid-stage cancer cells is the mutation of TF ZEB1, which cross-talks in two pathways.



Genetic and Epigenetic Progression Mechanisms From Mid-Stage to Late-Stage CRC via Cell Migration and Proliferation

Late-stage CRC involves widespread metastasis (Jorissen et al., 2009). Only a few studies have investigated late-stage CRC. Figure 6 shows three core pathways in the late-stage CRC cells. The first pathway starts with receptor GRID2, which also appears in mid-stage CRC cells, and transmits the signal to TF WDR4 to upregulate target gene LIG3. LIG3 has been investigated in studies concerning DNA repair (Murray et al., 2011; Hu et al., 2018). DNA damage and repair are double-edged swords in cancer. DNA damage, coupled with error-prone repair, could drive cancer progression by promoting genomic or genetic instability (Doksani and De Lange, 2016; Hu et al., 2018). Based on our data analysis result, we infer that the DNA repair in response to DNA damage provides a possibility to prevent CRC cells from progressing. However, failures in DNA repair would lead to the deterioration of patient’s condition.

The core pathway contains protein GDNF, which is the critical factor in the progression of CRC. This pathway starts with receptor GP5, which binds ligand VWF (extracellular matrix organization), transmitting the signal to TF AHR through GDNF. AHR regulates cell proliferation (Xie and Raufman, 2015) by upregulating target gene ANP32E. The upregulated ANP32E may cause tumor migration and proliferation. Our results show that ANP32E is modified by DNA methylation to downregulate ANP32E, which leads to the promotion of tumor migration and proliferation, as well as DNA repair (Obri et al., 2014).

The last pathway in the late stage starts with receptor KCNQ2 binding with the K+ transmits signal to TF LIG1 through cascade protein KCNK2, which also appears in the mid-stage CRC cells. POLQ, which is prevalent in CRC, is regarded as a tumor promoter because its mutation could cause overexpression to promote cell migration (Higgins et al., 2010). When the signal is transmitted to TF LIG1, it may downregulate target gene PIDD1 to promote cell apoptosis (Lin et al., 2000; Nilsson et al., 2001). In other words, TF LIG1 is a tumor suppressor which regulates PIDD1 to promote cell apoptosis. Regulated by lncRNA LOC400043, MIR133B is able to downregulate SMC2 resulting in the inhibition of cell migration. Of note, mutation of the receptor GRID2 denying the binding of ligand CBLN1 is the key for the progression from mid-stage to late-stage CRC.



Genetic and Epigenetic Carcinogenic Mechanisms in Early-Stage to Late-Stage CRC Cells

After analyzing the pathway of each stage of CRC, we recognized some essential pathways and graphically illustrated them in Figure 7. Based on the investigation of the core genetic and epigenetic network, we identified some pathogenic biomarkers for the design of multiple drugs against CRC. In early-stage disease, PTK6 (hypoxic environment) binds with STAP2 to activate essential protein MAP4K1 and consequently the MAPK pathway (Fujita et al., 2014; Cho et al., 2017). WIF1 (Signal transduction) binds with WNT4 to activate the WNT signaling pathway (Seth and Ruiz I Altaba, 2016; Tang et al., 2018). MUC2 and HECTD3, modified by DNA methylation, could promote immune response, inflammation, cell cycle, and apoptosis. At this stage, TF TP53 and ZEB1 are two potential factors of tumor progression, which are modified by mutation to cause cell migration (Malkin et al., 1990; Ghosh et al., 2004; Loboda et al., 2011). The mutated TF TP53 and ZEB1 promote the progression of CRC toward the mid stage.




Figure 7 | Overview of genetic and epigenetic progression mechanisms from early-stage colon cancer cells to late-stage colorectal cancer cells.The upper part shows the genetic and epigenetic mechanisms of early-stage colon cancer cells; the middle part shows the genetic and epigenetic mechanisms of mid-stage colon cancer cells; the lower part shows the genetic and epigenetic mechanisms of late-stage colon cancer cells. The black lines represent protein-protein interaction; the red lines represent upregulation or downregulation; the black dash lines represent upregulation or downregulation; black dot line represents crosstalk; the red dash lines represent genetic, epigenetic, and mutation effects; red rectangular represents cellular functions; black dash rectangles include pathway description; green dash rectangles represent microenvironment; the red cross indicates mutation which may inactivate the pathway; and the blue rectangles show progression mechanisms.



Mid-stage CRC involves three pathways: (1) ligand GNAL (chemical stimulation) binds with receptor OR2H1 to activate the G-protein signaling pathway; (2) ligand ATRA (apoptosis signal) binds with receptor RORB to activate the MAPK/ERK pathway (Setia et al., 2014); and (3) ligand CBLN1 (protein secretion) binds with receptor GRID2 to activate the CREB pathway (Hui et al., 2014). The most important carcinogenic mechanism and cellular dysfunctions at this stage of CRC are as follows: MIR133B is modified by DNA methylation to downregulate GDNF and SMC2, inhibiting tumor proliferation and migration. Target gene MINK1 and its TF MAFG are two tumor promoters (Hu et al., 2004; Nicke et al., 2005; Fang et al., 2014; Vera et al., 2017). Affected by mutations, their expression may be reduced to prevent tumor migration. In other words, they would abolish their tumor promoting activity. GDNF, EFEMP1, and GRID2 play important roles in carcinogenesis at this stage. Following the occurrence of mutations within the cascade signaling pathway, these pathways may be inactivated and accelerate tumor migration.

The late-stage CRC cells involve two core pathways: (1) ligand CBLN1 (protein secretion) binds with receptor GRID2; and (2) ligand VWF (extracellular matrix organization) binds with receptor GP5. In the first pathway, the target gene LIG3 controls DNA repair. In the second pathway, the target gene ANP32E is modified by DNA methylation to downregulate its expression and retard tumor migration (Li et al., 2017; Xiong et al., 2018).



Design of Multiple-Molecule Drugs for Preventing the Progression From Early-Stage to Mid-Stage and Mid-Stage to Late-Stage CRC by Querying Connectivity Map

According to the analyzed results of core signaling pathways for three stages of CRC, genetic, and epigenetic biomarkers are identified as drug targets for designing multiple-molecule drug to prevent progression from early-stage to mid-stage and mid-stage to late-stage CRC. Connectivity Map (CMap) build 02, a project developed by Broad Institute, contains 6100 instances with 1,309 drugs and 156 concentrations on five cell lines (Musa et al., 2017). By querying CMap build 02, we suggested three potential compounds with high negative connectivity scores and combined them with the known drugs of CRC for preventing progression from early stage to mid stage of CRC and mid stage to late stage of CRC, respectively. The correlation coefficients between the concentrations of drugs and the gene expression levels indicate the relationship between drugs and genes. If the correlation coefficient is >0, the gene is upregulated by treatment with the drug; if the correlation coefficient is <0, the gene is downregulated by treatment with the drug.

We selected one genetic biomarker and four epigenetic biomarkers in Table 2: the genetic biomarker is MINK1 and the epigenetic biomarkers are MUC2, HECTD3, GDNF, and SMC2. The epigenetic biomarkers were selected owing to their high expression level, as a consequence of alterations in epigenetic regulation resulting in cell migration and proliferation. Moreover, MINK1 exhibits a high expression level, resulting in cell migration in CRC. We selected two known drugs used in the treatment of CRC, (i.e., 5-fluorouracil and oxaliplatin), and three potential compounds (i.e., mesalazine, dexverapamil, and sulindac) by querying CMap to restore the normal expression of five target genes (Table 2). The results showed that the expression of five target genes were decreased through the treatment with the proposed potential compounds. Among them, it is noted that there are several evidences demonstrating the ability of mesalazine and its derivative to interfere with intracellular signals involved in CRC cell growth (Bus et al., 1999; Lyakhovich and Gasche, 2010; Stolfi et al., 2012). Meanwhile, ClinicalTroals.gov identifier NCT02077777, has shown mesalazine completed phase II clinical trial based on definitions developed by the U.S. Food and Drug Administration (FDA) for chemopreventive action of mesalazine on CRC. The dexverapamil has been regarded as chemosensitizer, which is a small molecule making tumor cells be sensitive to the chemotherapeutic agents (Weinlander et al., 1997; Hu et al., 2016). Moreover, there is one study showing sulindac could inhibit CRC cell growth and downregulate specificity protein transcription factors (Li et al., 2015). Based on these results, we suggest that combining three potential drugs with two known CRC drugs may alleviate the rate of deterioration from early-stage to mid-stage CRC.


Table 2 | Drug targets and the corresponding multiple-molecule drug for the therapeutic treatment from early-stage to mid-stage colorectal cancer.



As shown in Table 3, we identified four genetic biomarkers and one epigenetic biomarker. The genetic biomarkers are LIG3, STK17B, MINK1, and LRRN1, and the epigenetic biomarker is SMC2. According to the above analysis, MINK1, STK17B, LRRN1, and SMC2 exhibit high expression level to promote cell migration in CRC; LIG3 has a high expression level to cause failure in DNA repair. We selected two known drugs of CRC (i.e., 5-fluorouracil and oxaliplatin), and proposed three potential compounds (i.e. valproic acid, estradiol, and gefitinib) by querying CMap to restore the normal expression of five targets. Notably, the valproic acid not only inhibits CRC cells growth through cell cycle modification but also has the ability to reverse aberrant DNA methylation partially (Strey et al., 2011; Brodie and Brandes, 2014; Bressy et al., 2017). Moreover, estradiol has been found that it reduced proliferation and apoptosis in CRC (Sasso et al., 2019). For gefitinib, there are a number of phase I and II studies investigating the effects caused by the combination with standard 5-fluorouracil (5-FU)-based regimes with response rates ranging from 25 to 59%, although these trials did not include chemotherapy-resistant individuals (Kuo et al., 2005; Cho et al., 2006; Hofheinz et al., 2006; Wolpin et al., 2006; Stebbing et al., 2008). Moreover, ClnicalTrials.gov identifier NCT00025350, has completed phase II trial for using gefitinib in patients with recurrent metastatic CRC. According to these results, we suggest that the combination of three potential compounds with two known drugs used against CRC as a multiple-molecule drug may retard the rate of deterioration from mid-stage to late-stage CRC.


Table 3 | Drug targets and the corresponding multiple-molecule drug for the therapeutic treatment of mid-stage and late-stage colorectal cancer.





The Model Evaluations and Limitations of Systems Biology Approaches to Infer the Core Signaling Pathways of CRC

In drug discovery, biomarker identification is an important problem. Ligand binds to receptor, which trigger downstream signaling cascade, and results in the progression of tumor cells. In this study, in order to investigate the core signaling pathways of CRC for identifying essential biomarkers, we leveraged microarray CRC dataset to construct real GWGENs by the reversed engineering method. Afterwards, we applied Akaike’s information criterion (AIC), which could help us to prune the false positives of regulations and interactions in the GWGENs and conquer the overfitting and under fitting problems. To evaluate our proposed models, we found another independent dataset, Colorectal Adenocarcinoma (TCGA, PanCancer Atlas) (Hoadley et al., 2018), and calculated the AIC values for the common symbols. Subsequently, we executed random permutation for 1,000 times on our original dataset (GSE14333). Here, we would like to know what percentage of common symbols in the independent dataset could have significant p-value. In other words, taking one common symbol for example, if the AIC value of common symbol could be lower than all of the AIC values after random permutation in the original dataset, we would say that the common symbol has significant p-value (p-value < 0.001). According to our model evaluation results for each stage of CRC in the independent dataset, there are 0.5847, 0.5170, and 0.5867 percentage of common symbols with significant p-value, respectively. The corresponding model evaluation analysis code could be found in the Github link (https://github.com/lab619nthu/Validation.git). Moreover, we also found that the symbol with numerous edges was prone to have the higher p-value than the original dataset. This phenomenon implies that the experimental condition change would have severe effects on symbol owning lots of edges.

It is noted that not all of the pathway analysis of proteins (Tables 4–6) have been proved to be associated with CRC (for example, the HCM pathway shown in Supplementary Table 2). We conclude multiple reasons resulting in such finding. First, it is known that microarray dataset is very noisy. Considering the fact that most of the models are linear in our pipeline, for some context, the true signal may be buried in the accumulated noise due to the high dimensionality of the dataset. In future, we would like to enhance our pipeline and try to minimize such effect as much as possible. Secondly, cancer cells could utilize cellular programs which are different from normal cells to survive in the stressful microenvironment. For example, reactivation of cancer-testis antigen BAP31 has been identified to promote proliferation and invasion in cervical cancer (Dang et al., 2018). Therefore, we could not totally exclude the possibility that the HCM pathway promotes the progress of disease as cancer cells could utilize unusual cellular programs to survive. The ectopic expressions may have something to do with the rewiring of cancer cellular program. Currently, we only put focus on gene expression. In future, we would like to integrate multiple types of molecular data into our pipeline and have more exploration on this.


Table 4 | Pathway analysis of proteins in the real genome-wide genetic and epigenetic network (GWGEN) of early-stage colon cancer.




Table 5 | Pathway analysis of proteins in the real genome-wide genetic and epigenetic network (GWGEN) of mid-stage colon cancer.




Table 6 | Pathway analysis of proteins in the real genome-wide genetic and epigenetic network (GWGEN) of late-stage colon cancer.
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Lysine acetylation is one of the major posttranslational modifications (PTM) in human cells and thus needs to be tightly regulated by the writers of this process, the histone acetyl transferases (HAT), and the erasers, the histone deacetylases (HDAC). Acetylation plays a crucial role in cell signaling, cell cycle control and in epigenetic regulation of gene expression. Bromodomain (BRD)-containing proteins are readers of the acetylation mark, enabling them to transduce the modification signal. HDAC inhibitors (HDACi) have been proven to be efficient in hematologic malignancies with four of them being approved by the FDA. However, the mechanisms by which HDACi exert their cytotoxicity are only partly resolved. It is likely that HDACi alter the acetylation pattern of cytoplasmic proteins, contributing to their anti-cancer potential. Recently, it has been demonstrated that various protein quality control (PQC) systems are involved in recognizing the altered acetylation pattern upon HDACi treatment. In particular, molecular chaperones, the ubiquitin proteasome system (UPS) and autophagy are able to sense the structurally changed proteins, providing additional targets. Recent clinical studies of novel HDACi have proven that proteins of the UPS may serve as biomarkers for stratifying patient groups under HDACi regimes. In addition, members of the PQC systems have been shown to modify the epigenetic readout of HDACi treated cells and alter proteostasis in the nucleus, thus contributing to changing gene expression profiles. Bromodomain (BRD)-containing proteins seem to play a potent role in transducing the signaling process initiating apoptosis, and many clinical trials are under way to test BRD inhibitors. Finally, it has been demonstrated that HDACi treatment leads to protein misfolding and aggregation, which may explain the effect of panobinostat, the latest FDA approved HDACi, in combination with the proteasome inhibitor bortezomib in multiple myeloma. Therefore, proteins of these PQC systems provide valuable targets for precision medicine in cancer. In this review, we give an overview of the impact of HDACi treatment on PQC systems and their implications for malignant disease. We exemplify the development of novel HDACi and how affected proteins belonging to PQC can be used to determine molecular signatures and utilized in precision medicine.

Keywords: autophagy, bromodomain-containing protein, epigenetic drug, histone deacetylase inhibitor, molecular chaperone, precision medicine, protein quality control, ubiquitin proteasome system


INTRODUCTION


Lysine Acetylation and Histones

Lysine acetylation at the ε-amino group is one of the most abundant posttranslational modifications (PTM) in eukaryotic cells. Due to the neutralization of positive charge on lysine residues, acetylated proteins can interact with different molecules and adopt different folds. Thus, reversible lysine acetylation plays a crucial role in many biological processes, including gene expression, chromatin remodeling, cell cycle control, cell signaling and protein quality control (PQC) (Kouzarides, 2000). Protein acetylation is a classic example of a reversible PTM which can accommodate the needs of cells and reflect responses to environmental changes. Traditionally, enzymes which “write” the acetylation mark on lysine residues are termed histone acetyltransferases (HAT), enzymes which remove the acetylation mark from lysine residues in proteins, the erasers, are named histone deacetylases (HDAC) (New et al., 2012). The name “histone” deacetylases reflects the fact that many lysine residues in histones are acetylated and explains to some extent the epigenetic aspect of histone deacetylases and therefore histone deacetylase inhibitors (HDACi). However, it has been demonstrated that thousands of other proteins can be acetylated and deacetylated both in the cytoplasm and in the nucleus (Choudhary et al., 2009). Consequently, most HDACs act on proteins which occur in the nucleus and in the cytoplasm, implying that HDACi can affect not only histones, but all other proteins, depending on their class specificity. Bromodomain (BRD)-containing proteins act as “readers” and recognize acetylation marks. They translate acetylation signals to downstream signaling cascades, leading for example to further histone modifications or chromatin remodeling, finally shaping the cell into diverse phenotypes (Filippakopoulos and Knapp, 2014; Figure 1).
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FIGURE 1. Histone acetylation, deacetylation and chromatin accessibility. Gene expression is regulated by lysine acetylation of histone proteins. Histone acetyl transferases (HATs) catalyze the transfer of acetyl groups onto proteins. Acetylation of histones affects the chromatin structure and can facilitate gene expression. Histone deacetylases (HDACs) remove the acetylation marks from histones. Acetylation and deacetylation can be modulated by histone acetyl transferase inhibitors (HATi) and histone deacetylase inhibitors (HDACi), respectively. The acetylation marks are recognized by bromodomain containing proteins (BRD) whose binding can be blocked by bromodomain inhibitors (BDi).


Histones are proteins, which organize the DNA into a compact form called nucleosome (Olzscha et al., 2015), and the bond strength between histone units and DNA can be determined by the acetylation of lysine residues of histones (Luger and Richmond, 1998). The acetylation of distinct lysine residues of histones (H2A, H2AX, H2B, H3, and H4) has different functions. Generally, histone acetylation is associated with transcriptional activation: If the histones are acetylated at many lysine residues, the nucleosome is present in its open form and genes can be transcribed by RNA-polymerases. It is assumed that the acetylation neutralizes the positive charge of the amino terminus and therefore the binding between histones and DNA is weakened (Annunziato and Hansen, 2018). Consequently, lysine residues regain their positive charge upon deacetylation and the affinity of the negatively charged DNA phosphate backbone to the amino terminus of histones is increased (Shahbazian and Grunstein, 2007). Other functions of lysine acetylation are DNA repair (H2AX on Lys5 and Lys36, H2A on Lys5, H3 on Lys9, 14, 18, 23, 27, 36, 56, and H4 on Lys5, 8, 12, 16, 91), histone deposition (H3 on Lys9,14 and H4 on Lys5, 12), transcriptional elongation (H3 on Lys14 and H4 on Lys8), chromatin assembly (H3 on Lys56), telomeric silencing (H4 on Lys12), chromatin decondensation (H4 on Lys16) and DNA replication (H4 on Lys91) (Koprinarova et al., 2016). Acetylation of H2A and H2B are mostly taking part in transcriptional activation, while acetylation on H2AX, H3 and H4 lysine residues can have different effects. In conclusion, deacetylation of histone proteins with HDACs is required for chromatin remodeling, many downstream processes and regulatory pathways (Wade, 2001; Figure 1).



HDAC Classification and Characterization

Eighteen human HDACs have been described and classified into four groups. We provide only a short introduction about the different HDAC classes, as there are many comprehensive reviews which give overviews about the HDAC classes and also chemical classes of HDACi, for example (New et al., 2012) or (Seto and Yoshida, 2014). The classification in Homo sapiens is based on the HDAC’s homology to yeast proteins (Dokmanovic et al., 2007). HDAC1, 2, 3, and 8 belonging to class I are homolog to the yeast RPD3 protein and are localized in the nucleus; they are involved in cell survival and proliferation. The class II HDACs (HDAC4, 5, 6, 7, 9, and 10) are supposed to play a tissue-specific role (Lagger et al., 2002). They are homolog to the yeast HDAC HDA1 (histone deacetylase 1) and can be found in the nucleus or cytoplasm. HDAC4, 5, 7, and 9 belong to class IIa and contain only one catalytic domain, while class IIb HDACs (6 and 10) have two catalytic domains and can only be detected in the cytoplasm. HDACs of class I and II contain Zn2+ in their catalytic sites, and thus are known as Zn2+-dependent HDACs. The HDACs from class III (SIRT1-7) are homolog to the Sir2 yeast protein. They do not contain Zn2+ in their catalytic sites, but require NAD+ for their enzymatic activity (Bolden et al., 2006). Class IV consists of only one protein, HDAC11. Regions in its catalytic center are similar to both class I and II sequences; hence, it is also classified as Zn2+-dependent HDAC (Gao et al., 2002).

The abundance and enzymatic activity of HDACs in cells is regulated on various levels e.g., by changes in gene expression, protein complex formation, PTMs, subcellular localization and by the availability of metabolic cofactors (Sengupta and Seto, 2004).



HDAC Inhibitors (HDACi)

Histone deacetylase inhibitors suppress HDAC activity. There are six structurally defined classes of HDACi: small molecular weight carboxylates, hydroxamic acids, benzamides, epoxyketones, cyclic peptides and hybrid molecules. They mainly act on HDACs of the classes I, II and IV by binding the Zn2+-containing catalytic domain (Drummond et al., 2005). The first discovered HDACi, the natural antifungal antibiotic trichostatin A (TSA), belongs to hydroxamic acid-type chelators (Yoshida et al., 1990), and the TSA structural analog vorinostat, also known as suberoylanilide hydroxamic acid (SAHA) was the first HDACi being approved by the U.S. Food and Drug Administration (FDA). The other three HDACi approved by the FDA so far are romidepsin, belinostat and panobinostat (Yoon and Eom, 2016). NAD+-dependent class III HDACs are inhibited by NAD+ and its derivates, dehydrocoumarin, splitomycin, 2-OH-naphtaldehyde, sirtinol and M15 (Porcu and Chiarugi, 2005). However, in this review, we focus on the “classic” HDACs belonging to the classes I, II and IV and their respective HDACi.

Vorinostat (Zolinza®) was approved in October 2006 for treatment of advanced primary cutaneous T-cell lymphoma (CTCL) (Mann et al., 2007). Romidepsin (Istodax®) was licensed for CTCL treatment in 2009 (Whittaker et al., 2010), and later, in 2011 for peripheral T-cell lymphoma (PTCL) (Coiffier et al., 2012). Belinostat (Beleodaq®) was approved by the FDA in 2014 for the treatment of PTCL. The fourth approved HDACi panobinostat (Farydak®) was licensed in 2015 for the treatment of multiple myeloma (MM).

As already mentioned, HDACi have a profound effect on the structure of chromatin and therefore on the transcriptional activity of the affected gene chromatin regions. This is why HDACi can be seen as established epigenetic modulators, since they affect the read-out of genes without changing the DNA sequence (Olzscha et al., 2015).



Epigenetics and Cancer

Epigenetics can be defined as inherited changes in phenotypes or entities, which are not encoded in the nucleotide sequence of the organism, but are passed on to daughter cells (Olzscha et al., 2015). Exogenous influences and altered environmental conditions can change epigenetic signatures and may give a hint about the origin of different malignancies, such as cancer or neurological disorders (Tsankova et al., 2007; John and Rougeulle, 2018). One appearance of epigenetics can be biochemical post-replicative modifications of the DNA-sequence, either through alteration of single bases or as described above in proteins (Handy et al., 2011).

Traditionally, cancer has been defined as a group of diseases leading to uncontrolled cell proliferation caused by genetic mutations in tumor-suppressor genes and oncogenes or chromosomal abnormalities (Hanahan and Weinberg, 2000). However, cancer may also be driven by epigenetic changes (Baylin and Ohm, 2006). According to its definition, epigenetic changes can be heritable and also known as epimutations, equivalent to mutations; however, some changes, in particular, histone deacetylation that repress gene expression by wrapping DNA more tightly, are not heritable, but have been also described as “epigenetic” (Berger et al., 2009). Thus, acetylation can influence transcriptional regulation, cell cycle control, apoptosis and autophagy, but also the activity of further proteins that maintain protein homeostasis, which will be described below (Nihira et al., 2017).



Objectives of the Review

Since thousands of proteins can be acetylated by HATs and deacetylated by HDACs, HDACi will not only act on an epigenetic level, but will also influence crucial protein functions, especially in PQC systems. These systems and the underlying effects will be described in this review and how this knowledge is utilized to develop combination therapies of HDACi and modulators of PQC processes. Clinical trials with HDACi alone or in combination are systematically evaluated for their potential to identify novel targets of PQC systems and their effect on epigenetic modulation. We also exemplify the development of novel HDACi which are in clinical trials, provide evidence that PQC systems are involved and how the underlying proteins can be used as biomarkers. Finally, we give an outlook on current and future HDACi development, its impact on proteostasis and how this knowledge can be utilized to improve precision medicine for cancer patients.



HDACS IN EPIGENETICS AND PROTEIN QUALITY CONTROL SYSTEMS


The Role of HDACs in Epigenetics and Cancer Cells

Recent studies suggest that cancer cells have increased concentrations of HDACs. For instance, according to clinical and preclinical studies, class I HDACs may stimulate cell proliferation and survival (Yoon and Eom, 2016). It has been shown that HDAC1 is overexpressed in prostate (Halkidou et al., 2004), gastric (Choi et al., 2001), colon (Wilson et al., 2006), and breast (Zhang et al., 2005) carcinomas. HDAC2 is reported to be responsible for the loss of adenomatous polyposis coli (APC) expression in colorectal cancer (CRC) (Zhu et al., 2004) and displays increased expression in cervical (Huang et al., 2005) and gastric (Song et al., 2005) carcinomas. HDAC3 and HDAC6 are also reported to show increased concentration in colon and breast carcinoma cells (Zhang et al., 2004; Wilson et al., 2006).

One of the problems in cancer is the heterogeneity which can occur from different mutations and/or different epigenetic patterns. Genomic variability occurs sometimes even if the cells display similar phenotypes or when there are differences in the phenotype, even though the cells originate from one tumor population (Cantor and Sabatini, 2012). These observations strengthen the hypothesis that epigenetics plays an important role in cancer development. Tumor suppressor genes might be silenced and oncogenes activated upon epigenetic changes without any influence on the genotype (Llinàs-Arias and Esteller, 2017). It is hypothesized that molecular chaperones such as the heat shock protein 90 (HSP90) act as regulators of the genotype-to-phenotype interplay and offer an evolutionary buffer to protect cells from malignant transformation (Whitesell and Lindquist, 2005; Jarosz, 2016).

The first discovered non-histone target of HATs and HDACs was p53 (Sakaguchi et al., 1998; Liu et al., 1999), a tumor suppressor protein that is able to bind DNA. Therefore, it can affect chromatin structure and can epigenetically change gene expression, whereby the binding is regulated by acetylation. Furthermore, acetylated p53 is able to induce apoptosis and autophagy (Fridman and Lowe, 2003; Mrakovcic and Fröhlich, 2018). Apoptosis is a form of highly controlled, energy-dependent programmed cell death, and malignant cells often depend on inherent or acquired mechanisms to resist cell death, which is seen as a hallmark of cancer (Hanahan and Weinberg, 2000). It is still under investigation, whether acetylation alters the interaction with other proteins or whether it results in a conformational change of p53 (Mrakovcic et al., 2018).

Another example for a silenced tumor suppressor in cancer cells is p21, which acts as a cyclin-dependent kinase (CDK) inhibitor. As p21 plays a crucial role in the regulation of CDKs, its expression has a big impact on cancer growth. Silencing of p21 occurs as a result of hypoacetylation of its promotor and consequently, it has been shown that HDAC1 inhibits the promotor by binding at the SP1-site (specificity protein 1) and competes with p53 activating the promoter of p21 (Gui et al., 2004). Using HDACi, there are two different mechanisms known leading to an enhanced expression of p21, with one of them p53-independent and the other p53-dependent. In the p53-independent mechanism, treatment with HDACi results in a release of HDAC1. Therefore, the promotor loses its repression and the gene of p21 is transcribed. The p53-dependent mechanism displays an enhanced expression of p21, as the HDACi induces acetylation of p53 resulting in a higher binding affinity to the p21 promotor (Ocker and Schneider-Stock, 2007).

HDAC1 is also known to bind ETO (eight-twenty-one), which can be fused with AML1 (acute myeloid leukemia 1). This fusion protein AML1-ETO arises as a result of a t(8;21) translocation and it has been shown that HDACi is efficient as a treatment against AML, suggesting a non-epigenetic effect. A study using valproic acid (VPA) as an HDACi reported a dissociation of the AML1-ETO/HDAC1 complex from the AML1-ETO promotor. Other studies reported a proteasomal degradation of AML-ETO after HDACi treatment, again demonstrating the importance of the PQC systems in cancer cells (Hug and Lazar, 2004).



The Role of Protein Quality Control Systems in Cancer Cells

In order to ensure the correct protein folding and protection of the proteome, eukaryotic cells developed a complex PQC system. Molecular chaperones, the ubiquitin proteasome system (UPS) and autophagy form a complex network which maintains the integrity of the proteome (Mogk and Bukau, 2006; Chen et al., 2011; Olzscha, 2019; Figure 2).
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FIGURE 2. Protein quality control systems and their impact on protein folding, misfolding and aggregation. Molecular chaperones assist in the folding of nascent and unfolded proteins. If the folding fails, the unfolded or misfolded proteins are able to form disordered aggregates or even highly ordered amyloid fibrils. The ubiquitin proteasome system (UPS) can degrade the prefibrillar misfolded proteins from the cytoplasm and misfolded proteins from the endoplasmic reticulum (ER) via endoplasmic reticulum-associated protein degradation (ERAD), whereas larger aggregates can be degraded by autophagy. If protein quality control systems fail, cells can undergo apoptosis. Green arrows represent functioning PQC systems, eliminating cytotoxic species from cells and are pro-survival, whereas magenta arrows represent deleterious events where PQC systems fail, leading to cell death.



Molecular Chaperones

Most molecular chaperones are heat shock proteins and vice versa, they can be ATP-dependent and exert different mechanisms of assistance in protein folding. They are classified due to their sequence homology to specific heat shock proteins and their molecular mass: The HSP100/Clp-family, HSP90-family, HSP70-family, HSP60/GroEL-family and small heat shock proteins (sHSPs) (Jeng et al., 2015). All of them are known to assist proteins to fold correctly, especially complex proteins. They interact specifically with proteins and accelerate the folding, without being part of their final structure (Hartl and Hayer-Hartl, 2009). PTMs can alter protein folding (Santos and Lindner, 2017; Olzscha, 2019), and molecular chaperones are also known to be regulated by PTMs, including acetylation. For instance, it has been demonstrated that romidepsin stabilizes the acetylation of HSP70 leading to an increased binding of oncogenic proteins, which are normally stabilized by HSP90 (Cloutier and Coulombe, 2013). HSP90 is a ubiquitous occurring molecular chaperone, which supports a variety of proteins in their folding process. Accordingly, it affects many cellular processes, such as cell proliferation and signal transduction and plays a crucial role in cancer development (Scroggins et al., 2007).

Transformed cells can adapt metabolites for tumorigenesis, which can lead to further epigenetic modifications and subsequently tumor progression (Pavlova and Thompson, 2016). On the one hand, HSP90 can control this metabolic rewiring (Condelli et al., 2019), on the other hand, it determines the transcription of specific oncogenes. HSP90 can bind the chromatin directly or control the transcription factors of the genes (Khurana and Bhattacharyya, 2015). Thus, HSP90 can be seen as a paradigm for the interplay between molecular chaperones and epigenetics. If HSP90 is hyperacetylated either by knock-down of HDAC6 or by administration of an HDACi, its activity is impaired (Kovacs et al., 2005). This has been demonstrated with the treatment of the pan-HDACi panobinostat (LBH589), an anti-cancer drug approved by the FDA against MM (Yang et al., 2008; FDA, 2015).

Another example is given by the molecular chaperone HSP70, which supports the folding and refolding of proteins and can prevent aggregation or even refold aggregated proteins to a certain extent (Mayer and Bukau, 2005). It has been reported that its promotor is hypermethylated in cancer cells and the expression of HSP70 is enhanced by histone methylation. In a human oral squamous cell carcinoma cell line, the methylation of histone H3 at the lysine residues Lys4 and Lys9 enhanced the expression of HSP70 (Ban et al., 2019).



The Ubiquitin Proteasome System (UPS)

The UPS degrades proteins into oligopeptides (Ravid and Hochstrasser, 2008) and since ubiquitin is attached to lysine residues, it implies that competition with acetylation is generally possible (Caron et al., 2005). The proteasome recognizes the polyubiquitin chain, unfolds the target protein and finally degrades it. Target proteins can be metabolic enzymes, transcription factors and cell cycle regulating proteins, including cyclins and CDK-inhibitors (Schrader et al., 2009). All of these proteins are known to play a crucial role in cancer, for instance, metabolic enzymes are important for maintaining the tumor microenvironment and nutrient availability. In cancer cells, their protein level and occurrence can be altered as a result of mutations and non-genetic changes, including the adaption of metabolic enzymes, which are normally degraded by the UPS (Wegiel et al., 2018). Especially glycolysis and the tricarboxylic acid cycle are well analyzed targets (Yu et al., 2017). As cancer cells have a high proliferation rate, they need high amounts of ATP as energy supply and nutrients, including lipids, nucleotides and amino acids. This higher proliferation rate also led to changes in cell cycle, affecting regulatory proteins such as cyclin and CDK-inhibitors (Deshpande et al., 2005).

Perhaps the best-known protein associated with cancer is the before-mentioned tumor suppression protein p53, which is inactivated in many types of cancer. The concentration of p53 is regulated by polyubiquitination and subsequent proteasomal degradation, in particular by mouse double minute 2 homolog (MDM2) (Patel and Player, 2008), which is a RING (really interesting new gene) E3-ligase. It can form a complex with p300/CBP (CBP, CREB binding protein; CREB, cAMP response-element binding protein) resulting in the polyubiquitination and degradation of p53 (Grossman et al., 1998). Inhibition of the proteasome can prevent this degradation (Harris et al., 2008); however, the p53 gene is often mutated in cancer cells, leading to the conclusion that intervention on the transcriptional level seems to be more promising. However, proteasome inhibitors (PI) were tested together with HDACi and synergistic effects of PIs with HDACi were proven, e.g., the FDA-approved inhibitor bortezomib with the pan-HDACi vorinostat (Johnson, 2015). Thus, the UPS plays a relevant role with regards to the treatment of cancer, and examples of clinical trials in this combination are given in section “HDAC Inhibitors and Proteasome Inhibitors” of this review.

Furthermore, proteasomes degrade proteins that are recognized as misfolded, a process which needs to be distinguished from protein degradation being a regulatory step to control the half-life of a protein (Figure 2). Protein misfolding can occur spontaneously within the cell, or the protein failed to fold correctly after its biogenesis. In case molecular chaperones are unable to assist in protein folding, the misfolded proteins are recognized by specific adapter proteins such as molecular chaperones together with the carboxy terminus of heat shock protein 70-interacting protein (CHIP) and marked for degradation by the UPS (Meccariello et al., 2014). PTMs can be one reason for protein misfolding and in some cases result in aberrant degradation of these proteins via the UPS (Olzscha, 2019).

Glucose-regulated protein 78 (GRP78) is another HSP that plays a crucial role in regulating the unfolded protein response (UPR). This pathway is induced by ER (endoplasmic reticulum) stress. For instance, an increase of accumulated misfolded protein in the ER lumen can lead to ER stress and associated pathways. There are also molecular chaperones present in the ER to prevent misfolding and aggregation of proteins, but they can also fulfill special tasks within the ER. One of the molecular chaperones is binding immunoglobulin protein (BiP), also known as GRP78 (78-kDa glucose-regulated protein). BiP can recognize and bind misfolded proteins in the ER, leading to a dissociation and activation of the protein kinase RNA-like endoplasmic reticulum kinase (PERK), activating transcription factor 6 (ATF6) and inositol-requiring enzyme 1 (IRE1) (Warri et al., 2018). ATF6 can induce the Akt/mTOR (mammalian target of rapamycin) pathway and promotes the transcription of different genes, including the autophagy-related genes 12 (ATG12) and 5 (ATG5) regulating autophagy (Yan et al., 2015). Autophagy is another PQC system, which is described below. It is known that different HDACi, for example vorinostat (Kahali et al., 2010), YCW1 and OSU-HDAC2, can induce ER stress causing autophagy (see also section “HDAC Inhibitors Affecting Protein Quality Control Systems”).



Autophagy

Autophagy is another part of the PQC systems, which allows cells to degrade cytoplasmic constituents and to remove unnecessary or dysfunctional proteins (Chun and Kim, 2018). Misfolded and aggregated proteins can be degraded by autophagy, especially, if molecular chaperones or the UPS are not able to cope with the amount of misfolded proteins. These aggregated proteins are capable to form amyloid structures which are the underlying cause for proteinopathies such as Alzheimer’s disease (AD) or amyotrophic lateral sclerosis (ALS). In superoxide dismutase 1 (SOD1) mice, the impairment of the UPR and autophagy was proven to be partly responsible for the pathophysiology of ALS (Ruegsegger and Saxena, 2016).

One can differentiate between macro-, micro- and chaperone-mediated autophagy (CMA) (Glick et al., 2010). Macroautophagy is the main pathway in the cell to degrade damaged cell organelles or aggregated proteins. In the process of engulfment, an autophagosome is built, which is a circular double-membrane structure that encloses the target protein. The autophagosome comes in close proximity to the lysosome and fuses with it, forming the autolysosome, where proteins get hydrolyzed via lysosomal hydrolases in an acidic environment (Feng et al., 2014). During microautophagy, proteins are also degraded via acidic lysosomal hydrolases; however, they are directly engulfed by vesicles originating from lysosomes (Li et al., 2012). During CMA, HSP70 chaperones recognize proteins containing a KFERQ-like motif. This leads to the formation of a CMA-substrate/chaperone complex, which is located to the lysosomal receptor LAMP-2A (lysosome-associated membrane protein). The protein is unfolded and translocated across the lysosomal membrane where it is degraded (Cuervo and Wong, 2014).

Autophagy is regulated by autophagy-related genes (ATG) (Wesselborg and Stork, 2015). In cancer cells, autophagy can be disturbed in a way that either they degrade apoptotic mediators, which would normally kill the cancer cells, or the survival of starving cancer cells is prolonged (Mathew et al., 2007; Fernald and Kurokawa, 2013). However, autophagy acts as a tumor suppressor in non-cancerous cells (Kung et al., 2011). Furthermore, it could be proven that mice are more susceptible to tumorigenesis containing heterozygous beclin 1, a protein, which regulates macroautophagy. If it is overexpressed, tumor development is inhibited, on the other hand, cancer cells utilize autophagy for survival (Boutouja et al., 2017). Autophagy recycles ATP, which is needed by cancer cells in higher amounts, and it could be shown that the inhibition of autophagy genes by treatment with 3-methyladenosine or Atg7-knockdown activates apoptosis in different tumor cell lines, like prostate and colon cancer cells (Bhutia et al., 2013; Li et al., 2018). These results lead to two different strategies in cancer therapy. On the one hand, autophagy is induced, leading to enhanced tumor suppression; on the other hand, autophagy is inhibited and can induce apoptosis.



HDAC Inhibitors Affecting Protein Quality Control Systems in Cancer Treatment

As mentioned in section “The Role of HDACs in Epigenetics and Cancer Cells,” HDACi cause hyperacetylation of histones which is one reason for the induction of apoptosis. As autophagy and apoptosis functionally counteract each other in tumor cells (see section “The Role of Protein Quality Control Systems in Cancer Cells”), one could assume that autophagy is inhibited during treatment with HDACi (Gump and Thorburn, 2011). However, it has been demonstrated that administration of HDACi can also induce autophagy, leading to the paradox situation that autophagy has beneficial effects in the treatment of cancer cells and even facilitates tumor suppression (Zhang et al., 2015). The effect of promoting cell survival or cell death is dependent on the cell type and genetic predisposition of the tumor, as well as the duration and dose of the HDACi. There are many examples described in the literature, one of them is the pan-HDACi panobinostat. On the one hand, panobinostat can inhibit autophagy by increasing the level of acetylation of autophagy-related gene products, for instance ATG7. The acetylation causes a repression of ATG7, which leads to a promotion of apoptosis and decreased autophagy in myeloid leukemia cells (Stankov et al., 2014). On the other hand, it has been reported that autophagy is induced in panobinostat-treated Eμ-myc lymphoma cells, the c-myc gene is here driven by the IgH enhancer. Thereby, an apoptotic protease activating factor 1 (Apaf-1) or caspase-9 deletion has been reported. This deletion causes an apoptosome inactivation and thus a suppression of apoptosis (Mrakovcic et al., 2017, 2018). Furthermore, it has been demonstrated that HDACs themselves can induce autophagy. For example, HDAC6 can induce autophagy as a result of an impaired UPS (Kaliszczak et al., 2018). It binds polyubiquitinated proteins and plays an essential role for the fusion of autophagosomes with lysosomes.

It seems to be a drawback that pan-HDACi not only inhibit histone deacetylation in the nucleus, but also a variety of proteins which can be found in virtually all cellular compartments. However, a greater understanding of the control and homeostasis mechanisms of HDACs is required to enable more effective application of HDACi for the treatment of specific tumor cell types.



HDAC INHIBITORS IN PRECLINICAL STUDIES


HDAC Inhibitors Affecting Protein Quality Control Systems

As existing HDACi are mostly pan-HDACi, they do not entail satisfactory specificity. Accordingly, it is of great interest to develop new and more specific inhibitors (see also section “Novel Strategies of HDAC Inhibitors Affecting Protein Quality Control Pathways”). HDAC6 is a potential selective target due to its unique molecular structure with two catalytic domains and its localization in the cytoplasm (Li et al., 2018). Critical substrates with a role in PQC include p300 and HSP90 (Cosenza and Pozzi, 2018). Both are known to play a crucial role in tumorigenesis, showing the importance for the development of specific HDAC6 inhibitors. Tubastatin A is an example for an established HDAC6 inhibitor, often used in pre-clinical studies (Wang et al., 2016). However, a more specific HDAC6 inhibitor (marbostat-100) has been developed and was published in 2018 with a Ki-value of 0.7 nM (Sellmer et al., 2018). In comparison, the value of the most common used selective HDAC6 inhibitor tubastatin A is 10-times higher. A preferred substrate of HDAC6 is α-tubulin; the reverse reaction is catalyzed by the α-tubulin acetyltransferase ATAT1. The deacetylated α-tubulin polymerizes with β-tubulin to form microtubules, components of the cytoskeleton, which play an important role in DNA segregation during mitosis. Inhibition of HDAC6 with marbostat-100 results in hyperacetylated α-tubulin. The specificity of this HDAC6 inhibitor was determined by comparing the enrichment of acetylated histone H3 in marbostat-100 treated cells with entinostat (MS 275) treated cells. It is an HDAC1 and HDAC3 specific inhibitor in phase II clinical studies. This enrichment of acetylated histone H3 could also be detected using the FDA-approved pan-HDACi panobinostat (LBH589) (Grünstein, 2018). It has been demonstrated in different human cell lines and in mice that marbostat-100 is considerably more specific than panobinostat, led more efficiently to hyperacetylation of α-tubulin and displayed only minor proteolytic effects on the target enzyme HDAC6 (Grünstein et al., 2019).

In analogy to marbostat-100, the application of the established HDAC6i tubastatin A led to hyperacetylation of α-tubulin. However, upon oxidative stress, tubastatin A activated the heat shock transcription factor 1 (HSF1) leading to the upregulation of the molecular chaperones HSP70 and HSP25 and increased cell survival (Leyk et al., 2017). Upon proteasomal stress, HDAC6 could initiate autophagy, as it is involved in the transport of ubiquitinated proteins along microtubules (Leyk et al., 2015). This influence of the PQC system has been observed in some preclinical studies of HDACi, which are described below in section “HDAC Inhibitors in Combination With Proteostatic Drugs.”

Two further examples for inhibitors that influence molecular chaperones as well as autophagy are trichostatin A and sodium butyrate. Both can affect the chromatin structure at the site where the gene for HSP70 is located (Chen et al., 2002). HSP70 is a molecular chaperone supporting the folding of many newly synthesized proteins and can recognize the KFERQ motif in proteins resulting in CMA.

In addition to its impact on molecular chaperones and consequently on CMA, another mechanism of action of trichostatin A is known. It has been shown that trichostatin A enhances the ubiquitination of the HAT p300, resulting in its proteasomal degradation. Since it is a co-activator of the expression of the NADPH oxidase 4 (Nox4) (Hakami et al., 2016), an important factor in angiogenesis, cancer cells suffer from oxygen and nutrient deficiency due to its reduced expression in trichostatin A treated cells. Thus, trichostatin A constitutes a paradigm in its ability to impact on molecular chaperones, the UPS and autophagy.

Another example for an inhibitor affecting the ubiquitin-proteasome system is MC1568 (Table 1). It is a class IIa selective HDACi that increases the specific sumoylation of HDAC4. Sumoylation is a PTM using “small ubiquitin-related modifier” (SUMO) to label the target protein and can direct it to different pathways. MC1568 induced HDAC4 down-regulation by increasing its specific sumoylation followed by activation of proteasomal degradation pathways. MC1568 alters not only the pattern of PTMs and activates the degradation of substrates via the UPS, but also changes epigenetic pathways that may be affected by HDAC4 (Scognamiglio et al., 2008).


TABLE 1. Preclinical studies of HDACi and compounds affecting PQC in combinatorial treatment.
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HDAC Inhibitors in Combination With Proteostatic Drugs

The fact that HDACi can influence PQC systems led to a novel strategy where HDACi are used in combination with drugs modulating PQC systems, i.e., PI or modulators of autophagy.

In a study conducted in 2017, trichostatin A was tested in combination with the PI bortezomib for the treatment of ovarian cancer cells and displayed an inhibition of the proliferation of A2780 cells inducing apoptosis. Furthermore, similar results were shown in A2780T cells that are resistant to cytostatic taxanes (Jin et al., 2017). In another attempt, a combination of sodium butyrate was tested with the PIs MG115, MG132, PSI-1, PSI-2, or epoxomicin in human CRC cells (SW48, SW1116, and SW837). In these studies, additive and synergistic anticancer effects, namely growth inhibition and apoptosis, were observed in combination with all tested PIs (Abaza, 2010).

Cell death induced by accelerated autophagy in cancer cells has been shown to be effective in a combined treatment with HDACi and an inducer of autophagy. In Burkitt lymphoma and lymphocyte cell lines, VPA induced autophagosome formation and increased autophagy led to an autophagy-mediated cell death in combination with an mTOR inhibitor (Dong et al., 2013). This experiment has been carried out with the mTOR-specific inhibitor temsirolismus, but as OSU-HDAC42 is known to act as an mTOR inhibitor, it is suspected that OSU-HDAC42 would show similar results (Liu et al., 2010). Furthermore, it has been demonstrated that the protein levels of HDACs, especially HDAC6, are reduced by autophagy after treatment with the HDACi AR42 (OSU-HDAC42). The combination of this HDACi with the kinase inhibitor pazopanib in melanoma cells demonstrated an inhibition of the ATPase activity of the molecular chaperones HSP90 and HSP70. In this setting, HDAC6 could activate HSP90 by deacetylation and the inhibition was enhanced by combined treatment (Booth et al., 2017). Using YCW1 (Table 1) in combination with radiation also demonstrated increased cell death in cancer cells due to ER stress and the induction of autophagy (Chiu et al., 2016). In addition, preclinical studies revealed an enhanced cisplatin effect against YCW1-treated non-small cell lung cancer (NSCLC), whereas cisplatin causes mitochondria-mediated apoptosis (Huang et al., 2014). This highlights again the discrepancy that cancer cells sometimes utilize autophagy to their advantage and sometimes inhibit the autophagic pathway.

Protein ubiquitination can be also mediated by cullin-ring E3 ligases (CRLs), which have to be activated by neddylation with NEDD8 (neural-precursor-cell-expressed developmentally down-regulated 8), another protein similar to ubiquitin acting as PTM (Enchev et al., 2015). Neddylation with NEDD8 is achieved by NEDD8-activating enzymes (NAEs), which are druggable enzymes. It has been shown in several studies that NAE-inhibitors, for instance pevonedistat (MLN4924), can act with other anti-cancer agents including bortezomib in a synergistic manner in MM (Gu et al., 2014). In a different pre-clinical study, it has been demonstrated that the NAE inhibitor pevonedistat acts synergistically with the HDACi belinostat in various AML cell types, especially those with reciprocal effects on homologous recombination (HR) and non-homologous end-joining (NHEJ) mechanisms (Zhou et al., 2016).



HDAC Inhibitors and Bromodomain Inhibitors

There are 61 bromodomains known in the human proteome, integrated in 46 proteins. All of them have a conserved left-handed bundle of four α-helices linked by flexible and variable loops. The best-known proteins containing a bromodomain are part of the bromodomain and extra terminal family (BET). This BRD family is characterized by the presence of two tandem bromodomains (BD1 and BD2) at the N-terminus, an extra terminal domain (ET), and a C-terminal domain (CTD). They play a crucial role in cancer cells, especially in cell proliferation by regulating the expression of oncogenes, for instance c-MYC or nuclear factor κ light chain enhancer of activated B cells (NF-κβ)-dependent genes (Pérez-Salvia and Esteller, 2017).

It has been demonstrated that hyperacetylation of proteins induced by HDACi can result in amyloid-like protein aggregation. This can lead to a reduction of the proteolytic capacity of the UPS, increased autophagy and downregulated translation, summarized as proteostatic failure (Olzscha et al., 2017). Similarly, it has been observed that trichostatin A induced a dramatic increase of the acetylation of tau proteins, which aggregation can be seen under pathological conditions as one of the underlying causes for Alzheimer’s disease (AD) (Cohen et al., 2011). The increase of acetylated tau levels and resulting aggregation is also shown in tubastatin A treated oligodendrocytes, and an alteration of the cell morphology was observed containing a reduced microtubule binding activity of tau (Noack et al., 2014). As described above, tubastatin A is an HDAC6-specific inhibitor; consequently, HDAC6 plays an important role in the cytotoxic accumulation of protein aggregates which may explain the higher level of aggregated tau proteins (Boyault et al., 2007b). Marbostat-100 also inhibits HDAC6, the treatment may have similar effects on the acetylation of the tau protein; however, it remains unclear whether it has an effect on aggregation.

The potential of HDACi-induced aggregation raises the question, how this knowledge can be utilized for benefits in cancer therapy, at the same time preventing adverse side effects and suppressing aggregation. It has been demonstrated that the bromodomain-containing proteins CBP and p300 are involved in the formation of protein aggregates after treatment with HDACi and their depletion results in a reduction of aggregation. This opens a new strategy for cancer treatment without the formation of aggregates. Bromodomain inhibitors are small proteins which can block the binding of bromodomain-containing proteins to acetylated residues and therefore have the potential to reverse the aggregation-induced cytotoxicity and restore proteostasis (Olzscha et al., 2017).

The first published BET inhibitor was (+)-JQ1 tested in NUT (nuclear protein in testis) midline carcinoma cells. NUT can fuse with the bromodomain BRD4 forming the oncoprotein BRD4-NUT, which plays an important role in the differentiation and proliferation of cancer cells. (+)-JQ1 acts as a competitor binding at the acetyl-lysine binding motif and prevents the formation of the fusion protein and the resulting proliferation (Filippakopoulos et al., 2010). It was then tested in many other cancer types, for instance glioblastoma (Cheng et al., 2013), colon cancer (McCleland et al., 2016), lung cancer (Lockwood et al., 2012), Burkitt’s lymphoma (Mertz et al., 2011), and MM (Soodgupta et al., 2015). It led to downregulation of c-MYC, an oncogene responsible for altered transcription and proliferation and showed synergistic effects with the HDACi mocetinostat (Borbely et al., 2015). However, it has never reached a clinical trial, due to its short half-life; therefore, analogs of (+)-JQ1 with a longer half-life were synthesized, one of them is called CPI203 (Alqahtani et al., 2019). It has shown some success in bortezomib-resistant mantle cell lymphoma (Moros et al., 2014) and MM cells (Díaz et al., 2017) in combination with the immunomodulator lenalidomide, whereby reduced c-MYC-levels leading to a downregulation of IRF4 (interferon regulatory factor 4). IRF4 is a transcription factor, which is necessary for the survival of lymphoma and myeloma cells, leading to an induction of apoptosis in these cells. I-BET151 is another BET-inhibitor, which also represses c-MYC in myeloma cells (Chaidos et al., 2014). As a pan-BET inhibitor, it also displayed anti-cancer effects in other types of cancers, for example in medulloblastoma cells by suppressing the Hedgehog-activity or in NUT midline carcinoma (Long et al., 2014).

Other examples where bromodomain inhibitors can influence proteostasis in combination with HDACi are CBP and p300. These transcription modulators are not only bromodomain-containing proteins, they also act as histone acetyltransferases. Thus, they recognize lysine acetylation and may cause further acetylation in histones leading to a relaxation of DNA and an activation of transcription. Two p300/CBP-specific bromodomain inhibitors, I-CBP112 and SGC-CBP30, were investigated in preclinical studies, I-CBP112 for leukemia and prostate cancer (Picaud et al., 2015) and SGC-CBP30 in MM (Hay et al., 2014). I-CBP112 activates the HATs CBP and p300 resulting in a repression of the proliferation in cancer cells (Zucconi et al., 2016). SGC-CBP30 can suppress IRF4 in myeloma cells (Conery et al., 2016). However, currently it is not brought into clinical trial, as it displays a short half-life. Another inhibitor which targets non-BET bromodomains as well as BET-bromodomains is bromosporine (Theodoulou et al., 2016). This pan-BDi reduced the formation of protein aggregates only slightly after HDACi treatment (Olzscha et al., 2017).

There is still an interest in developing more specific and more efficient HDACi for cancer treatment. Most of the current HDACi influence several pathways in the cells, including the PQC system. This can be used by combining HDACi with other cancer treatments, like radiation, PI, bromodomain inhibitors, autophagy- and chaperone-modulating agents. On the other hand, there are also new HDACi broadening the spectrum of molecular actions and therefore their monotherapeutic use has to be reconsidered as a treatment option.



Novel Strategies of HDAC Inhibitors Affecting Protein Quality Control Pathways

Various novel HDACi have undergone pre-clinical and clinical studies over the past 5 years, both HDACi which target specific HDAC classes and HDACs which can be considered as pan-HDACi. CXD101 is a novel class 1-selective HDACi and has shown effects in some hematological malignancies (Eyre et al., 2019). The observed high levels of the proteasomal shuttling factor HR23B indicate a positive outcome, resembling the results of pan-HDACi (Khan et al., 2010; New et al., 2013). In fact, it has been demonstrated that also class I HDACi are able to induce protein aggregation in human cells (Olzscha et al., 2017). As described above, the induced protein aggregation may contribute to the overall cytotoxicity exerted by HDACi and their success in hematological malignancies. Since CBP/p300-specific bromodomain inhibitors are able to partially abrogate this effect (Olzscha et al., 2017), it is likely that the aggregation indirectly affects nuclear proteins and therefore modulates epigenetic regulation in cells. Interestingly, a clinical trial of CXD101 in combination with the tissue-agnostic drug pembrolizumab for relapsed or refractory diffuse large B-cell lymphoma (PLACARD, NCT03873025) is underway, taking the levels of PD-L1 (programmed death-ligand 1) in PD-1 positive cells into account (see also section “Evaluating Alterations of PQC Systems: Precision Medicine Upon HDAC Inhibitor Treatment”).

As mentioned above (section “HDAC Inhibitors in Combination With Proteostatic Drugs”), a common strategy is to apply HDACi in combination therapy with other anti-cancer drugs. However, this strategy faces several problems, including incompatibilities, pharmacokinetic problems when reaching different compartments and unexpected interactions, which may alleviate the activities, but also lead to an increased possibility to generate undesired cytotoxic effects (de Lera and Ganesan, 2016). To overcome some of the problems, several chimeric HDACi have been developed. They consist of hybridized functional groups of an HDACi structure and the respective different group to inhibit or bind to a second target (Nepali et al., 2014). For instance, the inhibitor fimepinostat (CUDC-907), which is a dual HDACi and phosphatidylinositol-3-kinases (PI3K) (Gunst et al., 2019) was tested in a trial in patients with lymphoma (NCT01742988). A striking example of this strategy, which affects epigenetic outcome and PQC pathways, is the generation of chimeras between HDACi and bromodomain inhibitors (BDi). Bromodomains cannot only “read” acetylation marks on proteins, they can also act synergistically with HDACs to guide them to the respective protein and remove the acetylation mark (Olzscha et al., 2015). Many promising examples of BDi have been generated, targeting several bromodomain-containing proteins, including CBP/p300, affecting both chromatin and interacting proteins, including p53 (Picaud et al., 2015). Several chimeric compounds consist of the functional groups of pan-HDACi such as SAHA and different BDi including the BET inhibitors JQ1 and I-BET295 (Atkinson et al., 2014), as well as BRD-4 specific inhibitors (Amemiya et al., 2017). Besides the established functions as epigenetic modulators, some HDACs and bromodomain-containing proteins (BRDs) exert their activities also in the cytoplasm, affecting crucial PQC pathways. Effects of HDACs and BRDs on the protein degradation machinery demonstrate that these mechanisms contribute to the overall cytotoxicity of the single substances or their chimeras (New et al., 2013; Olzscha et al., 2017).

A novel HDACi which affects proteostasis is MPT0G413, a selective HDAC6 inhibitor. This inhibitor did not only inhibit the growth in MM cells, the combination of MPT0G413 and bortezomib enhanced also polyubiquitinated protein accumulation and synergistically reduced MM viability, showing increased caspase-3, caspase-8, and caspase-9 levels (Huang et al., 2019). Since it is an HDAC6 inhibitor, the effects are likely to reflect disturbances in PQC pathways and therefore only indirectly affect epigenetic features in the nucleus.



CLINICAL STUDIES: HDAC INHIBITORS IN COMBINATION WITH MODIFIERS OF PROTEIN QUALITY CONTROL

The knowledge about epigenetics has exploded over the past few years, highlighting its importance in crucial functions in the cell such as gene silencing, DNA methylation and histone modification. The observation of aberrant hypermethylation on CpG-rich promoter regions, histone modification, non-coding RNA modification and other epigenetic changes in cancer cells established the research field of the “cancer epigenome” and spurred efforts to investigate appropriate therapies in this newly defined field. During the past few years it has become increasingly apparent that neoplastic cells have a selective advantage not only due to mutations, but also provided by epigenetic changes (Arrowsmith et al., 2012). Histone modification such as HDAC overexpression or altered acetylation levels have been found in prostate, gastric, colorectal, cervical and endometrial cancer (Glozak and Seto, 2007), see also section “HDACS in Epigenetics and Protein Quality Control Systems.” In addition, a negative correlation between HDAC overexpression and overall survival has been described in pancreatic, breast, colorectal, gastric, lung, liver cancer and melanoma (Weichert et al., 2008a; West and Johnstone, 2014; Mottamal et al., 2015; Sarkar et al., 2015). In particular, broad ranges of hematological malignancies appear to be influenced by HDAC alterations. For instance, high expression of HDAC1, 2 and 6 are persistent in patients suffering from CTCL (Marquard et al., 2008). As hematological malignancies were described to be especially sensitive to HDACi therapy, a wide set of clinical trials exploited the research field of monotherapy of HDACi in hematological malignancies with partly successful and promising results (Cashen et al., 2012; Fukutomi et al., 2012; Kirschbaum et al., 2012, 2014; Younes et al., 2012; Platzbecker et al., 2014). Until now, four HDACi are approved by the FDA, as described in the introduction. Although HDACi monotherapy has been described to show promising effects on these types of tumors, further investigations in solid tumors were disappointing, as a large-scale use of HDACi is hampered due to a lack of detailed understanding in molecular mechanisms of HDACi. Several clinical trials revealed that monotherapy with HDACi only showed limited success in solid tumors (Qiu et al., 2013). In addition, some clinical studies had reportedly severe side effects using HDACi in monotherapy, another reason why they were discontinued. Hence, toxicity profiles need to be considered in future clinical trials, especially when combining HDACi with other agents (Subramanian et al., 2010). However, HDACi revealed to function synergistically with a range of other anticancer agents such as immune checkpoint inhibitors, platinum-based chemotherapeutics or tyrosine kinase pathway inhibitors in pre-clinical and clinical studies. Therefore, combination of HDACi with other cancer therapeutics may represent an important direction to enhance their anticancer efficacy and show their full therapeutic potential (Singh et al., 2018; Suraweera et al., 2018).

At present, various clinical trials are in progress, testing different HDACi for both hematological and solid tumors in either mono- or combined therapy regimens (Table 2).


TABLE 2. HDACi in combination with inhibitors of protein quality control systems in clinical trials.
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HDAC Inhibitors and Proteasome Inhibitors

Cancer cells are highly proliferative and show an extensive protein turnover and thus rely heavily on proteasomal degradation of abnormal or mutant proteins (Adams, 2004). Therefore, it can be argued that cancer cells are more dependent on functioning PQC systems such as the UPS, and autophagy than non-transformed cells (Goldberg, 2007). Indeed, several preclinical studies established that proteasome inhibition has a more severe effect on malignant cells than on normal cells (An et al., 1998; Masdehors et al., 2000; Hideshima et al., 2001; LeBlanc et al., 2002). Thus, proteasome inhibition would overload the cancer cell with protein material and accumulation of ubiquitinated proteins, finally causing cell death (Adams, 2004).

First attempts on using bortezomib, as a single agent PI, showed success in the treatment of relapsed and refractory MM. Various preclinical and clinical trials provided data on significant benefit in patients’ respond and outcome (Orlowski et al., 1998; Hideshima et al., 2001; LeBlanc et al., 2002; Richardson et al., 2005a). The Assessment of Proteasome inhibition for EXtending remissions (APEX) trial confirmed significant benefit in the bortezomib group over the patients treated with dexamethasone in patients with relapsed MM (Richardson et al., 2005b). These findings laid the foundation for the approval of bortezomib by the FDA in 2003. Although thrombocytopenia and peripheral neuropathy were the most frequently associated dose limiting toxicities, the FDA authorized bortezomib for the use in relapsed and refractory myeloma patients who showed no response to two or more prior therapies (Field-Smith et al., 2006). Accordingly, two other substantial drug discoveries were found to have a beneficial effect on MM patients: the immunomodulatory drugs thalidomide and lenalidomide (Dimopoulos et al., 2007; Rajkumar et al., 2008). However, despite all the promising new drug developments and outcomes, a number of patients refractory to prior use of bortezomib, thalidomide, or lenalidomide still only showed poor responses (Kumar et al., 2017). As MM cells have been described to possess an abnormal acetylome, another approach to this group of patients was the implementation of HDACi (Mithraprabhu et al., 2014). In fact, data of preclinical studies demonstrated an anti-proliferative effect of vorinostat, romidepsin, dacinostat and panobinostat resulting in apoptosis of MM cells (Catley et al., 2003; Khan et al., 2004; Campbell et al., 2010; Ocio et al., 2010; Sanchez et al., 2011; Holkova et al., 2012). However, when transferring single agent use of HDACi into clinical trials, only limited effect on MM cells was noted (Richardson et al., 2008; Niesvizky et al., 2011).

Eventually, several preclinical studies postulated synergistic effects of HDACi and proteasomal inhibition, paving the way of combinational therapy of these two agents (Pei et al., 2004; Campbell et al., 2010). The best characterized and coherent explanation of the synergy between PI and HDACi is the dual inhibition of the proteasome and aggresome pathway (Hideshima et al., 2005; Catley et al., 2006). Targeting both of the degradation pathways with bortezomib and HDACi in tumor cells would exponentiate their effect and result in greater accumulation of polyubiquitinated proteins, increased cellular stress and apoptosis. More specifically, despite the fact that proteasome inhibition results in accumulation of ubiquitinated proteins and cell death, malignant cells have shown to evade this life-threatening end by an alternative pathway. Here, malignant cells form aggresomes, engulfing the polyubiquitinated proteins to transport them with the help of HDAC6 via microtubules (Ouyang et al., 2012). Disruption of this alternative pathway was reported using both nonselective and selective HDACi through HDAC6 inhibition thus synergizing with bortezomib and inducing cells to undergo apoptosis in multiple hematologic and epithelial malignancies (Catley et al., 2006; Nawrocki et al., 2006; Heider et al., 2008). In the same vein, the beforementioned observation that pan-HDACi treatment in clinical concentration of human cells led to the formation of amyloid fibrils gave a further proof that HDACi may act synergistically on PQC pathways (Olzscha et al., 2017). On account of the described synergy, dual inhibition could exploit full therapeutic potential of both proteasome and HDAC inhibition.

A hallmark of MM cells is the production of abundant amounts of immunoglobulin which must either be properly folded or degraded. Accordingly, dual disruption in protein degradation seemed to be especially effective in these types of cancer cells (Lee et al., 2003; Obeng et al., 2006). This assumption was substantiated by preclinical data, indicating a combination of PI and HDACi to be an attractive and novel strategy for the treatment of MM (Table 2).

Preliminary data from phase I, II and III studies evaluated success in the treatment regime of panobinostat or vorinostat as HDACi plus bortezomib in patients with relapsed or refractory MM (Badros et al., 2009; San-Miguel et al., 2013). Subsequently, combinational therapy was implemented into clinical settings. Patients with relapsed or refractory MM were examined on the effect of HDACi combined with proteasome inhibition. On the one hand, the phase II VANTAGE trial analyzed vorinostat plus bortezomib (Dimopoulos et al., 2013), whereas on the other hand, the phase II PANORAMA 1 trial tested the combination of panobinostat plus bortezomib and dexamethasone in patients with relapsed and refractory MM (San-Miguel et al., 2011). Despite the fact that VANTAGE displayed prolonged progression-free survival (median PFS of 7.6 vs. 6.8 month) when combining vorinostat and bortezomib, clinical relevance needed to be further examined. The PANORAMA 1 trial was able to show modest overall survival benefit when combinational therapy of panobinostat, bortezomib and dexamethasone was applied (median PFS of 12 vs. 8 month). This led to the approval of panobinostat in 2015 by the FDA. The results of this therapeutic approach were evaluated on bortezomib-refractory patients in the PANORAMA 2 trial (Richardson et al., 2013). According to this trial, it has been proposed that combinational treatment of panobinostat, bortezomib and dexamethasone recaptures response in 34.5% of pre-treated, bortezomib-refractory MM patients. In summary, both results of PANORAMA 1 and 2 are partly coherent with preclinical studies and elucidate considerably the role of panobinostat in combination with bortezomib and dexamethasone, especially in patients with relapsed or bortezomib refractory MM. Furthermore, the results hypothesize HDACi to sensitize patients with bortezomib-resistant MM. Despite the clinical benefit of this combined agent regime, it harbors the danger of poor side effects. Especially the overlapping toxicity profiles make this regime rather toxic. A grade 3 – 4 thrombocytopenia (67%) and gastrointestinal toxicity (diarrhea 25%) indicate a poor safety profile. In order to optimize the safety profile, combinations of panobinostat with second-generation PI were tested at different doses and schedules. Carfilzomib is one example of a second-generation PI and obtained approval by the FDA for the treatment of relapsed and refractory MM, in patients who were given at least two prior therapies (Groen et al., 2019). Combination of panobinostat and carfilzomib was tested in a phase I/II clinical trial in patients with relapsed or refractory MM with promising response rates and an acceptable safety profile (ClinicalTrials.gov identifier: NCT01496118) (Berdeja et al., 2015).

Another idea to address the rather toxic combination of pan-HDACi with PI was to substitute pan-HDACi with class-selective HDACi. In contrast to pan-HDACi, selective class I HDACi rarely induce thrombocytopenia, thus seeming to be more suitable agents. As the key mechanism underlying the synergistic effect of HDACi and PI was mainly explained by HDAC6-dependent aggresome function, it can be argued that class-specific HDACi may still synergize with PI without having a poor safety profile. Therefore, an isoform selective HDAC6 inhibitor, ricolinostat, was introduced in the combinational treatment regime with bortezomib and dexamethasone in relapsed or refractory MM patients (Vogl et al., 2017). This phase I/II study demonstrated that combinational therapy with an isoform selective HDACi shows less severe gastrointestinal, hematologic, and constitutional toxicities in comparison to non-selective HDACi. This raised the idea to test the novel combinational regime in different malignancies. It has been demonstrated that class I HDACi mocetinostat/MGCD0103 has a potent antiproliferative activity in Hodgkin lymphoma (HL) cell lines in an HDAC6-independent manner (Buglio et al., 2010). Regarding these results, mocetinostat was especially interesting to investigate further, as it is a class I HDACi with no effects on HDAC6 (Fournel et al., 2008). The generated data demonstrated that inhibition of class I HDAC by mocetinostat results in an adequate induction of cell death in HL cell lines. On account to that, a broader inhibition of HDACs, including HDAC6, is not needed for a sufficient antiproliferative effect in vitro. Furthermore, they were able to show a synergistic effect of mocetinostat with PI. Mocetinostat induced the expression of various inflammatory cytokines resulting in the activation of NF-κB, which in turn mitigated the killing effect of mocetinostat on tumor cells. As PIs inhibit NF-κB activation, this novel combination would explain how PIs enhance mocetinostat activity, independent of HDAC6. A following phase II trial tested mocetinostat, a class I/IV HDACi for relapsed HL, whereby 85 mg were administered three times per week. 14 of 51 patients (27%) treated with mocetinostat had a complete or partial response whereas only one patient out of 25 (4%) had a partial response on pan-HDACi vorinostat. Single agent use of mocetinostat also induced a reduction in tumor size in more than 4/5 of patients (Younes et al., 2011). Collectively, these data suggest the potential and clinical value of class-specific HDACi in patients with HL. Combination of panobinostat and bortezomib in patients with relapsed or refractory PTCL shows encouraging activity, however displaying a relatively high number of adverse events with 10 out of 25 patients (40%) (Tan et al., 2015).

Noticeably, HDACi and PI have been tested and analyzed in a variety of hematological malignancies. However, their effects are not well investigated in solid tumor malignancies. First attempts in investigating the safety and efficacy of vorinostat and bortezomib were tested 2012 in NSCLC. Here, they examined the two-agent use as induction therapy with an adjacent surgery in patients with NSCLC (Jones et al., 2012). The obtained results showed a decrease in metabolic activity in the tumors. However, due to the short duration of induction treatment, no significant change in tumor size has been observed. A following phase II study testing vorinostat and bortezomib as third-line therapy in patients with advanced NSCLC was terminated at its first temporary analyses due to a lack of anti-tumor activity (Hoang et al., 2014). Nonetheless, they highlighted the relevance of potential biomarkers predicting drug activity and thus driving clinical development.

In another setting, HDACi and PI have been tested in glioblastoma multiforme (GBM) cells, as promising preclinical studies proposed activity against GBM cell lines and glioma models (Eyüpoglu et al., 2005; Ugur et al., 2007; Yin et al., 2007). However, this result was not confirmed in clinical trials. A phase II trial of bortezomib in combination with vorinostat in recurrent glioblastoma had disappointing results and was clinically ineffective (Friday et al., 2012). It should be considered that unlike vorinostat, bortezomib cannot pass an intact blood-brain barrier (BBB) and thus may be the reason for an unsatisfactory result. Since other PIs such as marizomib can cross the BBB, it would eventually be a more beneficial combination with an HDACi in treating tumors beyond the BBB (Gozzetti and Cerase, 2014).

Overall, HDACi in combination with PI showed synergistic effects, which could be validated in several phase I trials in different tumor entities. However, there is still an unmet need of further investigation on molecular mechanisms underlying the combinational treatment regime and especially of the development of predictive biomarkers. These biomarkers (see also section “Evaluating Alterations of PQC Systems: Precision Medicine Upon HDAC Inhibitor Treatment”) would allow clinicians to stratify patients who would benefit from the treatments (Table 2).



HDAC Inhibitors and Modulators of Autophagy

Another approach, going for the same train of thought as seen in the combinational regime of HDACi and PI is the substitution of PI with autophagy inhibition (Table 2). As outlined in section “The Role of Protein Quality Control Systems in Cancer Cells,” autophagy represents a hallmark of the PQC as the proteasome does. Preclinical studies showed a context-dependent effect of autophagy in different states of malignant pathogenesis. As outlined in the section about pre-clinical studies, autophagy has a protective function in premalignant cells. While preventing defective cells from proliferating, it hampers the acquisition of additional mutations that would even promote tumor development. However, looking at advanced cancer cells, autophagy can promote mechanism for oncogenesis. Here, it enhances cell survival under stressful conditions in the tumor microenvironment, such as hypoxia and nutrient deprivation (White, 2012). Besides the already existing endogenous stress, autophagy is even further promoted by anti-cancer treatment, leading to additional protection of tumor development (Janku et al., 2011). This could give a rationale for the poor therapeutic efficacy, as the survival of malignant cells is maintained through autophagy (Carew et al., 2007a, 2012; Amaravadi et al., 2011). Recent investigations confirm the diminished effect of therapies due to autophagy, promoting cancer cell survival (Strait et al., 2002; Duan et al., 2005). Thus, inhibition of autophagy represents a novel strategy to augment cancer treatment efficacy.

HDACi have been described to induce autophagy in many clinical trials, but its full therapeutic potential is hampered due to the protective action of autophagy. Subsequently, disruption of autophagy would boost the pro-apoptotic and cytostatic effects of HDACi. In fact, this mode of action was confirmed by preclinical studies in models of imatinib-resistant chronic myeloid leukemia and colon cancer (Carew et al., 2007b, 2010). In 2014, Mahalingam et al. reported about a phase I clinical trial of the autophagy inhibitor hydroxychloroquine (HCQ) in combination with vorinostat in adult patients with advanced refractory solid malignancies (Mahalingam et al., 2014). In the majority of patients, no significant benefit was observed; only renal cell carcinoma patients had a dramatic and durable response to the novel combination of vorinostat plus hydroxychloroquine (HCQ). Besides the deficient results, the authors accentuated the need of predictive biomarker for assessing clinical sensitivity to autophagy inhibitors in order to optimize drug development. In 2016, Patel et al. revived the scheme and performed a single-arm expansion cohort to assess the efficacy, safety and effects on immunity of vorinostat and HCQ in patients with refractory metastatic CRC (Patel et al., 2016). Results implied no substantial benefit over other oral drug as survival showed to be comparable to other oral drugs for refractory CRC including regorafenib (Grothey et al., 2013). Despite this outcome, vorinostat plus HCQ had a favorable toxicity profile and can be discussed as an alternative treatment for refractory CRC. Subsequently, a randomized phase II trial of vorinostat and HCQ versus regorafenib (a tyrosinkinase inhibitor) is now open to enrollment. Alongside, another phase II trial exhibits the therapeutic benefit on vorinostat plus HCQ over regorafenib in chemo-refractory metastatic colorectal cancer. Results implied that survival of the two treatment regimens showed comparable survival (Arora et al., 2019).



HDAC Inhibitors and HSP90 Inhibitors

Another interesting new idea was to combine HDACi with modulators of molecular chaperones. As outlined in section “The Role of Protein Quality Control Systems in Cancer Cells,” molecular chaperones and particularly HSP90 and HSP70 play not only a role in protein folding, but also in signal transduction and interact in several pathways to maintain cellular protein homeostasis and cell survival (Wiech et al., 1992). HSP90 has been described as a key player to stabilize proteins that are particularly important in cancer cells including BCR-ABL (BCR, breakpoint cluster region; ABL, Abelson), ERB-B2 (erythroblastic oncogene B), proto-oncogene B-Raf (BRAF), AKT Serine/Threonine Kinase (AKT), vascular endothelial growth factor receptor (VEGFR), FMS like tyrosine kinase 3 (FLT3), androgen and estrogen receptors, hypoxia-inducible factor (HIF-1α) and a constantly growing list, affecting a variety of cancer-related functions (Welch and Feramisco, 1982; Powers and Workman, 2006). In some cancerous cell lines, HSP90 has been found in much higher levels compared to normal cells (Kamal et al., 2003) and shows beneficial effects on many oncoproteins (da Rocha Dias et al., 2005; Shimamura et al., 2005). Preclinical studies demonstrated the anti-cancer effect of HSP90 inhibition and suggested its ability could affect several oncogenic signaling pathways simultaneously. Thus, it reduces the likelihood of the tumor acquiring resistance to any single therapeutic pathway and is a major advantage upon other agents (Banerji, 2009). However, HSP90 inhibitors such as 17-AAG have not reached clinical trials beyond phase III, due to minimal effects and toxicity, especially liver toxicity (Hyun et al., 2018). Therefore, the combination with other agents, for instance HDACi, could be a promising alternative, in order to reduce the effective concentration of HSP90 inhibitors. Following this hypothesis, HDAC6 and HSP90 are interactors as HDAC6 can deacetylate HSP90 (Boyault et al., 2007a; Figure 3). Adversely, when inhibiting HDAC6, HSP90 is present in a hyper-acetylated state, losing the bond with the co-chaperone p23 and finally its overall chaperone activity (Kovacs et al., 2005; Aldana-Masangkay and Sakamoto, 2011). This makes the synergistic use a promising anti-cancer treatment strategy (Table 2). Lung cancer has been described to be particularly susceptible to HSP90 inhibition. Overexpressed or mutant ERB-B2 and BRAF are often the driving force in lung cancer development. Interestingly, all of them are degraded with the assistance of HSP90, giving a rationale for the beneficial use of HSP90 inhibitors in lung cancer (Shimamura and Shapiro, 2008; Zismanov et al., 2014). This is now implemented into an ongoing clinical trial with 20 participants aiming to investigate the combined effect of HSP90 inhibitor and PI or HDACi on lung cancer cell fate and ER/Golgi homeostasis (NCT01270399).
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FIGURE 3. HDACs facilitate the interplay between the major protein quality control systems. HR23B as a proteasome shuttling factor can enhance the proteolysis of ubiquitinated proteins, whereas HDAC6 enables the autophagy process. HDAC6 can either bind HR23B with its BUZ domain or acetylate the molecular chaperone HSP90. The acetylated HSP90 can interact with HR23B and initiate a feedback loop.




HDAC Inhibitors and Bromodomain Inhibitors

This novel combination treatment has not been well investigated in a clinical set-up to this point. Preclinical studies proposed synergistic effects in breast cancer (Rahmani et al., 2003). One phase I trial tested GSK525762C (molibresib besylate) and entinostat in patients with advanced or refractory solid tumors or lymphomas. Results are yet to come.

Overall, epigenetics has become an inevitable part of cancer research. Until now, HDACi have been shown and tested to synergize with a wide range of very different agents. Of particular interest is the synergistic use of HDACi with the inhibition of PQC systems. Herein, progress has been made, implicating that HDACi exhibit their anticancer activity through a multitude of pathways. However, there is still an unmet need for further investigations on detailed mechanistic action of HDACi. The therapeutic effect of HDACi not only depends on the cancer type, but on the stage of cancer, treatment dosage, the individual patient’s biological signature, and other factors. In order to boost the development of HDACi and PQC modulating agents these factors need to be considered. To achieve significant improvement in HDACi therapeutic outcomes, better patient selection and monitoring of biomarkers are strongly required.



EVALUATING ALTERATIONS OF PQC SYSTEMS: PRECISION MEDICINE UPON HDAC INHIBITOR TREATMENT

The ability to cost-effectively sequence the human genome and epigenome to apply genetics in drug treatment has changed the approach of cancer treatment in a fundamental way and led to a revolution from “one-size-fits-all” therapy to a more precise therapy approach. It enabled to look at a patient as an individual comprising of a unique set of genes, proteins and environment and mainly formed the term of precision medicine (Figure 4). Here “the specific targeting of molecular abnormalities and the stratification of patients who respond to specific drugs” is in focus (Coyle et al., 2017). This personalized approach to stratify a patient group has attracted attention especially in cancer, where specific information about a patient’s tumor helps diagnose, treatment planning and making of prognoses. Thus, it seemed to be the next logical step in advanced cancer treatment. Alongside with our evolving knowledge about oncogenesis, cancer therapy must also be accompanied by a molecular understanding of both, genetic and epigenetic factors in cancer patients (Hanahan and Weinberg, 2000). Therefore, it is not only important to screen a set of patients’ genes, but it is equally important to predict whether this unique tumor is sensitive to the treatment regime applied. Therefore, two pillars are of importance while developing precision medicine: (1) the individual genome, epigenome, mutations in the cancer and (2) the tumor entity, molecular features and clinical response to cancer therapies (Figure 4). Alongside with DNA sequencing, looking at a patient’s epigenome reinforced the development of precision medicine once again and helped to evaluate new biomarkers. Biomarkers represent a hallmark of precision medicine as they give information on the clinical response to cancer therapies. Recapitulating the development of biomarkers, the term is a portmanteau of “biological marker” that encompasses a wide range of different medical signs. The National Institutes of Health (NIH) biomarkers Definitions Working Group defined a biomarker as “a defined characteristic that is measured as an indicator of normal biological processes, pathogenic processes, or responses to an exposure or intervention, including therapeutic interventions. Molecular, histologic, radiographic, or physiologic characteristics are types of biomarkers, but a biomarker is not an assessment of how an individual feels, functions, or survives.” (Biomarkers Definitions Working Group, 2001).
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FIGURE 4. Precision medicine beyond stratification of patients. Precision medicine can be seen as a more holistic approach than personalized medicine. It takes many factors into account, not only the stratification of patients, but also their molecular signature, social and environmental factors and lifestyle. It often involves the application of pan-omic analyses and systems biology to determine the cause of an individual patient’s disease at the molecular level and then to utilize different targeted treatments.


Nowadays a wide range of biomarkers and their informative value have been defined and a glossary of terms and definitions has been developed by the FDA-NIH Biomarker Working Group called BEST (Biomarkers, Endpoints, and other Tools). A predictive biomarker has been defined as “a biomarker used to identify individuals who are more likely than similar individuals without the biomarker to experience a favorable or unfavorable effect from exposure to a medical product or an environmental agent.” On the other hand, a prognostic biomarker has been described as “a biomarker used to identify likelihood of a clinical event, disease recurrence or progression in patients who have the disease or medical condition of interest” (Cagney et al., 2018). In order to clarify the distinction between those two forms of biomarkers, a prognostic biomarker states distinct disease outcome, whereas predictive biomarkers differentiate between patients who will react or not react to the therapy (Califf, 2018). As described in section “HDACS in Epigenetics and Protein Quality Control Systems” and “Clinical Studies: HDAC Inhibitors in Combination With Modifiers of Protein Quality Control,” epigenetic approaches in cancer treatment and especially HDACi have been implemented and tested in several preclinical and clinical trials. However, open questions on how HDACi function and operate antitumor activity, especially the pathways that are directly linked to HDAC inhibition and tumor cell proliferation, remain to be answered. Due to the paucity of information on HDACi function, it is of importance to detect biomarkers determining the accessibility of tumors during the HDACi treatment regime.

A viable biomarker could detect tumor types that are likely to undergo a favorable clinical response under HDACi therapy. Indeed, the proteasome shuttling factor HR23B seems to play a key role in HDACi-induced apoptosis. In order to identify genes that have an impact on the sensitivity of tumor cells to HDACi, a genome-wide loss-of-function screen was performed. Results revealed not only the role of the UPS in HDACi-induced apoptosis but also the potential of HR23B as a possible biomarker. It has been demonstrated in cells treated with pan-HDACi that HR23B is a sensitivity determinant for HDACi. Therefore, the hypothesis has been proposed that HR23B could function as a biomarker in order to identify tumors that would react favorably to HDACi (Fotheringham et al., 2009). CTCL patients who were treated with vorinostat, showed a positive correlation between HR23B expression levels and therapeutic response. It is therefore likely that HR23B can serve as a predictive biomarker for identifying CTCL patients that respond favorably to HDACi (Khan et al., 2010). The role of HR23B in regulating the biological outcome of treatment with HDACi was then further investigated. Two correlated effects of HR23B in HDACi treated cells were shown: autophagy and apoptosis. While high levels of HR23B cause cells treated with HDACi to undergo apoptosis, low levels of HR23B expression were associated with autophagy (Figure 3). Thus, it was proven that HR23B impacts on the therapy efficacy, as it regulates the switch between apoptosis and autophagy (New et al., 2013). In summary, HR23B represents a promising predictive biomarker and patients with high levels of HR23B would be stratified into a sub-group that would benefit from HDACi therapy, for instance in the PLACARD-trial (NCT03873025) for relapsed or refractory diffuse large B-cell lymphoma (see also section “Novel Strategies of HDAC Inhibitors Affecting Protein Quality Control Pathways”).

Since HDACs have been described to play a role in tumorigenesis, it seems reasonable to measure levels of HDAC enzymes and predict responsive tumor types. It has been demonstrated that specific HDAC isoform expression could be a predictive biomarker. In this study, the influence on knockdown of HDAC1, 2 and 3 isoforms in human cancer cell lines, treated with two unrelated HDACi (belinostat and VPA) have been analyzed. While knockdown of HDAC1 resulted in an increased resistance to belinostat in HeLa cells, no influence was seen in response to either HDAC2 or 3 knockdowns or under VPA treatment. These data suggest that HDAC1 knockdown reduces sensitivity to the HDACi belinostat and in turn high levels of HDAC1 correlate with sensitivity to belinostat treatment (Dejligbjerg et al., 2008). According to these observations, stratification of patients due to their HDAC expression pattern was suggested in colon cancer cell culture models. The specific characterization of class I HDAC isoforms might allow the prediction of individual patient’s prognosis. They observed a negative correlation between HDAC2 expression level and reduced patient survival in patients with CRC (Weichert et al., 2008c). Therefore, they point out how evaluation of HDAC expression profiles would benefit selecting patient populations before HDACi treatment. Similar conclusions were made looking at the class I HDAC expression levels in prostate carcinomas. 192 prostate carcinomas were analyzed using immunohistochemistry and put into subjection to pathological parameters. Again, high expression of HDAC1 and HDAC2 correlated with tumor de-differentiation (Weichert et al., 2008b).

Until now, CTCL represents the malignancy most sensitive to HDACi treatment. Therefore, it is of interest to analyze HDAC profiles in patients suffering from CTCL. In fact, taken 73 CTCL biopsies and analyzing HDAC1, HDAC2, HDAC6, and histone H4 acetylation demonstrated that especially HDAC6 expression correlates with a favorable outcome in CTCL (Marquard et al., 2008). Further studies on HDAC expression levels were performed and implied that depending on the specific tumor entity, different HDAC expression profiles can be observed (Sasaki et al., 2004; Zhang et al., 2004). As the proteome of different tumors can be modified by different HDACs, a comprehensive analysis that could be implemented into clinical routines is desirable. Biomarkers that can be easily detected in peripheral blood mononuclear cells are H3 and H4. They reflect histone acetylation as they are directly modified and regulated by HDACs. Preclinical studies showed a time- and concentration-dependent correlation when histone acetylation is inhibited by HDACi on H3 and H4 (Plumb et al., 2003). However, histone acetylation should only be seen as a surrogate for HDAC inhibition as it does not have the diagnostic value to reflect tumor response. A phase I trial demonstrated the limited validity of H4 measurement. Here, belinostat/PXD101 was used and histone acetylation showed to return to the initial levels within a period of 2 h after drug infusion and displayed to plateau at the maximum tolerated dose (Steele et al., 2008).

As HDACi also intervene in transcriptional regulation, a gene set analysis could give information on HDACi response. Indeed, molecular profiling has been shown to be value in predicting sensitivity during HDACi therapy. In one study, nine genes were tested and identified in NSCLC cell lines under vorinostat and trichostatin A treatment. Three genes were highly associated with drug activity: NAD(P)H quinone dehydrogenase 1 (NQO1), sec homolog A (SEC23A), and proteasome activator subunit 2 (PSME2) (Miyanaga et al., 2008). Further investigations need to be done in order to confirm this nine-gene signature in predicting drug sensitivity. A similar study investigated genes regulated by panobinostat in CTCL patients. In time intervals of 0, 4, 8, and 24 h after panobinostat administration, microarray gene expression profiling was realized. Over time, separate unique gene profiles were reported and 23 genes showed statistical significance. Out of these 23 genes, 4 genes were particularly interesting: guanylate cyclase 1A3 (GUCY1A3), endothelial Tie2/tek ligands angiopoietin-1 (ANGPT1), both associated with angiogenesis and two cell cycle progression genes, transcription factor COUP-TFII (NR2F2) and CCND1 (Ellis et al., 2008). However, a larger study should be executed in order to make a valid statement, thereby also concentrating on cyclin D1 (CCND1), as it is known to be commonly down-regulated by various HDACi (Johnstone, 2002). One challenge to overcome is that due to the wide activity profile of HDACs, gene signatures are likely to vary tremendously depending on tumor type, inhibitor type and concentration. In addition, genes having a prognostic value would be more reasonable to identify than ones that have a response signature.

The future of precision medicine in cancer treatment is highly exciting and promising, although many challenges remain to be solved. Especially biomarkers gain increased attention in order to stratify patients and tumors into sub-groups that are sensitive to HDACi treatment and monitor targeted modulations.



CONCLUSION

Over the last decade, we have seen that our scientific knowledge of epigenetics and in particular of HDAC inhibition has been translated into clinical benefit for cancer patients. Epigenetic therapy, such as HDACi, has provided a proof-of-concept of their clinical efficacy. However, one obvious observation made with HDACi and with other epigenetic modifiers such as hypomethylating agents including the DNA methyltransferase inhibitors azacytidine (AZA) or decitabine is that they prove clinical efficacy as single agents in hematological malignancies rather than in solid tumors (Sigalotti et al., 2007). The reasons for this observed discrepancy between hematological malignancies and solid malignancies is still unclear, since many preclinical studies of HDACi alone or in combination with different anti-tumor agents demonstrated their potential to inhibit cell proliferation or even induce apoptosis. One may speculate that the general high cell proliferation in hematological cells foster the effect of epigenetic drugs.

With these observations in mind, combination therapies of HDACi with drugs acting on PQC mechanisms seem to be rational, if cells with a high protein turnover are targeted. A paradigm for this concept is the combination therapy with HDACi and proteasome inhibitors. As outlined in the section “HDAC Inhibitors and Proteasome Inhibitors,” this strategy is proven for MM and is currently tested in various studies for different tumor types and drugs. Our prediction would be that this concept will be successful for those tumor types where a high protein turnover can be observed. This is not only the case in MM with the biogenesis of antibodies, but different cell types excreting proteins such as hepatocytes and cells of the intestine may be more susceptible to drugs acting on PQC systems. Indeed, it has been demonstrated that the half-life of indispensable scaffold proteins in hepatocytes is not necessarily shorter than in highly dividing monocytes (Mathieson et al., 2018). Interestingly, proteins of the UPS are highly abundant in the nucleus. This may reflect the fact that the nucleus is especially vulnerable to imbalances in proteostasis, on the other hand, they may be involved in epigenetic phenomena as well as in DNA damage repair. For instance, the before-mentioned proteasomal shuttling factor HR23B, which plays a role as a potential biomarker in HDACi therapy, is known to mediate DNA damage response (Sugasawa et al., 1998). Usually, transcription factors are rapidly turned over and disturbances in the nuclear UPS will result in differential gene expression, similar to an epigenetic outcome.

As described in sections “HDAC Inhibitors and Bromodomain Inhibitors” and “Novel Strategies of HDAC Inhibitors Affecting Protein Quality Control Pathways,” it has been demonstrated that treatment of cells with clinical concentration of HDACi leads to protein misfolding and aggregation (Olzscha et al., 2017). One could assume that inhibition of molecular chaperones may therefore increase the cytotoxic effects of HDACi. Indeed, some clinical studies provided evidence that this combination therapy may be beneficial for patients with solid tumors, for instance the combination therapy of the HDACi belinostat with the HSP90 inhibitor 17-N-Allylamino-17-demethoxygeldanamycin (17-AAG) (NCT00354185). In order to understand the mechanisms of action, more research is necessary to elucidate the influence of aberrant PTMs on protein folding as well as deciphering which and how molecular chaperones could recognize them.

One of the future challenges will be to identify different tumor types and choose the right therapy for the right patient at the right time. The concept of precision medicine aims not only for stratification of patients; it ensures that each patient benefits from individualized treatment. In order to achieve that, companion diagnostic biomarkers, molecular signatures obtained by genomic and proteomic profiling as well as the health history of the patient should be taken into account (Figure 4). However, a prerequisite for this tailored therapy is a deeper knowledge about the involved pathways of the known HDACs in H. sapiens and the involved mechanisms of proteostasis. More basic research is needed to understand how the changing acetylome landscape affects PQC upon HDACi treatment.
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ABL, Abelson leukemia; AD, Alzheimer’s disease; AKT, AKT Serine/Threonine Kinase; ALS, amyotrophic lateral sclerosis; AML, acute myeloid leukemia; ANGPT1, endothelial Tie2/tek ligands angiopoietin-1; Apaf-1, apoptotic protease activating factor 1; ATAT1, alpha-tubulin N-acetyltransferase; ATF6, activating transcription factor 6; ATG, autophagy-related genes; ATP, adenosine triphosphate; BBB, blood-brain barrier; Bcl-2, B-cell lymphoma 2; BCR-ABL, breakpoint cluster region protein Abelson murine leukemia viral oncogene homolog; BET, bromodomain and extra-terminal domain; BiP, binding immunoglobulin protein; BNIP3, Bcl-2/adenovirus E1B 19 kDa protein-interacting protein 3; BCR, breakpoint cluster region; BRAF, proto-oncogene B-Raf; BRD, bromodomain; cAMP, cyclic adenosine monophosphate; CBP, CREB binding protein; CCND1, cyclin D1; CDK, cyclin-dependent kinase; CHIP, carboxy terminus of heat shock protein 70-interacting protein; CMA, chaperone-mediated autophagy; c-Met, tyrosine-protein kinase Met; CRC, colorectal cancer; CREB, cAMP response element-binding protein; CRL, cullin-ring E3 ligases; CTCL, cutaneous T cell lymphoma; DNA, deoxyribonucleic acid; ER, endoplasmic reticulum; ERB-B2, Erb-B2 receptor tyrosine kinase 2; ETO, eight-twenty-one; FDA, U.S Food and Drug Administration; FLT3, FMS like tyrosine kinase 3; GBM, glioblastoma; GRP78, Glucose-regulated protein 78; GUCY1A3, guanylate cyclase 1A3; H3, histone H3; H4, histone H4; HCQ, hydroxychloroquine; HDA1, histone deacetylase 1; HDAC, histone deacetylase; HDACi, histone deacetylase inhibitor; HL, Hodgkin lymphoma; HR, homologous recombination; HR23B, nucleotide excision repair protein homolog B; HSP, heat shock protein; HSP70, heat shock protein 70; HSP90, heat shock protein 90 hypoxia-inducible factor (HIF)-1 α; IRE1, inositol-requiring enzyme 1; IRF4, interferon regulatory factor 4; Ki, inhibitory constant; MDM2, mouse double minute 2; MM, multiple myeloma; mTOR, mammalian target of rapamycin; MYC, myelocytomatosis; NADPH, nicotinamide adenine dinucleotide phosphate; NAE, NEDD8-activating enzymes; NEDD8, neural-precursor-cell-expressed developmentally down-regulated 8; NF- κ B, nuclear factor “kappa-light-chain-enhancer” of activated B-cells; NHEJ, non-homologous end-joining recombination; NIH, National Institutes of Health; Nox4, NADPH oxidase 4; NQO1, NAD(P)H quinone dehydrogenase 1; NR2F2, nuclear receptor subfamily 2 group F member 2; NSCLC, non-small-cell lung cancer; NUT, nuclear protein in testis; PERK, the protein kinase RNA-like endoplasmic reticulum kinase; PFS, progression-free survival; PI, proteasome inhibitor; PQC, protein quality control; PSME2, proteasome activator subunit 2; PTCL, peripheral T-cell lymphoma; PTM, posttranslational modification; RING, really interesting new gene; SAHA, suberoylanilide hydroxamic acid; SEC23A, sec homolog A; COPII, coat complex component; sHSP, small heat shock protein; SOD1, superoxide dismutase 1; SP1, specific protein 2; SUMO, small ubiquitin like modifier; UPR, unfolded protein response; UPS, ubiquitin proteasome system; TSA, trichostatin A; VEGFR, vascular endothelial growth factor receptor; VPA, valproic acid.
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Histone deacetylase inhibitors (HDACi) have been approved and achieved success in hematologic malignancies. But its application in solid tumors still confronts big challenges and is hampered by low treatment efficacy. Nanotechnology has been widely applied in cancer therapy, and nanomedicine could improve drug stability, prolong the circulation half-life, and increase intratumoral drug accumulation. Therefore, nanomedicine is a promising strategy to enhance HDACi therapy efficacy. The review provides a summary of the advances of HDACi nanomedicines with a focus on the design principles of the targeting delivery systems for HDACi.
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INTRODUCTION

Histone deacetylase inhibitors (HDACi) prevent histone deacetylases from removing acetyl group from the lysine amino acid of histone and thus open the chromatin structure to promote the access to transcription factors and facilitate gene transcription, consequently regulating cell proliferation (Figure 1A). HDACi exert anticancer mechanisms of HDACi include cell cycle arrest, apoptosis, autophagy, anti-angiogenesis, and regulation of epithelial-mesenchymal transition and immune responses (Eckschlager et al., 2017; Wawruszak et al., 2019). United States FDA has approved five HDACi for hematologic malignancies, including vorinostat (2006), romidepsin (2009), belinostat (2014), chidamide (2015), and panobinostat (2015).
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FIGURE 1. (A) HDACi effect on chromatin remodeling. HDACs deacetylate histones and inhibit gene transcription and histone acetyltransferases (HATs) acetylate histones and activate transcription. HDACi inhibit HDACs, and thus maintain an open chromatin conformation (San Jose-Eneriz et al., 2019). (B) Nanotechnology-based targeting delivery (Farokhzad and Langer, 2009). (C) Stimuli-responsive controlled release (Qiao et al., 2019). (D) Nanotechnology-based combination (Ma et al., 2013). Figures are reproduced with permission from the publishers of the cited references.


However, there is limited success in solid tumor treatment, which could account for various reasons. First, treatment efficacy is affected by the poor pharmacokinetics such as short half-life, and fast metabolism and clearance; second, low specificity often causes off-target and side effects; third, low solubility and tissue/cell permeability of HDACi limit intratumor delivery; and fouth, drug resistance is readily developed (Li and Seto, 2016; Suraweera et al., 2018). Targeted delivery and controlled drug release could be a potential solution to these issues in HDACi-based therapy.

Nanomedicine is referred to as a specific size – “about 100 nanometers or less – that biological molecules and structures operate in living cells” (NIH), but often referred to a wider scale – less than 1000 nm. Cancer nanomedicines can improve efficacy and reduce side-toxicity by increasing drug solubility, improving the pharmacokinetic profiles, and enhancing intratumoral drug delivery (Bayda et al., 2018; Palazzolo et al., 2018).

For example, rational design of nanoparticles can enhance drug accumulation and cellular uptake in the tumor by fine-tuning size and surface property. Small size can increase intratumoral infiltration because nanoparticles with size between 20 and 60 nm are more likely to penetrate deep tumor tissues via the enhanced permeability and retention (EPR) effect and uptaken by tumor cells, while the larger is easily captured by the reticuloendothelial system (RES) and the smaller less than 5 nm cleared by renal (Bayda et al., 2018).



NANOTECHNOLOGY-BASED PLATFORMS OF HDACI FOR CANCER THERAPY

There are two strategies for tumor-targeting delivery – passive and active targeting. Nanomedicine could preferentially accumulate into the tumors to achieve passive targeting through EPR effect, by which the macromolecules or nanomaterials tend to distribute in the tumor due to the leaky neovasculature and poor lymphatic drainage (Maeda, 2012; Ahmad et al., 2019). EPR effect is typically observed in rodent tumor models, but with limited evidence in human patients. It is believed that the EPR effect is highly variable due to the heterogeneity of the tumors (Danhier, 2016). Interestingly, a recent study found that 97% of PEGylated AuNPs entered tumors via active trans-endothelial pathways, while inter-endothelial gaps accounted for a very small proportion (Sindhwani et al., 2020). However, the conclusion was drawn based on the non-deformable AuNPs and needs further support by using various nanoparticles including the deformable vesicles.

Active-targeting delivery represents another common strategy. The general design is based on ligand/receptor-specific interaction (e.g., trastuzumab and HER-2, folate and folate receptors): the modified ligands on nanomedicine and the receptors expressed on cancer cells or other cells in tumor microenvironment (TME) (Figure 1B). Certain nanomaterials can selectively bind with the receptors on cancer cells, e.g., the interaction of albumin nanoparticles and albumin-binding proteins (Lin et al., 2016; Zhao et al., 2018a).


Nanotechnology-Based Passive Targeting

Tumor vessels are characterized by the abnormal vasculatures with the leaky vessel walls that lack tight junction between endothelial cells and pericytes. The leakage facilitates nanomedicine to permeate and accumulate in the tumor tissues, compared to the normal tissues with 5–10 nm endothelial junctions (Hobbs et al., 1998). The preferential accumulation of drugs in the tumor means the lower drug dose and fewer side effects. Moreover, nanomedicines can increase the intracellular drug retention based on the “size-exclusion effect” that reduces the transporters-mediated drug efflux and reverse drug resistance (Liu et al., 2012), because P-glycoproteins can only recognize the substrate molecules less than 2000 Da (Seelig, 1998).

Nanotechnology-based delivery can improve anti-tumor efficacy of HDACi by overcoming their disadvantages. For example, poor solubility is a problem for many HDACi. Starch is a polysaccharide widely used in pharmaceutics due to its biocompatibility and biodegradability. Encapsulating CG-1521 (an HDACi) into the starch nanoparticles via the emulsion-solvent diffusion method could increase its water solubility and cellular uptake, leading to enhanced anti-tumor activity (Alp et al., 2019). Panobinostat has been explored for glioma treatment. However, the poor solubility prevents its administration by convection-enhanced delivery (CED) in brain cancer. To solve this problem, an HDACi nano-system composed of poloxamer 407 (P407) was designed (Singleton et al., 2017). P407 can self-assemble into nano-micelles based on its hydrophobic polypropylene glycol chain in the middle and two hydrophilic PEG chains at both ends. The panobinostat-loaded P407 micelles increased the intracranial panobinostat concentration by skirting the blood-brain barrier (BBB), resulting in glioma repression and prolonged survival of the high-grade glioma-bearing rats by one CED dose.

Poly(D, L-lactide-co-glycolide) (PLGA) is an injectable polymer approved by FDA. The PEG-lecithin coated PLGA nanoparticles encapsulating vorinostat or quisinostat were prepared via the single-step nanoprecipitation method; the delivery systems achieved the controlled release and suppressed the DNA double-strand break (DSB) repair in tumor cells, serving as the potential radiosensitizers and exhibiting synergistic effect in the mouse xenograft models of colorectal and prostate carcinomas via a mechanism of the prolongation of γ-H2AX foci (Wang et al., 2015).

Owing to the existence of the bladder permeability barrier (BPB), drugs are difficult to distribute in the bladder tumor. The nano delivery strategy through the EPR effect could not help much. To address this problem, poly(guanidinium oxanorbornene) (PGON), a novel cell-penetrating polymer, was used to modify the belinostat-loaded PLGA nanoparticles to improve the BPB-permeability (Martin et al., 2013). The PGON-modified nanoparticles enhanced the penetration in the mouse bladder more than 10 folds compared to the nanoparticles without PGON, and significantly enhanced intracellular uptake and anti-tumor activity.

Furthermore, it has been reported that the biodegradable poly(DL-lactide-co-glycolide)/poly(ethylene glycol) (LGE) block copolymer could encapsulate vorinostat by using the nanoprecipitation method (Kwak et al., 2015). The vorinostat-loaded nanoparticles promoted the intensive accumulation in the tumors and exhibited the enhanced antitumor activity in the subcutaneous cholangiocarcinoma-bearing mice compared to free vorinostat.



Nanotechnology-Based Active Targeting

There have been various active-targeting nanoparticles developed for HDACi therapy. Ligand-modified nanoparticles facilitate the tumor-targeting and cell internalization via specific interaction between the ligand decorated on nanoparticles and the corresponding receptors overexpressed on the tumor cells. For example, the nutrient transporters (e.g., albumin-binding protein) are often overexpressed in tumor cells due to their hunger for energy and thus serve as the targeting delivery receptors (Zhao et al., 2018b). The active targeting ligand molecules mainly include small molecules, peptides, antibodies, and aptamers (Bazak et al., 2015).


Small Molecular Ligand-Mediated Active Targeting

Small molecules are advantageous for their low price, small size, and chemical stability. For example, tumor-associated macrophages (TAM) overexpress mannose receptors and are ideal targets for cancer treatment. Mannose is a specific ligand of the mannose receptor and can be chemically modified to the surface of liposomes to deliver vorinostat for targeting TAM (Peng et al., 2017). Triple-negative breast cancer (TNBC) cells often overexpress lysophosphatidic acid receptor 1 (LPAR1) and G2A receptors. By modification with LPA (a ligand of LPAR1) and LPC (a ligand of G2A), the PEGylated nanoemulsions of panobinostat and decitabine were prepared via the solvent injection method (Kim et al., 2019). The cellular uptake and in vivo biodistribution of the nanoemulsions was associated with the LPAR1 expression and the optimal modification ratio of LPA to LPC was 1:1. Furthermore, the folic acid (FA)-modified dendrimer-HDACi conjugates were prepared by click reaction between the azido-modified suberoylanilide hydroxamic acid (SAHA) and polyamidoamine (PAMAM) (Zong et al., 2015). FA mediated tumor-targeting delivery of the conjugates and SAHA remained inactivity until released from the conjugates in the cancer cells.



Peptide/Protein Ligand-Mediated Active Targeting

Peptides and proteins are the commonly used ligands. For example, transferrin receptors (TfR) are often overexpressed in many malignant cells for iron uptake (Lai et al., 2009; Amreddy et al., 2018), which is a useful target for cancer drug delivery. A TfR-targeted lipid-protein hybrid nano-platform was designed by encapsulating the vorinostat/paclitaxel co-loading albumin nanoparticles into the transferrin-modified liposomes (Ruttala et al., 2017). The liposomes effectively protected the drugs from rapid elimination during the circulation and the surface-anchored transferrin could bind with TfR on the cancer cells with 8–10 folds of higher efficiency compared with non-targeted nanoparticles. The nano-platform yielded enhanced efficacy in a HepG-2 xenografted mouse model via vorinostat-sensitized paclitaxel chemotherapy.



Antibody Ligand-Mediated Active Targeting

EGFRT790M secondary mutation is readily developed in those receiving gefitinib therapy in non-small cell lung cancer (NSCLC), thus resulting in gefitinib resistance. A dual-targeted liposome system for codelivery of gefitinib and vorinostat has been prepared by chemical modification with anti-HER-2 antibody and mannose (Peng et al., 2017). The liposomes can target the HER-2-overexpressing tumor cells and mannose receptor-expressed TAM, respectively. The dual-targeted liposomes reversed the resistance of EGFRT790M-positive NSCLC to gefitinib via reprogramming the TAMs and regulating the ROS/NOX3/MsrA axis of cancer cells (Figure 2B) (Peng et al., 2017).
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FIGURE 2. Application examples of nanotechnology-based HDACi therapy. (A) Passive targeting: the scheme of vorinostat-polymer conjugate nanoparticles and the enhanced tumor accumulation via the EPR effect (Denis et al., 2014). (B) Active targeting: the scheme of dual-targeted liposome system co-loading gefitinib and vorinostat and targeting HER-2 expressed tumor cells and mannose receptor expressed TAMs, its anti-tumor effect on H1975 tumor mouse model, and the accumulation by in vivo imaging study (Peng et al., 2017). (C) Stimuli-responsive controlled drug release: the illustration of pH-responsive DOX loading nanoparticles by the self-assembling of PBA conjugated polycaprolactone, and the drug release in response to different pH (Kularatne et al., 2018). (D) Combination therapy: the scheme of vorinostat-containing nanoparticles for sensitizing radiotherapy (Jiang et al., 2018). *p < 0.05 was considered statistically significant in all analysis (95% confidence level). *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. Figures are reproduced with permission from the publishers of the cited references.




Stimuli-Responsive Controlled Drug Release

After nanomedicine reaches the tumor site, the effectively controlled release of drugs becomes a key issue. The drug release rate can significantly affect therapeutic efficacy. For example, fast intracellular drug release was beneficial to overcome chemoresistance and kill the tumor cells (Gao et al., 2011). The stimuli-responsive strategy provides a useful method for achieving site-specific controlled drug release.

Tumor microenvironment is characterized by its abnormal conditions, like acidic pH, enhanced ROS or GSH, and overexpressed proteases, which serve as endogenous triggers to stimulate drug release from nanomedicines (Chen et al., 2016). Besides, exogenous stimuli can also be used for controlled drug release, such as light, ultrasound, and external alternating magnetic field (Patra et al., 2018). Various stimuli-responsive nanomedicines have been developed for triggering drug release at the tumor (Figure 1C).


Redox-Responsive Nanoparticles

There are excessive GSH and/or ROS in cancer cells (Weinberg et al., 2019). Disulfide linkage that can be cleaved by GSH via reduction reaction has been widely used in stimuli-responsive delivery. An amphiphilic prodrug SAHA-S-S-VE was prepared via conjugation of vorinostat (SAHA) with vitamin E (VE) through a disulfide bond, which could self-assemble into the nanoparticles with addition of D-a-tocopheryl polyethylene glycol succinate (TPGS). The prodrug nanoparticles could release vorinostat in response to GSH stimulation in a concentration-dependent manner and showed a significant anti-tumor effect in the mice bearing H22 tumors (Han et al., 2016).



pH-Responsive Nanoparticles

The acidic pH ranges from 5–7 in TME caused by the Warburg effect (Dai et al., 2017). Bertrand et al. proposed an interesting ROMP (Ring-Opening Metathesis Polymerization) method for preparing a stealth polymeric nanoparticle platform for delivering HDACi (Bertrand et al., 2019). The alkyne-modified cancer drugs can be grafted to the nanoparticles by click chemistry and the chemical bond can be cleaved by acidic pH, thus achieving enhanced intratumor accumulation and controlled release (Figure 2A) (Denis et al., 2014). The γ-4-phenylbutyrate-ε-caprolactone monomer was synthesized via modifying the 4-phenyl butyric acid (PBA, an HDACi) with a pH-sensitive ester bond and then polymerized to the homopolymer of poly(γ-4-phenylbutyrate-ε-caprolactone) (PPBCL) which could self-assemble into nanoparticles with PEG as a surfactant to encapsulate doxorubicin (DOX) (Kularatne et al., 2018). In the acidic environment, the ester bonds were hydrolyzed and the nanoparticles disintegrated and PBA and DOX released (Figure 2C) (Kularatne et al., 2018). Another study showed that various HDACi prodrugs were prepared via linking n-dodecanoic acid or cholesterol to K-182, a potent HDACi, with ester bond or disulfide bond; the HDACi prodrugs and a DNA drug were incorporated into the cation nanoparticles, and the hyperacetylation of core histones facilitated the enhanced gene expression (Ishii et al., 2009).



Enzyme-Responsive Nanoparticles

The overexpressed enzymes in TME are usually associated with cancer progressions, such as matrix metalloproteinases (MMPs), phospholipase A2, and esterase (Fouladi et al., 2017). A typical design is to use an enzyme-substrate sequence or material to conjugate or encapsulate drugs; once cleavage by the tumor-associated enzymes, the drugs would be released. For instance, a hyaluronic acid (HA) derivative (HAPBA) was synthesized via conjugating PBA to HA via ester bonds that are susceptible to esterase (Lee et al., 2019). The HAPBA-based nanoparticles increased intratumoral drug accumulation and capture by tumor cells via endocytosis mediated by CD44, the receptor of HA. The intracellular PBA release was triggered by esterase.



Temperature-Responsive Nanogel

A thermosensitive nanogel system composed of poly(ethylene glycol)-poly(e-caprolactone)-poly(ethylene glycol) (PEG-PCL-PEG, PECE) was designed to treat oral squamous cell carcinoma (OSCC) via co-delivering vorinostat and cisplatin (Li et al., 2012). The PECE solution turned into a gel state at body temperature after intratumoral injection. With PECE biodegradation via hydrolysis, drugs were continuously released from the nanogel, yielding enhanced therapeutic effects and reduced side effects.



Nanotechnology-Based Combination Therapy

Drug combinations can achieve improved therapeutic efficacy with the benefits of reducing side toxicity and drug resistance. HDACi in combination with other anticancer agents have been applied and shown great potential for cancer therapy as a promising solution to the insufficient efficacy of HDACi in solid tumors (Yuan et al., 2017; Suraweera et al., 2018). Yet, a big challenge is the different in vivo fate of the combined drugs; for example, the asynchronous distribution in the tumor may not cause synergistic pharmacological actions in the cancer cells (Zhang et al., 2017). It may be responsible for the inconsistency between the in vitro and in vivo results; many combinations work well in cell tests, but not in vivo. Nanotechnology-based combination therapy can achieve the synchronized pharmacokinetic profile of the combined drugs and facilitate the synchronized delivery (Figure 1D), and has been explored in HDACi therapy.

A prodrug conjugate (VAAP) composed of platinum (IV) prodrug (diaminedichlorodihydroxyplatinum, ACHP) and valproic acid (VA, an HDACi) was synthesized for cancer combination therapy (Yang et al., 2012). VAAP was then loaded into the polyethylene glycol-polycaprolactone (PEG-PCL) micelles. Free Pt (II) and VA were released from the VAAP in cancer cells, with 50–100 times higher cytotoxicity than the simple mixture of ACHP and VA. The PEG-PCL/VAAP micelles prolonged drug circulation, and increased intratumoral drug concentration and treatment efficacy in the mice bearing A549 tumors.

A nanomedicine for codelivery of vorinostat and cis, cis, trans-[Pt(NH3)2Cl2(OOC(CH2)8CH3)2] was developed, which was characterized by the de-shieldable corona that reduced the capture by the RES but was removed in the acidic TME to expose the cell-penetrating peptides (Jiang et al., 2018). The cell-penetrating peptide facilitated the nanomedicine into the tumor cells and the released Pt chelated into DNA and the released vorinostat sensitized the cancer cells by promoting ROS production and inhibiting DAN repair proteins (Figure 2D). Therefore, the nanotechnology-based codelivery yielded a synergistic effect on radiotherapy sensitization.

Another combination therapy strategy is to co-administrate the single drug-loaded nanoparticles with a benefit of fine-tuned proportion. The nanogels were prepared from the polymerization of poly(ethylene glycol) monomethacrylate (POEOMA) to encapsulate vorinostat and etoposide, respectively (Kumar et al., 2018). Both nanogels could release their drugs in response to GSH due to disulfide bond cleavage. The co-administration of vorinostat-loaded nanogel and etoposide-loaded nanogel showed enhanced cytotoxicity in cancer cells.



PERSPECTIVES

Histone deacetylase inhibitors therapy has achieved great success in hematologic malignancies, but with limited progress in solid tumors. Nanotechnology can improve HDACi efficacy by optimizing drug delivery and controlling drug release. For example, tumor-targeting and stimuli-responsive nanomedicines can be designed to increase the intratumoral accumulation and control drug release in the tumors. HDACi nanomedicines showed an improved anti-tumor efficacy with reduced systemic toxicity. Besides, nanotechnology has also applied to predict the therapeutic efficacy of HDACi and a gold nanoparticle nanosensor was developed for the detection of histone deacetylase (Zhang et al., 2019).

However, nanotechnology-based HDACi still confront several challenges. First, nano delivery systems are inclined to be cleared away by RES, often leading to less than 1% of the injected nanoparticles reaching to the solid tumors (Wilhelm et al., 2016). The multi-functional targeting strategies will be helpful to overcome the various biological barriers and further increase intratumoral drug accumulation. Because HDACi act in the nucleus, nanotechnology-based nuclear-targeted delivery strategies would enhance treatment efficacy. Second, stimuli-responsive strategies rely on abnormal elements (e.g., acidic pH) in TME. However, in the highly heterogenetic tumors in the human body, the clinical applicability of such endogenous triggers is still unknown and has not been well investigated. Exogenous stimuli (e.g., light, radiofrequency, and ultrasound) could be more controllable than endogenous triggers. The light-triggered release has lots of reports, but its major problem is poor penetration of light in the human body, rendering limited use in deep tumors such as brain and lung cancers. Radiofrequency and ultrasound are more clinically translational due to the advantages of excellent penetration and energy focus. Yet, Phase III HEAT study using radiofrequency ablation with Lyso-Thermosensitive Liposomal Doxorubicin failed to reach the expected endpoint (Tak et al., 2018). Later, the research team substituted the radiofrequency with an ultrasound trigger for the thermosensitive liposomal doxorubicin and conducted a phase I clinical trial (Lyon et al., 2018; Gray et al., 2019). Therefore, the clinical translation for stimuli-responsive methods still needs a lot of further investigations. Third, large-scale production of nanoparticles with consistent quality control is an underexplored issue; currently, most publications focus on the laboratory scale.

Moreover, nanotoxicity is a major issue in developing drug delivery systems and is highly related to nanomaterials. The success of many marked nanomedicines has eased the concerns. Liposomes and polymeric micelles have been demonstrated to be highly druggable and biocompatible. However, the non-biodegradable nanoparticles, such as inorganic nanoparticles, should be strictly restricted to therapeutic purposes due to their poorly documented safety.

Despite the difficulties, nanomedicine has achieved significant development, represented by dozens of products approved for market and hundreds in clinical trials, as well as thousands under preclinical research. A recent milestone success is Vyxeos (the liposome-encapsulated combination of daunorubicin and cytarabine) approved by FDA for acute myeloid leukemia (Alfayez et al., 2020). With the achievement of data-driven research methods including machine learning and artificial intelligence, nanoinformatics serves as a useful tool for nanomedicine design, which can manage and integrate various information including nanomaterials, manufacturing procedures, and nanotoxicity for computational prediction and design (Maojo et al., 2012; Sadan et al., 2018).

Last but not least, the availability and affordability of nanomedicines are important for society. In general, availability and affordability have been continuously improved. For example, the monthly cost of doxorubicin is $1,086 compared to $2,311 of its liposomal formulation (Bach and Elkin, 2020). Generic liposomes have further improved affordability.

It is expected that, with the development of nanoscience, nanotechnology-based HDACi will become a “magic bullet” against solid tumors.
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Therapies that target oncogenes and immune checkpoint molecules constitute a major group of treatments for metastatic melanoma. A mutation in BRAF (BRAF V600E) affects various signaling pathways, including mitogen activated protein kinase (MAPK) and PI3K/AKT/mammalian target of rapamycin (mTOR) in melanoma. Target-specific agents, such as MAPK inhibitors improve progression-free survival. However, BRAFV600E mutant melanomas treated with BRAF kinase inhibitors develop resistance. Immune checkpoint molecules, such as programmed death-1 (PD-1) and programmed death ligand-1(PD-L1), induce immune evasion of cancer cells. MAPK inhibitor resistance results from the increased expression of PD-L1. Immune checkpoint inhibitors, such as anti-PD-L1 or anti-PD-1, are main players in immune therapies designed to target metastatic melanoma. However, melanoma patients show low response rate and resistance to these inhibitors develops within 6–8 months of treatment. Epigenetic reprogramming, such as DNA methylaion and histone modification, regulates the expression of genes involved in cellular proliferation, immune checkpoints and the response to anti-cancer drugs. Histone deacetylases (HDACs) remove acetyl groups from histone and non-histone proteins and act as transcriptional repressors. HDACs are often dysregulated in melanomas, and regulate MAPK signaling, cancer progression, and responses to various anti-cancer drugs. HDACs have been shown to regulate the expression of PD-1/PD-L1 and genes involved in immune evasion. These reports make HDACs ideal targets for the development of anti-melanoma therapeutics. We review the mechanisms of resistance to anti-melanoma therapies, including MAPK inhibitors and immune checkpoint inhibitors. We address the effects of HDAC inhibitors on the response to MAPK inhibitors and immune checkpoint inhibitors in melanoma. In addition, we discuss current progress in anti-melanoma therapies involving a combination of HDAC inhibitors, immune checkpoint inhibitors, and MAPK inhibitors.
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INTRODUCTION

Melanoma arises from melanocytes in the skin or mucosa (Chodurek et al., 2014). Metastatic melanoma accounts for about 1–2% of skin cancers (Jiang et al., 2017). However, it is responsible for 90% of all mortality in skin cancer patients. Over the past decade, a better understanding of the molecular basis of melanoma has led to the development of anti-cancer drugs that target molecular signaling pathways that are activated in malignant metastatic melanoma.

Since 2011, several chemical inhibitors that target molecular signaling pathways have been approved by the FDA. These chemical inhibitors include vemurafenib, dabrafenib, trametinib, encorafenib, binimetinib, and cobimetinib. These anti-cancer drugs inhibit MAPK (BRAF/MEK/ERK) signaling (Pedini et al., 2019; Yarchoan et al., 2019; Ascierto et al., 2020a, b; Krayem et al., 2020). Vemurafenib improves overall survival (84% vs. 64%) and response rate (48% vs. 5%) compared with standard anti-cancer drug treatment, such as dacarbazine, in melanoma patients with the BRAFV600E mutation (Chapman et al., 2011). A combination of dabrafenib and trametinib improved overall survival at 12 months compared with vemurafenib treatment (72% vs. 65%) in a phase 3 clinical trial of BRAFV600E mutant melanoma patients (Robert et al., 2015). However, innate and acquired resistance to these anti-cancer drugs is a serious problem.

The tumor microenvironment plays a major role in the proliferation of melanoma cells and anti-cancer drug resistance (Guo et al., 2020). The tumor microenvironment consists of cancer cells, endothelial cells, fibroblasts, and innate and adaptive immune cells. Cancer cells interact with immune cells such as natural killer (NK) cells, macrophages (M1/M2), myeloid-derived suppressor cells (MDSCs), and cytolytic T lymphocytes (CTLs). Cancer cells can evade the antitumor response of CTLs (Freeman et al., 2019). Immune checkpoint molecules, such as PD-1 and PD-L1, regulate the interactions between cancer cells and immune cells. The interaction between PD-1 and PD-L1 leads to immune evasion of cancer cells (Hei et al., 2020). Immunotherapy aims to suppress immune evasion (tumor tolerance) by targeting the interactions between cancer cells and immune cells.

Over the last decade, immune checkpoint inhibitors (nivolumab and pembrolizumab) targeting PD-1/PD-L1 interactions have been approved by the FDA. In a clinical trial of elderly patients (>75 years old) with metastatic melanoma, nivolumab (anti-PD-1 antibody) showed clinical benefits and was well tolerated (Ridolfi et al., 2020). Pembrolizumab, an anti-PD-1 antibody, improved progression-free survival compared to BRAF inhibitors and PD-L1 inhibitors in clinical trial of stage III melanomas (Lorenzi et al., 2019). A phase Ib trial of avelumab, an anti-PD-L1 antibody, in 51 patients with stage IV unresectable melanoma showed an objective response rate (ORR) of 21.6% (Keilholz et al., 2019). Thirty-nine patients experienced side effects, including infusion-related reactions, fatigue, and chills (Keilholz et al., 2019).

Histone acetylation/deacetylation plays a critical role in the expression of genes involved in immune evasion of cancer cells (Knox et al., 2019). Histone modification is closely associated with cancer progression (Halasa et al., 2019). High expression levels of several HDACs have been associated with poor survival in cancer patients (Dembla et al., 2017). Thus, HDACs may regulate expression of PD-1 and PD-L1. These reports suggest that HDACs may be targets for the development of anti-melanoma therapies.

Herein, we review the roles of signaling pathways and immune checkpoint molecules in melanoma progression and anti-cancer drug resistance. We address the roles of HDACs in the regulation of oncogenic signaling pathways and immune evasion by cancer cells. We also discuss current progress in combination therapies that employ histone deacetylases inhibitors, targeted treatments, and immune therapy for treatment of malignant melanoma.



THE MECHANISMS OF ANTI-CANCER DRUG RESISTANCE IN MELANOMA

Melanoma is a common and potentially lethal type of skin cancer. Almost half of all cutaneous melanomas have the BRAFV600E gene mutation that results in activation of MAPK signaling (Feng T. et al., 2019; Rossi et al., 2019; Woo et al., 2019). BRAFV600E mutant metastatic melanomas display activation of both MAPK-dependent and –independent signaling pathways for survival under MAPK inhibitor treatment in a PDX mouse model (Feng T. et al., 2019). BRAF/MEK inhibitors have some clinical benefits. However, melanoma patients develop resistance to these inhibitors within 6-8 months (Roskoski, 2018; Fujimura et al., 2019).

Anti-cancer drug resistance can be classified into innate and acquired resistance. Innate resistance exists even before treatment while acquired resistance develops after treatment. Innate anti-cancer drug resistance is closely related to inherent gene mutations (Shinohara et al., 2019), drug efflux (Xiao et al., 2018, Figure 1A), and selection of cancer stem cells upon treatment (Green et al., 2019, Figure 1B). DNA damage repair (Figure 1A), phenotypic switching, epigenetic reprogramming (Figure 1C), enrichment of slow cycling cells (Figure 1C), and reactivation of molecular signaling pathways also play critical roles in anti-cancer drug resistance. High level of ABCB5 (ATP-binding cassette transporter, subfamily B, member 5) is responsible for resistance to the BRAF inhibitor vemurafenib (Xiao et al., 2018). Enhanced DNA damage repair by NF-κB confers resistance to chemotherapy (Li et al., 2017).
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FIGURE 1. The mechanisms of anti-cancer drug resistance. (A) Drug efflux by ABC transporter activity, drug inactivation, and alterations in drug targets leads to anti-cancer drug resistance. Increased DNA damage repair also leads to anti-cancer drug resistance. (B) Cancer stem cells survive anti-cancer drug treatment. Mutations (point mutations, gene amplifications etc.) in these cancer stem cells lead to anti-cancer drug resistant phenotypes. Cancer stem cells that survive anti-cancer drug treatment proliferates and lead to anti0cancer drug resistance (intrinsic resistance). CSC denotes cancer stem cell. (C) Slow-cycling drug-tolerant cells are selected on treatment by reversible epigenetic reprogramming. Further epigenetic reprogramming give rise to re-proliferating drug-resistant cells. Genetic mutation in slow-cycling drug-tolerant cells also give rise to permanent drug-resistant cells. HATs denote histone acetyl transferases. (D) Mesenchymal transition is closely related to increased drug resistance and invasiveness. MET denotes mesenchymal-epithelial transition. (E) Repeated exposure to BRAF inhibitors spurs resistance. BRAF inhibitor resistance develops from gene amplification, gene overexpression, genetic mutations, activation of signaling pathways, and upregulation of HDACs.


Anti-cancer drug resistance is associated with the presence of induced drug-tolerant cells (Kim et al., 2010, 2015; Al Emran et al., 2018). These induced drug-tolerant cells resulting from exposure to chemotherapy display histone lysine modifications, which are characteristic of epigenetic reprogramming (Al Emran et al., 2018). Exposure to vemurafenib enriches slow cycling melanoma cells expressing H3K4-demethylase JARID1B (Roesch et al., 2013). Inhibition of mitochondrial function enhances sensitivity to vemurafenib by decreasing the expression of JARID1B (Roesch et al., 2013). Rapidly proliferating cancer cells, but not slow cycling cells, are the main subjects of targeted therapy. Slow cycling cancer cells are enriched by anti-cancer drugs and confer resistance by activating various signaling pathways, including the WNT5A and EGFR pathways (Ahn et al., 2017). Figure 1 shows the mechanisms of anti-cancer drugs resistance. Tumor heterogeneity and plasticity (phenotypic switching) are responsible for resistance to various anti-cancer drugs (Su et al., 2019, Figure 1D). Tumor heterogeneity includes cell type heterogeneity and genetic heterogeneity. These characteristics make it almost impossible to rely on a single therapy for cancer treatment. Melanoma cells switch between differentiated (proliferative) and de-differentiated (invasive) states during metastatic progression. Phenotypic switching toward the de-differentiated state leads to resistance to BRAF and MEK inhibitors (Granados et al., 2020). BRAF inhibitor treatment induces mesenchymal transition, which leads to BRAF inhibitor resistance (Su et al., 2019).

BRAF/MEK inhibitor resistance in melanoma is associated with increased expression of EGFR (Ahn et al., 2017; Dratkiewicz et al., 2019). Resistance to BRAF inhibitors (dabrafenib or vemurafenib) results from BRAF amplification, AKT mutation, N-RAS mutation, MEK1/MEK2 mutation, and high level of insulin like growth factor-1 receptor (IGF-1R) in BRAFV600E mutant melanomas (Rizos et al., 2014, Figure 1E). AKT1(Q79K) mutation also confers resistance to BRAF inhibitors (vemurafenib or dabrafenib) via amplification of PI3K-AKT signaling (Shi et al., 2014). Resistance to BRAF inhibitors (vemurafenib or dabrafenib) results from alterations in MAPK pathway, such as MAP2K2, and melanocyte inducing transcription factor (MITF) (Van Allen et al., 2014). Melanoma cells can adapt to the drugs through phenotypic switching (plasticity), which results in resistance to targeted therapies such as BRAF and MEK inhibitors (Richard et al., 2016; Hartman et al., 2020). MITF, a regulator of melanoma cell plasticity, shows heterogeneous expression in cancer cell subpopulations (Vachtenheim and Ondrusova, 2015). Low expression of MITF expression is associated with invasion while high MITF expression favors cellular proliferation (Vachtenheim and Ondrusova, 2015). MITF regulates invasion of melanoma cells through negative feedback loop with Notch signaling (Golan and Levy, 2019). Therapy-resistant melanoma show low expression of MITF (Ahmed and Haass, 2018). High MITF level is found in more than 20% of melanomas following MAPK inhibitor treatment (Van Allen et al., 2014; Smith et al., 2016). MAPK inhibition leads to increased expression of MITF, which counteracts the effect of the MAPK inhibitor (Smith et al., 2019). Reactivation of MAPK signaling leads to activation of the PI3K-mTOR signaling pathway, which confers resistance to the BRAF inhibitors vemurafenib and dabrafenib (Welsh et al., 2016). Resistance to the BRAF inhibitor SB-590885 results from activation of IGF-1R/PI3K signaling (Villanueva et al., 2010). Resistance to PLX4720, an inhibitor of BRAF, results from upregulation of HDACs based on the fact that pan-HDAC inhibitors overcome resistance to PLX4720 (Lai et al., 2012). Trametinib-resistant melanoma cells show increased expression of HDACs 2/5/6/10/11 (Booth et al., 2017). A combination of vemurafenib and the MEK inhibitor trametinib increases the expression of HDAC8 in melanoma cells (Emmons et al., 2019). This increased expression of HDAC8 leads to the activation of MAPK signaling via receptor tyrosine kinases, such as EGFR and proto-oncogene MET, which confers resistance to the combination of BRAF inhibitor and MEK inhibitor (Emmons et al., 2019). It is therefore probable that HDAC8 is responsible for acquired resistance to the BRAF and MEK inhibitors. Figure 1E shows the mechanisms associated with resistance to BRAF inhibitors.

These reports suggest that targeting signaling pathways and/or HDACs may overcome resistance to BRAF inhibitors. Cancers are generally heterogeneous and multiclonal. An individual cancer reflects differences in mutations of various genes. Therefore, a combination of anti-cancer drugs is employed as anti-cancer therapy. Aberrant activation of the MAPK pathway is a major feature in most cases of melanoma (Dikshit et al., 2018). A combination of BRAF and MEK inhibitors has been employed for the treatment of metastatic melanomas harboring the BRAFV600E mutation. The anti-tumor effects of these BRAF inhibitors are enhanced by co-administration of MEK inhibitors (Dummer et al., 2018). The combination of dabrafenib and trametinib results in stronger inhibition of activity of specific tyrosine kinases than does treatment with dabrafenib alone (Krayem et al., 2020). The combination of a BRAF inhibitor (dabrafenib) and a MEK inhibitor (trametinib) increases the expression of KIT, a tumor suppressor, and also induces alterations in CCND1, RB1, and MET in patients with BRAFV600E metastatic melanoma (Louveau et al., 2019). The combination of cobimetinib (MEK inhibitor) and vemurafenib (BRAF inhibitor) improved progression-free survival compared to vemurafenib monotherapy in patients with BRAFV600 mutant metastatic melanoma in a phase 3 clinical trial (12.3 months vs. 7.2 months; Ascierto et al., 2016). In a phase III clinical of patients with advanced melanoma harboring the BRAFV600E mutation, the combination of BRAF and MEK inhibitors (dabrafenib plus trametinib) increased the 3-year relapse-free survival rate compared to placebo treatment (58% vs. 39%) (Long et al., 2017).

Blockade of MAPK signaling pathway with BRAF and MEK inhibitors induces favorable responses, but most patients eventually develop resistance to these inhibitors. Melanoma patients harboring the BRAFV600E mutation display primary resistance. Prolonged treatment with BRAF/MEK inhibitors induces acquired resistance (Atzori et al., 2020). These reports suggest that targeting molecular reprogramming induced by BRAF/MEK inhibitors is necessary to treat melanomas.



THE ROLES OF HDACS IN MELANOMA GROWTH AND ANTI-CANCER DRUG RESISTANCE

HDACs deacetylate the lysine residues of histones that prevent transcription factor access (Guan et al., 2020). The HDAC family can be subdivided into four categories: Class I HDACs comprise HDAC 1, HDAC 2, HDAC 3, and HDAC 8, which are expressed in most tissues and localized in the nucleus. Class IIa HDACs (HDAC 4, HDAC 5, HDAC 7 and HDAC 9) are present in the nucleus and cytoplasm. Class IIb HDACs (HDAC 6 and HDAC 10) are expressed in a tissue-specific manner and localized in the cytoplasm. HDAC 11, the class IV HDAC, is present in the nucleus (Sahakian et al., 2015). Classes I, II, and IV HDACs require Zn2+ in their catalytic site, whereas class III HDACs require NAD+ for their deacetylase activity (Figure 2). Class III HDACs comprises seven sirtuin proteins (SIR1-7) and are homologous with the yeast protein SIR2. Inhibitors targeting classes I, II, and IV HDACs bind to the catalytic core of the Zn2+-binding site. Figure 2 shows classification, functional domains, and inhibitors of HDACs.
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FIGURE 2. Classification of HDACs, functional domains, and HDAC inhibitors. TSA denotes trichostatin A. AA denotes amino acids.


Chromatin state changes regulated by HDACs are closely associated with melanoma progression (Al Emran et al., 2018; Emran et al., 2019; Luo et al., 2020). Resistance to BRAF inhibitor results from increased expression of HDACs (Booth et al., 2017; Emmons et al., 2019). Downregulation of peroxisome proliferator-activated receptor γ coactivator 1-α (PGC1α) expression by H3K27me3 suppresses melanoma cell invasion (Luo et al., 2020). Aberrant expression, dysregulation of HDACs or imbalances between HDACs and histone acetyltransferases (HATs) promotes cancer progression (Krumm et al., 2016). Induced drug-tolerant melanoma cells show increased level of H3K9me3 and loss of H3K4me3/H3K27me3 (Al Emran et al., 2018). The loss of H3K4me3 in combination with increased DNA methylation of tumor suppressor genes leads to acquired anti-cancer drug resistance (Al Emran et al., 2018). The increased levels of H3K18ac and H3K27ac are responsible for multidrug resistance in renal cell carcinoma cells (Zhu et al., 2019). It is reasonable to conclude that an epigenetic regulator, such as HDACs/HATs, can regulate cancer cell growth and the responses to anti-cancer drugs.

HDACs regulate the expression levels of genes involved in melanoma cell proliferation (Kim et al., 2015; Chen et al., 2019). Malignant melanoma cells display high levels of HDAC1/2/3 compared to normal cells (Krumm et al., 2016). High expression of HDAC1 is seen in prostate cancers and breast cancers (Gameiro et al., 2016; Tang et al., 2017). Apicidin, an inhibitor of HDAC2 and HDAC3, decreases the expression of Notch1 by decreasing the level of H3Kac27 (Ferrante et al., 2020). Notch 1 signaling suppresses anti-tumor immunity by increasing the expression of TGF-β1 (Yang et al., 2018). Increased expression of HDAC2 is seen in human melanoma cells (Malme3MR) that have been made resistant to various anti-cancer drugs by repeated exposure to the anti-cancer drug celastrol (Kim et al., 2010). Downregulation of HDAC4 leads to apoptosis of head and neck cancer cells (Lee et al., 2018). HDAC5 promotes invasion of hepatocellular carcinoma cells by increasing the expression of hypoxia–inducible factor-1 (Ye et al., 2017). HDAC5 enhances the metastatic potential of neuroblastoma cells by decreasing the expression of CD9 via hypermethylation (Fabian et al., 2016). The hypermethylation of miR-589 promotes mesenchymal transition by upregulation of HDAC5 in non-small cell lung cancer cells (Liu et al., 2017). HDAC6, which is highly expressed in various melanoma cells, is necessary for invasion and metastasis of melanoma cells (Liu et al., 2016). HDAC6 deacetylates Lys-72 of extracellular signal-regulated kinase 1 (ERK1) and promotes ERK1 activity (Wu et al., 2018). HDAC6 binds to Tyrosine-protein phosphatase non-receptor type 1 (PTPN1), activates extracellular signal-regulated kinase 1/2 (ERK1/2), inhibits apoptosis, and promotes melanoma cell proliferation (Liu et al., 2018). HDAC7 regulates the level of acetyl-H3K27 and is necessary for maintaining cancer stem cells (Caslini et al., 2019). HDAC9 is highly expressed in most gastric cancer cells and plays on oncogenic role (Xiong et al., 2019). HDAC10 promotes angiogenesis by activating ERK1/2 phosphorylation (Duan et al., 2017). The class I and II HDAC inhibitor trichostatin A (TSA) decreases the expression of the genes involved in driving the extracellular signal-regulated kinase (ERK)1/2 oncogenic pathway (Mazzio and Soliman, 2018).

Valproic acid (VPA), an inhibitor of HDACs, binds to HDAC2 and enhances sensitivity to anti-cancer drugs (Kalal et al., 2019). HDAC2 binds to the cancer/testis antigens, such as CAGE, and leads to multi-drug resistance by decreasing p53 expression in melanoma cells (Kim et al., 2010, Figure 3A). HDAC5 confers resistance to tamoxifen by inducing deacetylation and nuclear localization of SOX9 (Xue et al., 2019). HDAC6 binds to tubulin β3 and confers resistance to anti-cancer drugs in Malme3MR cells (Kim et al., 2015). Malme3MR cells show low expression level of HDAC3 compared to parental anti-cancer drug sensitive melanoma cells (Malme3M) (Kim et al., 2014). Overexpression of HDAC3 enhances sensitivity to anti-cancer drugs by disrupting the interaction between HDAC6 and tubulin β3 (Kim et al., 2015, Figure 3B). HDAC3 decreases the expression of tubulin β3 by binding to its promoter sequences (Kim et al., 2015). HDAC3 suppresses the angiogenic potential of Malme3MR cells by decreasing the expression levels of plasminogen activator inhibitor-1 (PAI-1) and vascular endothelial growth factor (VEGF) (Park et al., 2014, Figure 3B). HDAC3 forms a negative feedback loop with miR-326 and enhances sensitivity to anti-cancer drugs in vitro and in vivo (Kim et al., 2014). Thus, increasing HDAC3 expression may overcome resistance to anti-cancer drugs, including BRAF and MEK inhibitors. CAGE-derived 269GTGKT273 peptide binds to CAGE and enhances sensitivity to anti-cancer drugs in Malme3MR cells (Kim et al., 2017). CAGE interacts with EGFR and human epidermal growth factor receptor 2 (HER2) to confer resistance to gefitinib and trastuzumab in Malme3MR cells (Kim et al., 2016, Figure 3C). Thus, HDAC2-binding of CAGE can regulate the response to BRAF/MEK inhibitors. Table 1 shows the roles of HDACs in cancer cell proliferation, angiogenic potential, and metastasis.
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FIGURE 3. Effects of HDACs on the responses to anti-cancer drugs and melanoma growth. (A) HDAC2 binds to cancer/testis antigen CAGE and directly regulates the expression of p53 to confer resistance to various anti-cancer drugs in melanoma cells (upper). (B) In Malme3M Cells, HDAC3 decreases the expression levels of HDAC6, MDR1, and tubulin β3 (upper). In Malme3MR cells, HDAC6 interacts with tubulin β3 and confers resistance to anti-cancer drugs (lower). HDAC3 negatively regulates angiogenic potential by decreasing the expression levels of PAI-1 and VEGF (lower). (C) HDAC3 forms a negative feedback loop with miR-326 and regulates the response to anti-cancer drugs as well as the tumorigenic and metastatic potential of melanoma cells. HDAC3 forms positive feedback loops with miR-200b, miR-217, and miR-335 in Malme3M cells. These miRNAs negatively regulate the expression of CAGE. CAGE interacts with EGFR and HER2 and confers resistance to anti-cancer drugs.



TABLE 1. Summary of functions of HDACs.

[image: Table 1]The HDAC inhibitors vorinostat and valproic acid (VPA) decrease the migration potential of BRAFV600E mutant melanoma cells by increasing the expression of plasma membrane Ca2+ ATPase 4b (PMCA4b) (Hegedus et al., 2017). VPA increases acetylation of lysine residues of histone H3 at 9, 18, 23, and 27 at the promoter region of tissue type plasminogen activator (Larsson et al., 2012). Vorinostat induces H3K9 acetylation to exert anti-cancer effects in urothelial carcinoma cells (Eto et al., 2019), and decreases the tumorigenic potential of drug-resistant melanoma cells (Wang et al., 2018). The HDAC inhibitor panobinostat decreases PI3 kinase activity and increases the expression levels of apoptotic proteins such as BIM and NADPH oxidase activator (NOXA) (Gallagher et al., 2018). Panobinostat increases the acetylation of STAT3 at lysine 685 (Gupta et al., 2012). MS-275, an inhibitor of class I HDACs, increases H3K27ac and HDAC7 expression in breast cancer cells (Caslini et al., 2019). The class IIa-specific inhibitor MC-1568 increases the expression of Rb protein and the level of H3K27 at the Rb promoter (Rajan et al., 2018). The HDAC6-specific inhibitor ACY241 decreases the number of Treg cells (CD4+CD25+FoxP3+), but increases the number of activated CD8+ T cells by activating AKT signaling to induce anti-cancer effects against multiple myeloma (Bae et al., 2018). HDAC6-specific inhibitors (Tubastatin A and Nexturastat) suppress melanoma cell proliferation by increasing the expression levels of tumor-associated antigens (TAAs) and human leukocyte antigen (HLA) class I (Woan et al., 2015). High levels of TAAs activate CD8+ T cells to suppress cancer progression (Qu et al., 2018). Tubastatin A increases acetylation of Cystathionine γ-lyase (CSEγ) at lysine 73 (Chi et al., 2019). These reports suggest that HDAC inhibitors can regulate responses to anti-cancer drugs.

Class I HDAC inhibitors, such as VPA or MS-275, enhance the sensitivity of melanoma cells to the alkylating agents temozolomide, dacarbazine, and fotemustine by suppressing the double strand break (DSB) repair pathway by decreasing the expression levels of RAD51 and fanconi anemia complementation group D2 (FANCD2) (Krumm et al., 2016). The combination of trichostatin A (TSA) with etoposide increases the expression of p53 and reverses resistance to chemotherapy in melanoma cells (Monte et al., 2006). These reports imply a role for HDAC inhibitors in the response to BRAF/MEK inhibitors.

The combination of a BRAF inhibitor, encorafenib, and an HDAC inhibitor, panobinostat, synergistically induces caspase-dependent apoptotic cell death by inhibiting PI3 kinase activity and decreasing the expression levels of anti-apoptotic proteins (Gallagher et al., 2018). Vorinostat enhances sensitivity to dabrafenib and trametinib by increasing the level of reactive oxygen species (ROS) in anti-cancer drug-resistant melanoma cells (Wang et al., 2018). Vorinostat enhances the efficacy of BRAF/MEK inhibitors in N-RAS and NF-1 mutant melanomas by suppressing DNA repair pathways (Maertens et al., 2019). The HDAC8 inhibitor PCI-34051 enhances sensitivity to BRAF inhibitors by increasing the acetylation of c-jun at lysine 273 (Emmons et al., 2019). GPCR-mediated yes associated protein (YAP) activation and receptor tyrosine kinase (RTK)-driven AKT signaling confer resistance to MEK inhibition. The HDAC inhibitor panobinostat prevents MEK inhibition from activating YAP and AKT signaling (Faiao-Flores et al., 2019). These reports indicate that a combination of an HDAC inhibitor and a BRAF/MEK inhibitor may offer clinical benefits in patients with metastatic melanoma.



THE ROLE OF IMMUNE CHECKPOINT IN MELANOMA GROWTH AND ANTI-CANCER DRUG RESISTANCE

Cancer cells evade immune surveillance and progress by activating immune checkpoint pathways that suppress the antitumor immune responses by CTLs. Vemurafenib-resistant (VemR) cells display cross-resistance to melanoma antigen MART-specific CTLs and NK cells (Jazirehi et al., 2014). This indicates that lack of immune surveillance is responsible for resistance to BRAF inhibitors. Understanding the mechanisms of immune evasion is necessary for overcoming resistance to targeted and immune therapy. Immune checkpoint molecules, such as PD-1 and PD-L1, promote cancer progression by activating MDSCs and pro-tumorigenic tumor-associated macrophages (TAMs or M2 macrophages), while inhibiting CTLs and NK cells. High PD-L1 expression is common in malignant melanomas (Wang et al., 2019). The expression levels of PD-L1 and PD1 can predict the outcome of anti-PD1 immune therapy in malignant melanoma (Ugurel et al., 2020). The BRAFV600E mutation leads to high PD-L1 level in a MEK-dependent manner (Feng D. et al., 2019).

Activation of EGFR-STAT3 signaling is responsible for the increased expression of PD-L1 in melanoma cells (Ehexige et al., 2020; Li et al., 2020, Figure 4A). The MAPK and PI3K/AKT signaling pathways regulate the expression of PD-L1 (Li et al., 2019, Figure 4A). Melanoma extracellular vesicles increase the expression of PD-L1 via TLR4 signaling and suppress CTL activity (Fleming et al., 2019). Various transcription factors, such as HIF-1α, STAT3, C-JUN, ad NF-κB, regulate the expression of PD-L1 (Figure 4A).
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FIGURE 4. The expression and regulation of PD-L1and the role of PD-L1 in anti-cancer drug resistance. (A) Regulation of PD-L1 expression occurs at different levels. HIF-1α directly increases the expression of PD-L1 by binding to the promoter sequences of PD-L1. Toll-like receptor signaling increases the expression of PD-L1 by NF-kB. PI3K/AKT/mTOR and RAS/RAF/MEK/ERK signaling increase the expression of PD-L1 by activating C-Jun and STAT3. JAK/STAT signaling activated by IFN-γ increases the expression of PD-L1. (B) Treatment of metastatic melanomas with BRAF inhibitors or a combination of BRAF/MEK inhibitors leads to immune evasion (left). Increased expression of PD-L1 increases resistance to MEK inhibitors and EGFR-TKIs (left). MEKi denotes MEK inhibitor. EGFR-TKIs denote EGFR-tyrosine kinase inhibitors. Repeated exposure to vemurafenib increases the expression level of PD-L1, which in turn confers resistance to vemurafenib (right).


Treatment with the MEK inhibitor trametinib increases the expression of PD-L1 via STAT3 activation, which in turn enhances sensitivity to PD-L1 blockade (Kang et al., 2019, Figure 4B). Resistance to the MEK inhibitor BAY86–9766 results from increased expression of EGFR and PD-L1 (Napolitano et al., 2019). Vemurafenib resistance results from the increased expression of PD-L1 by YAP, an effector of Hippo signaling, in melanoma cells (Kim et al., 2018, Figure 4B). These reports suggest that immune checkpoint molecules can determine melanoma growth and the response to anti-cancer drugs.



HDAC INHIBITORS ACTIVATE IMMUNE SURVEILLANCE

The tumor microenvironment consists of cancer cells and stromal cells (for example, cancer-associated fibroblasts, endothelial cells, and innate and adaptive immune cells). Cancer-associated fibroblasts induce phenotypic switching of melanoma cells into a mesenchymal-like phenotype and activate PI3K signaling to confer resistance to BRAF inhibitors (Seip et al., 2016). Therefore, cellular interactions within the tumor microenvironment may regulate the response to anti-cancer drugs. PD-1/PD-L1 interactions lead to immune evasion (tumor tolerance) by inactivating CD8+ T cells (Figure 5A). MDSCs interact with CD8+ T cells via PD-L1 and inactivate CD8+ T cells by secreting TGF-β and IL-10 (Fleming et al., 2018, Figure 5A). TAMs, which are activated by IFN-γ released by CD4+ T helper cells, inactivate CD8+T cells (Li et al., 2020, Figure 5A). Melanoma cells activate MDSCs, but inactivate CD8+ T cells via PD-L1 (Figure 5A). Specific depletion of pro-tumorigenic CD163+ M2 macrophages (TAMs) leads to infiltration of CTLs and tumor regression (Etzerodt et al., 2019).
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FIGURE 5. HDAC inhibitors enhance sensitivity to immune checkpoint inhibitors by regulating anti-tumor immune responses. (A) PD-1/PD-L1 interactions between cancer cells and CD8+ T cells suppress T cell activation, leading to tumor tolerance (upper). Ipilimumab, an anti-CTLA-4 antibody, disrupts the interaction between CTLA-4 and CD80/CD86, increasing production of pro-inflammatory cytokines and inducing T cell activation. MDSCs (middle) and TAMs (lower) suppress T cell activation via PD-1/PD-L1 interactions. MDSCs inhibit the function of CD8+ T cells by secreting TGF-β and IL-10. (B) HDAC inhibitors enhance CTL and NK cell activity, induce M1 macrophage polarization, and suppress the immune regulatory function of MDSCs. (C) HDACs regulate the PD-L1 expression to induce CTL activity or apoptosis. BRD4 denotes bromo domain protein 4. (D) HDAC inhibitors enhance sensitivity to PD-L1 blockade by activating CD8+T and NK cells while inactivating MDSCs and M2 macrophages. TAAs denote tumor associated antigens.


The combination of DNA methyltransferase (DNMT) and histone deacetylase inhibitors decreases the number of MDSCs through type I IFN signaling and activates CD8+ T and NK cell signaling (Stone et al., 2017). This implies that epigenetic modifications regulate interactions between cancer cells and immune cells. HDAC6-selective inhibitors (ricolinostat and citarinostat) enhance the anti-tumor effects of CTLs in melanoma patients by decreasing the expression of Forkhead Box P3 (FOXP3) to suppress the functions of regulatory T cells (Laino et al., 2019, Figure 5B). The HDAC6 inhibitor ACY241 enhances the anti-tumor effects of antigen-specific CD8+ T cells by activating the AKT/mTOR/p65 pathways in solid tumors (Bae et al., 2018, Figure 5B). A combination of the HDAC inhibitor sodium butyrate and vemurafenib increases the expression of NK cell receptor (NKG2D)-ligand to enhance recognition of vemurafenib-treated melanoma cells by NK cells (Lopez-Cobo et al., 2018). MS-275 induces anti-tumorigenic M1 macrophage polarization through the IFN-γ receptor/STAT1 signaling pathway, and inhibits the function of MDSCs and eliminates antigen-negative cancer cells in a caspase-dependent manner (Nguyen et al., 2018, Figure 5B). The HDAC inhibitor vorinostat increases the expression levels of HLA classes I and II molecules on the cell surface to activate CTLs (Sun et al., 2019). These reports suggest that HDAC inhibitors may activate immune surveillance mechanism to suppress melanoma growth and enhance sensitivity to immune checkpoint inhibitors.



HDAC INHIBITORS ENHANCE THE EFFICACY OF IMMUNE CHECKPOINT INHIBITORS

Immune checkpoint inhibitors, such as anti-cytotoxic T Lymphocyte associated protein- 4 (CTLA-4) antibody (Ipilimumab) and anti-PD-L1 antibodies (atezolizumab, druvalumab, and avelumab) have shown some clinical benefits in the treatment of patients with advanced-stage metastatic melanoma. The overall response to atezolizumab was 30% among 43 melanoma patients in a phase I clinical trial (Hamid et al., 2019). Anti-PD1 antibodies, such as nivolumab and pembrolizumab, are also widely used to treat advanced melanoma (Fujimura et al., 2019).

Epigenetic modifications regulate expression of the genes involved in immune surveillance. Bromodomain and extra-terminal region (BET) protein recognizes acetylated lysines of histones and non-histone proteins (Rajendran et al., 2019). BET inhibitors suppress melanoma growth by decreasing the expression of PD-L1 while activating CD8+ T cells (Erkes et al., 2019). HDAC6 increases the expression of PD-L1 through STAT3 signaling, and selective inhibition of HDAC6 suppresses cancer progression in vivo (Lienlaf et al., 2016, Figure 5C). The inhibition of HDAC6 by MPT0G612 prevents IFN-γ from increasing the expression of PD-L1 and induces apoptosis by suppressing autophagy (Chen et al., 2019, Figure 5C). RGFP966 increases the expression of PD-L1 in dendritic cells, and the combination of RGFP966 with anti-PD-L1 antibody suppresses murine lymphoma growth (Deng et al., 2019, Figure 5C).

The effect of immune checkpoint blockade is compromised by activation of MDSCs. A combination of the HDAC inhibitor VPA and anti-PD-L1 antibody inhibits functioning of MDSCs by decreasing the expression levels of IL-10, IL-6, and Arginase I (ARG1) while activating CD8+ T cells (Adeshakin et al., 2020, Figure 5D). The HDAC6 inhibitor nexturastat A improves the efficacy of anti-PD-1 antibody by decreasing the number of pro-tumorigenic M2 macrophages (TAMs) while increasing the number of tumor infiltrating NK cells and CD8+ T cells (Knox et al., 2019, Figure 5D). PD-1 blockade increases the expression of PD-L1 via pro-inflammatory cytokines such as IFN-γ (Knox et al., 2019). Nexturastat A prevents anti-PD-1 antibody from increasing the expression of PD-L1 (Knox et al., 2019). These reports indicate that HDAC inhibitors enhance the responses to immune checkpoint inhibitors by activating immune surveillance.



CONCLUSION AND PERSPECTIVES

To better understand the mechanisms of resistance to BRAF/MEK inhibitors in melanoma, identification of molecular signatures associated with resistance is necessary. Establishment of melanoma cell lines that are resistant to these inhibitors will make it possible to identify molecular signatures that may serve as targets for the development of anti-melanoma therapies.

MicroRNAs (miRNAs) are small non-coding RNAs that play important roles in cellular proliferation, anti-cancer drug resistance and cancer progression (Kim et al., 2017). miR-22 directly binds to the 3′ UTR of HDAC6 and suppresses cervical cancer cell proliferation (Wongjampa et al., 2018). miRNAs that target specific HDACs can overcome resistance to targeted and immune therapy. Downregulation of miR-589 promotes cancer malignancy by increasing PD-L1 expression level (Liu et al., 2017). miR-146a, which is increased in metastatic melanoma, induces immune evasion of melanoma cells (Mastroianni et al., 2019). The combination of a miR-146a inhibitor and anti-PD-L1 improves survival in a mouse model of melanoma (Mastroianni et al., 2019). It is necessary to identify miRNAs that bind to the 3′ UTR of PD-L1 and/or PD-1. These miRNAs can be developed as anti-melanoma therapies in combination with HDAC inhibitors and immune checkpoint inhibitors.

Epigenetic modifications regulate cancer progression and anti-cancer drug resistance. Epigenetic modifications are reversible and dynamic. Thus, targeting HDACs has emerged as an attractive strategy for the treatment of various cancers. Reportedly, HDACs regulate the expression levels of immune checkpoint molecules. Thus, targeting HDACs may prove to be an effective strategy to overcome resistance to immune checkpoint blockade.

The FDA has approved four HDAC inhibitors for use in cancer patients. These inhibitors are Vorinostat (hydroxamic acid family), Romidepsin (cyclic peptide family), Belinostat (hydroxamic acid family), and Panobinostat (hydroxamic acid family). These inhibitors have been approved for the treatment of cutaneous T-cell lymphoma and peripheral T cell lymphoma. In a phase II clinical trial, some patients with advanced melanoma displayed an early response to vorinostat. However, the disease state in most of these patients was stable (Haas et al., 2014). Vorinostat therapy has many side effects, including fatigue, nausea, and lymphopenia (Haas et al., 2014). Vorinostat and the proteasome inhibitor marizomib have synergistic effects when used together in cancer cell lines derived from melanoma patients and are well-tolerated by melanoma patients (Millward et al., 2012). The combination of belinostat (an inhibitor of HDACI and HDACII) with cisplatin and etoposide lea to hematologic toxicity in a phase I clinical trial of advanced small cell lung cancer patients (Balasubramaniam et al., 2018). The combination of romidepsin and the DNA methyl transferase I inhibitor 5-aza-deoxycydine displayed dose-limiting toxicity, including grade 4 thrombocytopenia, grade 4 neutropenia, and pleural effusion (O’Connor et al., 2019). The overall response rate to a combination of romidepsin and 5-aza-deoxycydine in T-cell lymphoma patients was 55% (O’Connor et al., 2019). A combination of romidepsin and the BET inhibitor IBET151 increases the expression of IL-6 and the number of antigen-specific CD8+ cells during vaccination for the treatment of melanoma (Badamchi-Zadeh et al., 2018). Panobinostat (a pan-deacetylase inhibitor) showed a very low response rate and a highly toxic effects in phase I trial of patients with metastatic melanoma (Ibrahim et al., 2016). Panobinostat treatment was associated with high rates of nausea, vomiting, and fatigue in phase 1 trial of metastatic melanoma patients (Ibrahim et al., 2016). The combination of panobinostat and the proteasome inhibitor carfilzomib had adverse effects, including thrombocytopenia (41%), fatigue (17%), and nausea/vomiting (12%) in a phase I trial of 32 patients with multiple myeloma (Kaufman et al., 2019). The objective response rate (ORR) and clinical benefit rate were 63 and 68%, respectively in that same phase I trial of 32 patients with multiple myeloma (Kaufman et al., 2019). Quisinostat, hydroxamate-based HDAC inhibitor, targets both class I and II HDACs. According to the results of a phase I clinical trial, quisinostat shows strong antitumor effect and is well-tolerated in metastatic melanoma patients (Venugopal et al., 2013). Table 2 describes clinical trials of HDAC inhibitors in various cancers, including melanoma.


TABLE 2. Clinical trials of HDAC inhibitors: characteristics of clinical trials registered in https://clinicaltrials.gov.

[image: Table 2]To date, there have been no successful clinical trials involving a combination of HDAC inhibitors and immune checkpoint inhibitors. The HDAC-selective inhibitors that are currently in use have off-target effects. To overcome these off target effects, it is necessary to design HDAC-specific inhibitor based on the structure of each HDAC. Identification of proteins that interact with individual HDACs may make it possible to devise new anti-melanoma therapies. We previously reported that CAGE-binding peptide prevents CAGE from binding to GSK3β and enhances sensitivity to anti-cancer drugs (Kim et al., 2017). Identification of proteins that interact with individual HDACs is necessary for development of anti-melanoma therapies. Peptides that bind to each HDAC and prevent interactions between each HDAC and its binding partner may circumvent off-target effects and enhance sensitivity to targeted and immune therapies.

Due to tumor heterogeneity and plasticity, combination therapy is required for the treatment of cancers, including melanomas. HDACs play major roles in the regulation of immune checkpoint molecules, cancer cell proliferation, and activation of oncogenic signaling pathways. It is reasonable to conclude that HDAC inhibitors in combination with targeted therapies and immune therapies can be employed as anti-melanoma therapies.
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In spite of new knowledge on prostate cancer molecular landscape, this has been only partially translated to the therapeutic setting. The activation of Ras/Mitogen-activated protein kinase (MAPK) signaling plays an important role in progression of prostate cancer in which deregulation of histone deacetylases (HDAC) is frequent. Based on the notion that HDAC inhibitors may reactivate the expression of genes favoring cell response to drugs, the aim of this study was to investigate the interaction between the HDAC6-specific inhibitor ricolinostat (ACY1215) and the MEK-inhibitor selumetinib (AZD6244) to identify effective combinations in prostate cancer models. Using cell lines exhibiting differential activation of survival pathways (PC3, DU145, 22Rv1) and following different treatment schedules, a synergistic interaction was observed in all cell models, the drug combination being particularly effective in 22Rv1 cells. Marginal levels of apoptosis were observed in PC3 cells after combined treatment, whereas higher levels were achieved in DU145 and 22Rv1 cells. RNAi-mediated knockdown of HDAC6 in selumetinib-treated 22Rv1 cells resulted in increased apoptosis. Combined treatment suppressed the constitutively deregulated survival pathways in all cell lines. A decrease of androgen receptor (AR)-dependent gene (KLK2, DUSP1) mRNA levels was observed in 22Rv1 treated cells, associated with increased AR cytoplasmatic expression, suggesting AR signaling down-regulation, not involving Hsp90 acetylation. When a taxane was used in combination with AZD6244 and ACY1215 by a simultaneous schedule, a synergistic cytotoxic effect together with increased apoptosis was evidenced in all cell models. These results support a rational use of targeted agents to improve prostate cancer cell apoptotic response.

Keywords: prostate cancer, castration-resistance, ricolinostat, selumetinib, paclitaxel


INTRODUCTION

Prostate cancer is the second most frequently diagnosed cancer and the third most common cause of cancer-related death in men in Western countries (Siegel et al., 2018). Androgen deprivation by antagonists is an important therapeutic strategy for patients with advanced stage disease (Crawford et al., 2019), but most patients suffer from relapse within a few years, due to the development of a castration-resistant tumor. Treatments for metastatic castration-resistant prostate cancer include secondary hormone therapy (Parker and Sartor, 2011; Scher et al., 2011; Ryan et al., 2013; Beer and Tombal, 2014), immunotherapy (Kantoff et al., 2010), radiopharmaceuticals (Parker et al., 2013), and chemotherapy. Two taxanes, docetaxel and cabazitaxel are now clinical standard treatments (Petrylak et al., 2004; de Bono et al., 2010).

In tumor cells, extracellular signals are transmitted through a network of proteins and inhibition of a single component of a canonical pathway is usually insufficient to produce dramatic effects on cancer cell growth (Natarajan et al., 2006). The activation of the Ras/Mitogen-Activated Protein Kinase (MAPK) signaling pathway plays an important role in progression of prostate cancer to advanced, castration-resistant disease (Bakin et al., 2003). The activation of MAPK, an effector of Ras activation, has been associated with prostate cancer progression (Gioeli et al., 1999). Thus, inhibition of Ras effectors such as MEK could be an effective therapy for advanced prostate cancer (Cossa et al., 2013). A well established set of alterations that could activate MAPK signaling has been identified in prostate cancer and include PTEN loss and, less frequently, BRAF and RAF1 rearrangements (Yap et al., 2016).

Epigenetic modifications which usually occur at an early stage in prostate cancer development play a key role in the patho-physiology of prostate cancer (Cimadamore et al., 2017). Aberrant genomic distribution and global level of histone modifications may lead to silencing of tumor suppressor genes during malignant transformation of prostate cells (Chen et al., 2010). Histone deacetylases (HDAC) have been implicated in prostate cancer progression, providing the rationale for pharmacological treatment of the disease with HDAC inhibitors (HDACi) (Abbas and Gupta, 2008). HDAC isoforms show a variable expression profile in prostate cancer cells, thereby their response to HDACi is not uniform, but cell line-, target- and inhibitor-specific (Waltregny et al., 2004; Kortenhorst et al., 2013). HDAC6 is a Hsp90-deacetylase and an essential positive regulator of its function. Treatment with HDAC6-inhibitors induces hyperacetylation and inhibits ATP-binding and chaperone-function of Hsp90, resulting in polyubiquitination and proteasomal degradation of HSP90-client proteins, including HDAC6 itself, p53 and androgen receptor (AR) (Ai et al., 2009). Thus, HDAC6 appears to be a promising target for castration-resistant prostate carcinoma treatment. Selective HDAC6-inhibitors modulating Hsp90 activity have been proposed for reducing prostate cancer aggressiveness (Seidel et al., 2016).

Based on this background, co-targeting different key players in tumor cell survival (i.e., MAPKs and HDACs) may be effective in inhibiting prostate cancer cell proliferation. In the present study, we examined the efficacy of targeted agent combinations in castration-resistant prostate carcinoma cell lines (DU145 and PC3) characterized by a variable pattern of survival pathway activation, a differential p53 mutational status as well as a different susceptibility to apoptosis. The 22Rv1 cell line, exhibiting both androgen-responsive and androgen-insensitive features (Gregory et al., 1998; Tassinari et al., 2018) was also included in our study. Specifically, we investigated the interaction between the HDAC6-specific inhibitor ricolinostat (ACY1215) and the MEK-inhibitor selumetinib (AZD6244) and cell response to the combination of these agents, using biochemical and molecular approaches.



MATERIALS AND METHODS


Cell Lines and Cell Sensitivity to Drugs

The human castration-resistant prostate carcinoma cell lines DU145, PC3 and 22-Rv1 cells were used in this study (Perego et al., 2006; Tassinari et al., 2018). 22Rv1 cells express the full-length and constitutively active AR variants (Tassinari et al., 2018). All cell lines were cultured in RPMI-1640 medium (Lonza, Milan, Italy) supplemented with 10% fetal bovine serum (Thermo Fisher, Monza, Italy). The cell sensitivity to drugs was measured by a growth-inhibition assay based on cell counting. Exponentially growing cells were seeded in duplicate into six-well plates and, 24 h later, exposed to drugs for 72 h. For combination studies between AZD6244 and ACY1215, the cells were treated according to different schedules: a) 72 h concomitant exposure; b) ACY1215 24 h pre-treatment, followed by 48 h AZD6244 co-exposure. For triple combination studies between AZD6244, ACY1215 and paclitaxel (PTX), the cells were simultaneously treated for 72 h. At the end of treatment, cells were harvested and counted with a cell counter (Coulter Electronics, Luton, United Kingdom). IC50 is defined as the drug concentration producing 50% inhibition of cell growth as compared with control. At least 3 independent experiments were performed for each drug or type of treatment. The effect of the combination was evaluated using the Chou and Talalay method (Chou and Talalay, 1984) (Calcusyn software, Biosoft, Cambridge, United Kingdom) in which a combination index (CI) lower than 1 indicates synergism. ACY1215 (Ricolinostat, Rocilinostat, Selleck, Aurogene, Rome, Italy), AZD6244 (Selumetinib, Selleck) and PTX were dissolved in dimethylsulfoxide and diluted in water.



Apoptosis Analysis

Exponentially growing cells were seeded in 25 cm2 flasks and, 24 h later, they were exposed to different concentrations of ACY1215, AZD6244, paclitaxel or to the double (ACY1215, AZD6244) and triple (ACY1215, AZD6244, paclitaxel) combination of drugs for 48 h. For the double combination a 24 h pre-incubation with ACY1215 followed by a 24 co-incubation of ACY1215 and AZD6244 was also tested. At the end of treatment, floating and adherent cells were harvested for detection of apoptotic cells by Annexin V-binding assay (Immunostep, Salamanca, Spain). Cells were washed with cold PBS and re-suspended in binding buffer (10 mM HEPES-NaOH, pH 7.4, 2.5 mM CaCl2, and 140 mM NaCl, Immunostep). A fraction of 105 cells was incubated in binding buffer at room temperature in the dark for 15 min with 5 μL of FITC-conjugated Annexin V and 10 μL of 2.5 μg/mL propidium iodide (Immunostep). Annexin V binding was detected by flow cytometry. At least 104 events/sample were acquired and analyzed using specific software (CellQuestPro, Becton Dickinson).



Western Blot Analysis

Western blot analysis was carried out as described (Corno et al., 2017). Briefly, samples were fractionated by SDS-PAGE and blotted on nitrocellulose membranes. Blots were pre-blocked in PBS containing 5% (w/v) dried no fat milk, and then incubated overnight at 4°C with the following antibodies: anti-phospho-Akt (Ser473), anti-Akt (BD Science, Franklin Lakes, NJ, United States), anti-phospho-ERK1/2 (Thr202/Tyr204, Thr185/Tyr187), anti-ERK1/2, anti-AR (Millipore, Burlington, MA, United States); anti-Hsp90 (ac-Lys294) (Novus, Centennial, Colorado, United States), anti-Hsp90 (Santa Cruz Biotechnology, Dallas, TX, United States), anti-acetylated alfa-tubulin (Sigma-Aldrich, Milan, Italy), anti-Bax and anti-FLIPL (Sigma-Aldrich, Milan, Italy), anti-p53 (Dako, Santa Clara, CA, United States), anti-cleaved caspase-3 (Asp175) and anti-cleaved caspase-7 (Asp198) (Cell Signaling, Danvers, MA, United States). Anti-vinculin (Sigma-Aldrich, Milan, Italy), anti-β-tubulin (Abcam, Cambridge, United Kingdom) or anti-actin (Sigma) antibodies were used as control for loading. Antibody binding to blots was detected by chemo-luminescence (Amersham Biosciences, Cologno Monzese, Italy). Three independent experiments were performed.



HDAC6 Loss of Function Studies

22Rv1 cells were plated in 6-well plates (25,000 cells/cm2) and 24 h later they were transfected using Opti-MEM transfection medium (Gibco by Life Technologies) and Lipofectamine 3000 (Thermo Fisher Scientific), with 10 nM of small interfering RNA (siRNA) to HDAC6 (SMARTpoolsiRNA, Dharmacon, Horizon Discovery Ltd, Cambridge, United Kingdom) or negative control siRNA (Silencer Select Negative Control #2 siRNA, Life Technologies). The transfection mix was added to complete medium for 24 h and then it was replaced with cell medium. Transfection efficiency was evaluated by quantitative Real-Time PCR (qRT-PCR) as indicated, 48 and 72 h after transfection start. Cells were harvested 48 h after transfection start and were re-seeded in 6-well plates at a density of 17,000 cells/cm2 for apoptosis evaluation by Annexin V-binding assay (Immunostep, Salamanca, Spain), performed after the treatment with AZD6244 for 24 h.

DU145 cells were plated in 6-well plates and 24 h later cells were transfected using Opti-MEM transfection medium and Lipofectamine RNAiMAX (Thermo Fisher Scientific) with 3 nM HDAC6 siRNA or negative control siRNA. Cells were incubated with transfection mix for 5 h and then the transfection medium was replaced with complete medium. Transfection efficiency was evaluated by qRT-PCR 72 h after transfection start. Cells were harvested 72 h after transfection start and were re-seeded in 12-well plates at a density of 104 cells/cm2 for apoptosis evaluation by Annexin V-binding assay (Immunostep, Salamanca, Spain), performed after the treatment with AZD6244, paclitaxel or their combination (72 h).



Quantitative Real Time PCR

RNA was isolated using the RNeasy Plus Mini Kit (Qiagen, Hilden, Germany). Reverse transcription was carried out using 1 μg RNA in the presence of RNAse inhibitors, using the High Capacity cDNA Reverse Transcription Kit according to manufacturer protocol (Applied Biosystems, Foster City, CA, United States). Gene expression was determined by quantitative real time PCR (qRT-PCR) using TaqMan assays (HDAC6, Hs00195869_m1; Applied Biosystems; DUSP1, Hs.PT.58.39287533.g; KLK2, Hs.PT.58.4099919.g; GAPDH, Hs.PT.39a.22214836; IDT). Technical triplicate reactions were carried out in 10 μl containing 2.5 μl cDNA, 5 μl master mix (TaqMan UniversalFast PCR Master Mix, Applied Biosystems), 0.5 μl of the specific assay. Reactions were performed using a 7900HT Fast Real-Time PCR System (Applied Biosystems) equipped with SDS (Sequence Detection Systems) 2.4 software (Applied Biosystems). Data analysis was performed with RQ manager software (Applied Biosystems). Relative levels of cDNA were determined as previously described (Corno et al., 2017), through the relative quantification (RQ) method. Untransfected or control cells were chosen as calibrator.



Confocal Microscopy Analysis

One hundred thousand cells were seeded in 12-well plates containing circular coverslips slides. Twenty-four hour later, cells were exposed to drugs. Specifically, cells were pre-incubated with 3 μM ACY1215 for 24 h and then 30 or 100 μM AZD6244 was added for 24 h. Cells were then fixed in 3% paraformaldehyde (Merck, Darmstadt, Germany) in PBS for 15 min at room temperature and then permeabilized in 99.9% methanol for 1 min at room temperature. After washing in PBS, cells were incubated for 1 h in PBS containing 2% bovine serum albumin (BSA). The coverslips slides were incubated for 1 h at room temperature with the primary antibody against AR (1:100, Millipore, 06-680) diluted in PBS-2% BSA. The slides were then washed in PBS, and incubated for 1 h at room temperature with the secondary antibody conjugated with AlexaFluor488 (1:500, Molecular Probes, Thermo Fisher). Samples were counterstained with Hoechst 33342 for 2 min and mounted with Prolong Gold AntiFade Reagent (Thermo Fisher). Slides were left overnight to dry and images were collected.

The sample imaging was performed using a confocal laser scanning microscope Leica TCS SP8 X (Leica Microsystems GmbH, Mannheim, Germany). The fluorochromes were excited by a continuous wave 405 nm diode laser and a pulsed super continuum White Light Laser (412–470 nm; 1 nm tuning step size). The images were acquired in the scan format 512 × 512 pixel in a Z stack series (step size 0.5 μm) using a HC PL APO and 40X/1.30 CS2 oil immersion objective and a pinhole set to 1 Airy unit. The data were analyzed using the Leica LAS AF rel. 3.3 software (Leica Microsystems GmbH, Mannheim, Germany). The images were analyzed using “ImageJ” software (Abramoff et al., 2004). To evaluate fluorescence intensity, 10 different cells were analyzed from each picture. Fluorescent relative intensity of each cell was measured by drawing a region of interest (ROI) over cell perimeter; cytoplasm fluorescent intensity was obtained by subtracting the fluorescence of nuclei from the whole fluorescence.



Statistical Analysis

Statistical analyses were performed using the GraphPad PrismTM software (GraphPad Software, San Diego, CA, United States). For comparison of IC50 values, ANOVA was used followed by Bonferroni’s multiple comparison tests and Mann Whitney test as indicated. Other comparisons were carried out using 2 sided Student’s t test.



RESULTS


Sensitivity of Prostate Carcinoma Cells to Conventional and Targeted Antitumor Agents

Sensitivity of the prostate carcinoma DU145, PC3 and 22Rv1 cells to the MEK inhibitor AZD6244, the HDAC inhibitor ACY1215 and paclitaxel was assessed by growth-inhibition assays following 72 h drug exposure (Supplementary Table 1). AZD6244 presented the most marked anti-proliferative effect in DU145 cells (P < 0.05, by ANOVA – Bonferroni’s test). 22Rv1 cells displayed an intermediate cell sensitivity to AZD6244, the IC50 value being around 30 μM. PC3 cells were poorly sensitive to the MEK inhibitor with an IC50 of 80 μM. ACY1215 exhibited a comparable anti-proliferative effect in all the tested cell lines, with IC50 values in the micromolar range. Paclitaxel was more potent than targeted agents with IC50 values in the nanomolar range in the three cell lines.



Analysis of the Interaction Between AZD6244 and ACY1215 in Prostate Carcinoma Cells

We observed a synergistic interaction in DU145, PC3 and 22Rv1 cells, as indicated by the CI values, using a simultaneous 72 h combination treatment with increasing concentrations of the MEK inhibitor and a sub-toxic concentration of the HDAC inhibitor (Figure 1A). The drug combination was particularly effective in 22Rv1 cells treated with 3 μM ACY1215, the CI values being in the range 0.2–0.4. When prostate carcinoma cells were pre-treated for 24 h with ACY1215, and then exposed to increasing concentrations of AZD6244 for additional 48 h, a synergistic interaction between the two small-molecule inhibitors was also found, as indicated by the CI values (Figure 1B). Under such experimental conditions, the most favorable drug interaction was observed in PC3 cells, with CI values in the range of 0.2–0.5 when using 1 μM ACY1215. In 22Rv1 cells, a synergistic interaction was evident upon exposure to 3 μM ACY1215 combined with various concentrations of AZD6244.
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FIGURE 1. Analysis of the drug interaction and apoptotic response in prostate carcinoma cells exposed to the MEK inhibitor AZD6244 and to the HDAC inhibitor ACY1215. Cell sensitivity to increasing concentrations of selumetinib (AZD6244) and ricolinostat (ACY1215) or to their combination was assessed by growth inhibition assays in DU145, PC3, and 22Rv1 cells. Cells were exposed for 72 h to each drug alone or to the drug combination with 1 μM (for DU145, PC3 cells) or 3 μM (for 22Rv1 cells) ACY1215. Histograms of the mean of Combination Index values of at least 3 independent experiments are shown (A). A 24 h pre-treatment with 1 μM (for DU145, PC3 cells) or 3 μM (for 22Rv1 cells) ACY1215, was followed by 48 h co-incubation with AZD6244. Histograms of the mean of Combination Index values of at least 3 independent experiments are shown (B). Cells were exposed to single agents or to their combination according to a simultaneous schedule for DU145 cells and 24 h pre-treatment with ACY1215 followed by 24 h co-incubation with AZD6244 for PC3 and 22Rv1 cells, and harvested 48 h after treatment start for analysis of apoptosis by Annexin V binding assay (C).




Analysis of Apoptosis in Response to the Drug Combinations Between AZD6244 and ACY1215 in Prostate Carcinoma Cells

To determine whether the drug interaction resulted in an enhancement of apoptotic cell death, we performed flow-cytometric analysis of apoptotic cells by PI/Annexin V assay (Figure 1C). Apoptosis was determined at 48 h after drug exposure start using for each cell line the most favorable schedule observed in cell sensitivity assays. In DU145 cells, the simultaneous combined treatment of 1 μM ACY1215 with AZD6244 (10 and 1 μM) produced a slight increase of apoptosis with respect to the treatment with the single agents (P ≤ 0.05 by unpaired Student’s t test, Figure 1C), whereas in PC3 cells pre-treated with 1 μM ACY1215 for 24 h, there was no substantial increase of the percentage of apoptotic cells following the combined drug exposure independently of the AZD6244 concentration (Figure 1C) and no activation of caspases upon treatment (Supplementary Figure 1A). Marginal levels of apoptosis were found in DU145 cells exposed to the combination according to a pre-incubation schedule (Supplementary Figure 2). Exposure of DU145 cells to a relatively low concentration (1 μM) of the MEK inhibitor AZD6244 could induce per se a marked level of apoptosis (around 15%), similar to that induced by the tested combinations. Consistently, a modest activation of caspase 3 and caspase 7 was observed upon treatment (Supplementary Figure 1B). In 22Rv1 cells exhibiting a higher basal level of apoptosis (Figure 1C), a significant amount of apoptotic cells (around 30%) was detected upon exposure to 30 μM AZD6244 or to its combination with 3 μM ACY1215 (P < 0.05 by unpaired Student’s t test of 30 μM AZD6244 versus cells treated with the combination of 30 μM AZD6244 and 3 μM ACY1215). In these cells, higher levels of cleaved caspase 3 and caspase 7 were also observed upon combined treatment (Supplementary Figure 1C). In 22Rv1 cells, a marked amount of apoptotic death was found also upon knock-down of HDAC6 by siRNAs (Figure 2A).
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FIGURE 2. HDAC6 loss of function studies in 22Rv1 cells and analysis of target modulation in prostate carcinoma cells exposed to the combination of AZD6244 and ACY1215. Knockdown of HDAC6 by siRNA transfection in 22Rv1 cells. qRT-PCR analysis of HDAC6 mRNA levels at different times after transfection start; untrasfected cells were used as calibrator and GAPDH as housekeeping gene. Analysis of apoptosis in transfected cells exposed to MEK inhibitor AZD6244 for 24 h. At the end of treatment cells were harvested for analysis of apoptosis by Annexin V binding assay (A). Western blot analysis (B,C) of possible targets was carried out in DU145 and β-tubulin (B) and PC3 (C) cells incubated with AZD6244 and ACY1215 or their combination, according the most favorable schedule. Control loading is shown by vinculin. The protein band intensity was quantified using ImageJ, normalized to that of the loading control and expressed relative to the level of control cells (set to 1). Normalized values corresponding to 1 μM ACY1215, 10 μM AZD6244, 1 μM AZD6244, 10 μM AZD6244 plus 1 μM ACY1215, 1 μM AZD6244 plus 1 μM ACY1215 were 1.30, 0.02, 0.04, 0.02, 0.003 for phospho-ERK1/2; 1.35, 1.34, 1.29, 2.66, 2.43 for ERK1/2; 6.91, 9.92, 5.88, 16.59, 4.55 for phospho-Akt; 1.89, 1.03, 2.52, 3.61, 2.20 for Akt, respectively (B). Normalized values corresponding to 1 μM ACY1215, 100 μM AZD6244, 30 μM AZD6244, 100 μM AZD6244 plus 1 μM ACY1215, 30 μM AZD6244 plus 1 μM ACY1215 were 0.85, 0.78, 1.13, 1.59, 1.44 for phospho-ERK1/2; 0.93, 1.06, 1.41, 2.10, 2.22 for ERK1/2; 1.06, 1.03, 0.79, 0.73, 0.58 for phospho-Akt; 0.55, 0.76, 0.54, 0.52, 0.84 for Akt, respectively; p-Akt/Akt ratio was 1.92, 1.35, 1.46, 1.40, 0.69 (C).




Modulation of Biochemical Targets Assayed by Western Blot Analysis

To examine the possible contribution of specific pathways to the effects observed in drug-combination studies, we investigated the modulation of factors implicated in cell proliferation and survival pathways by Western blot (Figures 2B,C).

The effect of AZD6244 and ACY1215 – both as single agents and in combination – was investigated in the PC3 and DU145 cells, according to the schedule treatment providing the most favorable drug interaction. In DU145 cells, a marked down-regulation of phospho-ERK1/2 was observed upon 48 h drug exposure to AZD6244 and its simultaneous combination with ACY1215. No effect on Akt phosphorylation was found in these cells (Figure 2B). Due to the loss of PTEN expression, Akt is constitutively phosphorylated/activated in PC3 cells (Shen and Abate-Shen, 2010). Drug treatment with AZD6244 (100 and 30 μM) and ACY1215 (1 μM) decreased Akt phosphorylation in PC3 cells (Figure 2C). A marked down-regulation of ERK1/2 phosphorylation upon treatments was observed in 22Rv1 cells, exhibiting high phospho-ERK1/2 levels (Supplementary Figure 3). Thus, in all cell lines, the efficacy of the combination was associated with inhibition of the constitutively deregulated survival pathways.

Since a favorable effect and apoptosis induction were obtained when combining ACY1215 and AZD6244 in 22Rv1 cells, that are characterized by marked phospho-ERK1/2 levels, by the expression of full length AR and of constitutively active AR variants (Tassinari et al., 2018), we focused our attention on the modulation of AR target genes by qRT-PCR analysis and investigated the levels of Kallicrein 2 (KLK2) and DUSP1 (Gregory et al., 1998; Vaarala et al., 2012, 466–472). A down-regulation was found for both genes (Figure 3A). This observation prompted us to assess by confocal microscopy whether an impairment of AR localization occurred upon treatment. AR localization was evidenced by indirect immunofluorescence using a secondary antibody conjugated to AlexaFluor488. AR was present in both cytoplasm and nuclei, but when 22Rv1 cells were exposed to the combination of compounds, a more brilliant fluorescent signal was detected in the cytoplasm (Figure 3B). Indeed, the cytoplasmic signal intensity was more marked in cells treated with the combination (mean intensity of 40% in treated cells versus 33% in control cells after normalization for cell area), suggesting a drug-induced delocalization of AR (Supplementary Table 2).
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FIGURE 3. Analysis of target modulation in 22Rv1 cells exposed to the combination of AZD6244 and ACY1215. Quantitative RT-PCR of AR target genes (KLK2 and DUSP1) was carried out in 22Rv1 cells incubated with AZD6244 and ACY1215 or their combination, according 24 h pre-treatment with ACY1215 followed by 48 h co-incubation with AZD6244. Control cells were used as calibrator and GAPDH as housekeeping gene (A). Representative image of immunofluorescence analysis by confocal microscopy of AR localization in 22Rv1 treated cells according to 24 h pre-treatment with ACY1215 followed by 24 h co-incubation with AZD6244 (B). Western blot analysis of possible targets was carried out in 22Rv1 cells incubated with AZD6244 and ACY1215 or their combination, according 24 h pre-treatment with ACY1215 followed by 24 h co-incubation with AZD6244. Control loading is shown by β-tubulin. The protein band intensity was quantified using ImageJ, normalized to that of the loading control and expressed relative to the level of control cells (set to 1). Normalized values corresponding to 3 μM ACY1215, 10 μM AZD6244, 30 μM AZD6244, 10 μM AZD6244 plus 3 μM ACY1215, 30 μM AZD6244 plus 3 μM ACY1215 were 0.74, 1.11, 1.63, 1.96, 1.46 for AR 110 kDa; 0.58, 0.62, 0.96, 1.26, 1.25 for AR 75 kDa; 0.72, 0.67, 0.90, 1.10, 0.72 for ac-Hsp90; 1.08, 0.83, 0.57, 0.52, 0.83 for Hsp90; 21.61, 2.14, 2.36, 17.48, 15.19 for ac-tubulin, respectively (C). Western blot analysis of apoptotic protein was carried out in 22Rv1 cells incubated with AZD6244 and ACY1215 or their combination, according 24 h pre-treatment with ACY1215 followed by 48 h co-incubation with AZD6244. Control loading is shown by β-tubulin. The protein band intensity was quantified using ImageJ, normalized to that of the loading control and expressed relative to the level of control cells (set to 1). Normalized values corresponding to 3 μM ACY1215, 30 μM AZD6244, 10 μM AZD6244, 30 μM AZD6244 plus 3 μM ACY1215, 10 μM AZD6244 plus 3 μM ACY1215 were 2.41, 2.46, 4.57, 5.71, 4.13 for Bax; 3.37, 2.29, 4.16, 4.09, 4.54 for p53, respectively (D).


Since Hsp90 acetylation has been shown to result in disruption of the Hsp90-AR interaction and impaired nuclear AR localization can lead to proteasomal degradation (Seidel et al., 2016), we analyzed Hsp90 acetylation after treatment (Figure 3C). Under our experimental conditions, western blot analysis of Hsp90 – acetylated at the Lys294 residue – indicated no change in acetylation of the chaperone, with negligible modulation of total Hsp90. Acetylation of tubulin – a marker of HDAC6 inhibition – was observed in cells treated with ACY1215. Drug treatment resulted in increased Bax and p53 protein levels under all experimental conditions (Figure 3D).



Analysis of the Interaction of AZD6244, ACY1215 and Paclitaxel in Prostate Carcinoma Cells

Because taxanes are used in the clinical treatment of prostate cancer patients and are known to exhibit a pro-apoptotic effect, we examined whether PTX displayed a favorable interaction with the tested combination of targeted agents. We observed a favorable drug interaction, as indicated by the CI values, using a simultaneous 72 h combination treatment with increasing PTX concentrations and different concentrations of the MEK (10 μM for DU145 cells and 100 μM for PC3 and 22Rv1 cells, respectively) and HDAC inhibitors (i.e., 1 μM for all the three cell lines, that determined cell growth inhibition ≤30%) (Figure 4A). The drug combination was particularly effective and synergistic in 22Rv1 cells at all tested PTX concentrations, the CI values being in the range of 0.1–0.4.


[image: image]

FIGURE 4. Analysis of the drug interaction and apoptotic response in prostate carcinoma cells simultaneously treated with the MEK inhibitor AZD6244, the HDAC inhibitor ACY1215 and paclitaxel. Cell sensitivity to increasing concentrations of selumetinib (AZD6244), ricolinostat (ACY1215) and paclitaxel (PTX) or to their combination was assessed by growth inhibition assays in DU145, PC3 and 22Rv1 cells. Cells were exposed for 72 h to each drug alone or to the drug combination with 1 μM ACY1215 (for all cell lines) and 10 μM AZD6244 (for DU145 cells) or 100 μM AZD6244 (for PC3 and 22Rv1 cells). Histograms of the mean of Combination Index (CI) values of at least 3 independent experiments are shown (A). Cells were exposed to single agents or to their combination and harvested 48 h after treatment start for analysis of apoptosis by Annexin V binding assay; P < 0.05 by t test (B). Knockdown of HDAC6 by siRNA transfection in DU145 cells. qRT-PCR analysis of HDAC6 mRNA levels at 72 h after transfection start; untrasfected cells were used as calibrator and GAPDH as housekeeping gene (C). Analysis of apoptosis in transfected cells exposed to MEK inhibitor AZD6244 and PTX or to their combination (72 h). At the end of treatment cells were harvested for analysis of apoptosis by Annexin V binding assay (D). Western blot was carried out in DU145 transfected cells incubated with AZD6244 and PTX or their combination (72 h). Control loading is shown by actin. The protein band intensity was quantified using ImageJ, normalized to that of the loading control and expressed relative to the level of control cells (set to 1). Normalized values of FLIPL corresponding to 10 μM AZD6244, 0.01 μM PTX, 10 μM AZD6244 plus 0.01 μM PTX, were 1.52, 1.34, 1.19 for negative control siRNA; 1.15, 1.35, 0.63 for HDAC6 siRNA, respectively (E).


A quantitative analysis of apoptosis by the Annexin V-binding assay indicated that PTX exposure of cells treated with the combination of the MEK and HDAC inhibitors produced marked levels of apoptosis in the cell lines, with a percentage of apoptotic cells around 40% both in DU145 and 22Rv1 cells (Figure 4B). Specifically, in DU145 cells a significantly increased apoptosis was evidenced when comparing 1 μM ACY1215-treated cells with cells exposed to the triple combination, including 10 μM AZD6244 and 0.01 μM PTX (P < 0.05 by unpaired Student’s t test). In DU145 cells, a marked down-regulation of HDAC6 mRNA levels was found upon molecular inhibition of HDAC6 by siRNAs (Figure 4C), with HDAC6 silencing resulting in enhanced apoptotic response following treatment with the MEK inhibitor AZD6244 compared to negative control cells (Figure 4D). This behavior was associated with a decrease of the levels of the anti-apoptotic protein and caspase-8 inhibitor FLIPL in silenced cells exposed to the ACY1215-AZD6244 combination as compared to negative control transfected cells (Figure 4E).

The percentage of apoptotic cells was increased upon exposure to the triple combination in 22Rv1, DU145 and also in PC3 cells, in which marginal levels of apoptosis are usually detected (Figure 4B).



DISCUSSION

There has been a huge gain in knowledge on the genomic landscape of prostate cancer (Yap et al., 2016), but this has not been fully translated to the therapeutic setting. Targeted therapies have provided disappointing results when used as single agents in solid tumors, suggesting the importance of devising rational combinations of targeted drugs.

In the present study, we employed cell models of castration-resistant prostate cancer exhibiting activation of survival pathways, including the 22Rv1 cell line that displays a partial androgen-insensitive phenotype and represent an interesting model of clinical prostate carcinoma progression. We observed that the MEK inhibitor AZD6244 was less effective in inhibiting cell growth of PC3 than that of DU145 cells, an expected finding since PC3 cells carry PTEN gene deletion producing elevated Akt activation and Raf/MEK/Erk pathway suppression (Zhao et al., 2004; Perego et al., 2006). Conversely, DU145 PTEN-positive cells displaying constitutive activation of ERK1/2 (Perego et al., 2006; Carey et al., 2007) were found more sensitive to AZD6244 than PC3 cells.

A synergistic interaction between the MEK- and HDAC-inhibitors could be achieved in all cell lines, at most tested drug concentrations, according to a simultaneous schedule of treatment or when cells were exposed to ACY1215 before treatment with AZD6244. An optimal drug interaction was found in DU145 cells with a simultaneous schedule and in PC3 and 22Rv1 cells with HDAC6 inhibitor pre-incubation, as documented by CI values. This observation suggests a contribution of the molecular background to drug response. Such a background may also underlie the increased basal apoptosis observed in 22Rv1 cells. Moreover, the impact of the molecular features on drug response is also supported by the fact that apoptosis induction upon combined treatment did not parallel synergism. Indeed, PC3 cells were not susceptible to drug-induced apoptosis given that less than 10% of apoptotic cells were observed upon combined treatment. Differently, both DU145 and 22Rv1 cells exposed to drug combinations underwent drug-induced apoptosis, which was more marked in 22Rv1 than in DU145 as also supported by activation of caspases. In these three tumor cell models, a suppression of survival pathways, i.e., Akt in PC3 and ERK1/2 in DU145 and 22Rv1 cells, was evidenced. These findings, together with results from growth inhibition and apoptosis assays, indicate that suppression of survival pathways does not necessarily affects apoptosis induction. Although MAPK acts downstream of different pathways, MEK inhibition seems to have a more pronounced pro-apoptotic efficacy in prostate cancer models with ERK1/2 activation, like DU145 and 22Rv1 cells. A synergistic interaction in terms of proliferation inhibition may – however-still be considered a favorable effect. In addition, molecular targeting of HDAC6 which warrantees the unique inhibition of the enzyme in the absence of off-target effects appears to be a good strategy to increase cell killing, as shown in 22Rv1 cells. In these cells which express the full length AR and constitutively active AR variants (Tassinari et al., 2018), a down-regulation of AR target genes, i.e., KLK2 (Guerrico et al., 2017) and DUSP1 (Vaarala et al., 2012), was observed. This phenomenon was not associated with a down-regulation of AR protein levels, but with a delocalization of the receptor which tended to be more cytosolic upon treatment, as shown by confocal microscopy. KLK2 has been reported to be involved in the regulation of AR through the cooperation with ARA70, in a positive loop that leads to the trans-activation of the receptor itself. Thus, the reduced expression of KLK2 may contribute to decrease AR activation (Niu et al., 2008).

To examine additional strategies increasing apoptotic cell death in prostate cancer cells we combined the HDAC6 and MEK inhibitors with PTX. Under these conditions, apoptosis induction was achieved also in PC3 cells. HDAC6 knockdown in DU145 cells resulted in increased apoptotic death upon exposure to AZD6244 and PTX, with lower levels of FLIPL as compared to cells transfected with the negative control siRNA treated with the same drug combination. Because the caspase-8 inhibitor c-FLIPL blocks induction of apoptosis mediated by death receptors (Shirley and Micheau, 2013), it is likely that the extrinsic pathway contributes to cell death induction in this cell line. Of note, we previously reported that c-FLIPL was constitutively up-regulated in PC3 cells (Perego et al., 2006) in keeping with low susceptibility to drug-induced apoptosis.

Prostate cancer remains an important cause of cancer-related death in men. In the present study, we provide evidence that favorable drug interactions can be achieved in castration-resistant in vitro models of prostate cancer. The occurrence of cell death appears to be dependent on the molecular background unless conventional cytotoxic agents are used in combination with targeted agents.
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Brain cancers are the leading cause of cancer-related deaths in children. Biological changes in these tumors likely include epigenetic deregulation during embryonal development of the nervous system. Histone acetylation is one of the most widely investigated epigenetic processes, and histone deacetylase inhibitors (HDACis) are increasingly important candidate treatments in many cancer types. Here, we review advances in our understanding of how HDACis display antitumor effects in experimental models of specific pediatric brain tumor types, i.e., medulloblastoma (MB), ependymoma (EPN), pediatric high-grade gliomas (HGGs), and rhabdoid and atypical teratoid/rhabdoid tumors (ATRTs). We also discuss clinical perspectives for the use of HDACis in the treatment of pediatric brain tumors.
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INTRODUCTION

Brain tumors of the childhood represent the leading cause of cancer-related deaths in children aged 0–14 years, and survivors often present long-term neurological sequelae that impair their quality of life (Ostrom et al., 2016). These cancer types include medulloblastoma (MB), which is the most common and most studied type of childhood brain tumor, ependymoma (EPN), pediatric high-grade gliomas (HGGs), and rhabdoid and atypical teratoid/rhabdoid tumors (ATRTs) (Guerreiro Stucklin et al., 2018). Pediatric brain cancers may originate from defects in embryonal development affecting cell types including neural stem cells (NSCs) and neuronal precursors, or dedifferentiation of mature neuronal or glial cells (Taylor et al., 2005; Visvader, 2011; Liu and Zong, 2012; Wang and Wechsler-Reya, 2014; Azzarelli et al., 2018).

Normal development, cellular differentiation, and tissue specialization are finely regulated by various epigenetic mechanisms (Atlasi and Stunnenberg, 2017). Epigenetic regulation allows changes in chromatin structure that control gene expression without modifications in DNA sequence. Histone acetylation and DNA methylation feature among the most widely investigated epigenetic mechanisms (Surani et al., 2007). Histone acetyltransferases (HATs) and deacetylases (HDACs) play opposing roles in regulating gene expression. HATs transfer acetyl groups to the amino-terminal lysine residues of histones, thus increasing histone acetylation and transcriptional activity. On the other hand, HDACs remove acetyl groups, thus promoting chromatin condensation and overall repression of gene expression, in addition to displaying other, non-epigenetic actions (Kouzarides, 2007; Sanaei and Kavoosi, 2019; D’Mello, 2020; Milazzo et al., 2020). Changes in the expression and activity of HATs and HDACs were described in leukemias, and afterward in solid tumors, and in many cases decreased levels of histone acetylation were shown to correlate with clinical outcome. Therefore, HDAC inhibitors (HDACis) have become promising and widely investigated experimental anticancer agents (Lane and Chabner, 2009; Li and Seto, 2016).

Pediatric cancers hijack and modify biological processes involved in normal embryonic development, including epigenetic modifications, to promote tumor progression (Liu and Zong, 2012; Marshall et al., 2014). An important component of childhood cancer biology is epigenetic reprogramming that can lock cells in a stem cell-like, poorly differentiated and highly proliferative phenotype (Lawlor and Thiele, 2012). Accumulating evidence implicates epigenetic abnormalities in the genesis and progression of pediatric brain tumors. The relationship between epigenetic markers and patient survival has been investigated (Bhattacharya et al., 2020), and epigenetic modulators have shown promising effects in experimental models. Here we review the potential of HDACis in the treatment of selected types of brain cancer that afflict children.



EPIGENETIC BASIS OF PEDIATRIC BRAIN CANCERS

Mutations and genetic variations affecting epigenetic-regulating mechanisms are features of several types of childhood brain cancers, including MB, EPN, ATRT, and pediatric gliomas (Mack and Taylor, 2009; Parsons et al., 2011; Dubuc et al., 2012; Jones et al., 2012; Lee et al., 2012; Northcott et al., 2012; Buczkowicz et al., 2014; Mack et al., 2016). In fact, MB and low-grade gliomas are among the types of pediatric tumors with highest frequency of mutation in genes encoding epigenetic regulators (Huether et al., 2014). MicroRNAs (miRNAs) regulate pediatric brain tumor cells at posttranscriptional/translational levels, acting on a range of functional aspects linked to cancer progression, including proliferation and stemness. The diagnostic, prognostic, and therapeutic potential of miRNAs has been increasingly highlighted (Garg et al., 2015; Leichter et al., 2017; Pezuk et al., 2019). Epigenetic remodeling genes SMARCB1 and SMARCA4 are among the most frequently altered in pediatric brain tumors, with most cases of ATRT showing changes in those genes (Frühwald et al., 2016; Wang et al., 2017; Johann, 2020). Enhancer of zeste homolog 2 (EZH2), which is part of a Polycomb repressor complex that methylates lysine 27 of histone H3 (H3K27), leading to transcription inhibition, is often mutated or highly expressed in pediatric brain tumors (Huether et al., 2014; Li et al., 2015; Kim and Roberts, 2016; Erkek et al., 2019; Zhang et al., 2020).

A reduced histone acetylation state can contribute to cancer through repressing differentiation and tumor suppressor genes while allowing overexpression of genes promoting proliferation. Chromatin modifications mediated by histone acetylation can also epigenetically influence the tumor genetic landscape, for example by leading to DNA copy gain in the absence of chromosomal instability (Black et al., 2013; Mack et al., 2016). HDACs play a central role in epigenetic regulation through reducing acetylation. It is currently known that some HDACs can either repress or activate gene transcription, in addition to displaying non-epigenetic activities by acting directly on nuclear and cytoplasmic proteins (D’Mello, 2020). For example, transcription factors E2F1, STAT1, STAT3, and NF-κB can be directly hyperacetylated by HDACis (Johnstone and Licht, 2003; Glozak et al., 2005; Bolden et al., 2006).

Histone acetyltransferases and deacetylases are currently classified into different classes. Class I HDACs include nuclear HDAC1, 2, 3, and 8. Class II HDACs occur in both the nucleus and cytoplasm and are classified into two subclasses: HDAC4, 5, 7, and 9 are grouped as IIa, whereas HDAC6 and 10 are classified as class IIb. Sirtuins constitute Class III HDACs, being found in the nucleus, cytoplasm, and mitochondria according to the specific type. Finally, HDAC11 has been proposed as a Class IV HDAC (Falkenberg and Johnstone, 2014; Hassell, 2019; D’Mello, 2020; Milazzo et al., 2020). Most deacetylase activity in mammalian cells has been attributed to Class I HDACs (Lahm et al., 2007).

Increased HDAC2 expression (Park et al., 2003), deletions or amplifications of histone methyltransferases and demethylases (Northcott et al., 2009), DNA hypermethylation (Frühwald et al., 2001), and altered miRNA expression (Ferretti et al., 2008) have been reported in MB. High HDAC5 and HDAC9 expression is found in prognostically poor MB subgroups and significantly associated with poor overall survival, posing an independent risk factor (Milde et al., 2010). Other alterations in epigenetic components found in MB include truncating mutations in the KDM6A gene encoding a histone 3 lysine 27 demethylase (Jones et al., 2012), homozygous deletions of genes involved in histone lysine methylation, and amplification of the HAT gene MYST3 (Northcott et al., 2009). Expression of HDAC2 is higher in patients with MB subgroups with poor prognosis (sonic hedgehog (SHH), Group 3 and Group 4), and MYC-amplified MB cell lines show increased mRNA levels of class I HDACs compared to the normal cerebellum (Ecker et al., 2015).

Hypermethylation of the transcriptional repressor hypermethylated in cancer 1 (H1C-1) was identified in 83% of EPN samples (Waha et al., 2004). Global reduction of H3K27me3 analogous to H3K27M mutant gliomas, accompanied by CpGi hypermethylation, is found in EPN (Bayliss et al., 2016). Poor-prognosis EPNs show a CpG island methylator phenotype, where transcriptional silencing driven by CpG methylation converges on targets of the Polycomb repressive complex 2 (PRC2), which represses expression of differentiation genes through trimethylation of H3K27 (Mack et al., 2014). Posterior fossa type A (PFA) EPNs show low H3K27 methylation and high levels of Enhancer of Zeste Homologs Inhibitory Protein (EZHIP), which promotes a similar chromatin state compared to H3K27M (Jain et al., 2019). Enrichment of 5-carboxylcytosine (5caC) and increased TET1 expression, which are involved in active DNA demethylation, are epigenetic hallmarks of EPN and SHH MB (Ramsawhook et al., 2017). Hypermethylated genes in EPN converge on defined sets of embryonic stem cell (ESC) targets, suggesting a linkage, mediated by epigenetic programming, between embryonic development and pediatric brain cancer (Sin-Chan and Huang, 2014; Mack et al., 2016).

Somatic mutations in the H3.3-ATRX-DAXX chromatin remodeling pathway and recurrent mutations in the gene encoding the histone 3 variant H3.3 are highly prevalent in pediatric glioblastoma (Schwartzentruber et al., 2012). In diffuse intrinsic pontine glioma (DIPG), a deadly type of childhood glioblastoma, a mutation that leads to hypomethylation by replacing a lysine to methionine (K27M) on H3F3A and HIST1H3B/C genes encoding histone variants is the most frequent mutation (Wu et al., 2012, 2014; Mendez et al., 2020). Supporting the link between embryonic development and the arising of pediatric brain tumors, this histone mutation can contribute to resetting neural progenitors derived from human ESCs to a stem cell state, ultimately resulting in neoplastic transformation (Funato et al., 2014).

In ATRTs, HDAC1 is significantly differentially expressed (Sredni et al., 2013), and the chromatin remodeling and tumor suppressor gene SMARCB1 represses Cyclin D1 transcription by recruiting the HDAC1 complex to its promoter, resulting in cell cycle arrest (Tsikitis et al., 2005). A hallmark of malignant rhabdoid tumors is homozygous deletion or inactivation of SMARCB1. Histone acetylation and methylation patterns, as well as HDAC and HAT levels, are influenced by insulin-like growth factor receptor 1 (IGF-1R) signaling (Shim et al., 2013). For comprehensive reviews on the role of epigenetic changes as part of the biological basis of pediatric brain cancers, see Dubuc et al. (2012) and Mack et al. (2016).



EFFECTS OF HDAC INHIBITION IN EXPERIMENTAL PEDIATRIC BRAIN CANCERS

Most HDACis widely used experimentally or clinically preferentially inhibit Class I and II HDACs. These agents include sodium butyrate (NaB), trichostatin A (TSA), valproic acid (VPA), suberoyl anilide hydroxamic acid (SAHA, vorinostat), panobinostat, belinostat, and romidepsin (Bolden et al., 2006; Li and Seto, 2016; Millard et al., 2017; Hassell, 2019). HDACis induce anticancer effects in several experimental tumor types by targeting aberrant chromatin alterations, resulting in changes in cell proliferation, viability, differentiation, migration, and angiogenesis (Bolden et al., 2006; Sanaei and Kavoosi, 2019; Ribatti and Tamma, 2020). In addition to modulating acetylation by inhibiting HDACs, HDACis may directly modulate miRNAs and also alter protein kinase signaling through acetylation-independent mechanisms (Chen et al., 2005; Autin et al., 2019). The HDACi TSA inhibits HDAC6, a predominantly cytoplasmic HDAC, which likely induces many effects independent of alterations in gene expression stimulated by histone acetylation (Johnstone and Licht, 2003; Chen et al., 2005; Glozak et al., 2005). When combined with agents targeting other epigenetic regulators, such as EZH2, HDACis modulate acetylation and methylation of H3K27, through mechanisms involving PRC2 complex disruption (Lue et al., 2019). Below, we summarize studies examining the effects of HDACis in experimental models of pediatric brain tumors.


Medulloblastoma

Medulloblastoma is currently classified within four distinct molecular subgroups, namely, WNT, SHH, Group 3, and Group 4, with subtypes within each group being now recognized (Louis et al., 2016). An early study by Jaboin et al. (2002) showed that the HDACi MS-275 inhibits proliferation of Daoy and D283 Med MB cells. A subsequent study by Li and colleagues showed that VPA, which partially acts as a class I and II HDACi, when used at clinically safe concentrations, leads to growth inhibition, cell cycle arrest, apoptosis, senescence, differentiation, and inhibition of colony formation in Daoy and D283 Med cells. In addition, daily systemic injection of VPA (400 mg/kg) for 28 days significantly inhibits in vivo growth of Daoy and D283 Med xenografts in immunodeficient mice. These effects are associated with hyperacetylation of histone H3 and H4, activation of p21, and suppression of TP53, CDK4, and c-MYC (Li et al., 2005). The HDACis SAHA, NaB, and TSA induce apoptotic cell death related to dissipation of mitochondrial membrane potential and activation of caspase-9 and -3 in Daoy and UW228-2 MB cells. These HDACis also enhance the cytotoxic effects of ionizing radiation in Daoy cells, and treatment with SAHA potentiates the cytotoxic actions of etoposide and tumor necrosis factor-related apoptosis-inducing ligand (TRAIL), but not vincristine (Sonnemann et al., 2006). HDACi-induced TRAIL sensitization is associated with increased caspase-8 activation (Sonnemann et al., 2012). VPA combined with interferon (IFN)-gamma restores caspase-8 expression and sensitivity to TRAIL in primary MB samples and significantly potentiates TRAIL-mediated suppression of MB growth in vivo (Häcker et al., 2009). HDACi potentiation of ionizing radiation effects in MB cells was also reported by Kumar et al. (2007). A variety of HDACis, including MS-275, SAHA, TSA, and VPA, are able to inhibit proliferation of MB cell lines and induce histone H4 hyperacetylation, reactivation of expression of growth regulatory genes, and induction of apoptosis, as well as reduction of MB xenograft growth in vivo (Furchert et al., 2007). HDACis helminthosporium carbonum (HC)-toxin, SAHA, and panobinostat reduce viability and lead to radiosensitization accompanied by increased cell death in the HD-MB03 cell line, a preclinical model of Group 3 MB (Milde et al., 2012). Inhibition of class I HDACs in MB cells reduces metabolic activity, cell number, and viability and enhances sensitivity to HDACi specifically in MYC-amplified cells (Ecker et al., 2015). Histone-mediated deregulation of expression of the Wnt antagonist Dickkopf-1 (DKK1) impairs its tumor-suppressing activity and contributes to experimental MB tumorigenesis, and treatment with TSA restores DKK1 in D283 Med cells (Vibhakar et al., 2007). TSA significantly inhibits telomerase activity, increases expression of p53 and p21, and reduces cyclin-D levels in ONS-76 MB cells. Upregulation of Bax and cytochrome c correlates with pro-apoptotic effects in TSA-treated cells (Khaw et al., 2007).

HDAC-mediated deacetylation of Gli (glioma-associated oncogene) promotes transcriptional activation through Hedgehog (Hh)-induced upregulation of HDAC1, and loss of HDAC activity hinders Hh pathway-dependent growth of neural progenitors and MB cells (Canettieri et al., 2010; De Smaele et al., 2011). The functional interaction between the transcription cofactor ZNF521 and GLI1 and GLI2, which enhances Hh signaling, is sensitive to HDACis (Scicchitano et al., 2019). Hh signaling stimulates granule precursor (CGP) proliferation during the early stages of postnatal cerebellar development and sustains HDAC activation leading to stimulation of CGPs. HDAC inhibition impairs Shh-induced CGP proliferation and improves aberrant CGP proliferation in a mouse model of MB (Lee et al., 2013). NL-103, a dual-targeted inhibitor of both HDAC and Hh signaling, effectively overcame resistance to the Hh inhibitor vismodegib (Zhao et al., 2014). HDAC6 is an important regulator of the Hh pathway, and selective HDAC6 inhibition hinders MB cell survival in vitro and reduces tumor growth in an in vivo allograft model (Dhanyamraju et al., 2015). HDACis show more pronounced effects on proliferation of SHH-driven MB cells harboring a mutation in the gene encoding for the histone acetyltransferase (HAT) CREBBP, when compared to CREBBP wild-type controls (Hellwig et al., 2019). A targeted small-molecule screen on the stable, SHH-dependent murine MB cell line SMB21 reveals selective inhibitors of class I HDACs as promising antitumor agents for SHH MB, and the novel class I HDAC inhibitor JNJ-26481585 (quisinostat) consistently inhibits growth of SHH MB in vivo as well as in vitro (Pak et al., 2019). Another recent study using a high-throughput cell viability assay to screen 12,800 compounds identified two HDACis, JNJ-26481585 and dacinostat, as anti-proliferative agents in MB. Both compounds induce cytotoxicity and apoptosis and block cell cycle progression at the G2/M phase, in addition to reducing the growth of MB xenografts in mice (Zhang et al., 2019).

Histone deacetylase inhibitors sensitize MB cells to apoptosis induced by cytotoxic chemotherapy via an enhancement of p53-dependent Bax activation (Häcker et al., 2011). The HDACi sodium butyrate (NaB) at a low dose more effectively inhibits D283 cell viability when combined with the chemotherapeutic etoposide (Nör et al., 2013). SAHA combined with 13-cis retinoic acid (RA) induces apoptosis and transcription of bone morphogenetic protein-2 (BMP-2) in MB cells and is more effective than each drug alone in inhibiting MB growth in vitro and in vivo. Moreover, intracranial MB tumors in mice treated with SAHA plus RA plus cisplatin show a 4-fold increase in apoptosis over controls, and a 2-fold increase over animals receiving only SAHA or RA plus SAHA (Spiller et al., 2008). The combination of RA with epigenetic modulators in based upon functional interplays among retinoid receptors, histone acetylation, and DNA methylation. For example, HDACs bind to RA response elements in proximal promoters or enhancer regions of genes regulated by retinoids in stem cells, and retinoid receptors interact with the transcription complex mediating the placement or removal of epigenetic marks on histones and DNA (Gudas, 2013; Urvalek and Gudas, 2014; Almeida et al., 2017). Combinations of HDACis with other epigenetic modulators have also been evaluated. SAHA plus the DNA methyltransferase 1 (DNMT) inhibitor 5-aza-2′-deoxycytidine (5-aza-dC) produce a synergistic effect on survival of Daoy and D283 Med MB cells (Yuan et al., 2017).

Combining HDACis with growth factor receptor ligands such as receptor tyrosine kinase (RTK) inhibitors (gefitinib or vandetanib) or brain-derived neurotrophic factor (BDNF) is also more effective than each agent given alone in impairing MB cell viability (Marino et al., 2011; Nör et al., 2011). However, bombesin receptor antagonists failed to potentiate the effects of HDACi inhibition (Jaeger et al., 2016). Other studies have investigated combinations of HDACis with protein kinase signaling inhibitors. The multi-kinase inhibitor sorafenib and VPA interact to radiosensitize and kill MB cell lines (Tang et al., 2012). SAHA shows additive cytotoxicity with the Aurora A kinase inhibitor MLN8237 in Daoy cells (Muscal et al., 2013a). A study by Geron et al. (2015) examined the effects of the pan-aurora kinase inhibitor AMG 900 alone or in combination with SAHA in UW402, UW473, and ONS-76 MB cells. A synergistic effect of combining AMG 900 and SAHA is observed on cell proliferation in all these cell lines, especially in sequential drug treatment. The drug combination also fully inhibits cell survival measured by colony formation. Using an animal model of MYC-driven MB to screen for promising drugs, Pei et al. (2016) found HDACis among the most effective compounds. HDACis potently inhibit survival of MYC-driven MB cells, through a mechanism involving expression of the FOXO1 tumor suppressor gene. Importantly, HDACis synergize with phosphatidylinositol 3-kinase (PI3K) inhibitors to inhibit MB growth in vivo. NaB reduces viability and increases acetylation in human MB cells, the anti-proliferative effect of NaB being enhanced by combination with a mitogen-activated protein kinase (MAPK)/extracellular-related kinase (ERK) inhibitor (Jaeger et al., 2020).



Ependymoma

Ependymomas featuring a CpG island methylator phenotype respond to drugs that target DNA or H3K27 methylation, revealing epigenetic modulators as the first rational therapeutic candidates in this tumor type (Mack et al., 2014). In a high-risk cytogenetic group 3 and molecular group C EPN model (DKFZ-EP1NS) that shows high tumorigenic potential in vivo, cells are resistant to cytotoxic chemotherapeutics temozolomide, vincristine, and cisplatin but respond to HDACi treatment (Milde et al., 2011).



Diffuse Intrinsic Pontine Glioma

A seminal study using a chemical screen in patient-derived DIPG cultures along with RNA-seq analyses and integrated computational modeling to identify potentially effective therapeutic strategies has highlighted the potential of HDACs as targets. Importantly, the HDACi panobinostat showed antitumor efficacy both in vitro and in orthotopic xenograft models. Furthermore, combination of panobinostat with the histone demethylase inhibitor GSK-J4 showed that the two had synergistic effects (Grasso et al., 2015). Another study of panobinostat in experimental DIPG found that it effectively impaired cell proliferation, viability, and clonogenicity and induced apoptosis in human and murine DIPG cells. In genetically engineered tumor-bearing mice, panobinostat reduced tumor growth and increased H3 acetylation. Extended daily treatment of both genetic and orthotopic xenograft models with 10 or 20 mg/kg panobinostat led to significant toxicity, while reduced, well-tolerated doses of panobinostat failed to prolong overall survival (Hennika et al., 2017). In DIPG primary cells, panobinostat potentiated the effects of gene therapy based on human adipose tissue-derived mesenchymal stem cells expressing the secreted form of TRAIL (hAT-MSC.sTRAIL), inducing a decrease in tumor volume and prolonging survival (Choi et al., 2019).

Combined treatment with the HDACi panobinostat and the AXL inhibitor BGB324 resulted in synergistic antitumor effects on DIPG cells, with reduced expression of genes related to mesenchymal phenotype, stemness, and DNA damage repair (Meel et al., 2020). HDACis also synergize with blockade of bromodomain inhibition or CDK7, which disrupts oncogenic transcription, in DIPG models. HDAC inhibition by panobinostat, together with the bromodomain inhibitor JQ1 or the CDK7 inhibitor THZ1, synergistically reduced cell viability in DIPG cell cultures and proved more effective than single-drug treatments in inhibiting proliferation and inducing apoptosis. Panobinostat and JQ1 induced overlapping transcriptional changes, downregulating many of the same sets of genes (Nagaraja et al., 2017). VPA potentiates carboplatin cytotoxicity and increases histone H3 acetylation in different DIPG cell lines (Killick-Cole et al., 2017). CUDC-907, a first-in-class dual inhibitor of HDACs and PI3K, is a potent cytotoxic agent in DIPG models. Mechanisms underlying CUDC-907 actions include regulation of DNA damage response. It also displays radiosensitizing effects mediated by decreased nuclear factor kappa B (NFκB)/Forkhead box M1 (FOXM1) recruitment to promoters of genes involved in response to DNA damage (Pal et al., 2018). A CRISPR screen showed that knockout of KDM1A encoding lysine-specific demethylase 1 (LSD1) sensitizes DIPG cells to HDACis. Corin, an HDAC and LSD1 inhibitor, hinders in vitro and in vivo DIPG growth by increasing H3K27me3 levels as well as HDAC-targeted H3K27ac and LSD1-targeted H3K4me1 at differentiation-associated genes (Anastas et al., 2019).



Rhabdoid and Atypical Teratoid/Rhabdoid Tumors

Atypical teratoid/rhabdoid tumors cell proliferation is impaired by a variety of HDACis, including MS-275, SAHA, TSA, and VPA (Jaboin et al., 2002; Furchert et al., 2007), and pretreatment with HDACis potentiates the effect of ionizing radiation on ATRT cells as measured by a colony-formation assay (Blattmann et al., 2012; Knipstein et al., 2012). SAHA shows synergism with doxorubicin and the cyclinD1 inhibitor fenretinide in inhibiting proliferation of rhabdoid cells (Kerl et al., 2013). Objective ATRT tumor regressions accompanied by increases in histone acetylation were observed in mice after treatment with the natural tetrapeptide HDACi depsipeptide (Graham et al., 2006). The HDACi FK228 (depsipeptide) induces autophagy in malignant ATRT cells by inducing apoptosis inducing factor (AIF) translocation to the nucleus (Watanabe et al., 2009). The cell cycle inhibitor CDKN1C, a tumor suppressor in ATRT, is activated by HDACis (Algar et al., 2009). SAHA combined with fractionated irradiation significantly reduces tumor growth in rhabdoid xenografts (Thiemann et al., 2012). A recent study showed that the epigenetic modulating compound domatinostat (4SC-202), which inhibits both class I HDACs and lysine demethylase (LSD1), displays cytotoxic and cytostatic actions in 2D and 3D ATRT scaffold cell culture models and reduces expression of stemness genes (Hoffman et al., 2020).



THE ROLE OF MODULATING STEMNESS AND DIFFERENTIATION

As discussed above, abnormal epigenetic programming in pediatric cancers may lock tumor cells in a stem cell-like, poorly differentiated state (Lawlor and Thiele, 2012; Marshall et al., 2014). Pediatric brain tumors often display upregulation of genes known as markers of neural stem cells, including CD133, Nestin, and Musashi, and deregulation of other genes that regulate stemness is frequently found (Bahmad and Poppiti, 2020).

HDACis may act partially by restoring expression of prodifferentiation genes, thus influencing tumor cell phenotype toward a less malignant state. In fact, NaB increases the mRNA expression of the neuronal differentiation marker Gria2 in D283 and Daoy cells (Nör et al., 2013). The HDACi panobinostat suppresses leptomeningeal seeding (a strong negative prognostic factor) and prolongs survival in an animal model of MB, while also inducing formation of neurophil-like processes and promoting expression of synaptophysin and NeuroD1, suggesting neuronal differentiation (Phi et al., 2017). Corin promoted change to a more differentiated phenotype in experimental DIPG (Anastas et al., 2019). Treatment with low doses of HDACis can induce terminal differentiation of rhabdoid cells and reduce their ability to self-renew (Muscat et al., 2016).

Given the proposed role of cancer stem cells (CSCs) in the progression, recurrence, and metastasis of brain cancers, studies have also investigated whether HDACis can reduce stemness in MB. Treatment with NaB reduces the formation of MB neurospheres, a model of enriching putative cancer stem cells in culture (Nör et al., 2013). Analyses of MB tumor samples from patients reveals expression of the stemness markers BMI1 and CD133 in all MB molecular subgroups, and NaB is able to reduce BMI1 and CD133 expression in cultured MB cells (Jaeger et al., 2020). In the DKFZ-EP1NS model of EPN, SAHA induces neuronal differentiation associated with loss of stemness (Milde et al., 2011). As noted above, HDACi effects in H3K27M DIPG cells involve a decrease in stemness gene expression (Meel et al., 2020). These findings support the view that HDACis should be further investigated as prodifferentiating and stemness modulating agents in pediatric brain tumors. A summary of studies examining the effects of pharmacological inhibition of HDACs in the tumor types reviewed here is presented in Table 1.


TABLE 1. Research findings from selected experimental studies examining the effects of HDACis in experimental models of pediatric brain tumors.
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CLINICAL TRIALS OF HDACis IN PEDIATRIC BRAIN TUMORS

A phase-I/II dose-escalation clinical trial of SAHA in pediatric patients with recurrent solid tumors including brain tumors has been reported (Witt et al., 2012). Another phase I trial and pharmacokinetic study of SAHA in children with solid tumors indicated that SAHA was well-tolerated at a dose of 230 mg/m(2)/d, with a small dose reduction required when SAHA was combined with RA (Fouladi et al., 2010). Another phase-I consortium clinical study recommended a dose and schedule of vorinostat at 230 mg/m(2)/day PO on days 1–5 and 8–12 in combination with the proteasome inhibitor bortezomib at 1.3 mg/m(2)/day i.v. on days 1, 4, 8, and 11 of a 21-day cycle, for future phase 2 studies in children with recurrent or refractory solid tumors (Muscal et al., 2013b). SAHA and a range of other epigenetic therapies have been evaluated in clinical trials of patients with DIPG (Hashizume, 2017). An ongoing multicenter, multiarm phase II and III trial investigates the effects of conventional chemotherapy with or without combination with an HDACi in patients with EPN (Merchant, 2017).



CONCLUSION

Some HDACis have already been approved by the United States Food and Drug Administration (FDA) for the treatment of other cancer types (i.e., SAHA and romidepsin for the treatment of cutaneous T-cell lymphoma and belinostat and panobinostat for the treatment of peripheral T-cell lymphoma and multiple myeloma, respectively). Given the increasingly promising role of drug repurposing or repositioning in the identification of potential novel therapeutic strategies for pediatric brain tumors (Bahmad et al., 2020), those agents could be tested in clinical trials of patients with these cancer types. VPA is well tolerated in patients with childhood brain cancers, including heavily pretreated pediatric patients with HGG or DIPG (Wolff et al., 2008; Witt et al., 2012), and could also be evaluated for efficacy in clinical trials of pediatric brain tumors. Moreover, fingolimod (FTY720), an immunosuppressant agent currently used clinically in the treatment of multiple sclerosis, displays HDAC-inhibiting properties and has been recently shown to reduce the growth of experimental MB (Garner et al., 2018; Perla et al., 2020). Reduced D283 and Daoy cell viability by fingolimod was accompanied by increases in acetylated histone H3 levels, highlighting a role for histone acetylation (Perla et al., 2020). Thus, fingolimod is a new candidate drug for clinical testing in patients with MB. One potential limitation for the clinical use of some HDACis such as panobinostat for brain tumors is poor permeability across the blood–brain barrier (BBB) after oral administration (Rodgers et al., 2020). Novel formulations and drug administration techniques such as convection-enhanced delivery (CED) are emerging strategies to bypass the BBB, one example being MTC110, a water-soluble formulation of panobinostat (Singleton et al., 2018). Pharmacogenomic differences among individual patients pose another challenge for the clinical use of HDACis. Polymorphic enzymes and drug transporters are involved in metabolizing and transporting HDACis, making genotype-specific dose a strategy to reduce the risk of toxicity and avoid suboptimal treatment (Goey et al., 2016). Taken together, the evidence reviewed here strongly provides support for further clinical testing of HDACis as part of the pharmacological treatment available to pediatric brain cancer patients, particularly those with MB or DIPG, tumor types for which there is a larger body of experimental evidence. As the field of therapeutic use of HDACis for the treatment of brain cancer evolves, one can expect the development and testing of more selective HDACis that will target specific HDACs and alter the acetylation status of a relatively small number of substrates, potentially reducing side effects associated with less selective HDACis.
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Vorinostat (suberoylanilide hydroxamic acid) was the first approved histone deacetylase (HDAC) inhibitor in a group of validated cancer therapeutic agents targeting epigenetics. Riluzole is a drug used to treat amyotrophic lateral sclerosis, the antitumor potency of which has been recently revealed. Herein, a novel hybrid of vorinostat and riluzole (compound 1) was rationally designed, synthesized, and evaluated. Compared with vorinostat, compound 1 exhibited superior total HDAC inhibitory activity and similar HDAC isoform selective profiles. The intracellular HDAC inhibition of compound 1 was confirmed by Western blot analysis. Moreover, compound 1 possessed more potent in vitro antiproliferative activity against all tested solid and hematological tumor cell lines than vorinostat. In vitro metabolic stability evaluation of compound 1 revealed better human plasma stability and comparable human liver microsomal stability than vorinostat. Additionally, compound 1 demonstrated more significant in vivo antitumor activity in a MDA-MB-231 xenograft model than vorinostat, which could be attributed to its superior in vitro antiproliferative activity and metabolic stability. Taken together, the results presented here support further research and development of compound 1 as a promising antitumor agent.
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INTRODUCTION

The acetylation status of lysine residues of nuclear histones, regulated by histone deacetylases (HDACs) and histone acetyl transferases (HATs), is one of the epigenetic mechanisms regulating gene expression (Allis and Jenuwein, 2016). Generally, HDAC overexpression causes a low histone acetylation level, which can downregulate the expression of many genes, including tumor suppressor genes, leading to cancer (Falkenberg and Johnstone, 2014). Therefore, targeting the HDAC family, especially the zinc-dependent HDACs, using small molecular inhibitors became a hot cancer therapeutic strategy, which has been well validated by the approval of five HDAC inhibitors for the treatment of hematological malignancies (Zagni et al., 2017). Vorinostat [suberoylanilide hydroxamic acid (SAHA); Figure 1] is the first approved HDAC inhibitor. Its structure summarizes well the common pharmacophore of most HDAC inhibitors, which contain a zinc binding group (ZBG) that chelates the catalytic zinc ion, a hydrophobic linker that occupies the tunnel of the active site, and a terminal cap that interacts with the amino acid residues around the entrance of the active site (Miller et al., 2003). Structural modification of the terminal cap of vorinostat is a feasible and efficient strategy to develop novel HDAC inhibitors. For example, the introduction of various biologically active fragments, including nitrogen mustard (Xie et al., 2017), proapoptotic stilbene (Giacomini et al., 2014), colchicine (Zhang et al., 2013), and platinum complex (Griffith et al., 2009), to the cap part of vorinostat successfully led to corresponding hybrid molecules with antitumor potency (Figure 1).


[image: image]

FIGURE 1. Compound design strategy by introducing various biologically active fragments to the terminal cap of vorinostat. The three parts of the HDAC inhibitor pharmacophore are indicated in different colors.


Riluzole is an approved drug for the treatment of amyotrophic lateral sclerosis (ALS; Bellingham, 2011). Many preclinical studies have revealed the anticancer potential of riluzole against breast cancer (Speyer et al., 2012, 2014, 2016; Teh et al., 2015), melanoma (Namkoong et al., 2007; Le et al., 2010; Khan et al., 2011; Lee et al., 2011; Wall et al., 2014; Wen et al., 2014; Rosenberg et al., 2015), glioma (Zhang et al., 2015), and prostate cancer (Akamatsu et al., 2009). Importantly, one preliminary clinical trial of riluzole in patients with resectable stage III or IV melanoma showed promising results (Yip et al., 2009). In addition, one clinical trial evaluating riluzole combined with sorafenib in patients with melanoma or advanced solid tumors is currently active (National Cancer Institute [NCI], 2011). It is worth noting that several analogs of vorinostat with benzothiazole cap groups were previously reported to show potent HDAC inhibitory and antitumor activity, suggesting that the introduction of benzothiazole-based riluzole to the terminal cap group of vorinostat can be tolerated (Tung et al., 2013). In the present study, because of its promising antitumor potency and appropriate physicochemical properties, riluzole was introduced to the terminal cap group of vorinostat, in the hope of obtaining a novel riluzole–vorinostat hybrid with potent HDAC inhibitory and antitumor activity (compound 1; Figure 1).



MATERIALS AND METHODS


Molecular Docking Study

Compound 1 was docked into the active site of HDAC2 (PDB code 4LXZ) using Tripos SYBYL-X 2.0. Before the docking process, the structure of the protein was treated by removing co-crystallized ligands, deleting water molecules, adding hydrogen atoms, and assigning AMBER7 FF99 charges. A 100-step energy minimization was performed to further optimize the protein structure. The molecular structure of compound 1 was generated with the Sybyl/Sketch module. It was optimized using Powell’s method with the TRIPOS force field with the convergence criterion set at 0.005 kcal/(Å mol) and assigned charges with the Gasteiger–Hückel method. Other parameters were set as default values. Molecular docking was carried out via the Sybyl/Surflex-Dock (SFXC) module.



Chemistry

Unless specified otherwise, all starting materials, reagents, and solvents were commercially available. All reactions were monitored by thin-layer chromatography on 0.25 mm silica gel plates (60GF-254) and visualized with ultraviolet light, ferric chloride, or iodine vapor. Nuclear magnetic resonance (NMR) spectra were determined on Varian INOVA spectrometers, with δ in parts per million and J in Hertz, using tetramethylsilane as an internal standard. Measurements were made in dimethyl sulfoxide (DMSO)-d6 solutions. Electrospray ionization–mass spectrometry (ESI-MS) was carried out on an API 4000 spectrometer. High-resolution mass spectroscopy (HRMS) was conducted by the Shandong Analysis and Test Center. Silica gel was used for column chromatography purification. Melting points were determined on an electrothermal melting point apparatus and were uncorrected.


Procedure for the Synthesis of Octandioic Anhydride (3)

A solution of octandioic acid 2 (5.00 g, 28.7 mmol) in acetic anhydride (10 mL) was refluxed for 4 h. Then the mixture was dissolved in acetonitrile (60 mL) and frozen overnight. The resulting precipitate was filtered. The filter residue was dried to give compound 3 (2.78 g, yield 62%) as a light-yellow solid, which was used in the following reaction without further purification. ESI-MS m/z: 167.1 [M + H]+.



Procedure for the Synthesis of 8-oxo-8-((6-(Trifluoromethoxy)benzo[d]thiazol-2-yl) amino)octanoic Acid (4)

To a solution of compound 3 (1.17 g, 7.5 mmol) in tetrahydrofuran (THF; 50 mL) was added riluzole (1.17 g, 5.0 mmol). After reflux for 48 h, the solvent was removed under reduced pressure, followed by addition of ethyl acetate (EtOAc; 50 mL). The EtOAc solution was extracted with 1 M aqueous NaOH (3 × 20 mL). Then the aqueous phase was acidified until no precipitate appeared. The precipitate was filtered and the residue was dried to give compound 4 (1.56 g, yield 80%) as a white solid. 1H NMR (600 MHz, DMSO-d6) δ 12.45 (s, 1H), 12.00 (s, 1H), 8.11 (d, J = 1.8 Hz, 1H), 7.81 (d, J = 9.0 Hz, 1H), 7.42 (dd, J = 1.8 Hz, 9.0 Hz, 1H), 2.50–2.51 (m, 2H), 2.18–2.22 (m, 2H), 1.60–1.63 (m, 2H), 1.48–1.51 (m, 2H), 1.28–1.31 (m, 4H). HRMS [atmospheric pressure ESI (AP-ESI)] m/z: calculated for C16H18F3N2O4S [M + H]+ 391.0939; experimental 391.0924.



Procedure for the Synthesis of N1-Hydroxy-N8- (6-(Trifluoromethoxy)benzo[d]thiazol-2-yl) Octanediamide (1)

To a solution of compound 4 (0.78 g, 2.0 mmol) in THF (40 mL), triethylamine (Et3N) (0.22 g, 2.2 mmol) was added. Isobutyl chloroformate (0.30 g, 2.2 mmol) dissolved in THF (5 mL) was added to the reaction mixture in an ice bath, and the mixture was stirred for 1 h in an ice bath. A mixture of hydroxylamine hydrochloride (0.15 g, 2.2 mmol) and Et3N (0.22 g, 2.2 mmol) in methanol (5 mL) was stirred for 5 min then poured directly into the reaction mixture. The reaction continued for 4 h at room temperature, then the solvent was removed under reduced pressure followed by the addition of 30 mL of water. Then, 1 M HCl was used to adjust the pH to 6. The resulting precipitate was filtered and washed with water to obtain the crude product, which was purified by recrystallization to afford compound 1 (0.36 g, yield 45%) as a white solid. 1H NMR (600 MHz, DMSO-d6) δ 12.44 (s, 1H), 10.33 (s, 1H), 8.66 (s, 1H), 8.11 (d, J = 1.2 Hz, 1H), 7.80 (d, J = 9.0 Hz, 1H), 7.41 (dd, J = 1.2 Hz, 9.0 Hz, 1H), 2.50–2.51 (m, 2H), 1.93–1.95 (m, 2H), 1.59–1.64 (m, 2H), 1.47–1.51 (m, 2H), 1.26–1.30 (m, 4H). HRMS (AP-ESI) m/z: calculated for C16H19F3N3O4S [M + H]+ 406.1048; experimental 406.1055.



Biology


In vitro HDAC Inhibition Fluorescent Assay

An aliquot of 10 μL of enzyme solution (HeLa cell nuclear extract, HDAC2, HDAC6, or HDAC8) was mixed with different concentrations of test compound (50 μL). The mixture was incubated at 37°C for 5 min, followed by the addition of 40 μL of fluorogenic substrate tert-butyl (S)-(6-acetamido- 1-((4-methyl-2-oxo-2H-chromen-7-yl)amino)-1-oxohexan-2-yl) carbamate (Boc-Lys(acetyl)-AMC) for HeLa cell nuclear extracts, HDAC2, and HDAC6; tert-butyl (S)-(1-((4-methyl- 2-oxo-2H-chromen-7-yl)amino)-1-oxo-6-(2,2,2-trifluoroacetam ido)hexan-2-yl)carbamate (Boc-Lys(trifluoroacetyl)-AMC) for HDAC8). After incubation at 37°C for 30 min, the mixture was quenched by the addition of 100 μL of developer containing trypsin and trichostatin A. Following incubation at 37°C for 20 min, the fluorescence intensity was measured using a microplate reader at excitation and emission wavelengths of 390 and 460 nm, respectively. The inhibition ratios were calculated from the fluorescence intensity readout of tested wells relative to those of control wells, and the half maximal inhibitory concentration (IC50) values were calculated using the prism non-linear curve-fitting method.



Western Blot Analysis

The MDA-MB-231 cells were treated with compounds or DMSO for a specified period of time. Then the cells were washed twice with cold phosphate-buffered saline (PBS) and lysed in ice-cold radioimmunoprecipitation assay (RIPA) buffer. Lysates were cleared by centrifugation. Protein concentrations were determined using the bicinchoninic acid assay. Equal amounts of cell extracts were then resolved by sodium dodecyl sulfate–polyacrylamide gel electrophoresis, transferred to nitrocellulose membranes, and probed with acetyl-histone H4 antibody (intracellular substrate of HDAC1 and HDAC2), acetyl-α-tubulin antibody (intracellular substrate of HDAC6), and β-actin antibody (used as a loading control), respectively. Blots were detected using an enhanced chemiluminescence system.



In vitro Antiproliferative Assay

All cell lines were maintained in Roswell Park Memorial Institute (RPMI) 1640 medium containing 10% fetal bovine serum at 37°C in a 5% CO2 humidified incubator. The cell proliferation assay was determined by the MTT (3-[4,5-dimethyl-2-thiazolyl]-2,5-diphenyl-2H-tetrazolium bromide) method. Briefly, cells were passaged the day before dosing into a 96-well plate, allowed to grow for 12 h, and then treated with different concentrations of compound for 72 h. A 0.5% MTT solution was added to each well. After incubation for another 4 h, formazan formed from MTT was extracted by adding 200 μL of DMSO. Absorbance was then determined using a microplate reader at 570 nm.



In vitro Metabolic Stability Assay in Human Plasma

Human plasma samples containing compound 1 were incubated at 37°C. At the specific time points, samples were added to acetonitrile to terminate the reaction, then subjected to vortex mixing for 5 min and stored in a freezer at –80°C. Before analysis, the samples were centrifuged. The remainder of 1 in the supernatants was analyzed by liquid chromatography with tandem mass spectrometry (LC-MS/MS). The t1/2(half–time) values were calculated using the equation t1/2(half–time) = −0.693/k, where k is the slope found in the linear fit of the natural logarithm of the fraction remaining of compound 1 versus incubation time.



In vitro Metabolic Stability Assay in Human Liver Microsomes

Human liver microsomes containing compound 1 were incubated with NADPH at 37°C. At the specific time points, samples were added to acetonitrile to terminate the reaction, then subjected to vortex mixing for 5 min and stored in a freezer at –80°C. Before analysis, the samples were centrifuged. The remainder of 1 in the supernatants was analyzed by LC-MS/MS. The t1/2(half–time) values were calculated using the equation t1/2 = −0.693/k, where k is the slope found in the linear fit of the natural logarithm of the fraction remaining of compound 1 versus incubation time.



In vivo Antitumor Experiment Against MDA-MB-231 Xenograft

In vivo human tumor xenograft models were established as previously described (Zang et al., 2018; Liang et al., 2019). For the in vivo antitumor efficacy study, 5 × 106 human breast cancer cells (MDA-MB-231) were inoculated subcutaneously in the right flank of female athymic nude mice (BALB/c-nu, 5–6 weeks old; Beijing HFK Bioscience Co., Ltd.). Ten days after injection, tumors were palpable and mice were randomized into treatment and control groups (six mice per group). The treatment groups received compound 1 or vorinostat by oral administration (30 mg/kg/day), and the blank control group received oral administration of an equal volume of PBS (5% DMSO). Subcutaneous tumors were measured with a vernier caliper every 3 days. Tumor volumes (V) were estimated using the equation (V = ab2/2, where a and b are the longest and shortest diameter, respectively). The body weight of the mice was also monitored regularly. At the end of the experimental period, mice were sacrificed and the tumor tissues were dissected and weighed. Tumor growth inhibition (TGI) and the relative increment ratio (T/C) were calculated at the end of treatment to reveal the antitumor effects in tumor weight and tumor volume, respectively.

TGI = (the mean tumor weight of control group – the mean tumor weight of treated group)/the mean tumor weight of control group.

T/C = the mean RTV of treated group (T)/the mean RTV of blank control group (C).

where the relative tumor volume (RTV) is Vt/V0 (Vt is the tumor volume measured at the end of treatment; V0 is the tumor volume measured at the beginning of the treatment).

All the obtained data were used to evaluate the antitumor potency and toxicity of compounds. Data were analyzed by Student’s one-tailed t-test. A p-value of <0.05 was considered statistically significant.



RESULTS AND DISCUSSION


Proposed Binding Mode of Compound 1 in HDAC2

Before synthesis, a molecular docking study was performed to elucidate the potential binding mode of compound 1 in the active site of HDAC2. The results in Figure 2 indicate that compound 1 fitted well in the active site of HDAC2. In detail, the hydroxamic acid group of Compound 1 form four hydrogen bonds with His145, His146, and Tyr308, respectively. The aliphatic chain occupied the hydrophobic channel of the active site and the riluzole-based cap group occupied a shallow pocket around the entrance of the active site. The design strategy of compound 1 is rationalized via this binding mode.


[image: image]

FIGURE 2. Proposed binding mode of compound 1 (green) with HDAC2 (PDB code 4LXZ). (A) Surface of HDAC2 with compound 1. (B) Detailed interactions between HDAC2 and compound 1. Yellow dashed lines represent the hydrogen bonds. Oxygen, nitrogen, fluorine, sulfur, and polar hydrogen atoms are shown in red, blue, pale cyan, bright orange, and white, respectively. The Zn2+ is shown as a magenta sphere. The figure was generated using PyMol (http://www.pymol.org/).




Synthesis

The hybrid compound 1 was synthesized according to the procedures described in Scheme 1. The starting material, octandioic acid 2, was refluxed in acetic anhydride to get the anhydride 3, which reacted with riluzole to get the carboxylic acid 4. Compound 4 was then condensed with hydroxylamine to get the target compound 1.


[image: image]

SCHEME 1. Reagents and conditions: (a) acetic anhydride, reflux; (b) riluzole, THF, reflux; (c) ClCOOi-Bu, TEA, NH2OH.HCl, THF, r.t.




HDAC Inhibition and Isoform Selectivity

The total HDAC inhibitory activity of compound 1 was evaluated against the HeLa cell nuclear extract. The results listed in Table 1 show that compound 1 (IC50 = 0.12 μM) was more potent than the approved drug vorinostat (IC50 = 0.25 μM). To profile the HDAC isoform selectivity, compound 1 was further tested against HDAC2, HDAC6, and HDAC8 with vorinostat as the reference compound. The overall selectivity profile of compound 1 was similar to that of vorinostat (Table 1). Note that the HDAC6 inhibitory activity of 1 (IC50 = 0.012 μM) was more than sevenfold higher than that of vorinostat (IC50 = 0.091 μM).


TABLE 1. HDAC inhibition and isoform selectivity of compounds 1 and vorinostat.

[image: Table 1]Western blot analysis was performed to verify the intracellular target engagement of compound 1. The results in Figure 3 show that both compound 1 and vorinostat could dramatically increase the levels of acetyl-histone H4 (intracellular substrate of HDAC1 and HDAC2) and acetyl-α-tubulin (intracellular substrate of HDAC6) in the MDA-MB-231 cell line. It is worth noting that, at the same concentration of 0.5 μM, the effect of 1 on acetyl-α-tubulin was superior to that of vorinostat, which is in line with the more potent HDAC6 inhibition of 1 compared with vorinostat, as shown in Table 1.
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FIGURE 3. MDA-MB-231 cells were treated with dimethyl sulfoxide (DMSO) or compounds for 3 h. The levels of acetyl-α-tubulin (Ac-Tub) and acetyl-histone H4 (Ac-HH4) were determined by immunoblotting. β-Actin was used as a loading control. The result is a representative of three independent experiments.




In vitro Antiproliferative Activity

Because of its HDAC inhibitory potency, compound 1 was progressed to an in vitro antiproliferative assay against human tumor cells, including breast cancer cell lines MDA-MB-231 and MCF-7, prostate adenocarcinoma cell line PC-3, neuroblastoma cell line SK-N-BE(2), acute myelogenous leukemia cell line KG-1, acute lymphoblastic leukemia cell line MOLT-4, and erythroleukemia cell line HEL. Remarkably, compound 1 with IC50 values ranging from 0.14 to 2.74 μM was more potent against all tested human cancer cell lines than the approved drug vorinostat (Table 2). Note that riluzole showed less than 50% growth inhibition at 10 μM against the tested tumor cell lines, which was consistent with previous studies (Namkoong et al., 2007; Zhang et al., 2015; Speyer et al., 2016).


TABLE 2. In vitro antiproliferative activity of compound 1, vorinostat, and riluzole.

[image: Table 2]


In vitro Metabolic Stability

One drawback of hydroxamate-based compounds, including vorinostat, is their poor metabolic stability. Therefore, the in vitro metabolic stability of compound 1 in human plasma and liver microsomes was assessed and compared with the reported data of vorinostat. The results in Table 3 show that, although compound 1 possessed similar stability in human liver microsomes to vorinostat (t1/2 = 56 min vs t1/2 = 60 min), its stability in human plasma was much better than that of vorinostat (t1/2 > 120 min vs t1/2 = 75 min).


TABLE 3. In vitro metabolic stability of compound 1 and vorinostat.

[image: Table 3]


In vivo Antitumor Activity Assay

Based on the promising in vitro antiproliferative activity and metabolic stability of compound 1, an MDA-MB-231 xenograft model was used to further evaluate the in vivo antitumor potency of compound 1. After 21 consecutive days of treatment (30 mg/kg/day), TGI and T/C were calculated. As shown in Table 4, compound 1 demonstrated significantly better in vivo efficacy than vorinostat. The tumor growth curve and the final tumor tissue size are shown in Figures 4, 5, respectively, which explicitly demonstrate the potent antitumor activity of compound 1 in vivo. Moreover, the mouse body weights in Figure 6 indicate the high tolerability and low toxicity of compound 1.


TABLE 4. In vivo antitumor activity in the MDA-MB-231 xenograft modela.

[image: Table 4]
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FIGURE 4. Growth curve of implanted MDA-MB-231 xenografts in nude mice. Data are expressed as the mean ± standard deviation.
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FIGURE 5. Dissected MDA-MB-231 tumor tissues.
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FIGURE 6. Animal body weight. Data are expressed as the mean ± standard deviation.




CONCLUSION

In the present work, based on the molecular hybridization strategy, a novel riluzole–vorinostat hybrid 1 was rationally designed, synthesized, and evaluated. Compared with vorinostat, compound 1 exhibited superior total HDAC inhibitory activity and similar HDAC isoform selective profiles, which was confirmed by Western blot analysis. Remarkably, compound 1 exhibited superior in vitro antitumor activity and metabolic stability to vorinostat, which contributed to its promising in vivo antitumor activity in the MDA-MB-231 xenograft model. In summary, our results support further mechanism studies and preclinical evaluation of compound 1 as a novel antitumor agent.



DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the article/supplementary material.



ETHICS STATEMENT

The animal study was reviewed and approved by Shandong University Laboratory Animal Center Ethics Committee.



AUTHOR CONTRIBUTIONS

QX and CL contributed equally to research investigation, data analysis, manuscript writing, and organizing. JZ, CC, and SG performed the data validation and manuscript review. YZ contributed to conceptualization, supervision, and funding acquisition. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by the Natural Science Foundation of Shandong Province (Grant No. ZR2018QH007), the Key Research and Development Program of Shandong Province (2017CXGC1401), and the Young Scholars Program of Shandong University (YSPSDU, 2016WLJH33).



REFERENCES

Akamatsu, K., Shibata, M.-A., Ito, Y., Sohma, Y., Azuma, H., and Otsuki, Y. (2009). Riluzole induces apoptotic cell death in human prostate cancer cells via endoplasmic reticulum stress. Anticancer. Res. 29, 2195–2204.

Allis, C., and Jenuwein, T. (2016). The molecular hallmarks of epigenetic control. Nat. Rev. Genet. 17, 487–500. doi: 10.1038/nrg.2016.59

Bellingham, M. C. (2011). A Review of the neural mechanisms of action and clinical efficiency of riluzole in treating amyotrophic lateral sclerosis: what have we learned in the last decade? CNS Neurosci. Ther. 17, 4–31. doi: 10.1111/j.1755-5949.2009.00116.x

Falkenberg, K., and Johnstone, R. (2014). Histone deacetylases and their inhibitors in cancer, neurological diseases and immune disorders. Nat. Rev. Drug Discov. 13, 673–691. doi: 10.1038/nrd4360

Giacomini, E., Nebbioso, A., Ciotta, A., Ianni, C., Falchi, F., Roberti, M., et al. (2014). Novel antiproliferative chimeric compounds with marked histone deacetylase inhibitory activity. ACS Med. Chem. Lett. 5, 973–978. doi: 10.1021/ml5000959

Griffith, D., Morganb, M. P., and Marmion, C. J. (2009). A novel anti-cancer bifunctional platinum drug candidate with dual DNA binding and histone deacetylase inhibitory activity. Chem. Commun. 47, 6735–6737. doi: 10.1039/B916715C

Khan, A. J., Wall, B., Ahlawat, S., Green, C., Schiff, D., Mehnert, J. M., et al. (2011). Riluzole enhances ionizing radiation–induced Cytotoxicity in human melanoma cells that ectopically express metabotropic glutamate Receptor 1 In Vitro and In Vivo. Clin. Cancer Res. 17, 1807–1814. doi: 10.1158/1078-0432.CCR-10-1276

Konsoula, R., and Jung, M. (2008). In vitro plasma stability, permeability and solubility of mercaptoacetamide histone deacetylase inhibitors. Int. J. Pharm. 361, 19–25. doi: 10.1016/j.ijpharm.2008.05.001

Le, M. N., Chan, J. L.-K., Rosenberg, S. A., Nabatian, A. S., Merrigan, K. T., Cohen-Solal, K. A., et al. (2010). The glutamate release inhibitor riluzole decreases migration, invasion, and proliferation of melanoma cells. J. Invest. Dermatol. 130, 2240–2249. doi: 10.1038/jid.2010.126

Lee, H. J., Wall, B. A., Wangari-Talbot, J., Shin, S. S., Rosenberg, S., Chan, J. L., et al. (2011). Glutamatergic pathway targeting in melanoma: single-agent and combinatorial therapies. Clin. Cancer Res. 17, 7080–7092. doi: 10.1158/1078-0432.CCR-11-0098

Liang, X., Zang, J., Li, X., Tang, S., Huang, M., Geng, M., et al. (2019). Discovery of Novel Janus Kinase (JAK) and Histone Deacetylase (HDAC) dual inhibitors for the treatment of hematological malignancies. J. Med. Chem. 62, 3898–3923. doi: 10.1021/acs.jmedchem.8b01597

Miller, T. A., Witter, D. J., and Belvedere, S. (2003). Histone deacetylase inhibitors. J. Med. Chem 46, 5097–5116. doi: 10.1021/jm0303094

Namkoong, J., Shin, S.-S., Lee, H. J., Marin, Y. E., Wall, B. A., Goydos, J. S., et al. (2007). Metabotropic Glutamate Receptor 1 and glutamate signaling in human melanoma. Cancer Res. 67, 2298–2305. doi: 10.1158/0008-5472.CAN-06-3665

National Cancer Institute [NCI] (2011). Riluzole and Sorafenib Tosylate in Treating Patients With Advanced Solid Tumors or Melanoma. ClinicalTrials.gov Identifier: NCT01303341. Bethesda, MD: NCI.

Rosenberg, S. A., Niglio, S. A., Salehomoum, N., Chan, J. L., Jeong, B. S, Wen, Y., et al. (2015). Targeting Glutamatergic Signaling and the PI3 kinase pathway to halt melanoma progression. Trans. Oncol 8, 1–9. doi: 10.1016/j.tranon.2014.11.001

Speyer, C. L., Hachem, A. H., Assi, A. A., Johnson, J. S., DeVries, J. A., and Gorski, D. H. (2014). Metabotropic Glutamate Receptor-1 as a novel target for the antiangiogenic treatment of breast cancer. PLoS One 9:e88830. doi: 10.1371/journal.pone.0088830

Speyer, C. L., Nassar, M. A., Hachem, A. H., Bukhsh, M. A., Jafry, W. S., Khansa, R. M., et al. (2016). Riluzole mediates anti-tumor properties in breast cancer cells independent of metabotropic glutamate receptor-1. Breast Cancer Res. Treat. 157, 217–228. doi: 10.1007/s10549-016-3816-x

Speyer, C. L., Smith, J. S., Banda, M., DeVries, J. A., Mekani, T., and Gorski, D. H. (2012). Metabotropic glutamate receptor-1: a potential therapeutic target for the treatment of breast cancer. Breast Cancer Res. Treat. 132, 565–573. doi: 10.1007/s10549-011-1624-x

Teh, J. L. F., Shah, R., La Cava, S., Dolfi, S. C., Mehta, M. S., Kongara, S., et al. (2015). Metabotropic glutamate receptor 1 disrupts mammary acinar architecture and initiates malignant transformation of mammary epithelial cells. Breast Cancer Res. Treat. 151, 57–73. doi: 10.1007/s10549-015-3365-3368

Tung, T. T., Oanh, D. T., Dung, P. T., Hue, V. T., Park, S. H., Han, B. W., et al. (2013). New benzothiazole/thiazole-containing hydroxamic acids as potent histone deacetylase inhibitors and antitumor agents. Med. Chem. 9, 1051–1057. doi: 10.2174/15734064113099990027

Venkatesh, P. R., Evelyn, G. E., and Zeng, P. (2007). In Vitro Phase I Cytochrome P450 Metabolism, Permeability and Pharmacokinetics of SB639, a Novel Histone Deacetylase inhibitor in preclinical species. Biol. Pharm. Bull. 30, 1021–1024. doi: 10.1248/bpb.30.1021

Wall, B. A., Yu, J. L., Khan, A., Haffty, B., Goydos, J. S., and Chen, S. (2014). Riluzole is a radio-sensitizing agent in an in vivo model of brain metastasis derived from GRM1 expressing human melanoma cells. Pigment Cell Melanoma Res. 28, 105–109. doi: 10.1111/pcmr.12327

Wen, Y., Li, J., Koo, J., Shin, S.-S., Lin, Y., Jeong, B. S., et al. (2014). Activation of the Glutamate Receptor GRM1 Enhances Angiogenic Signaling to Drive Melanoma Progression. Cancer Res. 74, 2499–2509. doi: 10.1158/0008-5472

Xie, R., Li, Y., Tang, P., and Yuan, Q. (2017). Rational design, synthesis and preliminary antitumor activity evaluation of a chlorambucil derivative with potent DNA/HDAC dual-targeting inhibitory activity. Bioorg. Med. Chem. Lett. 27, 4415–4420. doi: 10.1016/j.bmcl.2017.08.011

Yip, D., Le, M. N., Chan, J. L., Lee, J. H., Mehnert, J. A., Yudd, A., et al. (2009). A Phase 0 Trial of Riluzole in Patients with Resectable Stage III and IV Melanoma. Clin. Cancer Res. 15, 3896–3902. doi: 10.1158/1078-0432.CCR-08-3303

Zagni, C., Floresta, G., Monciino, G., and Rescifina, A. (2017). The search for potent, small-molecule HDACIs in cancer treatment: a decade after Vorinostat. Med. Res. Rev. 37, 1373–1428. doi: 10.1002/med.21437

Zang, J., Liang, X., Huang, Y., Jia, Y., Li, X., Xu, W., et al. (2018). Discovery of Novel Pazopanib-Based HDAC and VEGFR dual inhibitors targeting cancer epigenetics and angiogenesis simultaneously. J. Med. Chem. 61, 5304–5322. doi: 10.1021/acs.jmedchem.8b00384

Zhang, C., Yuan, X., Li, H., Zhao, Z., Liao, Y., Wang, X., et al. (2015). Anti-Cancer Effect of Metabotropic Glutamate Receptor 1 Inhibition in Human Glioma U87 Cells: involvement of PI3K/Akt/mTOR pathway. Cell Physiol. Biochem. 35, 419–432. doi: 10.1159/000369707

Zhang, X., Zhang, J., Tong, L., Luo, Y., Su, M., Zang, Y., et al. (2013). The discovery of colchicine-SAHA hybrids as a new class of antitumor agents. Bioorg. Med. Chem. 21, 3240–3244. doi: 10.1016/j.bmc.2013.03.049


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Xu, Liu, Zang, Gao, Chou and Zhang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.











	 
	BRIEF RESEARCH REPORT
published: 05 August 2020
doi: 10.3389/fcell.2020.00752





[image: image]

Histone Deacetylases Inhibit the Snail2-Mediated EMT During Metastasis of Hepatocellular Carcinoma Cells
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Snail2 has an important role in the epithelial-mesenchymal transition (EMT) and tumor metastasis. Here, we report that Snail2 is highly expressed during TGF-β induced EMT in HL-7702 cells. Additionally, overexpression of Snail2 successfully promotes the migration and invasion of these cells, both in vitro and in a mouse model. Furthermore, our results show that HDAC1 and HDAC3 could suppress the Snail2 gene promoter. Moreover, we find that the acetylation of H3K4 and H3K56 are significantly reduced during the EMT process of liver HL-7702 cells. Thus, our results indicate that HDAC1 and HDAC3 epigenetically suppress the expression of Snail2 during the EMT of liver cells, revealing an opposing function of HDACs during the migration of malignant tumors.
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INTRODUCTION

Worldwide, liver cancer is the seventh most common cancer in 2018, and is the third leading cause of cancer-related deaths (Bray et al., 2018). The resection and transplantation for liver cancer therapies are conventional, but are hampered because of high recurrence rates and the development of metastasis (Forner et al., 2012). Numerous studies have been reported that the epithelial – mesenchymal transition (EMT) is an important step which increased metastasis of tumor cells in breast (Thiery et al., 2009), prostate (Khan et al., 2015), liver (van Zijl et al., 2009), and lung (Soltermann et al., 2008) cancers. Accumulating data suggest that the EMT is an important initiation step for liver cancer metastasis (Nieto et al., 2016). Therefore, to decrease the incidence and mortality rates of liver cancer, prevention of the EMT is critical for inhibiting metastasis.

Regulation of the EMT involves multiple growth factors (e.g., transforming growth factor (TGF), hepatocyte growth factor, and epidermal growth factor) (Said and Williams, 2011) and transcriptional inhibitors (e.g., Snail, ZEB1, and twist) (Díaz-López et al., 2015). In tumor cells, these growth factors and transcriptional inhibitors could regulate EMT by extracellular stimuli derived from the tumor microenvironment. The Snail family includes Snail1, Snail2, and Snail3, that is a group of highly related zinc-finger transcription factors. As transcription factors, they could regulate the EMT and cell migration. Members of this family, particularly Snail1 and Snail2, are functional primarily as repressors of gene transcription, regulating a variety of epithelial-specific genes involved in cell adhesion and epithelial cell identity (Kajita et al., 2004). A previous study has indicated that Snail2 participates in the EMT and tumor metastasis. In human breast tumors, Snail2 and Twist1 promote the EMT and tumor metastasis (Casas et al., 2011). Aberrant expression of JMJD3 could upregulate the expression of Snail2 to promote cancer properties in HCC, such as stem cell-like behaviors and metastasis (Tang et al., 2016).

Several studies have indicated that epigenetic regulation could regulate the gene expression and activation of signaling pathways. The inhibitors of HDACs have been used in the treatment of certain cancers, because histone deacetylases (HDACs) are involved in the metastatic process of cancer (Wang et al., 2018). Stabilization of HDAC1 via the TCL1-pAKT-CHFR axis is a key element for NANOG-mediated multi-resistance and the stem-like phenotype in immune-edited tumor cells (Woo et al., 2018). In addition, HDAC1 promote glioblastoma cell proliferation and invasion via activation of the phosphoinositide 3-kinase/AKT and mitogen-activated protein kinase kinase/extracellular signal-regulated kinase signaling pathways (Li et al., 2018). Moreover, in pancreatic ductal cancer, an HDAC inhibitor suppresses the EMT by targeting Snail1 (Shinke et al., 2018).

In this study, we demonstrate that, among EMT-related transcription repression factors, only Snail2 is significantly upregulated during the TGF-β1–induced EMT in HL-7702 cells. In contrast, silencing of Snail2 promotes the expression of E-cadherin and downregulated the Vimentin expression. Furthermore, in HL-7702 cells, the overexpression of Snail2 induces invasive migration of HL-7702 cells in vitro and in the mice model. Notably, HDAC1 and HDAC3 act on the Snail2 promoter to suppress its transcription. Mechanistically, acetylated H3K4 and H3K56 are decreased on the Snail2 promoter during the EMT process. Thus, HDAC1 and HDAC3 epigenetically suppress the expression of Snail2 during the EMT of liver cells. Overall, the present study clarifies a possible signaling pathway and relates molecular mechanisms by which HDAC1 and HDAC3 inhibit the Snail2-mediated EMT during HCC metastasis.



MATERIALS AND METHODS


Viruses and Stable Cell Lines

Lentivirus vector expressing enhanced green fluorescent protein (NC) and lentivirus expressing green fluorescent protein and Snail2 (Snail2) was purchased from Hanbio (China) and used in accordance with standard protocols. Briefly, HL-7702 cells were infected with lentivirus in medium containing polybrene (2 mg/ml) for 24 h and then cultured in RPMI-1640 supplemented with 10% FBS and puromycin (2 μg/ml) at 37°C under 5% CO2.



Antibodies, RNA Interference, and Inhibitors

Antibodies against E-cadherin (20874-1-AP), N-cadherin (22018-1-AP) and GAPDH (60004-1-Ig) were purchased from Proteintech Group (China). The antibody against Snail2 (sc-166476) was from Santa Cruz Biotechnology (United States). Acetylated H3K4 (C15410322) and H3K56 (C15410213) antibodies were purchased from Diagenode.

Transient knockdown experiments were conducted using human siRNA for Snail2, HDAC1, HDAC3, and siControl (Gene Pharma, China). HL-7702 cells were transfected with the indicated siRNAs using Lipofectamine 2000 transfection reagent according to the manufacturer’s protocols. The siRNA sequences as following: siSnail2: 5′-GGA CCA CAG UGG CUC AGA AUU-3′; siHDAC1: 5′ – GCU UCA AUC UAA CUA UCA ATT – 3′; siHDAC3: 5′ – GCA CCC GCA UCG AGA AUC ATT – 3′.

Mocetinostat (S1122) and RGFP966 (S7229) were purchased from Selleck (United States). The concentrations of Mocetinotat and RGF966 were 10mM in luciferase assay and wound healing assay.



Quantitative Real-Time PCR

Total RNA from tissue samples were isolated with TRIzol reagent (Invitrogen, United States). Quantitative real-time PCR data were analyzed using the comparative Ct method, and expressions of target genes were normalized to that of β-actin.



Wound Healing Assay

The wound healing assay was performed as analyze the migratory potential of cells as described previously (Liang et al., 2007). HL-7702 cells were seeded in 6-well plates (1∗106 cells/well). After 24 h, scrape the cell monolayer in a straight line to create a “scratch” with a p200 pipet tip. Remove the debris and smooth the edge of the scratch by washing the cells once with 1 ml of the growth medium and then replace with 2 ml of 2% fetal bovine serum RPM1-1640. Inhibitors were added to the medium after scratching. The width of the wound was measured under a microscope (Nikon, DS-U2).



Invasion Assay

The transwell invasion assay was performed as analyze the invasive potential of cells as described previously (Tiwari and Pattnaik, 2017). Cells were counted and 2∗104 cells were seeded into cell culture inserts with a pore size of 8.0 μm coated with Matrigel (BD Biosciences). Cells that invaded through the Matrigel-coated membrane after 48 h were fixed with 95% ethanol, and then stained with 0.1% crystal violet. The fold change in invasion was calculated by dividing the number of invading HL-Snail2 cells by the number of invading control cells.



Liver Metastasis Model

Animal protocols were approved by the Ethical Committee of Care and Use of Laboratory Animals at Jilin University. Female BALB/c nude mice (6–8 weeks old, Charles River, China) for inducing tumorigenesis were injected subcutaneously with HL-7702-N (control) or HL-Snail2 cells (5 × 105cells/mouse; 8mice/group). Visible liver metastatic tissues and tumor tissues were examined and embedded in paraffin, sectioned, and subjected to H&E.



Luciferase Assay

The Dual-Luciferase Reporter Assay System (Promega, United States) was used as described previously (Hossan et al., 2016). HL-7702 cells were co-transfected with a Snail2 promoter containing the luciferase construct (pGL3-Bisic, Promega) together with a plasmid expressing Renilla luciferase. Firefly luciferase activity was normalized to Renilla luciferase activity to control for transfection efficiency.



Chromatin Immunoprecipitation (ChIP) Assay

Chromatin immunoprecipitation assays were performed according to the protocol described previously (Boyer et al., 2006). One 10 cm dish (1 × 107) of HL-7702 N and HL-7702 Snail2 cells were grown to 90% of confluence and used for each ChIP assay. IgG was used as a negative control. ChIP assay was conducted essentially as described using H3K4ac and H3K56ac antibodies. ChIP DNA was subjected to qPCR. Both ChIP and IgG-antibody signals were normalized to the total input. The primers for the Snail2 promoter were: 5′-TAGCTCCCAGAGAGCGTGGA -3′ and 5′-AGGTTCAGATTTCAGCTCCTCC -3′.



Statistical Analyses

Results are represented as mean ± SD. Significant differences between two groups were assessed using 2-tailed Student’s t-test. A p-value of ≤0.05 was considered statistically significant. p ≤0.05, ≤0.01, and ≤0.001 are represented by single, double and triple asterisks respectively.



RESULTS


The TGF-β–Induced EMT Requires Snail2 in Liver Cells

To identify transcription factors during the TGF-β–induced EMT, we explored the time and concentration of TGF-β1 required for the EMT in HL-7702 cells (Supplementary Figure S1). Based on morphological changes (i.e., cells undergo the dissolution of tight junctions, the destruction of apically basal polarity, and the recombination of cytoskeleton structures) which enable cells to develop an invasive phenotype during the EMT, we confirmed that the optimal concentration of TGF-β1 was 10 ng/ml and induction time was 12 days (Figure 1A). As expected, TGF-β1 treatment resulted in the induction of Snail2, the acquisition of a fibroblastic mesenchymal morphology, downregulation of an epithelial marker (E-cadherin), and upregulation of mesenchymal markers (N-cadherin, vimentin, and fibronectin) in HL-7702 cells (Figures 1B,C). Furthermore, when we knocked-down the expression of Snail2 in HL-7702 cells after treating TGF-β1 12 days, the expression of E-cadherin increased and the expression of N-cadherin, fibronectin, vimentin were significantly decreased (Figure 1D). In Figures 1E,F, we treated cells with TGF-β1 for 12 days and then transfected siSnail2; the results showed that abilities of migration and invasion were suppressed when Snail2 was knockdown. Thus, Snail2 is necessary for the TGF-β–induced EMT process of liver cells.
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FIGURE 1. TGF-β–induced EMT requires Snail2 in liver cell. (A) HL-7702 liver cells were treated with TGF-β1 (10 ng/ml) for 12 days. Cell morphological changes associated with the EMT are shown in the phase contrast images. The scale bar was 0.1 mm. (B) HL-7702 cells were treated with TGF-β1 (10 ng/ml) for 12 days, then analyzed by Relative mRNA levels are shown as means ± SD. *P ≤ 0.05; ***P ≤ 0.001. (C) HL-7702 cells were treated with TGF-β1 (10 ng/ml) for 0, 3, 6, 9, and 12 days, then analyzed by western blotting. (D) SiRNA of Snail2 (siSnail2) was expressed in HL-7702 after treating with TGF-β1 (10 ng/ml) for 12 days and the expression of EMT markers were determined by qRT-PCR. (E,F) The abilities of migration and invasion of HL-7702 cells treating with TGF-β1 (10 ng/ml) for 12 days or transfected siSnail2 were analyzed in wound healing and invasion assays. Data in the histogram were shown as means ± SD from three independent experiments. The scale bar was 0.2 mm. A representative experiment was shown. **P ≤ 0.01.




Snail2 Promotes Migration and Metastasis in HCC Cells

To further test whether Snail2 could regulate the migratory and invasive abilities of HL-7702 cells, we established the Snail2 overexpression cell line (Supplementary Figure S2). Wound healing assay assessed the effect of Snail2 on cell migration. Snail2 overexpression cells (HL-7702-Snail2) had significantly higher migration compared with control cells (Figure 2A). Moreover, Snail2 overexpression cells (HL-7702-Snail2) showed a greater rate of invasion (Figure 2B).
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FIGURE 2. Snail2 promotes migration and metastasis of HL-7702 cells. (A,B) The abilities of migration and invasion of HL-7702 cells (overexpressing Snail2 or control) were analyzed in wound healing and invasion assays. The scale bar was 0.2 mm. Data in the histogram were shown as means ± SD from three independent experiments. (C) HL-7702 cells (overexpressing Snail2 or control) were injected subcutaneously into nude mice. The green fluorescent protein signal was detected using an in vivo imaging system at 30 days. The numbers of mice with distant metastasis at 30 days after injection of Snail2-overexpressing or control HL-7702 cells was shown. (D) After 30 days, eight mice per group were sacrificed and livers were dissected. Liver metastatic nodules were examined macroscopically, or paraffin-embedded, cut into sections, and stained with hematoxylin and eosin. *P ≤ 0.05, **P ≤ 0.01.


To verify the migratory and invasive capacities in vivo, we investigated whether Snail2 altered the tumorigenic properties of liver cells. HL-7702-Snail2 and control cells were injected subcutaneously into nude mice. Using an in vivo imaging system to detect the migration of tumor cells in real time, we found that mice in the Snail2 group showed a stronger green fluorescent protein signal than the control group (labeled the comparison area with arrows), and the Snail2 overexpression mice had large numbers of liver metastases compare with control group (Figure 2C). This suggested that Snail2 could promote metastasis of HCC cells in vivo. 30 days later, we narcotized and dissected the mice. We found that the livers of mice injected with HL-7702-Snail2 cells underwent metastases, and even were necrotic. Hematoxylin and eosin staining showed that the liver cell arrangement of mice injected with HL-7702-Snail2 cells was irregular, no contour was detected and there was unclear distinction between the nucleus and cytoplasm (Figure 2D).



HDAC1 and HDAC3 Suppress Snail2 Transcription Through Deacetylation of H3K56 and H3K4

Several results indicated that epigenetic factors were involved in the regulation of EMT transcription inhibitors. We next further examined the potential role of HDACs family in controlling Snail2 promoter activity using the dual luciferase reporter assay. As shown in Figure 3A, co-transfection of HDAC1 or HDAC3 expression vector led to a dramatic reduction in Snail2 promoter activity as compared to vector-transfected control cells. On the contrary, we co-transfection of siHDAC1 or siHDAC3 expression vector led to upregulate in Snail2 promoter activity as compared to vector-transfected HDACs cells. Moreover, we treated HL-7702 cells transfected with the pGL3-Snail2-Luc vector with Mocetinostat or RGFP966, which specifically inhibit HDAC1 and HDAC3, respectively. Upon treating cells with the inhibitors, luciferase activity recovered and was even greater than HDACs overexpression, suggesting the direct suppression of Snail2 by HDAC1 and HDAC3 (Figure 3A).
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FIGURE 3. HDAC1 and HDAC3 repress Snail2 expression through deacetylation of H3K56 and H3K4. (A) HL-7702 cells were created to express the luciferase reporter plasmid, pGL3-Snail2 promoter-Luc. The cells were then transfected with the pGL3-Snail2 promoter -Luc vector and plasmids of HDAC1, HDAC3, siHDAC1, or siHDAC3. Mocetinostat or RGFO966 were added to the cell growth medium and, 24 h later, luciferase activity was assayed and normalized to that of Renilla luciferase (pRL-SV40), which served as an internal control. Each data point represents the mean ± SD. *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001. Experiments were performed twice in triplicate. (B) Acetylated H3K4 and H3K56 at the Snail2 promoter were analyzed by chromatin immunoprecipitation (ChIP) (upper panel). ChIP samples were also analyzed by the quantitative real-time polymerase chain reaction (means ± SD from three separate experiments; bottom panel). (C) HL-7702 cells were transfected with the HDAC1 or HDAC3 plasmids. Mocetinostat and RGFO966 were added to the cell growth medium for 24 h. The cells were then analyzed in the wound healing assay. The scale bar was 0.2 mm. Data in the histogram are shown as means ± SD from three independent experiments.


To confirm the direct repression of Snail2 by HDACs, we investigated the acetylation level on the Snail2 promoter by the chromatin immunoprecipitation assay using stable Snail2-overexpressing cells. Acetylated H3K56 and H3K4 are the main targets of HDAC1 and HDAC3. As shown in Figure 3B, acetylated H3K4 and H3K56 were reduced at the Snail2 promoter in HL-Snail2 compared with control cells. Our results indicated that the promoter region of Snail2 was deacetylated by HDAC1 and HDAC3 during the EMT process in HCC cells.

Finally, we investigated whether HDAC1 and HDAC3 could influence the migration of HL-7702 cells. As shown in Figure 3C, compared with control HL-7702 cells, overexpression of HDAC1 and HDAC3 significantly decreased migration. In contrast, treatment with HDAC1 and HDAC3 inhibitors restored the migration capacity of these cells to the normal level. Taken together, these data indicate that HDAC1 and HDAC3 may inhibit Snail2-mediated transcriptional repression through histone deacetylation.



DISCUSSION

Triggering the EMT upregulates a core of transcription factors, including Snail, Twist, and ZEB, those repress the EMT related marker, E-cadherin, and ultimately coordinate the EMT process (Diaz-Lopez et al., 2014). In our study, we confirmed that the expression of Snail2 was increased during the TGF-β–induced EMT in HL-7702 cells. Knockdown the expression of Snail2 upregulated the expression of E-cadherin and downregulated the expression of N-cadherin, fibronectin and vimentin, while overexpression of Snail2 induced invasive migration of liver cells in vitro and in vivo.

A wide range of genetic and epigenetic modifications play pivotal roles in the development and tumorigenesis of cancer (Yi et al., 2014). These epigenetic changes are associated with DNA methylation and histone modifications. Moreover, there are numerous papers reporting that HDACs can promote the progression of cancer (Wu et al., 2011; Zhang et al., 2019). In breast cancer, SREBP1 regulates the EMT by forming a co-repressor complex with HDAC1/2 and Snail1 to suppress E-cadherin and promote tumor metastasis (Zhang et al., 2019). Another study reported that nardilysin controls intestinal tumorigenesis through HDAC1/p53-dependent transcriptional regulation. In addition, interplay between HDAC3 and WDR5 is essential for the hypoxia-induced EMT (Wu et al., 2011). Recently, several HDAC inhibitors have been approved by the United States Food and Drug Administration as anticancer drugs (Garnock-Jones, 2015). These include Vorinostat and Romidepsin that have anticancer activity against cutaneous T-cell lymphoma. However, we found that HDAC1 and HDAC3 acted on the Snail2 promoter to suppress the transcription of Snail2. We also demonstrated that acetylated H3K56 and H3K4, which are targets of HDAC1 and HDAC3 respectively, were reduced at the Snail2 promoter in EMT model cells. Above all, our results suggested that HDAC1 and HDAC3 suppressed the expression of Snail2 through the deacetylation of H3K56 and H3K4, triggering the repression of the Snail2-mediated EMT.

Overall, this study is the first to reveal an opposing function of HDACs during the migration of hepatocellular carcinoma (HCC) (Figure 4). HDACs may play different roles in different cancers, even in the same cancer, and may be involved in different pathways, eventually leading to different outcomes. Our study also emphasizes the attention of the possibility of HDAC inhibitors as anticancer drugs for HCCs.
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FIGURE 4. HDACs suppress the expression of Snail2 during the EMT. A proposed working model of HDAC1 and HDAC3 epigenetically suppress the expression of Snail2 during the EMT of liver cells, revealing an opposing function of HDACs during the migration of HCC.
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Magnolia officinalis is widely used in Southeast Asian countries for the treatment of fever, headache, diarrhea, and stroke. Magnolol is a phenolic compound extracted from M. officinalis, with proven antibacterial, antioxidant, anti-inflammatory, and anticancer activities. In this study, we modified magnolol to synthesize a methoxylated derivative, 2-O-methylmagnolol (MM1), and investigated the use of MM1, and magnolol in the treatment of liver cancer. We found that both magnolol and MM1 exhibited inhibitory effects on the growth, migration, and invasion of hepatocellular carcinoma (HCC) cell lines and halted the cell cycle at the G1 phase. MM1 also demonstrated a substantially better tumor-suppressive effect than magnolol. Further analysis suggested that by inhibiting class I histone deacetylase expression in HCC cell lines, magnolol and MM1 induced p21 expression and p53 activation, thereby causing cell cycle arrest and inhibiting HCC cell growth, migration, and invasion. Subsequently, we verified the significant tumor-suppressive effects of magnolol and MM1 in an animal model. Collectively, these findings demonstrate the anti-HCC activities of magnolol and MM1 and their potential for clinical use.

Keywords: magnolol, 2-O-methylmagnolol (MM1), histone deacetylase (HDAC), hepatocellular carcinoma (HCC), p21, p53


INTRODUCTION

The World Health Organization (WHO) indicated that liver cancer was the sixth most common cancer and the fourth leading cause of cancer deaths worldwide in 2018, with a global death toll of 782,000 (1). The risk factors for liver cancer include hepatitis B, hepatitis C, alcoholic liver disease, non-alcoholic fatty liver disease, and cirrhosis (2, 3). At present, surgery remains the first line of treatment for liver cancer; however, chemotherapy or radiation therapy is the preferred choice for patients with advanced liver cancer who cannot undergo surgical resection (4). Most chemotherapeutic drugs, however, often have large side effects and significantly impact patients' quality of life (5). Therefore, the development of effective therapeutic drugs with minimal side effects has been at the forefront of liver cancer research.

Due to its advantages, such as high specificity and low side effects, targeted therapy has become the main modality of cancer treatment (6, 7). However, carcinogenic factors are multifactorial and often complicated. This complexity is further aggravated by tumor heterogeneity (8, 9). Therefore, drugs against a single target often demonstrate limited efficacy. Even sorafenib, which is recognized as the most effective targeted drug against liver cancer, only prolongs patient survival by ~3 months (10, 11). Thus, in clinical practice, targeted therapy is often used in conjunction with other treatment modalities, such as chemotherapy and radiation therapy, to improve therapeutic outcomes (12, 13).

Recent studies have shown that the occurrence of liver cancer is closely associated with genetic and epigenetic variations (14, 15). Common epigenetic regulatory mechanisms include DNA methylation, histone modification, and non-coding RNA regulation (16). Previous studies have reported that histone deacetylase (HDAC) overexpression is common in hepatitis B virus (HBV)-infected liver cancer patients (17, 18) and could lead to carcinogenesis, as HDACs regulate the deacetylation of histone and non-histone proteins, thereby coordinating gene expression or protein activation. Histone protein deacetylation leads to its tighter binding of the surrounding DNA, consequently inhibiting gene expression in the bound region. Alternatively, non-histone protein acetylation not only is closely associated with its protein activity but also affects its ability to bind other proteins or DNA, thereby indirectly regulating the expression of other genes and their encoded proteins (19, 20). The 18 known HDAC types found in humans can be categorized into four classes: class I (HDAC1, HDAC2, HDAC3, and HDAC8), class IIa (HDAC4, HDAC5, HDAC7, and HDAC9), class IIb (HDAC6 and HDAC10), class III Sir2-like enzymes (comprising seven sirtuins), and class IV (HDAC11). Among these, class I HDAC overexpression is observed in most cancer types, including liver cancer (21–24). Class I HDAC overexpression can inhibit the expression of multiple tumor-suppressor genes, such as p21 and p53, thereby promoting carcinogenesis (25–27). Moreover, these HDACs are therapeutic targets for multiple anticancer treatments. HDAC inhibitors, including trichostatin A, vorinostat (suberoylanilide hydroxamic acid, SAHA), trapoxin A, and valproic acid, are effective in the treatment of lung, breast, and esophageal cancers, whereas, SAHA has been approved by the Food and Drug Administration (FDA) for the treatment of T-cell lymphoma (28–31). Furthermore, recent studies have found that the combined use of an HDAC inhibitor with sorafenib can substantially improve the treatment efficacy of sorafenib in liver cancer (32, 33). However, most HDAC inhibitors have significant side effects, which are the reason for the primary bottleneck to their clinical use.

The application of traditional Chinese herbal medicine in disease treatment has become increasingly popular in recent years. Compared to Western medicine, Chinese herbal medicine is an alternative treatment option that can be effective and introduces fewer side effects (34–36). Owing to the development of component separation technologies, the active ingredients of traditional Chinese medicines have been extracted and their functions identified. These compounds can act at lower effective doses and produce more specific therapeutic effects. Among them, artemisinin and curcumin are used and have shown good outcomes in cancer treatment (37–39). Other extracts, such as resveratrol and chrysin, exert an anti-cancer stem cell (CSC) effect and may provide an alternative approach to manage cancers (40).

Magnolia officinalis is a traditional Chinese medicinal plant commonly used in Southeast Asian countries. Its extract, magnolol, a phenolic compound, has proven antibacterial, antioxidant, and anti-inflammatory activities, and its anticancer and antiangiogenic activities have also been recently verified (41, 42). However, the mechanism of its anticancer effects is yet to be elucidated. In the present study, we modified magnolol and synthesized a methoxylated derivative, 2-O-methylmagnolol (MM1). In addition to testing the anti-hepatocellular carcinoma (HCC) activities of magnolol and its derivative MM1, we also used cell and animal models to clarify their modes of action, thereby elucidating the feasibility of their clinical applications.



MATERIALS AND METHODS


Cell Culture

Human HCC cell lines Huh7 and HepG2 were purchased from the American Type Culture Collection (Manassas, VA, USA) and donated by Dr. Chau-Ting Yeh of Chang Gung Memorial Hospital, respectively. Human skin fibroblasts (HFBs) were kindly provided by Dr. Pan-Chyr Yang of Taiwan University. The cells were maintained in Dulbecco's Modified Eagle Medium (Gibco, Gaithersburg, MD, USA) containing 10% fetal bovine serum (FBS) and cultured at 37°C with 5% carbon dioxide in a humidified incubator. Culture medium, chemical compounds, and FBS were purchased from Life Technologies (Grand Island, NY, USA).



Compounds and Antibodies

Magnolol was purchased from Shanghai BS Bio-Tech Co., Ltd. (Shanghai, China). MM1 was prepared as described by Lin et al. (43). The purity of magnolol and MM1 was <99%, as determined by high-precision liquid chromatography (HPLC) analysis. Magnolol and MM1 were each dissolved in dimethyl sulfoxide (DMSO) to obtain a stock concentration of 100 mM, which was then stored at −20°C before use. DMSO 0.1% v/v was used as the vehicle control. Sorafenib was purchased from Sigma-Aldrich (St. Louis, MO, USA). Antibodies against human class I HDACs (HDAC1, HDAC2, HDAC3, and HDAC8), acetyl-histone H3, acetyl-p53, p53, p21, Ki-67, E-cadherin, N-cadherin, vimentin, Snail, Slug, and β-actin were purchased from GeneTex (Irvine, CA, USA) and Cell Signaling Technology (Beverly, MA, USA). The antibody to cyclin D1 was purchased from ABclonal Technology (Woburn, MA, USA), and the antibodies against CDK4 were purchased from Proteintech (Rosemont, IL, USA). Secondary antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA).



Real-Time Reverse Transcription-Polymerase Chain Reaction Analysis

Total RNA from Huh7 and HepG2 cells were extracted using TOOLSmart RNA extractor (BIOTOOLS Co., Ltd., Taiwan) and RNeasy Mini Kit (QIAGEN, Gaithersburg, MD, USA) according to the manufacturer's instructions. Complementary DNA was synthesized using a ToolScript MMLV RT Kit (BIOTOOLS Co., Ltd., Taiwan). Quantitative real-time polymerase chain reaction (PCR) assays using the TaqMan Gene Expression Kit (Applied Biosystems, Foster City, CA, USA), TOOLS 2 × SYBR qPCR Mix (BIOTOOLS Co., Ltd., Taiwan), and an ABI StepOnePlus™ System (Applied Biosystems) were used to detect p21 expression, using glyceraldehyde 3-phosphate dehydrogenase as an internal control.



Western Blot Analysis

Huh7 and HepG2 cells were treated with magnolol, MM1, or dimethyl sulfoxide (DMSO) for 48 h, followed by lysis in RIPA lysis buffer (BIOTOOLS Co., Ltd., Taiwan) containing protease inhibitors. Cell lysates (30-μg protein) were subjected to Western blotting as described previously, using β-actin as a loading control. The relative intensities of the protein bands were quantified using ImageQuant 5.2 software (GE Healthcare, Piscataway, NJ, USA).



In vitro Cell Proliferation Assay

The proliferation capacity of magnolol-/MM1-treated cells was examined using an xCELLigence Real-Time Cell Analyzer (Roche Life Science, Indianapolis, IN, USA) according to the manufacturer's standard protocol.



Transwell Migration and Invasion Assay

The migration and invasion capacities of magnolol-/MM1-treated cells were analyzed using a Transwell migration assay, as described previously (44).



Cell Cycle Analysis

Cells were trypsinized, washed twice, and fixed with 70% ethanol at −20°C for 1 h. The fixed cells were subsequently incubated in phosphate-buffered saline containing 0.12% Triton X-100, 0.12 mmol/L ethylenediaminetetraacetic acid, and 100 mg/mL ribonuclease A at 37°C for 1 h. Cells were stained with propidium iodide (50 μg/mL) at 4°C for 20 min, and cell cycle distribution was measured using a BD FACS caliber.



Cell Apoptosis Assay

The apoptosis status of Huh7 cells was determined using a DeadEnd™ Fluorometric terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay kit (Promega, Madison, WI, USA) according to the manufacturer's protocol. In summary, Huh7 cells were grown on chamber slides and treated with different concentrations of magnolol or MM1 for 48 h. The cells were fixed with 4% paraformaldehyde for 15 min at room temperature and subsequently subjected to the TUNEL assay. Apoptotic cells were examined using a fluorescence microscope (magnification × 100). Images of five random fields per dish were examined for each experiment.



Tumor Formation Assay in Nude Mice

Six-week-old male BALB/c nude mice were purchased from the National Laboratory Animal Center (Taipei, Taiwan), and maintained under specific pathogen-free conditions. Animal experiments were performed under an approved protocol in accordance with the guidelines for the Animal Care and Ethics Commission of Chang Gung Memorial Hospital (IACUC Approval No. 2018031301; approval date: 6/19/2018). The mice were injected subcutaneously with 5 × 106 Huh7 cells (in 100 μL of saline with 50% Matrigel [BD Biosciences]) into both flanks. All tumors were allowed to grow for 1 week before the initiation of drug treatment. At the start of the second week, mice with tumors were intraperitoneally injected three times a week with 100 μL of magnolol or MM1 (0.1 μmol in 100 μL of DMSO) or an equal volume of DMSO, which served as a control. Twenty-eight days after drug administration, the mice were euthanized and the tumors were subjected to immunohistochemical staining.



Immunohistochemistry

The tumors from the mice were fixed in 4% paraformaldehyde overnight, dehydrated, and embedded in paraffin. Paraffin blocks were sliced into 2-mm-thick sections and floated onto glass slides. The tissue sections were deparaffinized, and the expression of HDAC1, HDAC2, p21, cyclin D1, CDK4, Ki-67, E-cadherin, N-cadherin, vimentin, and Snail in the tissues were detected as described previously (45).



Statistical Analyses

Comparisons between groups were analyzed using Student's t-tests. The results are expressed as the mean ± standard deviation. The half-maximal inhibitory concentration (IC50) values were determined by non-linear regression analysis using GraphPad Prism version 8.0 (GraphPad Software Inc., La Jolla, CA, USA). All statistical analyses were performed using the Statistical Package for the Social Sciences version 16.0 and Microsoft Excel 2007. All p-values were two-sided, with p < 0.05 considered to indicate a statistically significant difference.




RESULTS


2-O-Methylmagnolol (MM1) Has Superior Inhibitory Effects on Hepatocellular Carcinoma (Hcc) Cell Growth, Metastasis, and Invasion

To determine whether magnolol and MM1 exhibited anticancer activities against liver cancer (Figure 1A), HCC cell lines, HepG2, and Huh7, were treated with different concentrations of magnolol and MM1 to analyze their effects on cell growth. The results suggested that both magnolol and MM1 significantly inhibited HCC cell growth. Compared to the control group treated with DMSO, magnolol inhibited the growth of the two cell lines from 25 μM onward, with increasing effects in a dose-dependent manner. However, MM1 displayed a significantly stronger inhibitory effect on cell growth than magnolol at similar concentrations, indicating a greater tumor-suppressive activity than that of magnolol (Figures 1C–F). The half-maximal inhibitory concentration (IC50) of magnolol toward Huh7 and HepG2 cells was ~97 and 65 μM, respectively, which is similar to results from other studies (46–48), while the IC50 of MM1 in Huh7 and HepG2 cells was 48 and 61 μM, respectively. Moreover, only a slight inhibitory effect was observed on the growth of the HFB cell line at the highest concentrations of magnolol and MM1 (Figure 1B). This finding indicated that magnolol and MM1 selectively inhibited HCC cell growth with low toxicity to normal cells.


[image: Figure 1]
FIGURE 1. Compared to magnolol, 2-O-methylmagnolol (MM1) demonstrates a greater ability to inhibit hepatocellular carcinoma (HCC) cell growth. (A) Chemical structures of MM1 and magnolol. (B–F) Human skin fibroblasts, Huh 7, and HepG2 cells were treated with different concentrations (0, 25, 50, 75, and 100 μM) of magnolol or MM1, and the cell proliferation status was analyzed using an xCELLigence Real-Time Cell Analyzer. The results are shown as the mean ± standard deviation of three independent experiments. Significant differences compared with the vehicle groups, **p < 0.01, ***p < 0.001. (G) Effect of magnolol and MM1 on cell cycle progression in Huh7 cells. Cells were treated with the indicated concentrations of magnolol or MM1 for 48 h. Cell cycle distribution was measured by propidium iodide staining and quantified by flow cytometry. The quantitative results are shown in (H). (I) Effects of magnolol and MM1 on apoptosis in Huh7 cells. Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining was used to observe the apoptotic cells under a fluorescence microscope (magnification × 100). Green punctate staining represents TUNEL-positive cells (white arrow).


Flow cytometry analysis to further understand the potential influences of magnolol and MM1 on the cell cycle showed that treatment with magnolol and MM1 caused cells to stagnate at the G1 phase (Figures 1G,H). Additionally, even at high concentrations, magnolol, and MM1 treatment did not cause apoptosis (Figure 1I). These findings suggest that magnolol and MM1 inhibited cell growth by causing cell cycle arrest.

One of the primary reasons that liver cancer is difficult to cure is the strong invasion and metastasis ability of tumor cells. To investigate the effects of magnolol and MM1 on the metastasis and invasion ability of HCC cells, we performed a transwell migration assay. The results indicated that both magnolol and MM1 had inhibitory effects on cell migration ability (Figures 2A,B). Similar inhibitory effects were also observed on the invasion abilities of HCC cells at similar concentrations (Figures 2C,D). Consistent with the results of the cell growth analysis, MM1 displayed higher inhibitory effects on the migration and invasion capacities of HCC cells, compared to those of magnolol at similar concentrations.


[image: Figure 2]
FIGURE 2. 2-O-methylmagnolol (MM1) and magnolol inhibit hepatocellular carcinoma cell migration and invasion by suppressing epithelial-mesenchymal transition (EMT). (A,B) Comparisons of migration capacities of Huh7 and HepG2 cells treated with magnolol or MM1 in transwell assays. (C,D) Invasion assays using Matrigel-coated polyethylene terephthalate membrane inserts. (E,G) Western blotting showing the expression of EMT-related proteins in Huh7 and HepG2 cells after treatment with magnolol and MM1. Quantitative results are shown in (F,H). The results are shown as the mean of three independent experiments. Significant differences compared with the vehicle control groups, *p < 0.05, **p < 0.01, ***p < 0.001.


Considering that the epithelial-mesenchymal transition (EMT) is an important process for tumor metastasis, we also measured the expression levels of EMT-related proteins such as N-cadherin, E-cadherin, and slug to determine whether magnolol and MM1 inhibited HCC migration and invasion by regulating EMT. The results showed significantly lower expression of EMT-promoting proteins, N-cadherin, and slug in magnolol and MM1-treated cells compared to that in the control group (Figures 2E–H). These findings suggested that magnolol and MM1 inhibited HCC migration and invasion by suppressing EMT.



Magnolol and MM1 Inhibit Class I Histone Deacetylase Expression in HCC Cells

Previous studies suggest that magnolol could inhibit non-small cell lung cancer progression by inhibiting class I HDAC expression (49). Additionally, the overexpression of class I HDACs commonly observed in liver cancer patients is associated with liver cancer progression (32). To determine whether the anti-HCC effects of magnolol and MM1 were exerted by inhibiting class I HDACs, Western blot analysis was performed to examine the expression of class I HDACs in HCC cells treated with magnolol and MM1. The results indicated that treatment with magnolol and MM1 considerably inhibited the expression of HDAC 1, 2, 3, and 8 proteins. Additionally, the inhibitory effect of MM1 on class I HDACs was significantly higher than that of magnolol at similar concentrations (Figures 3A–D). Another Western blot analysis performed to investigate the association between magnolol or MM1 treatment and the degree of acetylation of histone H3 in HCC cell lines showed substantially higher histone H3 acetylation in cells treated with magnolol and MM1 compared to that in the control group (Figures 3E,F). These findings indicated that magnolol and MM1 promoted histone acetylation by inhibiting HDAC expression.


[image: Figure 3]
FIGURE 3. 2-O-methylmagnolol (MM1) and magnolol inhibit class I histone deacetylase (HDAC) expression in hepatocellular carcinoma cell lines. (A,C) Huh7 and HepG2 cells were treated with magnolol, MM1, or vehicle for 48 h. The expression levels of HDACs 1, 2, 3, and 8 were determined by Western blotting. Quantitative results are shown (B,D). (E) The levels of acetylated histone H3 in HepG2 cells were examined by Western blotting. The quantitative results are shown in (F). The measurement data are expressed as the mean ± standard deviation of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001.




Magnolol and MM1 Induce p21 Expression and p53 Acetylation

HDACs can regulate the degree of deacetylation of histone and non-histone proteins, thereby suppressing gene expression. Previous studies have reported that class I HDACs induce carcinogenesis by inhibiting the expression of the tumor-suppressor gene p21 and activating the tumor-suppressor protein p53 (26, 27). Thus, real-time RT-PCR and Western blot analyses were performed to identify the effects of magnolol and MM1 on the expression and activation of p21 and p53. The results showed substantially higher expression of p21 mRNA and protein in Huh7 and HepG2 cells treated with magnolol and MM1 and lower expression of cell cycle regulatory proteins such as CDK4 and cyclin D1 than in the control group (Figures 4A–C). These findings suggested that magnolol and MM1 could induce p21 gene expression, thereby impeding cell cycle progression. Furthermore, the fact that the degree of p53 protein acetylation increased with increasing magnolol and MM1 concentrations (Figures 4D–E) suggested that magnolol and MM1 could promote the activation of p53 tumor-suppressor proteins.


[image: Figure 4]
FIGURE 4. 2-O-methylmagnolol (MM1) and magnolol induce the expression of the tumor-suppressor gene p21 and the acetylation of p53. (A) Huh7 and HepG2 cells were treated with the indicated concentrations of magnolol or MM1 for 48 h. The p21 RNA levels were examined by quantitative real-time reverse transcription-polymerase chain reaction. (B) Expression levels of p21 and downstream proteins in Huh7 cells were analyzed by Western blot using β-actin as an internal control. Quantitative results are shown in (C). *p < 0.05, **p < 0.01, ***p < 0.001. (D) HepG2 cells were treated with magnolol or MM1 for 48 h, and the levels of acetylated p53 were examined by Western blot. Quantitative results are shown in (E). Error bars represent mean ± standard deviation from three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001.




Magnolol and MM1 Enhance the Anti-HCC Effect of Sorafenib

Previous studies suggest that the combined use of HDAC inhibitors and sorafenib could enhance the antitumor effect of sorafenib (32, 33). To understand whether the combined use of magnolol/MM1 and sorafenib showed compounded effects, magnolol/MM1 and sorafenib were administered individually and concurrently to HCC cell lines. The cell proliferation assay and flow cytometry were performed to analyze cell proliferation and cell cycle progression. The results indicated that individual treatment with magnolol/MM1 or sorafenib led to cell stagnation at the G1 phase and induced cell apoptosis. In contrast, the concurrent administration of magnolol/MM1 and sorafenib substantially improved the toxic effect on HCC cell lines (Figures 5A–C). These findings verified that the combined use of magnolol and sorafenib could enhance the efficacy of anti-liver cancer treatment.


[image: Figure 5]
FIGURE 5. 2-O-methylmagnolol (MM1)/magnolol and sorafenib show a synergistic anti-hepatocellular carcinoma effect. (A,B) Huh7 and HepG2 cells were treated with 40 μM magnolol/MM1 and 3.5 μM sorafenib, individually, or in combination. The cell proliferation status was analyzed using an xCELLigence Real-Time Cell Analyzer. The data are expressed as the mean ± standard deviation from three independent experiments. (C) The cell cycle status in Huh7 cells treated with magnolol/MM1/sorafenib was examined by flow cytometry. (D) Effects of magnolol/MM1 and sorafenib alone or in combination on cell proliferation in human fibroblasts.


To understand the safety of the combined use of magnolol/MM1 and sorafenib, the effects of the above compounds on human fibroblasts HFB alone or in combination were tested (Figure 5D). We found that magnolol and MM1 did not significantly affect the growth of HFB, whereas sorafenib slightly inhibited the growth of HFB. However, when MM1 or magnolol are used in combination with sorafenib, it can reduce the toxicity of sorafenib to HFB.



Magnolol and MM1 Inhibit Tumor Growth in Mice

To confirm that magnolol and MM1 demonstrated the same inhibitory effects on HCC cells in vivo and verified the abovementioned regulatory mechanism, a mouse xenograft model was established by injecting Huh7 cells into the backs of mice and subsequently administering magnolol or MM1 periodically via intraperitoneal injection. The results suggested that, compared to the control group that only received DMSO, the administration of either magnolol or MM1 significantly inhibited tumor growth in mice. In addition, the inhibitory effect of MM1 was superior to that of magnolol (Figures 6A–C). Furthermore, the weights and liver tissue morphology of mice treated with magnolol or MM1 did not change considerably, nor were there any significant abnormalities in the serological test results for the two groups of mice (Figures 6D–F), indicating that neither treatment was toxic to the mice.


[image: Figure 6]
FIGURE 6. 2-O-methylmagnolol (MM1) and magnolol inhibit tumor growth in mice. (A) A total of 5 × 106 Huh7 cells were injected into the dorsal flanks of nude mice (n = 5 per group). Subsequently, the mice were intraperitoneally injected three times per week with 100 μL of magnolol or MM1 [0.1 μmol in 100 μL of dimethyl sulfoxide (DMSO)] or an equal volume of DMSO. Representative images show the tumor xenografts at 5 weeks post-implantation. (B) Tumor tissues were collected at the end point. (C) Tumor weights at end point. (D) Body weights measured during the experiment. ***p < 0.001. (E) Serological test results of the three groups of mice. (F) Hematoxylin and eosin (H&E) staining of mouse liver tissue sections. Magnification: 400×. (G,H) Immunohistochemical staining showing the effect of magnolol or MM1 on class I histone deacetylases, p21, CDK4, cyclin D1, Ki-67, and EMT-related protein expression in mouse xenograft tumors. Magnification: 400×.


Mouse tumor tissues were sectioned and subjected to immunohistochemical staining to analyze the expression of class I HDACs and p21, CDK4, cyclin D1, Ki-67, and EMT-related genes. Our results were consistent with those from in vivo experiments, that is, dramatic decreases in class I HDACs, CDK4, cyclin D1, Ki-67, and EMT-promoted protein expression and increased p21 and E-cadherin expression in tumor tissues of mice treated with magnolol or MM1 (Figures 6G,H). These findings confirm that magnolol and MM1 induce the expression of the above tumor-suppressor genes by inhibiting class I HDACs, thereby inhibiting HCC growth and metastasis (Figure 7).


[image: Figure 7]
FIGURE 7. Schematic representation summarizing the anti-hepatocellular carcinoma mechanisms of magnolol or 2-O-methylmagnolol (MM1). MM1 and magnolol inhibited cell cycle progression and tumor growth by inhibiting class I histone deacetylase expression and promoting p21 expression and p53 acetylation.





DISCUSSION

In the present study, we tested the anti-HCC effects of magnolol and its methoxylated derivative MM1 and elucidated their modes of action. Both the cell and the animal models showed that magnolol and MM1 inhibited HCC cell and tumor growth, although the inhibitory effect of MM1 was superior to that of magnolol at similar concentrations. Additionally, we found that magnolol and MM1 inhibited cell cycle progression and tumor growth by inhibiting class I HDAC expression and promoting p21 expression and p53 acetylation. To the best of our knowledge, this is the first study to report the anti-HCC activity of MM1 and its superior potential for liver cancer treatment compared to that of magnolol.

Due to their extensive range of gene regulation, HDACs affect multiple physiological processes, including cell growth, differentiation, and apoptosis. Previous studies have suggested that abnormal HDAC expression is closely associated with the occurrence of various diseases, including cancer, and therefore identified HDACs as key therapeutic targets (32, 50, 51). Among HDAC types, substantial expression of class I HDACs is commonly observed in most cancer types, including HDACs 1 and 2 in breast cancer (52, 53); HDAC 1 in lung cancer (54); HDACs 2 and 3 in colorectal cancer (55); and HDACs 1, 2, and 3 in liver cancer (56, 57). Considering this, we focused on the inhibitory effects of magnolol and MM1 on class I HDACs to investigate the feasibility of their clinical applications. However, due to the overexpression of other types of HDACs in other cancer types, it is necessary to analyze the inhibitory effects of these compounds on other types of HDACs to determine whether they can be used for the treatment of other cancers. Furthermore, although we discussed the effects of magnolol and MM1 on the tumor-suppressor genes p21 and p53, these results may only partially explain the anticancer mechanism of magnolol and MM1. Future studies will continue to investigate the effects of these two compounds on the regulation of other tumor-suppressor pathways to better understand the mechanisms by which they act to suppress tumors.

We observed that magnolol and MM1 enhanced p21 expression by inducing histone acetylation, thereby inhibiting cyclin D1 and CDK4 activities, as well as cell cycle progression. Additionally, magnolol and MM1 also induce p53 protein acetylation, which not only enhances its stability but also improves its ability to bind to the target gene promoter, thereby upregulating the expression of downstream tumor-suppressor genes such as p21 and BAX (58). These results indicated that magnolol and MM1 could regulate p21 expression via both direct and indirect pathways and consequently inhibit tumor growth.

Our previous studies confirmed that replacing the hydroxyl functional group of magnolol with a methoxy group could increase the lipophilicity of the methoxylated derivative and improve its skin delivery ability and anti-inflammatory activity (43). In another study, we also confirmed that the same concentration of MM1 could induce increased expression of the tumor suppressor long non-coding RNA, GAS5, compared to magnolol, and exert a greater inhibitory effect on skin cancer cells (59). Consistent with previous research, we found that the same concentration of MM1 could yield better anti-liver cancer activity compared to that of magnolol. This may be due to the better lipophilicity and cell uptake efficiency of MM1 compared to those of magnolol, as it has higher efficacy at the same concentration. This methoxylation could also increase the mucosal absorption rate of the compound, enhancing the flexibility of the route of administration and its clinical applicability.

Multiple clinical trials have shown excellent outcomes for HDAC inhibitors, including chidamide, panobinostat, vorinostat, and SAHA, in the treatment of many cancers (60, 61). Among these, SAHA was the first HDAC inhibitor approved by the FDA for the treatment of T-cell lymphoma. It can specifically bind to the zinc-containing catalytic domains of class I, II, and VI HDACs, thus inhibiting their enzymatic activities. In addition to T-cell lymphoma, SAHA has shown promise in treating cancers of the breast, lungs, and prostate. Additionally, the combined use of HDAC inhibitors with other clinical anticancer medications shows compounded effects (62–64). For example, the combined use of SAHA and bortezomib promotes nasopharyngeal cancer cell apoptosis (65), and the combined use of romidepsin with cisplatin and gemcitabine enhances their therapeutic effects against triple-negative breast cancer (66). In the present study, we found that magnolol and MM1 inhibit the growth of HCC cells by suppressing the expression of class I HDAC, which is different from the mechanism of action of SAHA. However, we also observed that the combined use of magnolol/MM1 and sorafenib substantially enhanced their antiproliferative effects on HCC cells. The findings indicate the potential of using magnolol/MM1 as an adjuvant in combination with sorafenib in liver cancer treatment. Future studies will continue to investigate the optimal combination and dosage of magnolol/MM1 and existing clinical drugs including sorafenib and SAHA.

Sorafenib is an FDA-approved kinase inhibitor that inhibits the activation of tyrosine kinases such as VEGFR, PDGFR, and RAF family kinases (67). It has also been reported to induce the expression of p21 and p53 (68, 69), which is the main tumor suppressor regulatory pathway of magnolol and MM1. Before fully elucidating the interaction between these drugs and molecules, we cannot assume that the additive anti-HCC effect of magnolol/MM1 and sorafenib is entirely due to the activation of the p21 and p53 tumor suppression pathways. However, we believe that these molecules should play an important regulatory role. In addition, we observed that the combined use of magnolol/MM1 and sorafenib not only substantially enhanced their antiproliferative effects on HCC cells but also reduced the toxicity of sorafenib monotherapy in normal cells. Further studies are also required to determine the mechanisms by which magnolol/MM1 reduces the physiological toxicity of sorafenib.

In conclusion, although HDAC inhibitors have been used extensively for the treatment of various cancers, their side effects remain a bottleneck to their clinical application. In this study, we synthesized a methoxylated derivative of magnolol, MM1, and verified its superior anti-HCC activity over magnolol. Additionally, it can enhance the therapeutic effect of sorafenib, when used in conjunction, and does not present physiological toxicity. Thus, MM1 is a suitable combination therapeutic adjuvant to improve the therapeutic efficacy of anticancer drugs.
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Recurrent/metastatic head and neck squamous cell carcinoma (R/M HNSCC) is a devastating malignancy with a poor prognosis. The combination of cisplatin (CDDP) plus cetuximab (CX) is one of the standard first-line treatments in this disease. However, this therapeutic regimen is often associated with high toxicity and resistance, suggesting that new combinatorial strategies are needed to improve its therapeutic index. In our study, we evaluated the antitumor effects of valproic acid (VPA), a well-known antiepileptic agent with histone deacetylase inhibitory activity, in combination with CDDP/CX doublet in head and neck squamous cell carcinoma (HNSCC) models. We demonstrated, in HNSCC cell lines, but not in normal human fibroblasts, that simultaneous exposure to equitoxic doses of VPA plus CDDP/CX resulted in a clear synergistic antiproliferative and pro-apoptotic effects. The synergistic antitumor effect was confirmed in four different 3D-self-assembled spheroid models, suggesting the ability of the combined approach to affect also the cancer stem cells compartment. Mechanistically, VPA enhanced DNA damage in combination treatment by reducing the mRNA expression of ERCC Excision Repair 1, a critical player in DNA repair, and by increasing CDDP intracellular concentration via upregulation at transcriptional level of CDDP influx channel copper transporter 1 and downregulation of the ATPAse ATP7B involved in CDDP-export. Valproic acid also induced a dose-dependent downregulation of epidermal growth factor receptor (EGFR) expression and of MAPK and AKT downstream signaling pathways and prevent CDDP- and/or CX-induced EGFR nuclear translocation, a well-known mechanism of resistance to chemotherapy. Indeed, VPA impaired the transcription of genes induced by non-canonical activity of nuclear EGFR, such as cyclin D1 and thymidylate synthase. Finally, we confirmed the synergistic antitumor effect also in vivo in both heterotopic and orthotopic models, demonstrating that the combined treatment completely blocked HNSCC xenograft tumors growth in nude mice. Overall, the introduction of a safe and generic drug such as VPA into the conventional treatment for R/M HNSCC represents an innovative and feasible antitumor strategy that warrants further clinical evaluation. A phase II clinical trial exploring the combination of VPA and CDDP/CX in R/M HNSCC patients is currently ongoing in our institute.

Keywords: HDAC inhibitor, valproic acid, cisplatin, cetuximab, epidermal growth factor receptor, head and neck squamous cell carcinoma


INTRODUCTION

Head and neck squamous cell carcinoma (HNSCC) is the seventh most common cancer and a leading cause of cancer-related mortality worldwide1. Despite the development of multiple integrated approaches such as surgery, chemotherapy, radiotherapy, the antiepidermal growth factor receptor (EGFR) monoclonal antibody cetuximab (CX), and, recently, the use of immune checkpoint inhibitors (ICI), have improved outcome, the long-term survival rate is still poor, particularly for recurrent or metastatic disease that develops in more than 65% of patients (Chow, 2020). Cisplatin (CDDP) represents a standard of care in locally advanced HNSCC in combination with radiotherapy and in recurrent and metastatic (R/M) disease in combined systemic regimens (Chow, 2020).

Epidermal growth factor receptor overexpression has been observed in about 90% of HNSCC specimens, with the exception of human papillomavirus (HPV)-positive tumors, and correlates with poor disease-free and overall survival, metastasis, and resistance to CDDP-based chemotherapy and radiotherapy (Burtness et al., 2013). The approval of CX introduced the first targeted therapy in HNSCC, thereby defining a new standard of care in first-line treatment of recurrent/metastatic head and neck squamous cell carcinoma (R/M HNSCC) accordingly to the EXTREME phase-III trial that demonstrated significantly improved survival and response rate by adding CX to platinum-based chemotherapy, compared to chemotherapy alone (Vermorken et al., 2008)2. Interestingly, no other EGFR-blocking agent, including the anti-EGFR monoclonal antibody panitumumab, has matched the result of the EXTREME trial (Szturz and Vermorken, 2017).

Recently, the anti-programed cell death protein 1 (PD-1) ICI pembrolizumab and nivolumab, in monotherapy, improved overall survival compared with standard of care, in patients with R/M HNSCC that progressed during or after platinum-based chemotherapy (Ferris et al., 2016; Cohen et al., 2019). Moreover, the FDA also approved pembrolizumab for the first-line treatment of R/M HNSCC patients in combination with platinum and 5-fluorouracil (5FU) and in monotherapy in programmed cell death ligand 1 (PD-L1) expressing patients (Burtness et al., 2019)3. Nevertheless, overall more than 80% of R/M HNSCC patients do not respond or progress after response to ICI treatment (Burtness et al., 2019; Chow, 2020).

Therefore, identifying new therapeutic approaches and/or optimize current treatments to improve efficiency and survival of HNSCC patients is an urgent clinical need.

Epigenetic dysregulations, including histone modifications, are hallmarks of cancer and have been reported in HNSCC (Castilho et al., 2017). Histone deacetylase inhibitors (HDACi) are a family of antitumor agents that by targeting histone and non-histone proteins deacetylation, can modulate gene expression and cellular functions, regulating different altered pathways in cancer, such as apoptosis, cell cycle, and DNA repair (Budillon et al., 2007). Our group and many others have demonstrated the synergistic antitumor activity of HDACi in combination with a large number of structurally different anticancer agents (Suraweera et al., 2018; Roca et al., 2019), including anti-EGFR agents (Bruzzese et al., 2009, 2011; Leone et al., 2015; Citro et al., 2019; He et al., 2019) and CDDP (Piro et al., 2019).

Valproic acid (VPA), a safe and low cost generic antiepileptic and mood stabilizer agent, has HDAC inhibitory activity and anticancer properties, with good safety profile compared with other HDACi, thereby representing a good candidate to be tested in combination therapy in cancer patients (Chateauvieux et al., 2010; Avallone et al., 2014). Valproic acid has been evaluated in combination with platinum-based drugs in many cancer cell models, including HNSCC (Diyabalanage et al., 2013). Valproic acid has been also tested in cancer patients and several antitumor clinical trials are ongoing4. A good tolerability and encouraging tumor responses of VPA in combination treatment were observed in ongoing clinical trials launched in our institute (Caponigro et al., 2016; Budillon et al., 2018)5.

In the present study, we examined, for the first time, the antitumor efficacy of a three-drug regimen combining VPA, with the CDDP/CX doublet in HNSCC models. Indeed, based on recent clinical trials CDDP/CX combination offers a valid option compared to the EXTREME regimen (Bossi et al., 2017), thus representing a potential backbones for combinations with new and emerging agents. We demonstrated the ability of VPA to induce synergistic antitumor effect, in combination with CDDP/CX, in both in vitro and in vivo models by increasing DNA damage and impairing the main mechanisms of resistance against both CDDP and CX. On these bases, a phase II clinical study of VPA in combination with CDDP and CX in R/M HNSCC patients, is ongoing in our institute (Caponigro et al., 2016).



MATERIALS AND METHODS


Cell Lines

Head and Neck squamous cancer carcinoma cell lines FaDu, SCC9, and Normal fibroblasts BJ-hTERT, were purchased from the American Type Culture Collection (ATCC, Rockville, MD, United States); Cal27 cell lines were kindly provided by Dr. J.L. Fishel (Centre A Lacassagne, Nice, France). The green fluorescent protein+/luciferase+ (GFP+/Luc+) Cal27 cell line were obtained by lentiviral infection as described previously (Piro et al., 2019). HOC313 and ZA cell lines were kindly provided by Dr. N. Tsuchida (Faculty of Medicine, Saitama Medical University, Saitama, Japan) (Tadokoro et al., 1989).

Cal27, ZA, SCC9, HOC313, and BJ-hTERT cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM), whereas FaDu were cultured in RPMI-1640 medium. All media were supplemented with 10% heat-inactivated fetal bovine serum (for ZA cells media was supplemented with 20% of heat-inactivated fetal bovine serum), 50 units/mL penicillin, 500 μg/mL streptomycin, and 4 mmol/L glutamine. Cultures were maintained in a humidified atmosphere of 95% air and 5% CO2 at 37°C.

All cell lines were regularly inspected for mycoplasma. The cells have been authenticated with short tandem repeat profile generated by LGC Standards.



Reagents

All media, sera, antibiotics, and glutamine for cell culture were from Lonza (Basel, Switzerland). Primary and secondary antibodies are listed in Supplementary Material.



Drugs

Valproic acid (2-propylpentanoic acid, VPA) was purchased from Enzo Life Sciences and dissolved in sterile water; Cisplatin (cis-Diamineplatinum(II) dichloride, CDDP) is from Sigma-Aldrich and dissolved in sterile phosphate buffered saline (PBS); Cetuximab (Erbitux®, CX) was bought from Merck Serono as solution. Stock solutions were diluted to appropriate concentrations in culture medium before addition to the cells.



Cell Proliferation Assay and Drugs Combination Studies

Cell proliferation was measured in 96-well plates in cells untreated and treated with VPA, CDDP, or CX as single agents, or in combination, using a spectrophotometric dye incorporation assay (Sulforhodamine B) (Bruzzese et al., 2013).

Drugs combination studies were based on concentration-effect curves generated as a plot of the fraction of unaffected (surviving) cells versus drug concentration after 96 or 144 h treatment. In detail, for VPA/CDDP combination studies, the cells were treated with equipotent doses of the two agents (50:50 cytotoxic ratio) for 96 h in two different sequences of treatment: simultaneously or sequentially (24 h delay between the two agents). For VPA/CDDP/CX combination studies, 50:50 cytotoxic ratio of VPA and CDDP plus fixed dose of CX for 144 h were tested in three different sequences of treatment, with CDDP/CX considered as single drug.

Synergism, additivity and antagonism were quantified after the evaluation of the combination index (CI), which was calculated by the Chou-Talalay equation with CalcuSyn software (Biosoft, Cambridge, United Kingdom), as described elsewhere (Terranova-Barberio et al., 2017). A CI < 0.8, CI < 0.9, CI = 0.9–1.1, and CI > 1.1 indicated a strong synergistic, synergistic, additive, and antagonistic effect, respectively. The DRI (dose reduction index) determines the magnitude of dose reduction allowed for each drug when given in combination, compared with the concentration of a single agent that is needed to achieve the same effect.



Spheroid-Forming Assay

Spheroids were cultured in Sphere Medium (DMEM/F12 supplemented with BSA, glucose, heparin, FGF, EGF, neuronal cell culture B27, insulin). The cells (40,000 cells/mL) were plated in low-attachment multi-well plates and treated with indicated drugs. Times and doses of treatments are described in results section. Spheroids were scored with CellTiter-Glo® 3D Cell Viability Assay (Promega, Madison, WI, United States).



Light Sheet Fluorescence Microscopy (LSFM)

Spheroids were embedded in 1% low-melting agarose solution (wt/vol) in glass capillaries and mounted in the Z1 Light Sheet Fluorescence Microscope (Zeiss). The microscope imaging chamber was filled with distilled water. Samples were overviewed by led light illumination, then illuminated by 488-nm laser source and fluorescence emission at 525 nm was detected through a 20X NA = 1 Zeiss water immersion objective; images were acquired by a PCO. Edges CMOS water cooled camera. Data were obtained by ZEN 2012 software (Zeiss) analysis and Fiji software v.1.48.



Western Blot Analysis

Immunoblotting with the indicated antibodies was performed as described elsewhere (Bruzzese et al., 2006). Densitometric analysis was performed using NIH ImageJ software.



RNA Isolation, RT-PCR Assays, and Real-Time PCR

RNA was isolated by TRizol (Invitrogen) reagent as previously described (Carbone et al., 2017). Real-Time PCR by ABI Prism 7900 HT Sequence Detection System (Applied Biosystems) was performed using specific TaqMan probes. The ERCC Excision Repair 1 (ERCC1), Thymidylate Synthetase (TYMS), Cyclin D1 (CCND1), Copper transporter -Solute Carrier Family 31-Member 1 (CTR1or SLC31A1) and ATPase Copper Transporting Beta (ATP7B) relative mRNA expression levels were calculated using the 2–ΔΔCt method and were normalized to that of the endogenous control.



Caspase 3/7 Bioluminescence Assay

The cells (5,000 cells/well) were seeded into a 96-well plate and treated for 24 h as indicated. The combined caspase 3/7 activity was analyzed in triplicates using the Caspase-Glo® 3/7 assay (Promega, Madison, WI, United States) according to the manufacturer’s protocol with some modifications. Briefly, after aspirating the medium, Caspase-Glo reagent and the samples were incubated at room temperature for 30 min and the caspase activity was assessed by measuring the luminescence in a multilabel reader (VICTOR X4 2030 PerkinElmer, Waltham, MA, United States).



Immunofluorescence Detection of γH2AX Foci

DNA damage was measured by immunofluorescence assay using a primary antibody specific for γH2AX and a secondary Alexa Fluor® 594 antibody, as previously described (Terranova-Barberio et al., 2017). The nuclei were stained using DAPI (40,6-diamidin-2-phenylindole). The images were obtained using a confocal microscope Zeiss LMS510 (Zeiss).



Heterotopic and Orthotopic in vivo Experiments

Female, five-week-old, CD1 athymic mice (Charles River, Wilmington, MA, United States) were acclimatized in the Animal Care Facility of CROM (Centro Ricerche Oncologiche Mercogliano) “Fondazione G. Pascale” – IRCCS. Both heterotopic and orthotopic in vivo experiments were performed in compliance with institutional guidelines and regulations (Directive 2010/63/EU; Italian Legislative Decree DLGS 26/2014) and after approval from the appropriate institutional review board and the Italian Ministry of Health (N. 865/2015-PR). After one week of acclimatization, cells were injected.


Heterotopic Model

Cal27 cells (6 × 106) diluted in 200 μL [1/1 PBS/Matrigel GF] (Becton Dickinson)] were injected subcutaneously (s.c) in the flank regions of the mice. In two mice/group the cells were injected in both flanks in order to perform a pharmacodynamics analysis. When the tumors became palpable, the mice were randomized into four experimental groups (n = 7). The mice were treated intraperitoneally (i.p.) with VPA (200 mg/kg melted in water and diluted in a physiological solution, five times a week for two weeks), and/or CDDP (1 mg/kg melted in PBS 1X and diluted in a physiologic solution) based on previous reports (Terranova-Barberio et al., 2016; Piro et al., 2019) and CX (1 mg/kg diluted in a physiologic solution) based on a pilot study (data not shown) and previous reports (Jedlinski et al., 2017). The mice in the control group were treated with drugs vehicles. CDDP and CX were injected three times a week for 2 weeks. Tumor volume (mm3), tumor growth delay (TGD) and the percent change in tumor volume from the time of initial treatment to the end of the study were evaluated as described before (Terranova-Barberio et al., 2016).



Orthotopic Model

GFP+/luc+-transfected Cal27 cells (6 × 104) suspended in 50 μL of PBS were injected directly into the anterior tongue. Four days after injection, mice (n = 10) were randomized into four experimental groups. The mice were treated intraperitoneally (i.p.) with VPA (200 mg/kg melted in water and diluted in a physiological solution, five times a week for 3 weeks), and/or CDDP (1 mg/kg melted in PBS 1X and diluted in a physiologic solution) based on previous reports (Terranova-Barberio et al., 2016; Piro et al., 2019) and CX (1 mg/kg diluted in a physiologic solution) based on a pilot study (data not shown) and previous reports (Jedlinski et al., 2017). CDDP and CX were injected three times a week for 3 weeks. The mice in the control group were treated with drugs vehicles. The tumor volumes were monitored by IVIS Imaging (PerkinElmer) and the signal intensity (photons/second) was quantified using the Living Image Software 4.1 (PerkinElmer).



Biochemistry Tests

At the end of treatment (day 21) three mice of each group were scarified and whole blood samples were collected by intracardiac puncture. The blood was centrifuged at 2,500 rpm for 10 min to separate the serum. Biochemistry evaluation of glutamate oxaloacetate transaminase (GOT) activity, glutamate pyruvate transaminase (GPT) activity, and creatinine levels were performed by a COBAS analyzer (Roche).



Immunohistochemistry on Xenograft Tumor Samples

We evaluated the expression of EGFR, histone-H3 acetylation (AcH3) and Ki67 by immunohistochemistry (IHC) on formalin fixed paraffin embedded (FFPE) tumor samples derived from mice sacrificed at the indicated time points. Briefly, the sections were incubated with primary antibodies and then with biotin-conjugated secondary antibodies before incubation with specific streptavidin HRP-conjugated tertiary antibody (Dako). Peroxidase reactivity was visualized using a 3,3’-diaminobenzidine (Abcam). A single pathologist (R D.C.) performed a blinded analysis of the slides.



Statistical Analysis

The results of the in vitro cell viability assays are expressed as the mean for at least three independent experiments, which were conducted in quadruplicate (±SD) and the statistical significance was determined by Tukey’s multiple comparisons test. The results of the in vitro 3D cell viability assays were expressed as the mean for at least three independent experiments, which were conducted in quadruplicate (±SEM) and statistical significance of differences among the groups was determinate by one-way ANOVA, followed by unpaired t-test with a threshold set as p < 0,05. The results of the apoptotic analysis and qRealTime PCR experiments were expressed as the mean for at least three independent experiments (±SEM), and the statistical significance was determined by Tukey’s multiple comparisons test.

Representative results from a single experiment of western blot and immunohistochemistry were presented; additional experiments yielded similar results.

Statistical significance in the differences of tumor growth in vivo was determined by Tukey’s multiple comparisons test or Welch’s t-test.

Comparison among groups in the survival data was made using the log-rank test.

All statistical evaluations were performed with GraphPad Prism 7 software. A p < 0.05 was considered to be statistically significant (∗p ≤ 0.05, ∗∗p ≤ 0.005, ∗∗∗p ≤ 0.001, ****p ≤ 0.0001).



RESULTS


VPA Potentiates CDDP/CX Antitumor Effect by Targeting the Cancer Stem Cells Compartment and Increasing DNA Damage

First, we evaluated the antiproliferative effect of either VPA, CDDP, or CX, as single agents in HNSCC cell lines, Cal27, FaDu, ZA, HOC313 and SCC9 (Supplementary Table S1), characterized by different molecular features (Supplementary Table S2). FaDu cells are the most sensitive to all drugs tested and particularly to CX, with the half maximal inhibitor concentration value measured after 96h of treatment (IC5096h) of 4.8 μg/mL (Supplementary Table S1). Conversely, all the other cell lines are clearly resistant to CX and the IC5096h value was not achieved (Supplementary Table S1).

In FaDu cells, both RAS and PI3K are not mutated (Supplementary Table S2), and consistently they express low basal levels of activated AKT (pAKT) (Figure 1A). Moreover, FaDu cells also express lower basal level of EGFR protein and activated EGFR (pEGFR) compared to Cal27 cells, as shown by both western blotting and flow cytometry analysis (Figure 1A and Supplementary Figure S1). Altogether, these data could explain the high sensitivity of FaDu cells to CX treatment. Notably, Cal27, described as CDDP-resistant cells (Piro et al., 2019), expressed significant lower levels of the CDDP influx channel CTR1 active form compared to FaDu, in agreement with a twofold increased CDDP IC5096h value (Figure 1A).
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FIGURE 1. Distinct features of Cal27 and FaDu cells and pro-apoptotic effects induced by VPA/CDDP/CX in HNSCC cells. (A) Phospho-EGFR (pEGFR), EGFR, CTR1, phospho-AKT (pAKT), AKT, protein basal levels were determined by western blot in Cal27 and FaDu HNSCC cell lines; γ-tubulin was used as protein loading control. Caspase 3/7 activity was evaluated in Cal27 (B) and FaDu (C) cells untreated or treated with VPA and/or CDDP/CX at IC5096h doses for 24 h, by luminescence assay Results are shown as mean ± SD. Statistical analysis: Tukey’s multiple comparisons test, ∗∗p ≤ 0.005, ∗∗∗p ≤ 0.001, ****p ≤ 0.0001.


We next investigated the antitumor effect of VPA in combination with CDDP at equipotent doses (50:50 ratio) by exploring simultaneous or sequential schedule (24h delay between the two agents) for 96h and calculating CIs at 50% (CI50), 75% (CI75), and 90% (CI90) of cell lethality (Supplementary Table S3). In both Cal27 and FaDu cells, we observed additive/synergistic effect with CI50 values ≥ 0.9 and CI75 and CI90 consistently <0.9, independently of the schedule used, confirming the antitumor synergistic interaction between HDACi and CDDP reported by us and other groups (Rikiishi et al., 2007; Piro et al., 2019; Wawruszak et al., 2019).

We then explored VPA in combination with the CDDP/CX doublet. Evaluating the antiproliferative effect of a monoclonal antibody in short-term cell culture is a particularly challenging task; therefore, cells were treated for 144 h with equipotent doses of VPA and CDDP as described above, either simultaneously or sequentially, and a fixed dose of CX, depending on cell line (Table 1). We obtained consistent synergistic anti-proliferative effects of the triple combination, in all cell lines with CI50 and CI75 below 0.8 in the majority of the cases, independently of the schedule used. Significantly, in hTERT-immortalized foreskin fibroblast cell line BJ-hTERT we observed antagonist effects (Table 1), suggesting a selective synergistic effect of the triple combination on tumor cells.


TABLE 1. Antiproliferative effect induced by VPA/CDDP/CX combination according to the different schedules of exposure in Cal27, FaDu, ZA, HOC313, SCC9, and BJ-hTERT cell lines.

[image: Table 1]The synergistic antitumor interaction was confirmed by the DRIs evaluation. The order of magnitude (fold) of dose reduction obtained for the IC50 (DRI50) in combination vs. single drug treatments ranged, among the two cell lines tested, from about 1.37- up to 6.3-fold for CDDP/CX combination, considered as single treatment, and from about 1.95- up to 16-fold for VPA. In BJ-hTERT cells the combination did not results in any dose reduction in agreement with the absence of any synergistic interaction among the drugs tested (Table 1).

The synergistic antiproliferative effect induced by the triple VPA/CDDP/CX combination correlates in Cal27 cells with a significant synergistic induction of apoptosis compared to VPA or CDDP/CX alone, as evaluated by caspase 3/7 activity assay (Figure 1B) after 24 h at IC5096h of each drug. Conversely, in FaDu cells, that resulted more sensitive to all the drugs tested we did not see any improvement in the early induction of apoptosis with the combination vs. single agents (Figure 1C). Moreover, in ZA and SCC9 cells, we confirmed the potentiation of the proapoptotic effect in the triple combination compared to VPA or CDDP/CX alone (Supplementary Figure S2). The combined antitumor effect was also demonstrated in Cal27 cells by a colony formation assay (Supplementary Figure S3).

Next, to better recapitulate tumor growth complexity, we tested VPA, CDDP, and CX as single agents and in combination, on Cal27 and FaDu cells 3D-self-assembled spheroids (Figures 2A,B). Notably, tumor-derived spheroids represent surrogate systems to evaluate our combined approach on cancer stem cells (CSCs) features. We used different models of spheroids in order to highlight different effects: (a) by evaluating treatments on 1st generation sphere formation (cells plated in low-attached plate in sphere medium and concomitantly treated), we investigated the capacity of treatment to prevent/reduce tumor formation (spheres A); (b) by treating 2nd generation sphere formation (cells were grown for 72 h, then disaggregated and plated again in the presence of drugs), we evaluated the impact of treatment to prevent/reduce more aggressive tumors (i.e., enriched in cells with extensive self-renewal capacity such as CSCs) (spheres B); (c) by treating formed-spheres (spheres allowed to grow for 72 h and then treated), we evaluated the capacity of treatment to induce tumor regression (spheres C). Our results showed that, in both Cal27 and FaDu cells, VPA/CDDP/CX combination strongly inhibits spheroid formation compared to single agents (Figures 2A,B). Notably, doublet combinations, using VPA either with CDDP or with CX alone, also demonstrated a potentiation of the antitumor activity compared with single agent treatments.
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FIGURE 2. VPA in combination with CDDP/CX inhibits HNSCC spheroid formation and growth. Cal27 (A) and FaDu (B) cells (40,000/mL) were seeded in a sphere medium in a low attachment 96 multiwell as indicated in section “Materials and Methods.” Spheres A: cells were seeded and concomitantly treated with VPA and CDDP/CX at the indicated doses for 72 h. Spheres B: cells were grown for 72 h, then disaggregated and plated again in the presence of drugs for 72 h. Spheres C: spheres allowed to grow for 72 h and then treated for 72 h. Images were captured with 20× objective on a light microscope. Spheroids viability was assessed by luminescence assay. Statistical analysis: one-way ANOVA, ****p ≤ 0.0001, tables on the right shown values of unpaired t-test for each point. ∗p ≤ 0.05, ∗∗p ≤ 0.005, ∗∗∗p ≤ 0.001, ****p ≤ 0.0001.


The impact of treatments on formed-sphere regression (sphere C) was less evident and different in the two cell lines. In FaDu cells that are sensitive to both CDDP and CX we observed a significant effect induced by either doublets VPA/CX and CDDP/CX or the triple combination vs. single agents or untreated controls. Interestingly, in Cal27, intrinsically resistant to both CDDP and CX, we observed, although not always statistically significant, a clear impact of VPA as single agent or in combination treatments vs. controls or other treatments (Figure 2A).

Next, in order to further characterize the impact of the treatments on tumor spheroids, we took advantage of Cal27-GFP+/Luc+ cells, generated in our laboratory and previously described (Piro et al., 2019). In detail, to evaluate the potential of combination treatment to target more precisely the self-renewal capacity of CSCs, we pretreated the cells during the 1st generation of spheroids formation and then surviving spheroids were disaggregated and plated again to form 2nd generation spheroids without additional treatment. We visualized spheroids using a light sheet fluorescence microscope and showed the impact of treatments on the size and compactness of single spheroids (Figures 3A,B and Supplementary Videos 1–4). We demonstrated an enrichment of surviving small size cell spheroids in VPA, and particularly in CDDP/CX or triple combination pretreated cells, compared to controls, confirming the capacity of treatments to inhibit CSC self-renewal and thereby tumor spheroid growth (Figure 3B). Indeed, considering all visualized and measured spheroids, the mean volume was significantly reduced by both CDDP/CX and triple VPA/CDDP/CX combinations (Figure 3C). Notably, 3D visualization of the spheroids clearly highlighted the strong impact of all treatments, particularly of the triple combination, on cell density and 3D structure of single spheroids (Supplementary Videos 1–4).
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FIGURE 3. VPA in combination with CDDP/CX tackles self-renewal capacity of HNSCC cells grown as spheroids. Cal27-GFP+/Luc+ cells (40,000 cells/mL) were seeded in a sphere medium in a low attachment 96 multiwell to form spheroids: cells seeded and concomitantly untreated or treated with VPA and/or CCDP/CX at the respective IC5096h, then survived spheroids were disaggregated and plated again to form 2nd generation spheroids in the absence of treatment. Spheroid growth was evaluated after 96h by using Zeiss Z1 light sheet fluorescence microscope. (A) Brightfield images (upper row) and maximum projection intensity fluorescence images obtained from each corresponding z-stack (lower row) are reported from representative spheroids. (B) Values expressed the percent of volume classes frequency distribution of the spheroids based on size (μm3), for untreated and treated groups (a minimum of 24 up to a maximum of 38 spheroids were evaluated for each group). (C) Values are the mean volumes ± SEM considering all spheroids examined and reported in panel (B). Statistical analysis: unpaired t-test, ∗p ≤ 0.05, ∗∗p ≤ 0.005, ****p ≤ 0.0001.


Overall, these data suggest a synergistic antitumor interaction between VPA and CDDP/CX combination that occur both in adherent condition and in self-assembled spheroids, thereby suggesting the ability of the combined approach to affect also the cancer stem cells compartment.

Cisplatin kills cancer cells by damaging their DNA. Therefore, we next measured DNA damage induction upon different treatments, by evaluating γH2AX nuclear foci formation in both Cal27 and FaDu cells (Figure 4A). We demonstrated that CDDP/CX treatment increased the number of γH2AX foci compared to single agent treatments and that this effect was clearly amplified by VPA, confirming the synergistic antitumor interactions demonstrated previously. Consistently, western blot analysis confirmed the increase of γH2AX expression upon triple combination treatment, also in two additional HNSCC cells, ZA and SCC9 (Supplementary Figure S4).
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FIGURE 4. VPA in combination with CDDP/CX induces early DNA damage response. (A) Representative images of γH2AX foci evaluated by fluorescence confocal microscopy in Cal27 and FaDu cells untreated or treated as indicated for 24 h. Cells were stained with anti-γH2AX antibody (Alex Fluor594) and DAPI for nuclei detection (blue). Graphs on the right: foci quantification was performed by ImageJ analysis. (B) ERCC1 mRNA expression was evaluated by RT-PCR in Cal27 (left) and FaDu cells (right), after 24 h of cell culture in absence or presence of VPA and/or CDDP/CX at IC5096h doses. (C) CTR1 (left) and ATP7B (right) mRNA expression was evaluated by RT-PCR in Cal27 cells. Statistical analysis: Tukey’s multiple comparisons test, ∗p ≤ 0.05, ∗∗p ≤ 0.005, ∗∗∗p ≤ 0.001, ****p ≤ 0.0001.


Mechanistically, the increased DNA damage observed in combination treatments could be related with the modulation of DNA repair mechanisms induced by HDACi, as previously reported (Terranova-Barberio et al., 2017). Indeed, we observed in both Cal27 and FaDu cells the significant mRNA reduction of ERCC1, a molecule playing an essential role in the removal of DNA intra-strand crosslinks by nucleotide excision repair, induced after 24 h by VPA as well as by CDDP/CX (IC5096h) and maintained or further increased in triple combination (Figure 4B). Moreover, in Cal27 cells, that express very low levels of CTR1 compared to FaDu cells, we also observed statistically significant mRNA upregulation of CTR1, induced by VPA as single agent or in triple combination (Figure 4C), confirming our previous observation obtained using the HDACi vorinostat (Piro et al., 2019). Notably, this effect is paralleled by the mRNA reduction of the ATPase ATP7B, which is involved in CDDP detoxification (Petruzzelli and Polishchuk, 2019), mediated by VPA and CDDP/CX alone, and further significantly reduced by triple combination (Figure 4C).

In summary VPA, potentiate the antitumor effect of CDDP/CX combination by increasing DNA damage effect impairing DNA repair, via ERCC1 downregulation, as well as facilitating the uptake of CDDP and preventing its efflux via CTR1 upregulation and ATP7B downregulation, respectively.



VPA Inhibits EGFR Activation and CDDP/CX-Induced EGFR Nuclear Translocation

We have recently reported that the HDACi vorinostat was able to inhibit EGFR phosphorylation and nuclear translocation induced by CDDP plus 5FU combination treatment in HNSCC cells, thereby preventing a mechanism of chemo-resistance and potentiating the antitumor effect (Piro et al., 2019). Interestingly, EGFR nuclear localization was described as a specific mechanism of resistance to both CDDP and CX (Li et al., 2009; Han and Lo, 2012; Brand et al., 2014; Galluzzi et al., 2014).

Therefore, we next explored the putative role of EGFR modulation in the synergistic antitumor interaction between VPA and CDDP/CX. First of all, we demonstrated that low doses of HDACi VPA (0.5–1 mM) were able to downmodulate EGFR expression as well as the activation of the most important protein kinases downstream the EGFR-mediated signaling, such as AKT and MAPK, in both Cal27 and FaDu cells (Supplementary Figure S5A). Even more importantly, we demonstrated that VPA further downregulates these signals when combined with CDDP/CX (Supplementary Figure S5B).

Furthermore, we showed that either CX, or CDDP, as single agents, particularly in resistant Cal27 cells, and/or in combination in both Cal27 and FaDu cells, induced EGFR nuclear translocation and that VPA was able to revert this effect (Figures 5A,B). PARP expression ensured nuclear/cytoplasmic fractions separations and also demonstrated and increased cleavage in Cal27 cells in combination treatment, confirming the induction of apoptosis.
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FIGURE 5. VPA reverts EGFR nuclear translocation induced by CDDP/CX. Western blotting analysis of nuclear and cytoplasmic EGFR expression in Cal27 (A) and FaDu (B) cells untreated or treated for 24h with VPA, CDDP and/or CX at the indicated doses. γ-tubulin and β-actin were used as loading control for cytoplasmic fraction and PARP was used as loading control for nuclear fraction. (C) TYMS and CCND1 mRNA expression was evaluated by RT-PCR in Cal 27 and FaDu cells untreated or treated for 24h with VPA, CCDP and/or CX at IC5096h doses. Statistical analysis: Tukey’s multiple comparisons test, ∗p ≤ 0.05, ∗∗p ≤ 0.005, ∗∗∗p ≤ 0.001, ****p ≤ 0.0001.


We have previously generated a genes signature induced by EGFR nuclear non-canonical activity, including two genes, TYMS and CCND1, upregulated by 5FU/CDDP chemotherapy in tumor cells (Piro et al., 2019). Thus, we evaluated the expression of TYMS and CCND1 transcripts in both Cal27 and FaDu cells untreated or treated with VPA, CDDP/CX, or the triple combination. As showed in Figure 5C, we demonstrated that VPA alone or in combination with CDDP/CX, strongly reduced TYMS and CCND1 mRNA levels in both cell lines.



VPA in Combination With CDDP/CX Inhibits HNSCC Xenograft Tumor Growth

To assess whether the synergistic antitumor effects demonstrated in vitro could be confirmed in vivo, we explored the combination between VPA and CDDP/CX in Cal27 cells xenograft model in athymic mice.

Specifically, 36 engrafted mice were randomly assigned to receive subtherapeutic doses of VPA (200 mg/kgi.p.; 5 days/week for 2 weeks), CDDP/CX (CDDP at 1 mg/kg i.p. and CX at 1 mg/kg i.p.; 3 days/week for 2 weeks), the three drugs in combination, or their vehicles. As shown in Figure 6A, the triple combination treatment almost completely block tumor growth compared with controls or VPA and CDDP/CX treatments alone. In details, 35 days after cell injection, VPA/CDDP/CX treatment induced a significant inhibition of tumor growth compared with that in the untreated (p < 0.0001) or CDDP/CX (p = 0.0170) treated group (Figure 6A). The maintenance of body weight (inset in Figure 6A) and the absence of other acute or delayed toxicity signs indicated a well tolerability of this drugs combination.
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FIGURE 6. VPA and CDDP/CX completely block HNSCC xenograft tumor growth. Cal27 cells (6 × 106) were s.c. injected into athymic mice as described in the section “Materials and methods.” When established tumors were palpable, mice were treated with VPA (200 mg/kg i.p. 5 days/week for 2 weeks), CDDP-CX (1 mg/kg i.p. and CX 1 mg/kg i.p. 3 days/week for 2 weeks), the three drugs in combination, or their vehicles. (A) Relative tumor volume curves for Cal27 xenografts; mean ± SD tumor volume measured at pre-specified time points (n = 7). Statistical analysis: Tukey’s multiple comparisons test, ∗p ≤ 0.05, ****p ≤ 0.0001. Inset, body weight measured three times/week. (B) Tumor volume averages from each group at day 8 and day 35 were compared and presented as percentages of vehicle. (C) Tumor growth delay, determined as%TGD = [(T – C)/C] × 100, where T and C are the mean times expressed in days for the treated or control groups, respectively, to reach a defined tumor volume (see Materials and Methods). (D) Photographs of sacrificed mice groups and of their excised tumors at the end of the in vivo experiment. (E–G) Pharmacodynamics markers on xenograft tumors. EGFR (E) and AcH3 (F) expression from tumors collected at the end of the treatment (day 21) and Ki67 (G) expression from tumors collected at the end of the experiment (day 35) were determined by IHC on FFPE tumor tissues using specific antibodies. Images were captured with 40× objective on a light microscope. Stained sections were scored semi-quantitatively for the percentage of positive cells and/or localization: EGFR intracellular/membrane ratio (E), percent of nuclear AcH3 (F), and Ki67 (G) positive cells, were reported. Statistical analysis: Tukey’s multiple comparisons test, ∗p ≤ 0.05, ∗∗p ≤ 0.005, ****p ≤ 0.0001.


Moreover, by calculating the percent change in tumor volume from the time of initial treatment (day 8) to the end of the study (day 35), we demonstrated that VPA, CDDP/CX, and triple combination treatment reduced the tumor burden by 33.8, 56, and 81.5%, respectively (Figure 6B).

Furthermore, we confirmed the synergistic antitumor interaction of VPA plus CDDP/CX in vivo by evaluating the TGD, demonstrating that in the mice treated with triple combination the resultant TGD reached a peak of more than 150%, indicating that the mean rate of tumor growth in the control was more than threefold higher (Figure 6C).

At day 21, which represents the end of the treatment, we sacrificed two mice per group (each with two tumors, one on each flank) to perform a pharmacodynamics analysis on tumor samples, while 2 weeks after the end of treatment (day 35) all the remaining mice were sacrificed and tumor specimens also collected (Figure 6D). In detail, we evaluated the expression and localization of EGFR by IHC analysis on FFPE tumor samples derived from mice sacrificed at the end of treatment (day 21). The percentage of EGFR expression was scored (Figure 6E) and interestingly, CDDP/CX combination induces an increase of EGFR, prevented by concomitant VPA treatment, suggesting also in vivo in xenograft tumors the occurrence of a putative non-canonical EGFR pathway induced by chemotherapy and reversed by VPA. At the same time point, an increase of AcH3 evaluated by IHC was demonstrated in tumor samples from both VPA and VPA plus CDDP/CX treated mice compared with controls and CDDP/CX groups, confirming the HDACi activity of VPA (Figure 6F). Finally, as shown by Ki67 staining on tumor samples explanted at day 35, the triple combination clearly affected tumor proliferation activity compared to untreated or single treatments mice (Figure 6G).

Finally, we confirmed the synergistic interaction of the proposed combination in an orthotopic xenograft in vivo model, which better recapitulate the HNSCC tumor microenvironment, by taking advantage of Cal27-GFP+/Luc+ cells injected into the tongue of mice. Four days after implantation the mice were randomly assigned to receive subtherapeutic doses of VPA (200 mg/kgi.p.; 5 days/week for 3 weeks), CDDP/CX (CDDP at 1 mg/kg i.p. and CX at 1 mg/kg i.p.; 3 days/week for 3 weeks), the three drugs in combination, or their vehicles (Figure 7). Tumor growth was monitored two times/week by photon intensity and, for each group, the means of the measurements were compared with the mean at day 1 (Figure 7A). The major tumor growth inhibition was observed in the VPA/CDDP/CX combination at day 35 (Figures 7A,B). Consequently, we also obtained significant improvement of mice survival in triple combination group, as demonstrated by Kaplan-Meier plot reported in Figure 7C. We also confirmed the absence of major toxicity in treated mice by maintenance of body weight (Figure 7D), histology examinations of the liver (Figure 7E), and biochemical examinations on mice blood of GOT, GPT, and creatinine (Figure 7F). In details, three mice from each group were sacrificed at the end of treatment (day 21), and tissues and blood samples were collected in order to perform pharmacokinetic analysis. Although CDDP/CX treatment increased liver steatosis, triple combination did not increase this effect (Figure 7E). Furthermore, no significant changes of the biochemical parameters (GOT, GPT, and creatinine) were reported in serum of untreated mice compared with treated groups, with the exception of a slight increase of GOT induced by VPA, confirming again that the triple combination did not increase significantly the liver toxicity of the single treatments (Figure 7F).
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FIGURE 7. VPA and CDDP-CX effects on HNSCC orthotopic xenograft tumor growth. GFP+/luc+-transfected Cal27 cells (6 × 104) were injected directly into the anterior tongue of athymic mice as described in the Materials and Methods. Four days after injection, mice were treated with VPA (200 mg/kg i.p. 5 days/week for 3 weeks), CDDP-CX (1 mg/kg i.p. and CX 1 mg/kg i.p. 3 days/week for 3 weeks), the three drugs in combination, or their vehicles. (A) Tumor volume was quantified as the sum of all detected photons within the region of the tumor/s. The mean of each measurement was compared with the mean at day 1. Relative fold increase values were reported in the graph as mean ± SEM. Statistical analysis: Welch’s t-test, ∗∗p ≤ 0.005, ∗∗∗p ≤ 0.001, ****p ≤ 0.0001. (B) Representative in vivo images (IVIS) of luminescence shown in the tongue of live mice at day 1 and day 35 after injection. Rainbow images show the relative levels of luminescence ranging from low (blue), to medium (green), to high (yellow/red). Luminescence levels (photons/s) of 4 out of 10 mice/groups. (C) Kaplan–Meier survival curves. Mice were sacrificed when the photons total count was higher than 3,000 or mice loss 10% of body weight during the study period. (D) Body weight of mice, measured three times/week, was reported as mean ± SEM. (E) Percentage of hepatic steatosis was measured on H&E-stained paraffin section of the liver from mice sacrificed at the end of treatment. (F) GOT, GPT, and creatinine serum levels in mice sacrificed at the end of treatment. Statistical analysis: Tukey’s multiple comparisons test, ∗p ≤ 0.05, ∗∗p ≤ 0.005.




DISCUSSION

Despite the many studies that were devoted to defining the genetic and molecular mechanisms of HNSCC initiation and progression, they did not result in the development of novel therapeutic approaches. Similarly, rather than molecular characterization, Tumor, Nodes, Metastasis (TNM) classification of malignant tumors and other clinical factors, with the exception of HPV status, are still the major drivers for HNSCC patient’s prognosis. Indeed, excluding the subgroup of genetically distinct HPV positive tumors with a favorable prognosis, the treatment approach for R/M HNSCC patients require novel strategies, including optimization of current available effective therapies.

We addressed, at least in part, these challenges by suggesting a novel therapeutic approach based on the use of the antiepileptic VPA, a generic very safe well-known drug with HDACi activity, in combination with the CDDP/CX doublet, which still represent and important effective therapeutic option for HSNCC.

Toxicity and therapeutic resistance are among the major contributors to therapeutic failure to both CDDP and CX in HNSCC (Saba et al., 2017; Lopez-Verdin et al., 2018).

Although several reports showed a synergistic antitumor effect by combining CDDP with an HDACi, including VPA, via DNA-damage induction and DNA repair inhibition (Diyabalanage et al., 2013; Huang et al., 2018; Suraweera et al., 2018; Piro et al., 2019), to our knowledge this study is the only one demonstrating an effective combined approach with both CDDP and CX, both in vitro and in vivo. We also demonstrated for the first time a synergistic interaction by combining VPA with CX as single agent.

In detail, in our study, we reported several evidences suggesting that VPA can tackle both CDDP and CX resistance through several mechanisms: (1) by specifically targeting CSCs compartment; (2) by decreasing DNA repair mechanisms and concomitantly increasing CDDP concentrations within tumor cells regulating influx and efflux mechanisms; and (3) by reverting EGFR activation and nuclear translocation, thereby impairing the activation of survival pathways and DNA repair mechanisms.

Previous findings demonstrated the presence of CSCs subpopulation in HNSCC responsible for tumor initiation progression and drug resistance (Chen and Wang, 2019). Moreover, it was reported that CDDP induced the promotion and the maintenance of CSCs subpopulation leading to drug resistance (Thakur and Ray, 2017). We have recently demonstrated by a bioinformatics analysis that selected pathways described as hyperactivated in CSCs are altered in several solid tumors, including HNSCC, and enriched in patients with bad prognosis (Roca et al., 2019). Notably, HDACi appears particularly suitable in targeting such pathways (Roca et al., 2019).

Indeed, here we demonstrated in spheroids culture, which are particularly enriched in CSCs, that VPA alone and even more in combination with CCDP and/or with CX, strongly inhibits HNSCC spheroids generation, compared with non-efficacious CDDP or CX single agents, or even CDDP/CX.

Interestingly, it was proposed that CSCs chemo-resistance is associated with their enhanced DNA damage response (Abad et al., 2020). HDACs participate in the DNA damage response particularly in the early event (Sun et al., 2019) and even more interestingly CDDP treatment induced HDACs in tumor cells, thus contributing to resistance and to the expansion of CSCs subpopulation (Wang et al., 2017). Indeed, HDACi treatment impairs DNA repair mechanisms thus potentiating CDDP antitumor effect (Gomez-Gonzalez et al., 2020). Previously we have reported that VPA was able to prolong and further increase the DNA damage induced by fluoropyrimidines plus radiotherapy in colorectal cancer cells (Terranova-Barberio et al., 2017) or by CDDP/5FU in squamous cancer cell lines (Piro et al., 2019). Here we reported a precocious induction of DNA damage in combination setting, as shown by increased γH2AX foci formation.

This effect, is most likely due to a decrease of repair rate of DSB, depending on downmodulation of ERCC1, which has an essential role in the removal of DNA intra-strand crosslinks by nucleotide excision repair, thus resolving platinum-DNA damage (Galluzzi et al., 2014), induced by VPA alone or in combined treatment. In parallel, the enhanced DNA damage obtained in combination setting is, most likely, also due to the increased concentrations of CDDP within the CDDP-resistant Cal27 cells, via VPA-induced upregulation of CDDP-influx channel CTR1 (Galluzzi et al., 2014) and downregulation of the ATPase ATP7B involved in CDDP detoxification (Galluzzi et al., 2014; Petruzzelli and Polishchuk, 2019). Notably, the increase of ERCC1 expression or of ATP7B and the loss of CTR1 have been all consistently reported as mechanisms of platinum resistance as well as predictors of poor response to platinum-based chemotherapy in cancer patients, including HNSCC (Bisof et al., 2016; Sun et al., 2017; Petruzzelli and Polishchuk, 2019). ERCC1 downregulation by HDACi was previously reported (To et al., 2017); however, to our knowledge, this is the first report showing the effect of VPA. We have recently demonstrated that the HDACi vorinostat enhanced the platinum intracellular concentration in squamous cancer cells via the upregulation of CTR1 and, in this way, enhanced, in vitro and in vivo, the antitumor effect of CDDP/5FU combination (Piro et al., 2019). Here we confirmed this effect with VPA, demonstrating a significant induction of CTR1 transcripts in CDDP intrinsically resistant Cal27 cells that express very low basal levels of CTR1 protein compared with CDDP-sensitive FaDu cells. However, we also showed, for the first time, a parallel VPA-induced downregulation of ATP7B, an original observation of critical interest in our opinion. Indeed, increased expression of the Golgi-localized Cu-transporting ATPases, ATP7A and ATP7B, have been associated to tumor aggressiveness as well as chemo-resistance. In details, preclinical studies in platinum-resistant cell lines, as well clinical observations, revealed that ATP7B expressing tumors had poor response to CDDP-based chemotherapy (Petruzzelli and Polishchuk, 2019). However, the exact mechanism of how ATP7A/B contribute to platinum detoxification and trafficking within the cells, is not completely defined, as well as it is not yet consolidated the correct strategy to pharmacological targeting this proteins (Petruzzelli and Polishchuk, 2019).

High levels of EGFR are often reported in HNSCC, and elevated expression of EGFR also enhances the proportion of CSCs subpopulation in HNSCC (Chen and Wang, 2019). However, anti-EGFR agent such as CX are not so efficacious in controlling HNSCC CSCs (Chen and Wang, 2019). Conversely, it is well-known that CDDP induced EGFR activation as a survival response (Benhar et al., 2002), and this represents the rationale for the clinical combination with CX. It was also reported that an EGFR downstream pathway such as PI3K/AKT signaling is activated by CDDP in resistant cells and that this contributes to promotion and maintenance of CSC subpopulation (Thakur and Ray, 2017). Furthermore, a non-canonical nuclear localization of EGFR, mediating transcription of DNA-repair and survival response genes, was reported as induced by DNA damage approach such as radiotherapy and CDDP, as well as by anti-EGFR agents including CX (Li et al., 2009; Han and Lo, 2012; Brand et al., 2014).

We have previously shown that the HDACi vorinostat, in combination with the EGFR-tyrosine kinase inhibitor gefitinib, induced synergistic antitumor interaction in preclinical models of HNSCC and non-small cell lung cancer with a mechanism based, among others, on the ability of vorinostat to modulate the expression and the activity of ErbB receptors (EGFR, ErbB2, and ErbB3) (Bruzzese et al., 2011; Leone et al., 2015; Citro et al., 2019; He et al., 2019). We also demonstrated that both vorinostat and VPA downregulate EGFR protein expression mainly by increasing protein degradation in HNSCC and non-small cell lung cancer cell lines and tumor primary cultures (Bruzzese et al., 2011; Ciardiello et al., 2016).

Finally, recent data from our group demonstrated that vorinostat is able to inhibit CDDP/5FU-induced phosphorylation and nuclear translocation of EGFR, an effect that contribute to the synergistic antitumor effect obtained in combination setting (Piro et al., 2019). In the present study, we confirmed that VPA downregulates EGFR expression and downstream main activating signaling molecules, such as MAPK and AKT, as single agents and synergistically in triple combination with CDDP/CX. However, more importantly we demonstrated, for the first time, that VPA is able to prevent EGFR nuclear translocation induced by either CDDP or CX alone and in combination. Notably, also in vivo experiments on HSNCC xenograft tumor samples we observed an increased intracellular EGFR localization upon CDDP/CX treatment that was prevented by concomitant treatment with VPA. Functionally these data were associated with the significant reduction, induced by VPA alone or in triple combination, of TYMS and CCND1 mRNA expression, both part of a genes signature induced by EGFR nuclear non-canonical activity that we have generated in a recent report (Piro et al., 2019). Notably, both TYMS and CCND1 were recently reported to be essential for the maintenance of CSCs subpopulation (Siddiqui et al., 2019; Zhang, 2020), and to be highly enriched in poor- compared with good-outcome HNSCC patients (Piro et al., 2019).

Overall, we demonstrated that by combining VPA with CDDP/CX we clearly potentiate the antitumor effect in HNSCC models in vitro and in vivo, in both heterotopic and orthotopic xenograft models, most likely by tackling several reported mechanisms of resistance for both CDDP and CX.

Remarkably, these mechanisms of resistance are validated therapeutic targets in HNSCC. For instance, a meta-analysis of more than 1,000 patients demonstrated that high ERCC1 expression was significantly related with shorter progression-free and overall survival in CDDP-treated HNSCC patients (Bisof et al., 2016). Moreover, automated quantitative assessment of nuclear and cytoplasmic EGFR IHC expression in 100 HNSCC specimens demonstrated, even within a multi-variate analysis, that, high tumor and nuclear EGFR expression were associated with higher local recurrence and inferior disease-free survival compared with low expressing tumors (Psyrri et al., 2005). Furthermore, direct targets of VPA HDACi activity, such as histone modification pattern like hypoacetylation of histone H3, as well as overexpression of different HDACs, were reported to be associated with progression and poor prognosis of HNSCC patients (Castilho et al., 2017). We should underline that the most significant results, including the in vivo study, were obtained using the Cal27 cell model, intrinsically resistant to CDDP and CX and molecularly distinct from more sensitive FaDu cells. Therefore, future challenges are related with the validation of predictive biomarkers, based on the mechanisms described above, able to select patients potentially more prone to respond to the triple combination treatment.

Few clinical trials investigating the potential of HDACi in HNSCC have been reported or are currently ongoing, with limited activity as single agents, but with promising results in combination therapy (Haigentz et al., 2012; Teknos et al., 2019). In detail, a recently concluded phase I trial reported the feasibility and the efficacy of vorinostat in combination with concurrent standard chemo-radiation in HNSCC patients, suggesting further investigations in phase II/III trials for this combination (Teknos et al., 2019).

We reported a synergistic antitumor interaction, both in vitro and in vivo, using dosages of VPA, CDDP, or CX consistent with those found in the serum of patients following treatment of these drugs (VPA range 0.3–1 mM; CDDP 1.9–8.2 μM; CX 49.4–155.8 μg/mL) (Panteix et al., 2002; Arce et al., 2006; Tan et al., 2006). Moreover, the synergistic interactions not dependent on the treatment schedule used is an observation that could be clinically relevant because a less stringent condition of drug administration and would make this combination easily adaptable for clinical application. It is also important to underline that VPA exerted its molecular effects at dosages reported in the plasma of patients treated with the safe antiepileptic regimen. Moreover, the only dose limiting toxicities reported for VPA are neovestibular symptoms, fatigue, and somnolence (Avallone et al., 2014), thus suggesting that the combination treatment could be potentially clinically explored without further exacerbating side effects or impairing the quality of life. Of note, the lack of synergistic interaction observed in normal human fibroblasts suggested a selective action on tumor cells and thus, again a good therapeutic index of the combined approach. This latter observation was also confirmed in vivo, in both heterotopic and orthotopic xenograft models, by demonstrating synergistic antitumor effect of triple combination, resulting in significant improvement of survival, in the absence of increased toxic effects.

Anyhow, as VPA and CDDP/CX synergistically inhibited tumor growth we can reduce dosages of all the drugs in the clinical setting thereby eventually further reducing toxicities. Indeed, we reported significant DRIs values for all the drugs, indicating that besides the potentiation of CDDP/CX effect induced by VPA, conversely CDDP/CX enhanced VPA effect when in combination. This latter observation suggest a complex and efficacious synergistic mechanism of interactions and is in line with a recent report demonstrating that CDDP is able to enhance the anticancer effect of the HDACi entinostat (Huang et al., 2018). Thereby, we cannot exclude that additional mechanisms can be involved in the strong antitumor synergism we have observed VPA and CDDP/CX.

We have been demonstrated the feasibility of VPA used at standard anti-epileptic dosage in combinatory approach in ongoing clinical trials in cancer patients. The phase I trial of VPA in combination with capecitabine during pre-operative radiotherapy, in locally advanced rectal cancer patients, was recently concluded (Budillon et al., 2018), and we are enrolling patients in the phase II study. Moreover, a randomized phase II trial of bevacizumab plus fluoropyrimidines and oxaliplatin-based chemotherapy with or without VPA, in first-line RAS-mutated colorectal cancer patients, is currently enrolling patients (Revolution Trial, NCT04310176).

In the current study, we provided a rationale to clinically explore VPA in combination with CDDP and CX to overcome chemotherapy resistance and dose-limiting toxicity. Indeed based on our preliminary observations, the phase II V-CHANCE clinical trials is currently ongoing in our institute with the aim to demonstrate the feasibility and efficacy of VPA in combination with CDDP and CX in R/M HNSCC patients (Caponigro et al., 2016). This trial is the only one investigating VPA in HNSCC, and the first trial ever combining an HDACi with the anti-EGFR antibody CX. The planned correlative studies could add new insight in the mechanism of synergistic interaction between the tested drugs in cancer patients also confirming our preclinical findings. In detail, we could identify predictive biomarkers to identify chemo-resistant tumors with driver HDACi targetable chemo-escape pathways.
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FOOTNOTES

1GLOBOCAN. Global Cancer Statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries; 2018. Retrieved February 19, 2019, from http://gco.iarc.fr/today/fact-sheets-populations

2National Comprehensive Cancer Network. NCCN Clinical Practice Guidelines in Oncology: Head and Neck Cancer from https://www.nccn.org/professionals/physician_gls/recently_updated.aspx

3FDA approves pembrolizumab for first-line treatment of head and neck squamous cell carcinoma from https://www.fda.gov/drugs/resources-information-approved-drugs/fda-approves-pembrolizumab-first-line-treatment-head-and-neck-squamous-cell-carcinoma

4https://clinicaltrials.gov/ct2/results?cond=cancer&term=valproic+acid&cntry=&state=&city=&dist=

5Avallone et al.’s (2014) randomized phase 2 study of Valproic acid in combination with bevacizumab and Oxaliplatin/fLUoropyrimidine regimens in patients with ras-mutated metastatic cOlorectalcaNcer(REVOLUTION TRIAL, NCT04310176), https://clinicaltrials.gov/ct2/show/NCT04310176?term=revolution&recrs=ab&cond=Colo-rectal+Cancer&draw=2&rank=1
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Modulating epigenetic modification has been recognized for over a decade as an effective therapeutic approach to cancer and many studies of histone deacetylase (HDAC), one of the best known epigenetic modulators, have been published. HDAC modulates cell proliferation and angiogenesis and plays an essential role in cell growth. Research shows that up-regulated HDACs are present in many cancer types and synthetic or natural HDAC inhibitors have been used to silence overregulated HDACs. Inhibiting HDACs may cause arrest of cell proliferation, angiogenesis reduction and cell apoptosis. Recent studies indicate that HDAC inhibitors can provide a therapeutic effect in various cancers, such as B-cell lymphoma, leukemia, multiple myeloma and some virus-associated cancers. Some evidence has demonstrated that HDAC inhibitors can increase the expression of immune-related molecules leading to accumulation of CD8 + T cells and causing unresponsive tumor cells to be recognized by the immune system, reducing tumor immunity. This may be a solution for the blockade of PD-1. Here, we review the emerging development of HDAC inhibitors in various cancer treatments and reduction of tumor immunity.
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INTRODUCTION

Epigenetic modification plays an important role in regulating gene expression without changing deoxyribonucleic acid (DNA) sequence (Yoo and Jones, 2006). Recently, much evidence has shown that histone function, modulated by various types of reversible modifications, such as methylation and acetylation, is crucial in heritable deliverance and cancer progression. Among these modifications, histone acetylation which is controlled by histone acetyl transferase (HAT) and especially, histone deacetylases (HDAC) are regarded as effective fields of cancer therapy (Jenuwein and Allis, 2001; Li and Seto, 2016; Sanaei and Kavoosi, 2019).

In general, histone acetylation is related to chromatin expression. HATs free chromatin through acetylation of histone lysine tails, producing HDACs which oppose this effect (Berger, 2007). Human HDACs have 18 highly conserved members. Based on their functions and analogies to yeast, HDACs can be divided into two families and four classes, a zinc-dependent family (Class I, Class IIa, Class IIb, and Class IV) and a nicotinamide adenine dinucleotide (NAD)-dependent family (Class III) (Seto and Yoshida, 2014). In addition to histone deacetylation, HDACs have also been found to regulate acetylation of a variety of non-histone proteins (Choudhary et al., 2009). The balance between acetylation and deacetylation is often upset in cancer, and expression of aberrant HDACs may lead to inactivation of tumor suppressing genes. On this basis, many compounds has been identified as HDAC inhibitors (HDACI). These include hydroxamic acids, benzamides, short-chain fatty acids and cyclic peptides, all of which modulate overexpression of HDACs in cancer (Noureen et al., 2010). These HDACIs have marked effects on cancer cells where they induce apoptosis, arrest cell cycles and even modulate the immune system (Hull et al., 2016). Here, we review usage of HDACIs in reduction of lymphomas and tumor immunity.



LYMPHOMA

Lymphoma and leukemia are blood cancers, and while they share some common symptoms, they have different origins. Leukemia typically begins in the bone marrow, and lymphoma generally develops in the lymphatic system. The lymphatic system, including marrow, spleen and lymph nodes, are part of the immune system, which helps to protect against infection.

Hodgkin’s (HL) and non-Hodgkin’s lymphoma (NHL) are the two main subtypes of lymphoma. HL, a relatively aggressive lymphoma, is characterized by the presence of very large cells known as Reed-Sternberg (RS) cells, which can be classified into two main types: classic Hodgkin lymphoma (cHL) and nodular lymphocyte-predominant Hodgkin lymphoma (NLPHL) (Table 1). On the other hand, in the view of the Leukemia and Lymphoma Society (LLS), NHL is broadly categorized into two groups: B-cell lymphomas and natural killer (NK)/T-cell lymphomas (Table 2). NHL is nine times more common than HL, and there are more than 60 subtypes of NHL, some “aggressive” (fast-growing) and others “indolent” (slow-growing). This classification determines the treatment options.


TABLE 1. Classification of Hodgkin lymphomas (cHL).
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TABLE 2. Classification of Non-Hodgkin lymphomas.
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The two principle therapies for lymphomas are radiation therapy and chemotherapy, and stem cell transplantation is another choice in some lymphoma types. Currently, increasing research efforts show that HDAC could be a therapeutic target in lymphomas (Table 3), and this has inspired us to try to understand its mechanism and development.


TABLE 3. HDAC related clinical trials started after 2017 for lymphoma treatment.
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HDAC AND T CELL LYMPHOMA


Role of HDACs in T Cell Development

HDACs have been reported to be necessary for t cell development. CD4 lineage integrity is regulated by HDAC1 and HDAC2 members through downregulation of Runx3/CBFβ complexes, which induce CD8 lineage programs in CD4 + t cells (Boucheron et al., 2014; Ellmeier, 2015). An HDAC1 and HDAC2 knockout test of t lymphocytes also has been found to result in cell cycle arrest and reduction of thymocytes. These events will eventually lead to decrease of the peripheral t cells and appearance of CD4 + and CD8 + t cells (Preglej et al., 2020). Another experiment with knockout HDAC1 and HDAC2 in mice showed the HDAC1/2-Sin3A-NuRD complex is disrupted. This may block double-negative (DN) to double-positive (DP) transition, and failure of proliferation. Moreover, insufficiency of HDAC1 or HDAC2 may lead to overacetylation of histones and chromosomal instability, finally causing t cell lymphoma (Dovey et al., 2013). Above all, this research indicates that HDAC1 and HDAC2 are essential for t cell development.

HDAC3 has also been found to be indispensable in steps of t cell progression, including commitment of CD4 and CD8, positive selection, and peripheral t cell maturation (Wang P. et al., 2020). HDAC3 deficiency in DP thymocytes terminates CD4-lineage program and redirects the MHC class II-restricted thymocytes toward the CD8-lineage program, due to the acetylation of histone expressing CD8-lineage genes, such as Runx3 and Patz1 (Philips et al., 2019). In a CD2-icre HDAC3 conditional knockout (HDAC3-cKO) mice, t cell development is blocked at the positive selection step, resulting in fewer CD4 and CD8 T cells, and cannot be rescued by TCR-transgene. The absence of HDAC3 renders RORγt unable to down-regulate although positively selected and fails to upregulate Bcl-2, which may lead to apoptosis (Philips et al., 2016). For t cell maturation, HDAC3 forms complexes with NF-kappaB-activating-protein (NKAP), which is necessary for recent thymic emigrants (RTE) to gain functional competency and transfer into a long-lived naive t cell pool. Lack of HDAC3 may cause CD50 downregulation which leads to t cell immaturation. In peripheral T cells, HDAC3 deficiency creates a defect in TNF licensing after TCR/CD28 stimulation (Hsu et al., 2015). Another distinct subset of t cells, nature killer t (NKT) cells, are also HDAC3 dependent during development. As was previously mentioned, NKAP activated through formation of complexes with HDAC3, also participates in invariant NKT (iNKT) cells lineage. Furthermore, HDAC3-deficient iNKT cells show low expression of nutrient receptors GLUT1, CD71 and CD98, and this results in incremental autophagy (Thapa et al., 2016, 2017).

Class IIa HDACs are also involved in t cell development. HDAC5 is implicated in t-regulatory (treg) cells homeostasis. In an HDAC5–/– mice model, Treg cells show reduced suppressive function, CD4 + t cells convert poorly into treg cells, and increasing acetylation of Foxo1 causes treg cells to experience difficulty in maintenance of the phenotype. CD8 + t cells have found to be less able to produce IFN-γ in HDAC5–/– mice (Xiao et al., 2016). HDAC7, a thymus-specific HDAC, acts as a regulator of t cell apoptosis and endothelial cell functions, is highly expressed in DP thymocytes, and inhibits Nur77 that is involved in apoptosis and negative selection. During TCR activation, HDAC7 is exported from the nucleus, leading to Nur77 expression and mediating TCR-mediated apoptosis (Dequiedt et al., 2003; Martin et al., 2008). HDAC6, a class IIb member of the HDACs, controls the production of immunosuppressive cytokine IL-10, and induction of antigen-presenting cells (APCs) that activate antigen-specific naïve t cells through formation of a complex with STAT3 (Cheng et al., 2014). HDAC10, another class IIb HDAC, mediates the inactivation of Foxp3. Foxp3 + treg cells are known to suppress immune responses, and HDAC10 dysfunction may cause some inflammatory disorders (Dahiya et al., 2020). HDAC11, which is the only member of class IV, negatively regulates the expression of IL-10. Overexpression of IL-10 will induce inflammatory APCs, priming naïve t cells and restoring the responsiveness of tolerant CD4 + t cells. Its adjustment with HDAC6 determines t cell activation (Villagra et al., 2009). HDAC11 acts as a positive controller of Foxp3 + tregs, and lack of HDAC11 will increase Foxp3 and TGF-β expression, which may lead to inflammation. The dynamic interaction between HDAC10 and HDAC11 serves to balance the immune response (Huang et al., 2017).



Evidence of HDACs in T Cell Lymphomas

Investigating the elaboration of HDACs in t cell lymphoma would assist an understanding of their pathogenesis, prognosis and role as a therapeutic target. Although the precise mechanism underlying this behavior has not been elucidated, it can be investigated through HDACIs.

Gene expression that mediates a balance between HAT and HDAC histone modification is important because it is also marks initiation and progression of cancer cells. HDACs intervene in carcinogenesis through the deacetylation of histone and non-histone proteins (Jenuwein and Allis, 2001). Recent research has shown that HDACs are involved in the expression of numerous oncogenes such as Bcl- xL-, BCL2-, c-Myc, TCRβ and Notch3 (Palermo et al., 2012; Kunami et al., 2014; Loosveld et al., 2014; Stengel et al., 2015). HDACs also participate in cytokine regulation. In the study of cutaneous t-cell lymphoma (CTCL) patients, 30% demonstrated the high affinity of the IL-2 receptor, which can be perturbed by HDACIs (Shao et al., 2002). Furthermore, HDAC1 and HDAC6 were also found to be upregulated in CTCL. This causes excessive secretion of IL-15, which mediates the inflammation that is crucial in CTCL, suggesting this oncogenic loop can be controlled by modulation of HDAC1 and HDAC6 (Mishra et al., 2016).

In t cell malignancies, HDACs act as negative controllers of apoptosis, and upregulation of HDACs will silence the pro-apoptotic gene and Bcl2 family expression. During the signaling pathway, HDACs can acetylate the chaperone heat shock protein 90 (HSP90), which stabilizes the client proteins RASGRP1 and c-RAF. These client proteins activate the mitogen-activated pathway, leading to the down regulation of the Bcl2 family (Ding et al., 2017). Upon treatment of peripheral t cell lymphoma with HDACi, chidamide induces cell apoptosis by downregulating Bcl2 and upregulating Caspase3 and Bax protein (Lu et al., 2016). The expression of a tumor suppressor gene was also found to be modulated by HDACs in CTCL cell lines. A combination of an HDACI, romidepsin and a demethylating agent, azacitidine leads to the induction of RHoB, the tumor suppressor gene, and to cell apoptosis (Rozati et al., 2016). The downstream apoptotic pathway regulated by HDACs may serve as a potent therapeutic target for apoptosis induction in a treatment for t cell malignancies (Figure 1).
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FIGURE 1. The action of HDAC inhibitors inducing apoptosis and autophagy.


Another self-devouring process similar to apoptosis is the source of dysfunction in t cell malignancies. Besides deacetylation of lysine residues in the histone, HDACs also have functions in regulation of cytosolic proteins which have a variety of cellular functions, including autophagy. SAHA (vorinostat), a pan-HDAC inhibitor, upregulates the expression of an autophagic factor LC3, inhibiting mTOR, the mammalian target of rapamycin and leading to activation of the autophagic protein kinase ULK1 (Figure 1; Gammoh et al., 2006). HDACs are inseparable by autophagy in cellular survival, and targeting autophagy by inhibition of HDACs could offer an effective treatment for t cell lymphomas.

The main function of HDACIs might be interference with histone and chromatin modification, but acetylation of histone and non-histone proteins may cause DNA damage, expression of suppressing genes in oncogenesis, and either lowering of the apoptotic threshold, or triggering autophagy response. These physiological processes have proved to be indispensable for HDACs in cancer pathogenesis and prognosis, and this makes them a prospective target for t cell malignancies.



Application of HDACIs in T Cell Lymphoma


Vorinostat (SAHA)

Vorinostat Figure 2, also been known as SAHA, is a hydroxamic acid HDAC inhibitor. It shows inhibitory activity in both class I and class II HDACIs with an IC50 less than 86 nM (Molecule of the month, 2006). To date, usage of SAHA has mostly been restricted to the treatment of CTCL. In cellular studies, SAHA shows a surprising anti-proliferative effect on human mantle lymphoma cells, CTCL cells, freshly isolated ATL cells and circulating malignant CTCL cells from patients by upregulating p21, decreasing the phosphorylation level of STAT6, increasing NF-κB in cytoplasm, and arresting the cell cycle (Nishioka et al., 2008; Zhang et al., 2005). In clinical trials, SAHA was tested in patients with refractory and relapsed CTCL with an ORR of 24 or 30% and duration of the response for 4 months or more in two phase II studies. SAHA was approved by FDA in 2006 as a treatment for refractory or relapsed CTCL (Duvic and Vu, 2007; Duvic et al., 2007; Olsen et al., 2007).
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FIGURE 2. Structure of HDAC inhibitors.


In combination therapy, vorinostat combined with azacitidine has been tested. This resulted in 88% event-free and overall survival rates in t cell lymphoma patients (Nieto et al., 2016). In another clinical trial, vorinostat been used in a combination with gemcitabine, busulfan, and melphalan, and demonstrated high efficacy in refractory or poor-risk relapsed t cell lymphomas (Nieto et al., 2015). Vorinostat was also found to increase the effect of rituximab in a phase II study in newly diagnosed or relapsed/refractory NHL patients (Chen et al., 2015). Using a standard cyclophosphamide, hydroxydaunorpubicin, oncovin, and prednisone (CHOP) treatment with newly diagnosed peripheral t cell lymphoma patients in a phase I clinical trial, vorinostat also obtained a good therapeutic effect (Oki et al., 2013b). Combination of vorinostat with PI3K inhibitors or HSP90 inhibitors resulted in cytotoxic antagonism in CTCL cells, and investigation of this could be useful (Wozniak et al., 2010; Hutt et al., 2014). The proteasome inhibitor, bortezomib also causes a synergetic effect inducing apoptosis in CTCL patients (Heider et al., 2009). However, combination therapies do not always give positive results. For example, a study of a combination of lenalidomide, vorinostat, and dexamethasone used to treat patients with relapsed/refractory peripheral t cell lymphoma (PTCL), resulted in median-progression free survival and low overall survival (Hopfinger et al., 2014). Thus, vorinostat is still significant in lymphoma therapy.



Romidepsin (FR901228)

Romidepsin Figure 2 is a natural depsipeptide isolated from bacteria. It displays selective inhibition toward class I HDACs but is weak in HDAC IIB (Ueda et al., 1994). The single use of romidepsin, exhibits effectiveness in relapsed/refractory CTCL patients and was approved by FDA in 2009 for the treatment of CTCL (Imam et al., 2013; Reddy, 2016). Romidepsin demonstrates outstanding clinical response in relapsed/refractory PTCL patients and it was also approved in 2011 for PTCL treatment (Barbarotta and Hurley, 2015; Iyer and Foss, 2015; Irlé and Weintraub, 2016; Foss et al., 2017).

In combination therapies, romidepsin has been combined with conventional drugs for hematological malignances, such as methotrexate, vincristine, imatinib, cytarabine, carboplatin, doxorubicin, 4-hydroperoxy-cyclophosphamide, etoposide, 6-mercaptopurine, and SN-38. All of these showed an additive result, indicating that combination therapy with romidepsin is promising. Combining CHOP with romidepsin in newly diagnosed PTCL patients exhibited a surprising therapeutic effect with an overall survival of 71% at the median follow-up of 30 months (Dupuis et al., 2015). Unlike vorinostat, romidepsin shows synergistic effects with lenalidomide in relapsed/refractory lymphomas (Cosenza et al., 2016). Aurora kinase inhibitors are a promising agents for treatment of TCL, and combined with romidepsin their therapeutic effect is highly synergized (Zullo et al., 2014). Clinical trials of this combination are in progress. Combinations of romidepsin with other drugs, including pralatrexate, gemcitabine, and ICE (Wozniak et al., 2010; Sung et al., 2014; Foss et al., 2017) are being studied. Romidepsin seems to be useful in combination therapies, although more investigation is necessary.



Belinostat (PXD101)

Belinostat Figure 2 is pan-HDAC inhibitor with a sulfonamide-hydroxamic acid structure. It exhibited nanomolar inhibition against HDACI, II, and IV (Chowdhury et al., 2011). The clinical data from relapsed/refractory PTCL patients shows that belinostat, with high efficacy and low toxicity is an ideal drug for cancer treatment (Campbell and Thomas, 2017). With promising results, belinostat was approved for sale in 2014 for the treatment of relapsed or refractory PTCL (Poole, 2014). Because of its safety, belinostat is a first-line drug for relapsed or refractory PTCL or various drug combination therapies.

For the combination therapies, belinostat has been used with CHOP. In spite of its use as a first-line treatment for relapsed or refractory PTCL, its combination with CHOP delivered a poor prognosis with relapse within 5 years (Johnston et al., 2015). Other usage in combination with bortezomib, volasertib, zidovudine, or carfilzomib, has already been published. Most of these show a potential therapeutic effect, and this provides more alternative options for treatment of lymphoma patients.



Panobinostat (LBH-589)

Panobinostat Figure 2 is a cinnamic hydroxamic acid HDAC inhibitor which inhibits HDACI, II and IV and is 10-fold more potent than SAHA (Atadja, 2009). In clinical trials, panobinostat was demonstrated to be effective in patients with advanced CTCL (Duvic et al., 2013). In a clinical trial, panobinostat was acceptably tolerable and led to a modest overall response. However, it failed in the phase II trial due to its low response and short time to progression in refractory CTCL patients (Ellis et al., 2008; McCann and Story, 2013). Panobinostat is now undergoing a clinical trial with PTCL (Tan et al., 2015).

Panobinostat also guided some combination therapies. A combination of panobinostat and bortezomib in PTCL highly synergized the ubiquitination ability in preclinical studies (Samimi et al., 2013). In further clinical studies, a combination of bortezomib displayed promising efficacy, improving the outcome following a single dosage. This Phase III clinical trial for PTCL treatment (Tan et al., 2015) has been completed. In other clinical studies, conspicuously, administration of everolimus and panobinostat to TCL patients decreased serum cytokine levels (Oki et al., 2013a). The severe adverse effects of panbinostat makes its development difficult, but it still offers a new approach for lymphoma therapies. These results in combination with other agents may a sign of a new era of PTCL therapies.



Quisinostat

Quisinostat Figure 2 is a broad spectrum HDAC inhibitor, which has strong inhibition activity in HDACs, except for HDAC6, 7, and 9. Its clinical trial for CTCL treatment has been completed in 2016 (NCT01486277). However, the result was failed to be superior comparing to other HDACIs, such as vorinostat or romidepsin while treating with CTCL patients. Furthermore, after dosing quisinostat 5 of 26 patients have grade 3 drug related adverse effect, including, hypertension, lethargy, chills, pyrexia, pruritus and hyperkalemia, even though the safety and tolerability profile is similar to other pan-HDACIs, the overall outcome limited its development (Child et al., 2016). Recently, quisinostat has been combined with bortezomib and dexamethasone for multiple myeloma (NCT01464112), but no any clinical trials in lymphomas.




Perspective

Recently, HDACIs has been approved for TCL treatment, and most of them belongs to pan-inhibitor, such as vorinostat and belinostat. Indeed, these pan-HDAC inhibitors brought effectiveness in PTCL patients, but not in CTCL patients. Interestingly, romidepsin, a class I HDACs selective inhibitor, showed promising result in CTCL patients. Above all, inhibition of other HDAC subtypes would decrease the efficacy in CTCL, which inspired us targeting class I HDACs might increase the application of HDACI in TCL therapies. Moreover, romidepsin also showed broader availability comparing to other pan-HDACIs in combination with other target therapies or chemotherapies. Thus, further pre-clinical studies are necessary to understand the precise mechanism.




HDAC AND B CELL LYMPHOMA


Role of HDACs in B Cell Development

In B cell differentiation, HDAC1 and HDAC2 promote the development in the pre-B cell stage that progresses the cell cycle from G1 to S. Knockout of HDAC1 and HDAC2 leads to cell cycle arrest and expression of p21 and p57, which may cause apoptosis (Yamaguchi et al., 2010). At the terminal stage of B cell development, Blimp-1 restrains c-myc through the aggregation of HDAC1 and HDAC2 (Yu et al., 2000). In HDAC3 knockdown mice, the progenitor B cells cause impaired B cell maturation, and defects in VDJ (varies, diversity, joining) recombination (Stengel et al., 2017). HDACs participate in complex formation in different stages of B cell development. HDACs have been considered to be a component of the STAT5a-LSD1 complex, which demonstrates the possible activation of STAT5a in the early stages of B cell development (Nanou et al., 2017). In mature B cells, Bach2 recruits the HDAC3-NCoR1/NCoR2-Rif1 complex to repress Pdm1 transcription thus blocking the differentiation between B cells and plasma cells (Tanaka et al., 2016).

BCL6, a sequence-specific repressor of transcription, requires formation of complexes with specific HDACs. HDAC3, HDAC4, and HDAC9 have been found to be a corepressor of BCL6 (Lemercier et al., 2002; Pasqualucci et al., 2011; Gil et al., 2016). In the HDAC7 conditional deletion mice experiment, HDAC7 was deemed to control the pro-B cell to pre-B cell transition. In pro-B cells, the transcription factor ME2FC is complexed with HDAC7, which silences the lineage-inappropriate genes, ensuring the correct B cell differentiation (Barneda-Zahonero et al., 2015; Azagra et al., 2016). HDAC6 was also shown to be a controller of PD-L1 in B cells, regulating the immunogenicity (Powers et al., 2014). Selective HDAC6 inhibitors are considered to be a new target for immunotherapy, but the precise mechanism is needed for further investigation.



Evidence of HDACs in B Cell Lymphoma

In the pathogenesis of lymphoma, HDAC-BCL6 complexes are often aberrant in the transcription step. For instance, the germinal centers (GC) of B cells in CREBBP-regulated/active enhancers are negatively regulated through H3K27 deacetylation by the BCL6-SMRT-HDAC3 complex. In folicullar lymphoma (FL) and diffuse large B cell lymphoma (DLBCL), however, CREBBP mutations lead to unopposed deacetylation by BCL6-SMRT-HDAC3 at an enhancer of B cell signal transduction and expression of immune response genes, which results in lymphomagenesis (Pasqualucci et al., 2011; Jiang et al., 2017). In B-NHL cells, the abnormal expression of HDAC9-BCL6 complex may cause B-lymphoproliferative disorders. Overexpression of HDAC9 contributes to alter pathways involved in growth and survival, as well as modulation of BCL6 activity and p53 tumor suppressor function (Gil et al., 2016). HDAC4 plays a key role in suppressing oncogenes. Dysfunction of HDAC4 disrupts the complex with BCL6 and this may lead to induce uncontrolled proliferation, clonogenic potential, and decreased apoptosis (Lemercier et al., 2002; Sandhu et al., 2012). Targeting these HDACs might therefore have promising effect in B cell lymphoma therapies.



Application of HDACIs in B Cell Lymphoma


Vorinostat (SAHA)

Vorinostat, the first approved HDAC inhibitor, has been used in a phase II clinical trial for relapsed DLBCL therapies. But the overall response rate (ORR) was only 5.6%, which indicates that in single usage, vorinostat is limited (Crump et al., 2008). However, other clinical trials conducted using vorinostat as an FL treatment showed 8-times better ORRs of 47 and 49% (Kirschbaum et al., 2011; Ogura et al., 2014).

In the combination therapies vorinostat, combined with rituximab or R-CHOP in NHL patients, also showed enhanced effects, especially in DLBCL patients with an 81% ORR (Chen et al., 2015; Straus et al., 2015; Persky et al., 2018). A combination of R-ICE and vorinostat for relapsed or refractory NHL patients also had 70% ORR (Budde et al., 2013). Pre-clinical experiments showed that SAHA and topoisomerase inhibitors surprisingly defeated lymphoma cells, and this might be a new aspect for NHL therapies (Seo, 2015).



Belinostat (PXD101)

Similar to vorinostat, belinostat behaves poorly in monotherapies. A Phase II clinical trial showed that administration of belinostat to relapsed or refractory aggressive B-NHL patients resulted in only 10.5% ORR (Puvvada et al., 2016). This result terminated the research on monotherapies of belinostat in B cell lymphoma patients. Several combination therapies, however, are still in clinical trials, for example a trial in combination with carfilzomib, a proteasome inhibitor, is still ongoing (NCT02142530).



Chidamide

Chidamide Figure 2 is a selective HDAC class I inhibitor, and is now approved only in China (Ning et al., 2012). Its therapeutic effect in relapsed or refractory B-NHL is still being evaluated in clinical trials (NCT03245905 and NCT03410004).

Combination of chidamide with other chemotherapies have also been investigated in clinical trials. Such combinations include R-GDP (NCT03373019), vinorelbine, liposomal doxorubicin, dexamethasone and thalidomide (VDDT) (NCT02733380), dexamethasone and ICE (DICE) (NCT03105596), and R-CHOP (NCT03201471) in relapsed or refractory B-NHL. A clinical trial of R-CHOP combined with chidamide (NCT02753647) in untreated elderly DLBCL patients is progressing (Wang L. et al., 2020).



Mocetinostat

Mocetinostat Figure 2 is a selective HDAC I and IV inhibitor, which has been approved by FDA for use in cases of relapsed or refractory CTCL (Boumber et al., 2011). The effect of mocetinostat in a Phase II clinical trial showed low ORR in both DLBCL (18.9%) and FL (11.5%) (Batlevi et al., 2017). These results are similar to those from other HDAC inhibitors, whether selective or not, and show low ORR in B cell lymphoma patients. Therefore, HDACIs may significantly increase the therapeutic effects in combination with other chemotherapies. However, mocetinostat only been used with azacitidine (NCT00543582) in a clinical trial, and further research is necessary.



CXD101

CXD101 Figure 2 is a selective class I HDACs inhibitor, which is now undergoing phase I clinical trial to assess its tolerability, safety, pharmacokinetics and pharmacodynamics in advanced malignancies (NCT01977638). It has been hypothesized that selectively inhibiting class I HDACs could reduce the toxicity, which is brought by off target inhibition on class II HDACs. Preliminary result shows that, PXD101 has lower toxicity and higher tolerability than other non-selective inhibitor (Eyre et al., 2019).

Besides, CXD101 also test with the combination of pembrolizumab for R/R DLBCL treatment (NCT03873025), but no any other result has been reported.



Ricolinostat (ACY-1215)

Ricolinostat Figure 2 is the only HDAC6 selective inhibitor, which entered clinical trial for NHL therapies (NCT02091063). However, there is no any further development in single agent therapies for NHL.

Surprisingly, ricolinostat has synergizing effect combining with other drug or regimen. Such as ibrutinib (Amengual et al., 2017), carfilzomib (Dasmahapatra et al., 2014), bendamustine (Cosenza et al., 2017), and crizotinib (Liu et al., 2018) in DLBCL or MCL models. These combination therapies showed great potency toward DLBCL and MCL, but its efficacy in human is still under investigation.



Fimepinostat (CUDC-907)

Fimepinostat Figure 2, targeting HDAC and PI3K, is the first dual-target inhibitor that has been approved for R/R DLBCL treatment in clinical trials. Its phase I study shows fimepinostat has better tolerability, and lower toxicity than other FDA approved single target HDAC or PI3K inhibitor (Younes et al., 2016). Now the efficacy is evaluating in phase II clinical trial (NCT02909777).




Perspective

Single agents of HDACIs has low response in all types of BCL. However, the significantly synergizing effect with other drugs makes it worth to be developed, especially selective HDAC inhibitors. Class I HDAC inhibitor improved the tolerability and reduced the toxicity and HDAC6 inhibitor also showed promising effect in combination with other drugs even overcome the drug resistance. These results may encourage us to fully understand the mechanism and develop more specific selective HDACIs.

Furthermore, fimepinostat, the first-in-class dual target inhibitor for DLBCL therapies, successfully decrease the toxicity comparing to dose single target agent. This may also give us an inspiration to develop other dual-target inhibitor.




HODGKIN LYMPHOMAS


Introduction

One of the most curable cancer types, Hodgkin lymphoma (HL) is a type of B cell lymphoma, which has specific and unique characteristics. Hodgkin lymphoma was first been identified by Hodgkin in 1832 (Hodgkin, 1832). Subsequently, this lymphoma was named after him in 1865 by Wilks (Wilks, 1856). According to World Health organization (WHO), HL can be classified into two main types, classical Hodgkin lymphoma (cHL) and nodular lymphocyte-predominant Hodgkin lymphoma (NLPHL). cHL accounts for 95% of all HL patients and the remainder are NLPHL. In this review we will mainly focus on cHL (Stathis and Younes, 2015).

In cHL patients, mononuclear Hodgkin cells and multinucleated Reed-Stemberg (HRS) cells arise from monoclonal B lymphocytes in the germinal center of lymphoid tissue and effect the rearrangement of IgG genes (Diehl, 2007). According to statistics, around 40% of cHL patients are infected by Epstein-Barr virus (EBV) and 100% of patients are infected with the human immunodeficiency virus (HIV). The apoptosis of these abnormal cells was inhibited in a manner which correlates with the expression of NF-κB, Notch 1 and some other transcription factors (Re et al., 2005). Research shows that, CD30 surface receptors, a member of tumor necrosis factor (TNF) receptor superfamily, will be characteristically expressed in HRS cells. The expression of TNF receptors mediates various signaling pathways, including the activation of NF-κB (Dürkop et al., 1992; Duckett et al., 1997).

To date, around 80% of cHL patients can be cured after receiving radiation therapy and chemotherapy. Recently, early and advanced stages in cHL patients were treated with doxorubicin, bleomycin, vinblastine, and dacarbazine (ABVD) in a first line and combined with bleomycin, etoposide, adriamycin, cyclophosphamide, vincristine, procarbazine, and prednisone (BEACOPP) in a second line chemotherapy regimen. Although BEACOPP showed better overall survival rate than ABVD, its high acute toxicity makes ABVD more acceptable (Carde et al., 2016). Targeting CD30 on the other hand, is another strategy for cHL. In a combination with brentuximab vedotin and ABVD, it showed a promising therapeutic effect, but resulted in high pulmonary toxicity. By omitting bleomycin the toxicity was dramatically reduced, and this type of B-AVD therapy has become popular (Younes et al., 2013). For relapsed and refractory cHL patients, platinum- or gemcitabine-based therapies were used in a first line followed by autologous stem-cell transplantation, which can cure 60% of R/R cHL patients (Clavio et al., 2005). Nowadays, cHL is almost a curable disease, but delayed treatment-related toxicity may lead to second malignancies and cardiovascular disease (Armitage, 2010), and this has inspired a search for new therapeutic strategies.



Evidence of HDAC in Classical Hodgkin Lymphoma

As was mentioned previously, expression of abnormal HDACs has been found in both t cell and B cell lymphomas, which made it a promising therapeutic target. Because cHL is a type of B cell lymphoma, HDACs also are overexpressed in cHL. Research from Tzankov et al. shows that HDAC1, 2, and 3 are highly expressed in HRS cells. Interestingly, after treatment with HDACIs, the inhibition of HDAC1 inhibition in HRS cells leads to a poorer prognostic effect, for reasons that are still under investigation. Notwithstanding this, HDAC is still deemed a potent therapeutic target for cHL (Adams et al., 2010).



Application of HDACIs in Classical Hodgkin Lymphomas

Recently, several HDACIs Figure 2 have been tested against R/R cHL in clinical trials, including panobinostat (Younes et al., 2012), vorinostat (NCT00132028), givinostat (NCT00496431), resminostat (NCT01037478), mocetinostat (NCT00358982), abexinostat (NCT00724984, NCT01149668), ricolinostat (NCT02091063), entinostat (NCT00866333), and tinostamustine (NCT02576496). These HDACIs were used as single treatment which brought patients positive results. Comparison, however, with other target therapies, such as PD-1 antibodies or some immunomodulatory antibodies, showed that HDACIs give relatively low overall response rates and comparable progression-free survivals (Adams et al., 2010). Above all, HDACIs might not be suitable for cHL treatment. On the other hand, HDACIs have been reported to have the ability to alter cytokines, which may enhance the immune response (Oki et al., 2014). Downregulation of PD1 on t cell and upregulation of OX40 ligand in HRS cells can exhibit antitumor immunity through HDAC11 inhibition (Buglio et al., 2011). This makes HDAC a favorable enhancer in numerous combination therapies and a number of clinical trials are now in progress. For instance, panobinostat has been used with everolimus (NCT00918333), lenalidomide (NCT01460940), cytarabine (NCT01321346), and ICE (NCT01169636). Other HDACIs are also being tested in combination therapies, such as combination of vorinostat with lenalidomide (NCT01116154), alisertib (NCT01567709), R-CHOP (NCT00667615), or a combination of mocetinostat with azacitidine (NCT00543582) and brentuximab vedotin (NCT02429375). Although some preliminary results showed high efficacy, further evaluation is necessary.



Perspective

Similar to the role of HDACIs in BCL therapies, HDACIs are more like an enhancer in cHL therapies. It is certainly single dosage of HDACIs provided some positive result. However, other target therapies exhibited more potent in cHL therapies. In spite of that, HDACIs displayed dramatically increase of efficacy, when combined with other cHL therapies. Though, the clinical studies haven’t been completed yet, still give us some inspiration of HDACIs‘ character in cHL therapies.




TUMOR IMMUNITY REDUCTION

Tumor immunity escape is an important issue in cancer therapy. As cancer cells are known to be abnormal proliferating cells, they have a unique microenvironment with which they can evade the immune system. The programmed death ligand-1/programmed death-1 (PD-L1/PD-1) pathway, is at the root of the cancer cells’ tolerance to the immune system. PD-1 overexpression in the tumor microenvironment causes an immunosuppressive effect (He et al., 2015; Jiang et al., 2019). Research on melanoma tumor cells has found that the tumor immunity is utilized by the host immune system, instead of by the tumor itself, which means that one can reduce the tumor immunity by modulating the immune system. B7 is a protein family that is found on antigen presenting cells (APC), and can bind to t cells. B7-H1, one of the B7 family members also known as PD-L1, has been found to be abundant in cancer cells. PD-L1 can be induced by cytokines such as IFN-γ or IL-8, and these cytokines are produced by CD8 + t cells, and the tumor microenvironment can be considered as a pro-inflammatory condition. Thus, targeting CD8 + t cell could be a solution to reduction of tumor immunity (Dong and Chen, 2003; Harlin et al., 2009; Spranger et al., 2013).


Application of HDACIs to Tumor Immunity Reduction

As mentioned previously, HDACs play a crucial role in t cell regulation. In CD8 + t cells, the expression of PD1/PD-L1 has been shown through an inhibition assay by ACY241, a selective HDAC6 inhibitor to be positively controlled by HDAC6. Notably, HDACs other than HDAC6 are important in the CD8 + t cell immune response pathway (Yu et al., 2002; Adcock, 2007). Therefore, several HDACIs have been examined for their ability to reduce the tumor immunity (Bae et al., 2018).

Vorinostat and panobinostat have been used with immune cell stimulating antibodies in renal and colon carcinomas, and showed a surprising effect in inhibition of tumor growth (Christiansen et al., 2011). The selective HDAC inhibitor, entinostat, combined with IL-2 is also effective in a renal cell carcinoma mice model (Kato et al., 2007). Besides conventional HDAC inhibitors, some new compounds were synthesized for this kind of HDAC mediated immunotherapy (Vo et al., 2009). A novel HDAC and HSP90 dual inhibitor also causes downregulation of PD-L1 expression (Mehndiratta et al., 2020). These results are still in pre-clinical stages, but they provide a new aspect in immunotherapies.




CONCLUSION

Lymphomas are a group of hematopoietic malignancies with complex pathogenesis and which easily relapse. Thus, new therapeutic targets are necessary. As HDAC being an important character in epigenetic modulation, HDACIs have been approved for the treatment of several cancers. These HDACIs also show high potency in treatment of lymphomas. In T cell lymphoma, single usage of HDACIs shows promising results and combination of HDACIs with conventional chemotherapies showed a synergistic effect comparable to that from a single dosage. However, in B cell lymphoma and Hodgkin lymphoma, single usage of HDACIs, shows low overall response rates, which means it may be unsuitable for both B cell lymphoma and Hodgkin lymphoma. Fortunately, when combined with chemotherapies or other targeting therapies, the therapeutic effect was surprisingly enhanced. In some of the cases, the overall response rate was increased to more than 80%. This result inspired us to focus on the character of HDACIs in combination therapies. We concluded that in studies of the role of HDACs in T cells and tumor immunity expression, HDACIs might act as an enhancer, which can reduce the tumor immunity, thereby increasing the drugs’ therapeutic effects. According to the information gained from B cell lymphoma and Hodgkin lymphoma treatments, we predict that HDACIs can not only arrest the cell cycle and trigger apoptosis, but modulate the t cell function in order to reduce tumor immunity. Indeed, there is some research in this area but still the precise mechanism should be clarified. Noticeably, HDACIs can both reduce the production of cytokines and lower the expression of PD-1. The modulation of HDACs by these two actions is already known, but their influence on the therapeutic effects remains unknown and further investigation is needed. HDACIs are still potent and prospectively useful either in immunotherapies or target therapies. We hope that HDACIs may lead us to cures for cancer in the future.
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Chemotherapy is one of the most established and effective treatments for almost all types of cancer. However, the elevated toxicity due to the non-tumor-associated effects, development of secondary malignancies, infertility, radiation-induced fibrosis and resistance to treatment limit the effectiveness and safety of treatment. In addition, these multiple factors significantly impact quality of life. Over the last decades, our increased understanding of cancer epigenetics has led to new therapeutic approaches and the promise of improved patient outcomes. Epigenetic alterations are commonly found in cancer, especially the increased expression and activity of histone deacetylases (HDACs). Dysregulation of HDACs are critical to the development and progression of the majority of tumors. Hence, HDACs inhibitors (HDACis) were developed and now represent a very promising treatment strategy. The use of HDACis as monotherapy has shown very positive pre-clinical results, but clinical trials have had only limited success. However, combinatorial regimens with other cancer drugs have shown synergistic effects both in pre-clinical and clinical studies. At the same time, these combinations have enhanced the efficacy, reduced the toxicity and tumor resistance to therapy. In this review, we will examine examples of HDACis used in combination with other cancer drugs and highlight the synergistic effects observed in recent preclinical and clinical studies.
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INTRODUCTION

The role of epigenetics was first described as an essential mechanism for normal cell function. Later, epigenetic disruptions were found to promote malignant cellular transformation leading to cancer (Choi et al., 2001; Ashraf et al., 2006; Adams et al., 2010). Traditionally, cancer is considered a multistep process in which transformational events are mainly associated with genetic changes in oncogenes and tumor suppressor genes (Hanahan and Weinberg, 2011). We now know that cancer initiation and progression involves substantial epigenetic abnormalities along with other genetic alterations (Baylin and Jones, 2011; Sandoval and Esteller, 2012). Changes in the mechanisms of DNA methylation, histone modifications or small non-coding microRNAs (miRNA) are considered now as hallmarks of cancer. Understanding the epigenetic landscape of tumors constitutes a promising research area both in terms of understanding the molecular mechanism involved in tumor development and the identification of novel targets for new and combinational therapies.

Unlike genetic alterations, epigenetic changes in cancer are reversible. Such changes can be exploited as cancer epigenetic biomarkers for use in the development and evaluation of epigenetic drugs for cancer therapy. One of the promising epigenetic drugs is histone deacetylases inhibitors (HDACis). Currently, there are many preclinical studies and clinical trials testing the efficacy, toxicity and utility of different HDACis both as monotherapies and in combination with other therapies.

Histone deacetylases inhibitors, as single agents, have been shown to be effective in preclinical studies involving a wide range of molecular and biological responses in both hematological and solid tumors. In general, HDACis as monotherapy are well-tolerated and are not toxic to normal tissues in preclinical models. However, HDACis as monotherapy have had limited success in clinical trials showing only modest anti-tumor effects, especially in solid tumors, and have caused secondary effects (Munster et al., 2009). These disadvantages could be resolved, at least in part, by combining HDACis with other anticancer drugs. This strategy appears to substantially improve the conventional treatment effect in many cancer studies because of synergistic or additive antitumor effects. HDACis in combination enhance the therapeutic efficacy with respect to their effect as a monotherapy both in preclinical and clinical trials. Additionally, different combinations have shown fewer adverse effects especially in selective HDACis.



HISTONE DEACETYLASES: AN OVERVIEW

Histone deacetylases (HDACs) are a family of enzymes grouped into four classes in humans based on their homology to yeast HDACs analogs. The four classes are different in cellular localization, structure, mechanism of catalysis and expression patterns (Haberland et al., 2009) (Table 1). Class I HDACs include HDAC1, HDAC2, HDAC3, and HDAC8 enzymes located in the nucleus. Class II HDACs include HDAC4, HDAC5, HDAC6, HDAC7, HDAC9 and HDAC10 enzymes, which are located both in the nucleus and cytoplasm. Class II HDACs comprises HDACs 4, 5, 6, 7, 9, and 10 and are subdivided into Class IIA (HDAC4, HDAC5, HDAC7, and HDAC9) and Class IIB (HDAC6 and HDAC10) (Haberland et al., 2009). Class III, also called Sirtuins, include seven members of the Sirtuin HDACs from Sirtuins 1 to 7 that are located in nucleus, cytoplasm and mitochondria. Class IV is represented by HDAC11 (Haberland et al., 2009). HDACs class I, II and IV require Zinc-dependent catalysis as cofactors for their enzymatic activity and HDACs class III or Sirtuins required nicotinamide adenine dinucleotide (NAD)-dependent (Park and Kim, 2020).


TABLE 1. HDACs family members.
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The main physiological function of HDACs is to maintain the steady-state level of lysine acetylation level of histone and non-histone proteins. HDACs are considered as the erasers of the acetyl group, while the histone acetyltransferases (HATs) are the writers. Balanced acetylation and deacetylation levels are controlled by the opposite activity of HDACs and HATs: HDACs are capable of removing acetyl groups from histone tail and induce a chromatin compaction; HATs induce relaxed chromatin by transferring an acetyl group from acetyl CoA to form ε-N-acetyl lysine. Chromatin condensation and relaxation equilibrium occurs across the whole genome, although control of the expression of a small subset of genes can occur in specific areas of the genome when a particular HDAC and HAT balance is modified. HDACs play several important roles in aspects of cancer development including tumor cell proliferation, metastasis, angiogenesis, resistance to apoptosis and alteration of the cell cycle (Figure 1). However, further studies are required to identify the specific HDACs substrates associated with these functions.
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FIGURE 1. Hallmarks of cancer cell biology in which histone deacetylases (HDACs) are involved. Figure created with BioRender.com.


Histone deacetylases maintain steady-state acetylation levels, which allows them to play an important role in various physiological cellular functions, including differentiation, angiogenesis and metabolism (Kim et al., 2001; Fajas et al., 2002; Knutson et al., 2008). Consequently, HDACs imbalance will promote molecular changes that can influence health. Abnormal activity of HDACs has been implicated in different human diseases such as nervous system (McFarland et al., 2012), cardiovascular (Thal et al., 2012; Xu et al., 2013) and inflammatory diseases (Kim et al., 2012; Zhang et al., 2017b), and in cancer disease where their role has been explored extensively.

Alteration of HDACs activity has been associated with many types of solid tumors and hematological malignancies (Choi et al., 2001; Ashraf et al., 2006; Adams et al., 2010). The mechanisms by which HDACs contribute to cancer are diverse. In most tumors, aberrant expression of HDACs promotes oncogenic signaling by silencing tumor suppressor genes transcription or by the alteration of key target genes expression that regulate oncogenic pathways (Luo et al., 2000; Siddiqui et al., 2003; Cras et al., 2007; Godman et al., 2008; Feng et al., 2013), which are more often associated with poor outcomes in patients. For example, overexpressed of HDAC8 in neuroblastoma, cervical cancer and esophageal squamous cell carcinoma has been significantly correlated with poor prognosis in patients (Oehme et al., 2009; Vanaja et al., 2018). Many cancer cells lines, such as colon, prostate, ovarian and breast, strongly express HDAC11, which control viability and metabolic activity (Deubzer et al., 2013). Moreover, HDAC11 regulates cell cycle, apoptosis and survival in neuroblastoma cells lines (Thole et al., 2017). It has been also described that HDAC8 overexpression promotes proliferation in lung, colon, cervical cancer cells (Vannini et al., 2004) and in hepatocellular carcinoma (Wu et al., 2013). In human breast cancer cell lines overexpression of HDAC1, HDAC6, or HDAC8 contributes to increased invasion via increased metalloproteinase-9 (MMP-9) expression (Park et al., 2011). Furthermore, HDAC6 and HDAC8 was found to regulate cancer cell migration and invasion via α-tubulin acetylation (Wickstrom et al., 2010; Vanaja et al., 2018).

Several studies have reported a tumor suppressor role for some HDACs. For example, HDAC10 expression was found to suppresses cervical cancer cells metastasis through inhibition of matrix metalloproteinase 2 and 9 (Song et al., 2013). In contrast, low HDAC10 expression is associated with poor prognosis in lung and gastric cancer patients (Osada et al., 2004; Jin et al., 2014). Moreover, low expression of HDAC1 has been correlated with poor clinical outcomes such as metastasis and advanced stages (Chaiyawat et al., 2018) in osteosarcoma. Likewise, low HDAC3, HDAC7 and HDAC9 expressions has been associated with poor prognosis and survival in childhood acute lymphoblastic leukemia (ALL) (Moreno et al., 2010). In this study, it was shown that all the three HDACs are a promising therapeutic target for the treatment of refractory childhood ALL, although it is not clear whether an individual HDAC is more important over the others in the development of malignancy and in response to treatment.

Some studies have reported that the loss of expression and activity of certain HDACs is due somatic mutations associated with tumorigenic effects. For instance, Ropero et al. (2006), found somatic mutations of the HDAC2 gene in carcinomas with microsatellite instability caused a loss of HDAC2 protein expression which made the cells more resistance to HDACis. Additionally, Stark and Hayward described that homozygous deletions of HDAC4 in melanomas (Stark and Hayward, 2007) and Taylor et al. (2011) identified somatic mutations in HDAC1 in 8.3% of dedifferentiated liposarcoma.

The activity of HDACs often requires the formation of a complex among with different HDACs incorporated with Sin3, NuRD (nucleosome remodeling and deacetylation), CoREST (co-repressor for element-1- silencing transcription factor), SMRT (silencing mediator of retinoid and thyroid receptors) and NCoR (nuclear receptor co-repressor) co-repressor complexes (Haberland et al., 2009). Usually in cancer, HDACs are characterized by an aberrant recruitment to these complexes. Furthermore, these co-repressor complexes can be recruited by oncogenic fusion proteins to drive tumorigenesis. For instance, in acute myeloid leukemia PML-RARα, PLZF-RARα, or AML1-ETO oncogenic fusion proteins recruit and bind to HDAC complexes increasing co-repressor activity (Gelmetti et al., 1998; Grignani et al., 1998). In Ewing sarcoma, the oncogenic fusion EWSR1-FLI1 binds to NuRD complex containing HDAC2 and HDAC3 proteins which are considered a chromatin remodeling complex that leads to the repression of gene expression (Sankar et al., 2016). The EWSR1-FLI1 fusion which regulates gene repression was reverted by HDACis leading to inhibition of histone demethylase LSD1, another NuRD complex protein. The inhibition of the formation of this complex was found to affect numerous genes including well-known target genes like CAV1, NKX2.2 (Sankar et al., 2014) and subsequently enhance the anticancer efficacy.



HDACis TREATMENT TO ENHANCE THE ANTICANCER EFFICACY

The development of HDACis has improved our understanding of the molecular events that sustain the biological function of HDACs. The increased sensitivity of cancer cells to HDACis is due to the overexpression of specific HDAC isoform or group of HDACs in cancer cells. Accordingly, the altered activity or expression of the HDACs render them more sensitive to the inhibition of HDAC and subsequent induction of growth arrest, differentiation inhibition and cell death (Kim and Bae, 2011), leaving normal tissue cells unaltered. This ability to modulate gene expression via changes in acetylation status in a reversible manner place HDACs as an attractive target for the treatment of numerous cancers. Knowing which HDAC is expressed in which cancer and at what defined histopathological stage is therefore essential.

Many types of HDACis have been developed, which can be divided into different groups according to their chemical structures. HDACis can be structurally grouped into at least five classes: hydroxamates, cyclic peptides, short chain fatty (aliphatic) acids, benzamides, and sirtuin inhibitors (Kim and Bae, 2011; Eckschlager et al., 2017) (Table 2). Hydroxamates compounds are the most widely explored HDACi in preclinical and clinical studies. These molecules have been developed with a distinct chemical structure consisting of a zinc chelating group, a spacer group and an enzyme binding group that confers specificity, efficiency, and the compound’s pharmacokinetic properties (Finnin et al., 1999; Mottamal et al., 2015). Depending on its ability to inhibit HDAC classes, HDACis are classified as pan-HDAC inhibitors (pan-HDACis) that act on all HDAC classes (not including sirtuins), and selective HDAC inhibitors, that target a specific HDAC (Ceccacci and Minucci, 2016).


TABLE 2. Summary of chemical structures and selectivity profiles of HDAC inhibitors.
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To date, pan-HDACis have been more widely studied and used rather than selective HDACis. pan-HDACi usage started in 2006 for the treatment of different types of cancers like cutaneous T-cell lymphoma (CTCL), peripheral T-cell lymphoma or multiple myeloma (Halsall and Turner, 2016). Suberoylanilide hydroxamic acid (SAHA; Vorinostat) and Trichostatin A were first generation of HDACis. In fact, SAHA was the first approved pan-HDACis by Food and Drug Administration (FDA) for the treatment of relapsed and refractory cutaneous T-cell lymphoma (CTCL) (Gryder et al., 2012; Eckschlager et al., 2017). Following the successful results with SAHA, many other HDACis have been approved for the clinical treatment in various hematological tumors such as romidepsin or belinostat. Unfortunately, hematological tumor cells have developed drug resistance to HDACis, which promoted the regeneration and maintenance of the malignant phenotype (Wang et al., 2020). The molecular basis for drug resistance by HDACis is still unclear, although drug efflux, chromatin alteration, upregulation of oxidative stress response mechanism, defects or upregulation in apoptotic pathways have been implicated (Wang et al., 2020). Although pan-HDACis are currently approved by FDA, only limited success was achieved when used as single agents against solid tumors in clinical trials compared to the hematological malignancies. In addition, pan-HDACis cause secondary effects such as thrombocytopenia, nausea, vomiting, anorexia, and fatigue (Munster et al., 2009).

Whilst the use of pan-HDACis is relatively successful in clinical applications, the combining of HDACis with other anti-tumor drugs is now considered a major breakthrough in the treatment of both hematological and solid tumors. Recent evidence shows that combinations of HDACis with other antitumor agents increase therapeutic efficacy and decrease toxicity (Munster et al., 2009). Moreover, many studies have described their synergistic effect with different types of drugs such as topoisomerase inhibitors, PARP inhibitors, proteasome inhibitors, radiotherapy, antimetabolites, mTOR inhibitors or monoclonal antibodies amongst others. This has enabled HDACis combinational therapy to be considered as a new therapeutic strategy against solid cancers and/or drug-resistant cancers.

Combining HDACis with other anti-tumor agents may thus be a strategy to achieve their high therapeutic potential. However, side effects and toxicities from pan-HDACis still exist, which is hindering their progress in the clinic. Hence, current research efforts are focused on developing selective HDACis to reduce toxicity and thereby to overcome any adverse consequences caused by off-target effects. Although there are currently few clinical trials with selective HDACis, the results to date have been positive.



PAN-HDACis IN COMBINATION

The use of pan-HDACis in cancer has increased considerably in the last few years. A large number of HDACis have been synthetized and tested as antitumor agents in preclinical research or in clinical trials. The following sections describe the studies performed with HDACis, focusing mainly on those synergistic combinations that have improved cancer treatment in preclinical and clinical trials over the last 5 years (Table 3).


TABLE 3. Summary of studies evaluating pan-HDAC inhibitors in combination with other antitumor drugs.
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Pan-HDACis in Combination With Alkylating Agents

Alkylating agents are used in standard cancer treatments that result in elevated toxicity to normal tissues due to the high used doses. For this reason, several preclinical studies have been conducted over the past 5 years in which these anticancer agents have used lower doses combined with HDACis to reduce toxicity. Currently, preclinical studies have shown greater efficacy when cells were pretreated with HDACis prior to exposure to DNA damaging agents (Suraweera et al., 2018). Based on this treatment strategy, combination therapies with HDACis and alkylating agents as topoisomerase II inhibitors have led to higher nuclear topoisomerase II inhibition accumulation, increased DNA damage, growth inhibition and cell death (Suraweera et al., 2018). In general, the molecular mechanism of HDACis sensitizing cancer cell to DNA damaging agents includes both a mechanistic action by inducing chromatin relaxation and increased accessibility to the exposed DNA and increased binding of transcription factor to reactivate the transcription of proapoptotic genes.

Pan-HDACis reduce tumor growth by inhibiting cancer cell proliferation. For instance, SAHA, combined with cisplatin, was considered as a potential treatment for larynx cancer cells due to the synergistic effect on cell proliferation inhibition (Grabarska et al., 2017). Also, SAHA and TSA was found to synergize with cisplatin in different tumor types, including cholangiocarcinoma cells, inducing cell growth inhibition (Asgar et al., 2016). Furthermore, the effect of cisplatin combined with SAHA or VPA on different cell lines of lung cancer results in synergistic response (Gumbarewicz et al., 2016). For example, SAHA was shown to suppressed cell growth of small-cell lung cancer (SCLC) by causing cell cycle arrest, and, in combination with cisplatin, significantly reduce the expression of Notch1. This is likely beneficial for this particular cancer type where oncogenic Notch1 signaling clearly plays an important role (Wawruszak et al., 2019).

More recently, a specific class I and II HDACi ITF2357 (Givinostat) was shown to induce mitochondrial apoptosis by increasing pro-apoptotic BH3 proteins and a caspases-dependent mechanism (Di Martile et al., 2018). Givinostat combined with doxorubicin (a dual topoisomerase inhibitor I and II and DNA damage agent) has shown significant potential in improving sensitization in different preclinical models of sarcoma such as osteosarcoma, liposarcoma, synovial sarcoma, rhabdomyosarcoma, leiomyosarcoma, or fibrosarcoma (Di Martile et al., 2018).

Histone deacetylases inhibitors can act as potentiators of the cytotoxicity generated by anthracycline-type topoisomerase (topo) II inhibitors (Munster et al., 2009). Following successful preclinical studies, a number of trials have been conducted in patients. For instance, promising results were obtained by combining SAHA and doxorubicin in patients with relapsed or refractory multiple myeloma (NCT00744354) or advanced/refractory lymphoma (NCT00785798) (Suraweera et al., 2018). Another alkylating agent used in solid cancers (e.g., small cell lung cancer) is etoposide; both etoposide or cisplatin have been used in combination with belinostat (PXD101), a hydroxamic acid- type HDACi approved by the FDA, to enhance their efficacy in clinical trial phase I (NCT00926640) (Balasubramaniam et al., 2018). Belinostat is well-tolerated and its combination with conventional cancer therapies has identified no further bone marrow toxicity. This has enabled the use of belinostat in several Phase I/II clinical trials in both hematological cancers and solid tumors such as ovarian cancer, multiple myeloma, adult acute myeloid leukemia and bladder cancer.

Some clinical studies have not had the same outcome. For example, a phase I/II study in patients with advanced stage diffuse large B-cell lymphoma (NCT00972478), in which SAHA was combined with Rituximab-CHOP (treatment based in vincristine and prednisone, a DNA damage inductor and a DNA synthesis inhibitor respectively) showed increased toxicity, particularly neutropenia and sepsis (Persky et al., 2018). A phase II study in patients with carcinoma of unknown primary origin (NCT00873119) showed that the addition of belinostat to paclitaxel/carboplatin did not improve the progression-free survival (PFS) (Hainsworth et al., 2015). Furthermore, a phase I/II trial using a combination of belinostat and doxorubicin in soft tissue sarcoma (NCT00878800) did not provide clear evidence of synergy (Vitfell-Rasmussen et al., 2016). These contrary results might be explained by mechanisms of anticancer effects of HDACis not being identical, and it is also possible that in combinational therapy one drug may interfere or modulate the mode of action of the other (Santoro et al., 2016). Although HDACis in combination with DNA damaging agents have shown promising results in certain types of cancer, only very limited positive outcomes have been identified in others. This depends on the cancer type and the HDACi-drug combinatorial regimes. The understanding of the combination mechanism using relevant preclinical models should improve the selection of the most appropriate combination for specific type of cancer. Also, understanding the mechanistic reasons for unexpected trial results is necessary in order to inform improved rationales for combining HDACis with cytotoxic drugs.



Pan-HDACis in Combination With Proteasome Inhibitors

The high proliferation of cancer cells requires an elevated protein synthesis rate; this makes them highly dependent on the ubiquitin-proteasome system and, therefore, more susceptible to proteasome inhibitors (Goldberg, 2007). Following this reasoning, preclinical and clinical studies have been performed. In fact, the combined treatment SAHA and a proteasome inhibitor, bortezomib, enhances the antitumor effects and immune properties of cervical cancer cells, both in vitro and in vivo (Huang et al., 2015). Furthermore, synergistic effect was observed when bortezomib and dexamethasone were combined with panobinostat in a Phase III (NCT01023308) trial for multiple myeloma patients. This combination worked due to the panobinostat action on different epigenetic and protein metabolism pathways reducing the resistance of tumors in these patients to the treatment of proteasome inhibitors (Richardson et al., 2016). These results paved the way for other studies such as a phase I study (NCT01549431) in patients with relapsed or refractory multiple myeloma (RRMM) which has responded positively to the panobinostat as pan-HDACi that exerts activity on class I, II and IV HDACs combined with carfilzomib, a proteasome inhibitor (Kaufman et al., 2019). In contrast, a modest response was obtained in phase I study (NCT01276717) conducted with a combination of proteasome inhibitor carfilzomib and vorinostat in patients with relapsed or refractory B-cell lymphomas (Holkova et al., 2016). While, carfilzomib with Panobinostat combination is safe and effective in RRMM patients, future trials should explore the molecular mechanism of this combination with different doses in order to optimize treatment tolerability and enhance efficacy.



Pan-HDACis in Combination With Tyrosine Kinase Pathway Inhibitors

Tyrosine kinases are involved in multiple signaling pathways regulating a multitude of biological cell functions. Deregulation of tyrosine kinases are closely associated with cancer development and progression, driving the development of many tyrosine kinase inhibitors.

The multityrosine kinase inhibitor of vascular endothelial growth factor receptor (VEGFR), and other growth factor receptors drugs, have shown significant clinical efficacy in multiple tumor types, although different cancers will readily develop resistance against it. To reduce this resistance, a study in phase I focused on patients with advanced solid tumor malignancies, and used a combination of pazopanib with pan-HDACi abexinostat (PCI24781) (NCT01543763) which resulted in a synergistic effect (Aggarwal et al., 2017). Several mechanisms can be associated with this positive effect, although abexinostat inducing the downregulation of HIF-1α protein expression is one of the more plausible mechanisms that can directly regulate VEGF expression. In this clinical trial is was not clear which HDAC or class of HDACs are involved in regulating VEGF-driven expression in tumors (Aggarwal et al., 2017).

Preclinical studies also reported a synergistic effect between HDACis and tyrosine kinase inhibitors. Both mTOR and its pathway are relevant in cancer studies. It has been shown that mTOR inhibitors exert only cytostatic effects in some NF1-associated malignancies (Malone et al., 2017). The Vorinostat/Sapanisertib combination was identified as a promising drug combination that kills NF1-mutant nervous system malignancies as well as NF1- and KRAS-mutant lung cancers. This combination triggered irresolvable oxidative stress in NF1-mutant malignancies in vitro and in vivo, but did not kill normal cells and was not toxic to mice in vivo (Malone et al., 2017). Moreover, another inhibitor of mTOR pathway, ridaforolimus, has been used combined with vorinostat in a phase I study of advanced renal cell carcinoma and other solid tumors (Zibelman et al., 2015). The combination was tolerated by patients in phase II and the possible mechanism shown to involve the downregulation of various cell cycle regulators such as pAkt and HIF-1α expression. Furthermore, tyrosine kinases such as WEE1 and CDKs are implicated in many signaling pathways. WEE1 is a kinase that has been linked to G2/M arrest and drugs cytotoxic action (Mackintosh et al., 2013). A preclinical study showed a synergistic effect between vorinostat and AZD1775 (WEE1 inhibitor) in vitro and in vivo in head and neck squamous tumor cells expressing high-risk mutant p53 (Tanaka et al., 2017). The combined effect of quisinostat (pan-HDACi) and flavopiridol (CDKi) was a promising therapeutic strategy for both cutaneous and uveal metastatic melanoma (Heijkants et al., 2018). In vitro results showed a synergistic reduction of cell proliferation and a cell death increase in uveal melanoma cell lines. Moreover, quisinostat and flavopiridol effectively reduced tumor growth in vivo, in a patient-derived xenograft model of cutaneous melanoma (Heijkants et al., 2018). This study suggested further investigation of the quisinostat and flavopiridol combination in the clinic was warranted since melanoma patients generally have limited therapeutic options and both drugs are already in clinical trials.



Pan-HDACis in Combination With Radiotherapy

Radiotherapy remains one of the most common treatments for cancer. The therapy causes double-stranded DNA breaks that induce cell death. The capacity of tumor cells to repair radiation-induced DNA damage can be decreased by HDACis, by affecting DNA damage signaling and repair pathways (NHEJ and HR) (Groselj et al., 2013). Therefore, combining HDACis and radiotherapy has gained traction in cancer clinical trials. A study in phase I in patients with relapsed or refractory neuroblastoma showed that vorinostat combined with a radiosensitizer such as 131I-Metaiodobenzylguanidine (131I-MIBG) was well-tolerated by patients (NCT01019850) (DuBois et al., 2015). Similarly, vorinostat in combination with chemoradiation therapy in phase I trial of neck squamous cell carcinoma patients was found to be safe and highly effective (Teknos et al., 2019). Preclinical studies using SAHA combined with radiation have demonstrated an increase in tumor radiosensitivity in vitro and in vivo and a subsequent induction of apoptotic response in, for example, pancreatic adenocarcinoma cancer cell lines (Moertl et al., 2019). Another pan-HDACi, panobinostat were tested in a bladder cancer xenograft model and shown to be an efficient tumor radiosensitizer with no increased toxicity (Groselj et al., 2018). In this preclinical study, HDACi induced radiosensitization effects were associated with the DNA repair MRE11-RAD50-NBS1 (MRN) complex, which is known to be regulated primarily by HDAC class I enzymes.



Pan-HDACis in Combination With Other Epigenetic Drugs

Epigenetic mechanisms are somewhat interlinked and inter-dependent. For example, HDACs and LSD1/KDM1A play important roles in regulating this interaction and, as a consequence, have emerged as promising therapeutic targets (Ning et al., 2016). Here, a combination of different epigenetic drugs may enhance efficacy. For example, the combination of a LSD1 inhibitor (HCI-2509) and SAHA exhibited a synergistic inhibition on tumor growth and enhanced apoptosis in Ewing sarcoma cell lines and in patient-derived xenograft mouse models (Garcia-Dominguez et al., 2018). Similarly, another combination of Ex917 (LSD1 inhibitor) and SAHA reported a synergistic induction on cell death in rhabdomyosarcoma cells (Haydn et al., 2017).

An alternative approach under examination is the use of DNA methyltransferase inhibitors (DNMTis) and HDACis combinations. Both DNMTs and HDACs silence gene expression, so their inhibition can be used to enhance tumor suppressor gene expression in various malignancies. Combination of 5-azacytidine (DNMTi) and butyrate (HDACi) efficiently blocked mammary tumorigenesis and reduced the tumorosphere-forming potential of tumor-propagating cells in vitro by reactivating the relevant tumor suppressor genes (Pathania et al., 2016). In addition, a very small scale clinical trial with two patients for relapsed or elderly secondary myelodysplastic syndrome and acute myeloid leukemia, investigated treatment with decitabine (DNMTi) and vorinostat (HDACi). This combination therapy achieved stabilization of marrow disease, outpatient palliation, and family-reported reasonable quality of life (Glasser et al., 2017). A combination of different HDACis/DNMTis could be beneficial in high-risk multiple myeloma patients. The authors developed a score for the prediction of primary multiple myeloma cell sensitivity to HDACi/DNMTi (TSA/decitabine and vorinostat/5-azacitidine) (Bruyer et al., 2018), which could be used in follow-up studies.



Pan-HDACis in Combination With Immunotherapy

In the last few years, immune checkpoint inhibitors (ICIs) such as anti–programmed cell death protein 1 (anti-PD-1) and anti-programmed cell death ligand 1 (anti-PD-L1) have been developed. Due to the relevance of HDAC/HAT pathways in regulating the immune system, HDACis have been considered as immunomodulatory agents (Banik et al., 2019), thus they have been combined with ICIs. Pembrolizumab (an anti-PD1 inhibitor) with vorinostat was well-tolerated in advanced/metastatic non-small cell lung cancer and anti-tumor activity was demonstrated (Gray et al., 2019). Another combination strategy is the use of antibodies, anti-PD-1 or anti-CTLA-4. The novel HDACi, OKI-179 which inhibits class I, IIb and IV HDACs, sensitized resistant lymphoma cells to anti-PD1 in vitro (Wang et al., 2019). The results from combined OKI-179/anti-PD1 antibody treatment in lymphomas showed a synergistic effect compared with more limited effects in monotherapy (Wang et al., 2019). Moreover, the results obtained previously with anti-CTLA-4 antibody use in patients with advanced hepatocellular carcinoma (Duffy et al., 2017) encouraged the use of a combination of anti-CTLA-4 and anti-PD-1 antibodies with the pan-HDACi, belinostat (Llopiz et al., 2019). These combinations were shown to potentiate the already known efficacy of these antibodies by reducing tumor volume and improving their immune functions in a murine hepatocellular carcinoma model (Llopiz et al., 2019). A similar study used a triple combination with vorinostat/anti-CTLA-4/anti-PD-1 in the triple-negative 4T1 breast cancer mouse mode (Terranova-Barberio et al., 2017b). The synergistic interaction of the three drugs resulted in a significant increase in survival and anti-tumor activity in established mouse breast cancer allografts (Terranova-Barberio et al., 2017b).




SELECTIVE HDACi IN COMBINATION

The intention behind the relatively recent development of specific-HDACis is to improve efficiency and broaden the therapeutic window whilst reducing the adverse effects such as thrombopenia, neutropenia, diarrhea, nausea, vomiting, and fatigue that are associated with pan-HDAC inhibition (Munster et al., 2009; Parbin et al., 2014). This section describes the studies that have used selective HDACis over the last 5 years in both preclinical and clinical trials (Table 4).


TABLE 4. Summary of studies evaluating selective HDACs inhibitors in combination with other antitumor drugs.
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Selective HDACis in Combination With Alkylating Agents

Combinations of selective HDACis with different alkylating agents have shown synergistic antitumor effects. A selective HDAC6 inhibitor, ricolinostat (ACY-1215) has been combined in different tumors in preclinical studies. Ricolinostat and Bendamustine combination promoted a higher apoptosis induction than when drugs were used as single agents in lymphoma cell lines (Cosenza et al., 2017). The same effects were observed in colorectal cell lines combining ricolinostat with oxaliplatin (Lee et al., 2018). A novel selective HDACi, CS055 (Chidamide) was combined with doxorubicin in peripheral T-cell lymphoma cell lines (PTCL) in a preclinical study that identified a synergistic antitumor effect when this combination was used to treat PTCL cell lines (Zhang et al., 2017a).

Nicotinamide and LC-0296 are selective class III HDAC inhibitors or Sirtuins. The combination of nicotinamide (SIRT1 inhibitor) and doxorubicin increased the inhibition of cell proliferation and apoptosis and reduced resistance to treatment in breast cancer cells (Wei et al., 2019). A novel Sirtuin-3 inhibitor, LC-0296, was developed and its effect studied in head and neck cancer cells. This preclinical study showed how this HDACi inhibited cell survival and proliferation and promoted apoptosis both in monotherapy and in combination with cisplatin despite the resistance of this cancer cells to the alkylating agent described (Alhazzazi et al., 2016). Furthermore, the selective Sirt1 inhibitor the indole EX-527 shows a significant effect in distinct types of cancer, as monotherapy or combined to cancer drugs. However, the efficacy of this Sirt1 inhibitor requires further investigation and subsequent review (Rifai et al., 2018).



Selective HDACis in Combination With Proteasome Inhibitors

Preclinical studies in multiple myeloma conducted prior to the last 5 years (Hideshima et al., 2005) have encouraged exploration of different combinations based on selective HDACis and proteasome inhibitors.

Ricolinostat was combined with bortezomib and dexamethasone for relapsed or refractory multiple myeloma. The selective inhibition of HDAC6 combined with this proteasome inhibitor triggered dual blockade of aggresomal and proteasomal degradation of protein, and therefore synergistic multiple myeloma cell death (Vogl et al., 2017). Similar results were obtained with the same combination in vitro and in vivo, which caused a significant delay in tumor growth and prolonged overall survival in a xenograft mice model (Amengual et al., 2015). Ricolinostat had also been combined with carfilzomib promoting synergistic anti−multiple myeloma effects, even in bortezomib−resistant cells. A decrease in tumor volume associated with apoptosis in an in vivo mouse xenograft was also demonstrated (Mishima et al., 2015). In addition, a novel selective-HDAC6 inhibitor, MPT0G413, was evaluated, in vitro and in vivo, in combination with bortezomib. This showed a synergistic inhibition of multiple myeloma tumor cell viability (Huang et al., 2019). All available preclinical studies have supported clinical trials in multiple myeloma patients with the ACY-1215 and bortezomib combination (NCT01323751).



Selective HDACis in Combination With Tyrosine Kinase Pathway Inhibitors

Sirtinol and AGK2 are two selective inhibitors of SIRT2. These inhibitors were combined with dichloroacetate acid (DCA), a pyruvate dehydrogenase kinase inhibitor in a preclinical study in lung cancer cells (Ma et al., 2018). Both combinations showed a synergistic effect in proliferation inhibition and apoptosis induction in vitro, and a reduction of tumor volume in mice (Ma et al., 2018). In addition, the combination Sirtinol/AGK2/DCA enhanced synergistically all the effects describe previously in vitro and in vivo (Ma et al., 2018).

Tenovin-6, an inhibitor of both SIRT1 and SIRT2, in combination with metformin, an antidiabetic drug and mTOR signaling pathway inhibitor, caused cell growth inhibition and induced apoptosis in lung cancer cells (Lee et al., 2019). Additionally, a preclinical study identified the synergistic interaction of ricolinostat and ibrutinib the first-in-class BTK (Bruton’s tyrosin kinase) inhibitor in a large panel of lymphoma cell lines and in a xenograft model of lymphoma. This combination led to a marked tumor growth delay and prolonged overall survival (Amengual et al., 2017).

A Phase I study in patients with non-small cell lung cancer studied the combination of an EGFR inhibitor, erlotinib, and a selective HDACi, romidepsin (NCT01302808). This combination was based on the involvement of an HDACi to counter erlotinib resistance, although the addition of romidepsin did not appear to alter the frequency and severity of characteristic erlotinib toxicities, such as rash and diarrhea (Gerber et al., 2015).



Selective HDACis in Combination With Other Epigenetic Drugs

Combining nexturastat A (selective HDAC6 inhibitor) with 5-azacytidine (DNMTi) has been described recently as a novel approach for ovarian cancer. Results showed a significant increase of the type I interferon response and cytokine expression in 5/6 ovarian cancer cell lines in vitro compared to each individual treatment. Moreover, a synergistic decrease of PD-L1 protein in ovarian cells was found, which suggested that nexturastat A/5-azacytidine increased tumor immunity. However, this combination only showed a synergistic decrease in tumor burden at week 7 in vivo (Moufarrij et al., 2020).



Selective HDACis in Combination With Immunotherapy

RGFP966, a novel selective HDAC3 inhibitor, enhanced the efficacy of anti-PD-L1 therapy in the treatment of B-cell lymphomas. In fact, tumor regression in syngeneic murine B-cell lymphoma model was observed in the combinatorial therapy (Deng et al., 2019). In a similar way, a HDAC6 inhibitor (riconilostat) blocked the immune checkpoints when it was combined with anti-PD-L1 therapy in ovarian carcinoma cell lines and in in vivo models (Fukumoto et al., 2019).

HDAC6 inhibitors are frequently used in preclinical studies in cancer because of their immunomodulatory properties. Ricolinostat potentiated the effects of lenalidomide (immunomodulatory drug) and dexamethasone in a phase Ib in patients with multiple myeloma (NCT01583283) (Yee et al., 2016). ACY-241 (citarinostat) suppressed proliferation and viability of tumor cells derived from multiple myeloma in combination with pomalidomide. This combination also improved cytotoxicity by decreasing apoptosis and cell cycle arrest (North et al., 2017). A recent study showed that nexturastat A in combination with anti-PD-1 antibodies significantly decreased tumor growth in vivo compared to each agent alone when treating melanoma cells (Knox et al., 2019).

A phase I/II clinical trial (NCT01038778) has studied the combination of entinostat (a selective HDAC1 and HDAC3 inhibitor) and aldesleukin (interleukin 2) in renal cell carcinoma patients. The results showed a greater median progression-free survival without increased toxicity.




HDACis AND MULTITHERAPY

Although most of the combinations described evaluation of two drugs, multitherapy evaluate three or more different compounds. This approach is based on the fact that tumors are heterogeneous in their mutational status and involve multiple pathways in their oncogenesis and progression. Also, three-way or more therapeutic combinations may reduce the possibility of resistance, which so often limits single drug usage, and improve treatment efficacy. SAHA was part of a combination with two antimetabolites, cladribine and Gemcitabine and an alkylating agent, busulfan. This preclinical study in lymphoma cell lines demonstrated that any increase in cytotoxicity could be attributed to stable chromatin relaxation mediated by the antimetabolites and SAHA, thereby increasing the susceptibility of genomic DNA to busulfan alkylation (Ji et al., 2016). SAHA was also used in a multitherapy approach in clinical trials. The results of SAHA in combination with radiotherapy led to further trials by adding an alkylating agent to the combination. This strategy was used in the temozolomide phase I/II studies in patients with glioblastoma (NCT00731731) (Galanis et al., 2018) or included antimetabolites such as capecitabine in patients with non-metastatic pancreatic cancer (NCT00983268) (Chan et al., 2016). Like SAHA, other HDACis have been used: belinostat has also been combined with radiation therapy and temozolomide to treat glioblastoma (NCT02137759) (Gurbani et al., 2019); and valproic acid (HDACi) combined with capecitabine and radiotherapy in colorectal cancer where a synergistic antitumor interaction in vitro was shown (Terranova-Barberio et al., 2017a).

The development of a drug that acts on multiple targets is a new therapeutic approach that currently is being evaluated with positive results. Romidepsin and its analogs, FK-A5 and FK-A11, have showed a dual inhibition on HDACs and PI3K resulting in stronger cytotoxic effects in a panel of human cancer cell lines (Saijo et al., 2015). CUDC-101 is a strong inhibitor against HDACs, EGFR and HER2. A Phase I Study combined CUDC-101 with chemoradiation in head and neck squamous cell carcinoma patients at biologically efficacious doses was tolerated (Galloway et al., 2015). Other studies demonstrated the antitumor activity of CUDC-101 in EGFR-overexpressing glioblastoma, anaplastic thyroid cancer (Zhang et al., 2015; Liffers et al., 2016) and in pancreatic cancer when CUDC-101 was combined with gemcitabine (Ji et al., 2018).



CONCLUSION

The overexpression of HDACs in hematological and solid tumors places HDACis as a promising strategy for the treatment of cancer patients. The early success of HDACis in the treatment of cancer were due to the use of pan-HDACis in hematologic malignancies. The effectiveness of pan-HDACis for cancer treatment relies on its broad-spectrum inhibition of various HDACs. This has triggered numerous studies which have investigated the antitumor effects of these epigenetic drugs. However, toxicities and unintended effects were also observed. All of which has contributed to the development of new strategies.

The use of pan-HDACis in combination with other antitumor agents was the strategy pursued first. The diverse combinations of pan-HDACis with proteasome inhibitors, tyrosine kinase inhibitors, alkylating agents, radiotherapy, immunomodulators have revealed synergistic antitumor effects in many types of cancers both in the preclinical and clinical settings. However, such combinations often trigger various side effects such as fatigue, thrombocytopenia and gastrointestinal issues. Hence, selective HDACis have been developed with higher selectivity and specificity. The difference in increased expression and activity of specific HDAC isoform in tumors but not in normal tissues, have led to the hypothesis that selective HDACis may possess a better therapeutic index, fewer adverse effects, and better patient outcomes with cancer treatment. The current results using selective HDACis in combination with antitumor treatment have had positive results in preclinical and in early clinical studies. In addition, it has been shown that selective HDACis not only reduce the toxicity but also replicate the same effects obtained by those pan-HDACis that target the specific HDAC of selective HDACis (Figure 2).


[image: image]

FIGURE 2. Effects of combined histone deacetylases inhibitors (pan- or selective HDACis) with different antitumor therapies on tumor cells. The diverse combinations with HDACis showed synergistic antitumor effects leading to a wide spectrum of biologic effects such as DNA damage, apoptosis induction, inhibition of proliferation and cellular stress. Figure created with BioRender.com.


Apart from the advantages of combined HDACis improving cancer treatment, these strategies have increased our knowledge about HDACs mechanisms and their inhibitory effect on tumors. This is particularly important in developing rationales for selecting HDACis for combination therapy.

Although preclinical studies showed that the combination of HDACis with anticancer agents might prove more effective than current therapies, the results obtained in clinical trials have not always been completely successful. This might be explained because many studies are not based on a deep understanding of the molecular events that underpin the synergistic effect of the combinations or are at present ill-defined. It also remains possible that one chemotherapy drug may interfere, or modulate the mode of action of the other (Santoro et al., 2016). A further possibility is that most preclinical research does not test different doses to select the best for use in combinations. This is essential if we are to increase the efficacy in clinical trials and reduce side effects. Importantly, we need to endeavor to understand the mechanistic reasons for reduced drug efficacy in combination trials, as investigating unexpected results will help inform the development improved rationales for selecting HDACis/cytotoxic drug combinations. Improving novel drug combinations with existing therapies need to be based on a thorough understanding of the molecular mechanism involve in cancer cell killing. Also, the study of pharmacodynamics biomarkers as indicators of drugs effects will be of significant use in evaluating the link between drugs regimen, target effects, and biological tumor response. Informative biomarkers means better evaluation of efficacy through improved treatment monitoring. Unfortunately, biomarkers remain a largely unmet clinical need and for those that are potentially available, our knowledge of their pharmacodynamics is limited.

HDACi as single agents have a limited utility in clinical and its combination with anticancer agent’s triggers adverse effects related to toxicity, safety, and efficacy. Accordingly, the use of single HDACis with multiple targets is another attractive and new alternative against solid and drug-resistant tumors, which have been gaining increasing attention. In fact, HDACis are being modified and equipped with additional biochemical activities. This might imply a potent antitumor activity with a better toxicological profile. However, it is a challenge to develop and design these multi-target HDACis.

Epigenetic therapy appears to be a promising and beneficial strategy given the successful results obtained in the treatment of several tumors with HDACis (especially in combination) and with multi-target HDACis. These attractive strategies could be useful for treating those tumors with a low rate of somatic mutations in which epigenetic plays a more central role in oncogenesis and tumor progression (e.g., rhabdoid tumor, Ewing sarcoma, or acute myeloid).

Further studies are needed to understand the mechanisms of action of HDACis in order to increase the efficacy in clinical trials and to reduced side effects. Further intensive investigations are required to provide a firm basis for the successful use of HDACis as anti-cancer agents in the clinic.



AUTHOR CONTRIBUTIONS

LHP and DGD conceived and wrote the manuscript, and contributed to the figure and table design. RFC wrote the manuscript and contributed to the figure and table design. AS, EDÁ, and NH wrote the manuscript. All authors revised and approved the final version for publication.



FUNDING

This work was supported by Instituto de Salud Carlos III_FEDER (PI17/00464 and CB16/12/00361), by the Consejería de Salud, Junta de Andalucía (PI-0013-2018), and by Fundación María García Estrada.



REFERENCES

Adams, H., Fritzsche, F. R., Dirnhofer, S., Kristiansen, G., and Tzankov, A. (2010). Class I histone deacetylases 1, 2 and 3 are highly expressed in classical Hodgkin’s lymphoma. Expert Opin. Ther. Targets 14, 577–584. doi: 10.1517/14728221003796609

Aggarwal, R., Thomas, S., Pawlowska, N., Bartelink, I., Grabowsky, J., Jahan, T., et al. (2017). Inhibiting histone deacetylase as a means to reverse resistance to angiogenesis inhibitors: phase I study of abexinostat plus pazopanib in advanced solid tumor malignancies. J. Clin. Oncol. 35, 1231–1239. doi: 10.1200/jco.2016.70.5350

Alhazzazi, T. Y., Kamarajan, P., Xu, Y., Ai, T., Chen, L., Verdin, E., et al. (2016). A novel Sirtuin-3 inhibitor, LC-0296, inhibits cell survival and proliferation, and promotes apoptosis of head and neck cancer cells. Anticancer Res. 36, 49–60.

Amengual, J. E., Johannet, P., Lombardo, M., Zullo, K., Hoehn, D., Bhagat, G., et al. (2015). Dual targeting of protein degradation pathways with the selective HDAC6 inhibitor ACY-1215 and bortezomib is synergistic in lymphoma. Clin. Cancer Res. 21, 4663–4675. doi: 10.1158/1078-0432.ccr-14-3068

Amengual, J. E., Prabhu, S. A., Lombardo, M., Zullo, K., Johannet, P. M., Gonzalez, Y., et al. (2017). Mechanisms of acquired drug resistance to the HDAC6 selective inhibitor ricolinostat reveals rational drug-drug combination with ibrutinib. Clin. Cancer Res. 23, 3084–3096. doi: 10.1158/1078-0432.ccr-16-2022

Asgar, M. A., Senawong, G., Sripa, B., and Senawong, T. (2016). Synergistic anticancer effects of cisplatin and histone deacetylase inhibitors (SAHA and TSA) on cholangiocarcinoma cell lines. Int. J. Oncol. 48, 409–420. doi: 10.3892/ijo.2015.3240

Ashraf, N., Zino, S., Macintyre, A., Kingsmore, D., Payne, A. P., George, W. D., et al. (2006). Altered sirtuin expression is associated with node-positive breast cancer. Br. J. Cancer 95, 1056–1061. doi: 10.1038/sj.bjc.6603384

Balasubramaniam, S., Redon, C. E., Peer, C. J., Bryla, C., Lee, M. J., Trepel, J. B., et al. (2018). Phase I trial of belinostat with cisplatin and etoposide in advanced solid tumors, with a focus on neuroendocrine and small cell cancers of the lung. Anticancer Drugs 29, 457–465.

Banik, D., Moufarrij, S., and Villagra, A. (2019). Immunoepigenetics combination therapies: an overview of the role of HDACs in cancer immunotherapy. Int. J. Mol. Sci. 20:2241. doi: 10.3390/ijms20092241

Baylin, S. B., and Jones, P. A. (2011). A decade of exploring the cancer epigenome – biological and translational implications. Nat. Rev. Cancer 11, 726–734. doi: 10.1038/nrc3130

Bruyer, A., Maes, K., Herviou, L., Kassambara, A., Seckinger, A., Cartron, G., et al. (2018). DNMTi/HDACi combined epigenetic targeted treatment induces reprogramming of myeloma cells in the direction of normal plasma cells. Br. J. Cancer 118, 1062–1073. doi: 10.1038/s41416-018-0025-x

Ceccacci, E., and Minucci, S. (2016). Inhibition of histone deacetylases in cancer therapy: lessons from leukaemia. Br. J. Cancer 114, 605–611. doi: 10.1038/bjc.2016.36

Chaiyawat, P., Pruksakorn, D., Phanphaisarn, A., Teeyakasem, P., Klangjorhor, J., and Settakorn, J. (2018). Expression patterns of class I histone deacetylases in osteosarcoma: a novel prognostic marker with potential therapeutic implications. Mod. Pathol. 31, 264–274. doi: 10.1038/modpathol.2017.125

Chan, E., Arlinghaus, L. R., Cardin, D. B., Goff, L., Berlin, J. D., Parikh, A., et al. (2016). Phase I trial of vorinostat added to chemoradiation with capecitabine in pancreatic cancer. Radiother. Oncol. 119, 312–318.

Choi, J. H., Kwon, H. J., Yoon, B. I., Kim, J. H., Han, S. U., Joo, H. J., et al. (2001). Expression profile of histone deacetylase 1 in gastric cancer tissues. Jpn. J. Cancer Res. 92, 1300–1304. doi: 10.1111/j.1349-7006.2001.tb02153.x

Cosenza, M., Civallero, M., Marcheselli, L., Sacchi, S., and Pozzi, S. (2017). Ricolinostat, a selective HDAC6 inhibitor, shows anti-lymphoma cell activity alone and in combination with bendamustine. Apoptosis 22, 827–840. doi: 10.1007/s10495-017-1364-4

Cras, A., Darsin-Bettinger, D., Balitrand, N., Cassinat, B., Soulie, A., Toubert, M. E., et al. (2007). Epigenetic patterns of the retinoic acid receptor beta2 promoter in retinoic acid-resistant thyroid cancer cells. Oncogene 26, 4018–4024. doi: 10.1038/sj.onc.1210178

Deng, S., Hu, Q., Zhang, H., Yang, F., Peng, C., and Huang, C. (2019). HDAC3 inhibition upregulates PD-L1 expression in B-cell lymphomas and augments the efficacy of anti-PD-L1 therapy. Mol. Cancer Ther. 18, 900–908. doi: 10.1158/1535-7163.mct-18-1068

Deubzer, H. E., Schier, M. C., Oehme, I., Lodrini, M., Haendler, B., Sommer, A., et al. (2013). HDAC11 is a novel drug target in carcinomas. Int. J. Cancer 132, 2200–2208. doi: 10.1002/ijc.27876

Di Martile, M., Desideri, M., Tupone, M. G., Buglioni, S., Antoniani, B., Mastroiorio, C., et al. (2018). Histone deacetylase inhibitor ITF2357 leads to apoptosis and enhances doxorubicin cytotoxicity in preclinical models of human sarcoma. Oncogenesis 7:20.

DuBois, S. G., Groshen, S., Park, J. R., Haas-Kogan, D. A., Yang, X., Geier, E., et al. (2015). Phase I study of vorinostat as a radiation sensitizer with 131I-Metaiodobenzylguanidine (131I-MIBG) for patients with relapsed or refractory neuroblastoma. Clin. Cancer Res. 21, 2715–2721. doi: 10.1158/1078-0432.ccr-14-3240

Duffy, A. G., Ulahannan, S. V., Makorova-Rusher, O., Rahma, O., Wedemeyer, H., Pratt, D., et al. (2017). Tremelimumab in combination with ablation in patients with advanced hepatocellular carcinoma. J. Hepatol. 66, 545–551. doi: 10.1016/j.jhep.2016.10.029

Eckschlager, T., Plch, J., Stiborova, M., and Hrabeta, J. (2017). Histone deacetylase inhibitors as anticancer drugs. Int. J. Mol. Sci. 18:1414. doi: 10.3390/ijms18071414

Fajas, L., Egler, V., Reiter, R., Hansen, J., Kristiansen, K., Debril, M. B., et al. (2002). The retinoblastoma-histone deacetylase 3 complex inhibits PPARgamma and adipocyte differentiation. Dev. Cell 3, 903–910. doi: 10.1016/s1534-5807(02)00360-x

Feng, D., Wu, J., Tian, Y., Zhou, H., Zhou, Y., Hu, W., et al. (2013). Targeting of histone deacetylases to reactivate tumour suppressor genes and its therapeutic potential in a human cervical cancer xenograft model. PLoS One 8:e80657. doi: 10.1371/journal.pone.0080657

Finnin, M. S., Donigian, J. R., Cohen, A., Richon, V. M., Rifkind, R. A., Marks, P. A., et al. (1999). Structures of a histone deacetylase homologue bound to the TSA and SAHA inhibitors. Nature 401, 188–193. doi: 10.1038/43710

Fukumoto, T., Fatkhutdinov, N., Zundell, J. A., Tcyganov, E. N., Nacarelli, T., Karakashev, S., et al. (2019). HDAC6 inhibition synergizes with anti-PD-L1 therapy in ARID1A-inactivated ovarian cancer. Cancer Res. 79, 5482– 5489.

Galanis, E., Anderson, S. K., Miller, C. R., Sarkaria, J. N., Jaeckle, K., Buckner, J. C., et al. (2018). Phase I/II trial of vorinostat combined with temozolomide and radiation therapy for newly diagnosed glioblastoma: results of Alliance N0874/ABTC 02. Neuro Oncol. 20, 546–556. doi: 10.1093/neuonc/nox161

Galloway, T. J., Wirth, L. J., Colevas, A. D., Gilbert, J., Bauman, J. E., Saba, N. F., et al. (2015). A phase I study of CUDC-101, a multitarget inhibitor of HDACs, EGFR, and HER2, in combination with chemoradiation in patients with head and neck squamous cell carcinoma. Clin. Cancer Res. 21, 1566–1573. doi: 10.1158/1078-0432.ccr-14-2820

Garcia-Dominguez, D. J., Hontecillas-Prieto, L., Rodriguez-Nunez, P., Pascual-Pasto, G., Vila-Ubach, M., Garcia-Mejias, R., et al. (2018). The combination of epigenetic drugs SAHA and HCI-2509 synergistically inhibits EWS-FLI1 and tumor growth in Ewing sarcoma. Oncotarget 9, 31397–31410. doi: 10.18632/oncotarget.25829

Gelmetti, V., Zhang, J., Fanelli, M., Minucci, S., Pelicci, P. G., and Lazar, M. A. (1998). Aberrant recruitment of the nuclear receptor corepressor-histone deacetylase complex by the acute myeloid leukemia fusion partner ETO. Mol. Cell Biol. 18, 7185–7191. doi: 10.1128/mcb.18.12.7185

Gerber, D. E., Boothman, D. A., Fattah, F. J., Dong, Y., Zhu, H., Skelton, R. A., et al. (2015). Phase 1 study of romidepsin plus erlotinib in advanced non-small cell lung cancer. Lung Cancer 90, 534–541. doi: 10.1016/j.lungcan.2015.10.008

Glasser, C. L., Lee, A., Eslin, D., Marks, L., Modak, S., and Glade Bender, J. L. (2017). Epigenetic combination therapy for children with secondary myelodysplastic syndrome (MDS)/Acute Myeloid Leukemia (AML) and concurrent solid tumor relapse. J. Pediatr. Hematol. Oncol. 39, 560–564. doi: 10.1097/mph.0000000000000868

Godman, C. A., Joshi, R., Tierney, B. R., Greenspan, E., Rasmussen, T. P., Wang, H. W., et al. (2008). HDAC3 impacts multiple oncogenic pathways in colon cancer cells with effects on Wnt and vitamin D signaling. Cancer Biol. Ther. 7, 1570–1580. doi: 10.4161/cbt.7.10.6561

Goldberg, A. L. (2007). Functions of the proteasome: from protein degradation and immune surveillance to cancer therapy. Biochem. Soc. Trans. 35, 12–17. doi: 10.1042/bst0350012

Grabarska, A., Luszczki, J. J., Nowosadzka, E., Gumbarewicz, E., Jeleniewicz, W., Dmoszynska-Graniczka, M., et al. (2017). Histone deacetylase inhibitor SAHA as potential targeted therapy agent for larynx cancer cells. J. Cancer 8, 19–28. doi: 10.7150/jca.16655

Gray, J. E., Saltos, A., Tanvetyanon, T., Haura, E. B., Creelan, B., Antonia, S. J., et al. (2019). Phase I/Ib study of pembrolizumab plus vorinostat in advanced/metastatic non-small cell lung cancer. Clin. Cancer Res. 25, 6623–6632. doi: 10.1158/1078-0432.ccr-19-1305

Grignani, F., De Matteis, S., Nervi, C., Tomassoni, L., Gelmetti, V., Cioce, M., et al. (1998). Fusion proteins of the retinoic acid receptor-alpha recruit histone deacetylase in promyelocytic leukaemia. Nature 391, 815–818. doi: 10.1038/35901

Groselj, B., Ruan, J. L., Scott, H., Gorrill, J., Nicholson, J., Kelly, J., et al. (2018). Radiosensitization in vivo by histone deacetylase inhibition with no increase in early normal tissue radiation toxicity. Mol. Cancer Ther. 17, 381–392. doi: 10.1158/1535-7163.mct-17-0011

Groselj, B., Sharma, N. L., Hamdy, F. C., Kerr, M., and Kiltie, A. E. (2013). Histone deacetylase inhibitors as radiosensitisers: effects on DNA damage signalling and repair. Br. J. Cancer 108, 748–754. doi: 10.1038/bjc.2013.21

Gryder, B. E., Sodji, Q. H., and Oyelere, A. K. (2012). Targeted cancer therapy: giving histone deacetylase inhibitors all they need to succeed. Future Med. Chem. 4, 505–524. doi: 10.4155/fmc.12.3

Gumbarewicz, E., Luszczki, J. J., Wawruszak, A., Dmoszynska-Graniczka, M., Grabarska, A. J., Jarzab, A. M., et al. (2016). Isobolographic analysis demonstrates additive effect of cisplatin and HDIs combined treatment augmenting their anti-cancer activity in lung cancer cell lines. Am. J. Cancer Res. 6, 2831–2845.

Gurbani, S. S., Yoon, Y., Weinberg, B. D., Salgado, E., Press, R. H., Cordova, J. S., et al. (2019). Assessing treatment response of glioblastoma to an HDAC inhibitor using whole-brain spectroscopic MRI. Tomography 5, 53–60. doi: 10.18383/j.tom.2018.00031

Haberland, M., Montgomery, R. L., and Olson, E. N. (2009). The many roles of histone deacetylases in development and physiology: implications for disease and therapy. Nat. Rev. Genet. 10, 32–42. doi: 10.1038/nrg2485

Hainsworth, J. D., Daugaard, G., Lesimple, T., Hubner, G., Greco, F. A., Stahl, M. J., et al. (2015). Paclitaxel/carboplatin with or without belinostat as empiric first-line treatment for patients with carcinoma of unknown primary site: a randomized, phase 2 trial. Cancer 121, 1654–1661. doi: 10.1002/cncr.29229

Halsall, J. A., and Turner, B. M. (2016). Histone deacetylase inhibitors for cancer therapy: an evolutionarily ancient resistance response may explain their limited success. Bioessays 38, 1102–1110. doi: 10.1002/bies.201600070

Hanahan, D., and Weinberg, R. A. (2011). Hallmarks of cancer: the next generation. Cell 144, 646–674. doi: 10.1016/j.cell.2011.02.013

Haydn, T., Metzger, E., Schuele, R., and Fulda, S. (2017). Concomitant epigenetic targeting of LSD1 and HDAC synergistically induces mitochondrial apoptosis in rhabdomyosarcoma cells. Cell Death Dis. 8:e2879. doi: 10.1038/cddis.2017.239

Heijkants, R., Willekens, K., Schoonderwoerd, M., Teunisse, A., Nieveen, M., Radaelli, E., et al. (2018). Combined inhibition of CDK and HDAC as a promising therapeutic strategy for both cutaneous and uveal metastatic melanoma. Oncotarget 9, 6174–6187. doi: 10.18632/oncotarget.23485

Hideshima, T., Bradner, J. E., Wong, J., Chauhan, D., Richardson, P., Schreiber, S. L., et al. (2005). Small-molecule inhibition of proteasome and aggresome function induces synergistic antitumor activity in multiple myeloma. Proc. Natl. Acad. Sci. U.S.A. 102, 8567–8572. doi: 10.1073/pnas.0503221102

Holkova, B., Kmieciak, M., Bose, P., Yazbeck, V. Y., Barr, P. M., Tombes, M. B., et al. (2016). Phase 1 trial of carfilzomib (PR-171) in combination with vorinostat (SAHA) in patients with relapsed or refractory B-cell lymphomas. Leuk. Lymphoma 57, 635–643. doi: 10.3109/10428194.2015.1075019

Huang, F. I., Wu, Y. W., Sung, T. Y., Liou, J. P., Lin, M. H., Pan, S. L., et al. (2019). MPT0G413, a novel HDAC6-selective inhibitor, and bortezomib synergistically exert anti-tumor activity in multiple myeloma cells. Front. Oncol. 9:249. doi: 10.3389/fonc.2019.00249

Huang, Z., Peng, S., Knoff, J., Lee, S. Y., Yang, B., Wu, T. C., et al. (2015). Combination of proteasome and HDAC inhibitor enhances HPV16 E7-specific CD8+ T cell immune response and antitumor effects in a preclinical cervical cancer model. J. Biomed. Sci. 22:7. doi: 10.1186/s12929-014-0111-1

Ji, J., Valdez, B. C., Li, Y., Liu, Y., Teo, E. C., Nieto, Y., et al. (2016). Cladribine, gemcitabine, busulfan, and SAHA combination as a potential pretransplant conditioning regimen for lymphomas: a preclinical study. Exp. Hematol. 44, 458–465. doi: 10.1016/j.exphem.2016.03.001

Ji, M., Li, Z., Lin, Z., and Chen, L. (2018). Antitumor activity of the novel HDAC inhibitor CUDC-101 combined with gemcitabine in pancreatic cancer. Am. J. Cancer Res. 8, 2402–2418.

Jin, Z., Jiang, W., Jiao, F., Guo, Z., Hu, H., Wang, L., et al. (2014). Decreased expression of histone deacetylase 10 predicts poor prognosis of gastric cancer patients. Int. J. Clin. Exp. Pathol. 7, 5872–5879.

Kaufman, J. L., Mina, R., Jakubowiak, A. J., Zimmerman, T. L., Wolf, J. J., Lewis, C., et al. (2019). Combining carfilzomib and panobinostat to treat relapsed/refractory multiple myeloma: results of a multiple myeloma research consortium phase I study. Blood Cancer J. 9:3.

Kim, H. J., and Bae, S. C. (2011). Histone deacetylase inhibitors: molecular mechanisms of action and clinical trials as anti-cancer drugs. Am. J. Transl. Res. 3, 166–179.

Kim, M. S., Kwon, H. J., Lee, Y. M., Baek, J. H., Jang, J. E., Lee, S. W., et al. (2001). Histone deacetylases induce angiogenesis by negative regulation of tumor suppressor genes. Nat. Med. 7, 437–443. doi: 10.1038/86507

Kim, Y., Kim, K., Park, D., Lee, E., Lee, H., Lee, Y. S., et al. (2012). Histone deacetylase 3 mediates allergic skin inflammation by regulating expression of MCP1 protein. J. Biol. Chem. 287, 25844–25859. doi: 10.1074/jbc.m112.348284

Knox, T., Sahakian, E., Banik, D., Hadley, M., Palmer, E., Noonepalle, S., et al. (2019). Selective HDAC6 inhibitors improve anti-PD-1 immune checkpoint blockade therapy by decreasing the anti-inflammatory phenotype of macrophages and down-regulation of immunosuppressive proteins in tumor cells. Sci. Rep. 9:6136.

Knutson, S. K., Chyla, B. J., Amann, J. M., Bhaskara, S., Huppert, S. S., and Hiebert, S. W. (2008). Liver-specific deletion of histone deacetylase 3 disrupts metabolic transcriptional networks. EMBO J. 27, 1017–1028. doi: 10.1038/emboj.2008.51

Lee, B. B., Kim, Y., Kim, D., Cho, E. Y., Han, J., Kim, H. K., et al. (2019). Metformin and tenovin-6 synergistically induces apoptosis through LKB1-independent SIRT1 down-regulation in non-small cell lung cancer cells. J. Cell Mol. Med. 23, 2872–2889. doi: 10.1111/jcmm.14194

Lee, D. H., Won, H. R., Ryu, H. W., Han, J. M., and Kwon, S. H. (2018). The HDAC6 inhibitor ACY1215 enhances the anticancer activity of oxaliplatin in colorectal cancer cells. Int. J. Oncol. 53, 844–854.

Liffers, K., Kolbe, K., Westphal, M., Lamszus, K., and Schulte, A. (2016). Histone deacetylase inhibitors resensitize EGFR/EGFRvIII-overexpressing, erlotinib-resistant glioblastoma cells to tyrosine kinase inhibition. Target Oncol. 11, 29–40. doi: 10.1007/s11523-015-0372-y

Llopiz, D., Ruiz, M., Villanueva, L., Iglesias, T., Silva, L., Egea, J., et al. (2019). Enhanced anti-tumor efficacy of checkpoint inhibitors in combination with the histone deacetylase inhibitor Belinostat in a murine hepatocellular carcinoma model. Cancer Immunol. Immunother. 68, 379–393. doi: 10.1007/s00262-018-2283-0

Luo, J., Su, F., Chen, D., Shiloh, A., and Gu, W. (2000). Deacetylation of p53 modulates its effect on cell growth and apoptosis. Nature 408, 377–381. doi: 10.1038/35042612

Ma, W., Zhao, X., Wang, K., Liu, J., and Huang, G. (2018). Dichloroacetic acid (DCA) synergizes with the SIRT2 inhibitor Sirtinol and AGK2 to enhance anti-tumor efficacy in non-small cell lung cancer. Cancer Biol. Ther. 19, 835–846. doi: 10.1080/15384047.2018.1480281

Mackintosh, C., Garcia-Dominguez, D. J., Ordonez, J. L., Ginel-Picardo, A., Smith, P. G., Sacristan, M. P., et al. (2013). WEE1 accumulation and deregulation of S-phase proteins mediate MLN4924 potent inhibitory effect on Ewing sarcoma cells. Oncogene 32, 1441–1451. doi: 10.1038/onc.2012.153

Malone, C. F., Emerson, C., Ingraham, R., Barbosa, W., Guerra, S., Yoon, H., et al. (2017). mTOR and HDAC inhibitors converge on the TXNIP/Thioredoxin pathway to cause catastrophic oxidative stress and regression of RAS-driven tumors. Cancer Discov. 7, 1450–1463. doi: 10.1158/2159-8290.cd-17-0177

McFarland, K. N., Das, S., Sun, T. T., Leyfer, D., Xia, E., Sangrey, G. R., et al. (2012). Genome-wide histone acetylation is altered in a transgenic mouse model of Huntington’s disease. PLoS One 7:e41423. doi: 10.1371/journal.pone.0041423

Mishima, Y., Santo, L., Eda, H., Cirstea, D., Nemani, N., Yee, A. J., et al. (2015). Ricolinostat (ACY-1215) induced inhibition of aggresome formation accelerates carfilzomib-induced multiple myeloma cell death. Br. J. Haematol. 169, 423–434. doi: 10.1111/bjh.13315

Moertl, S., Payer, S., Kell, R., Winkler, K., Anastasov, N., and Atkinson, M. J. (2019). Comparison of radiosensitization by HDAC inhibitors CUDC-101 and SAHA in pancreatic cancer cells. Int. J. Mol. Sci. 20:3259. doi: 10.3390/ijms20133259

Moreno, D. A., Scrideli, C. A., Cortez, M. A., De Paula Queiroz, R., Valera, E. T., Da Silva Silveira, V., et al. (2010). Differential expression of HDAC3, HDAC7 and HDAC9 is associated with prognosis and survival in childhood acute lymphoblastic leukaemia. Br. J. Haematol. 150, 665–673. doi: 10.1111/j.1365-2141.2010.08301.x

Mottamal, M., Zheng, S., Huang, T. L., and Wang, G. (2015). Histone deacetylase inhibitors in clinical studies as templates for new anticancer agents. Molecules 20, 3898–3941. doi: 10.3390/molecules20033898

Moufarrij, S., Srivastava, A., Gomez, S., Hadley, M., Palmer, E., Austin, P. T., et al. (2020). Combining DNMT and HDAC6 inhibitors increases anti-tumor immune signaling and decreases tumor burden in ovarian cancer. Sci. Rep. 10:3470.

Munster, P. N., Marchion, D., Thomas, S., Egorin, M., Minton, S., Springett, G., et al. (2009). Phase I trial of vorinostat and doxorubicin in solid tumours: histone deacetylase 2 expression as a predictive marker. Br. J. Cancer 101, 1044–1050. doi: 10.1038/sj.bjc.6605293

Ning, B., Li, W., Zhao, W., and Wang, R. (2016). Targeting epigenetic regulations in cancer. Acta Biochim. Biophys. Sin. (Shanghai) 48, 97–109.

North, B. J., Almeciga-Pinto, I., Tamang, D., Yang, M., Jones, S. S., and Quayle, S. N. (2017). Enhancement of pomalidomide anti-tumor response with ACY-241, a selective HDAC6 inhibitor. PLoS One 12:e0173507. doi: 10.1371/journal.pone.0173507

Oehme, I., Deubzer, H. E., Wegener, D., Pickert, D., Linke, J. P., Hero, B., et al. (2009). Histone deacetylase 8 in neuroblastoma tumorigenesis. Clin. Cancer Res. 15, 91–99. doi: 10.1158/1078-0432.ccr-08-0684

Osada, H., Tatematsu, Y., Saito, H., Yatabe, Y., Mitsudomi, T., and Takahashi, T. (2004). Reduced expression of class II histone deacetylase genes is associated with poor prognosis in lung cancer patients. Int. J. Cancer 112, 26–32. doi: 10.1002/ijc.20395

Parbin, S., Kar, S., Shilpi, A., Sengupta, D., Deb, M., Rath, S. K., et al. (2014). Histone deacetylases: a saga of perturbed acetylation homeostasis in cancer. J. Histochem. Cytochem. 62, 11–33. doi: 10.1369/0022155413506582

Park, S. Y., Jun, J. A., Jeong, K. J., Heo, H. J., Sohn, J. S., Lee, H. Y., et al. (2011). Histone deacetylases 1, 6 and 8 are critical for invasion in breast cancer. Oncol. Rep. 25, 1677–1681.

Park, S. Y., and Kim, J. S. (2020). A short guide to histone deacetylases including recent progress on class II enzymes. Exp. Mol. Med. 52, 204–212. doi: 10.1038/s12276-020-0382-4

Pathania, R., Ramachandran, S., Mariappan, G., Thakur, P., Shi, H., Choi, J. H., et al. (2016). Combined inhibition of DNMT and HDAC blocks the tumorigenicity of cancer stem-like cells and attenuates mammary tumor growth. Cancer Res. 76, 3224–3235. doi: 10.1158/0008-5472.can-15-2249

Persky, D. O., Li, H., Rimsza, L. M., Barr, P. M., Popplewell, L. L., Bane, C. L., et al. (2018). A phase I/II trial of vorinostat (SAHA) in combination with rituximab-CHOP in patients with newly diagnosed advanced stage diffuse large B-cell lymphoma (DLBCL): SWOG S0806. Am. J. Hematol. 93, 486–493. doi: 10.1002/ajh.25010

Richardson, P. G., Hungria, V. T., Yoon, S. S., Beksac, M., Dimopoulos, M. A., Elghandour, A., et al. (2016). Panobinostat plus bortezomib and dexamethasone in previously treated multiple myeloma: outcomes by prior treatment. Blood 127, 713–721. doi: 10.1182/blood-2015-09-665018

Rifai, K., Idrissou, M., Penault-Llorca, F., Bignon, Y. J., and Bernard-Gallon, D. (2018). Breaking down the contradictory roles of histone deacetylase SIRT1 in human breast cancer. Cancers (Basel) 10:409. doi: 10.3390/cancers10110409

Ropero, S., Fraga, M. F., Ballestar, E., Hamelin, R., Yamamoto, H., Boix-Chornet, M., et al. (2006). A truncating mutation of HDAC2 in human cancers confers resistance to histone deacetylase inhibition. Nat. Genet. 38, 566–569. doi: 10.1038/ng1773

Saijo, K., Imamura, J., Narita, K., Oda, A., Shimodaira, H., Katoh, T., et al. (2015). Biochemical, biological and structural properties of romidepsin (FK228) and its analogs as novel HDAC/PI3K dual inhibitors. Cancer Sci. 106, 208–215. doi: 10.1111/cas.12585

Sandoval, J., and Esteller, M. (2012). Cancer epigenomics: beyond genomics. Curr. Opin. Genet. Dev. 22, 50–55. doi: 10.1016/j.gde.2012.02.008

Sankar, S., Bell, R., Stephens, B., Zhuo, R., Sharma, S., Bearss, D. J., et al. (2016). Mechanism and relevance of EWS/FLI-mediated transcriptional repression in Ewing sarcoma. Oncogene 35, 6155–6156. doi: 10.1038/onc.2016.142

Sankar, S., Theisen, E. R., Bearss, J., Mulvihill, T., Hoffman, L. M., Sorna, V., et al. (2014). Reversible LSD1 inhibition interferes with global EWS/ETS transcriptional activity and impedes Ewing sarcoma tumor growth. Clin. Cancer Res. 20, 4584–4597. doi: 10.1158/1078-0432.ccr-14-0072

Santoro, V., Jia, R., Thompson, H., Nijhuis, A., Jeffery, R., Kiakos, K., et al. (2016). Role of reactive oxygen species in the abrogation of oxaliplatin activity by cetuximab in colorectal cancer. J. Natl. Cancer Inst. 108:djv394. doi: 10.1093/jnci/djv394

Siddiqui, H., Solomon, D. A., Gunawardena, R. W., Wang, Y., and Knudsen, E. S. (2003). Histone deacetylation of RB-responsive promoters: requisite for specific gene repression but dispensable for cell cycle inhibition. Mol. Cell Biol. 23, 7719–7731. doi: 10.1128/mcb.23.21.7719-7731.2003

Song, C., Zhu, S., Wu, C., and Kang, J. (2013). Histone deacetylase (HDAC) 10 suppresses cervical cancer metastasis through inhibition of matrix metalloproteinase (MMP) 2 and 9 expression. J. Biol. Chem. 288, 28021–28033. doi: 10.1074/jbc.m113.498758

Stark, M., and Hayward, N. (2007). Genome-wide loss of heterozygosity and copy number analysis in melanoma using high-density single-nucleotide polymorphism arrays. Cancer Res. 67, 2632–2642. doi: 10.1158/0008-5472.can-06-4152

Suraweera, A., O’byrne, K. J., and Richard, D. J. (2018). Combination therapy with histone deacetylase inhibitors (HDACi) for the treatment of cancer: achieving the full therapeutic potential of HDACi. Front. Oncol. 8:92. doi: 10.3389/fonc.2018.00092

Tanaka, N., Patel, A. A., Tang, L., Silver, N. L., Lindemann, A., Takahashi, H., et al. (2017). Replication stress leading to apoptosis within the S-phase contributes to synergism between Vorinostat and AZD1775 in HNSCC harboring high-risk TP53 mutation. Clin. Cancer Res. 23, 6541–6554. doi: 10.1158/1078-0432.ccr-17-0947

Taylor, B. S., Decarolis, P. L., Angeles, C. V., Brenet, F., Schultz, N., Antonescu, C. R., et al. (2011). Frequent alterations and epigenetic silencing of differentiation pathway genes in structurally rearranged liposarcomas. Cancer Discov. 1, 587–597. doi: 10.1158/2159-8290.cd-11-0181

Teknos, T. N., Grecula, J., Agrawal, A., Old, M. O., Ozer, E., Carrau, R., et al. (2019). A phase 1 trial of Vorinostat in combination with concurrent chemoradiation therapy in the treatment of advanced staged head and neck squamous cell carcinoma. Invest. New Drugs 37, 702–710. doi: 10.1007/s10637-018-0696-4

Terranova-Barberio, M., Pecori, B., Roca, M. S., Imbimbo, S., Bruzzese, F., Leone, A., et al. (2017a). Synergistic antitumor interaction between valproic acid, capecitabine and radiotherapy in colorectal cancer: critical role of p53. J. Exp. Clin. Cancer Res. 36:177.

Terranova-Barberio, M., Thomas, S., Ali, N., Pawlowska, N., Park, J., Krings, G., et al. (2017b). HDAC inhibition potentiates immunotherapy in triple negative breast cancer. Oncotarget 8, 114156–114172. doi: 10.18632/oncotarget.23169

Thal, M. A., Krishnamurthy, P., Mackie, A. R., Hoxha, E., Lambers, E., Verma, S., et al. (2012). Enhanced angiogenic and cardiomyocyte differentiation capacity of epigenetically reprogrammed mouse and human endothelial progenitor cells augments their efficacy for ischemic myocardial repair. Circ. Res. 111, 180–190. doi: 10.1161/circresaha.112.270462

Thole, T. M., Lodrini, M., Fabian, J., Wuenschel, J., Pfeil, S., Hielscher, T., et al. (2017). Neuroblastoma cells depend on HDAC11 for mitotic cell cycle progression and survival. Cell Death Dis. 8:e2635. doi: 10.1038/cddis.2017.49

Vanaja, G. R., Ramulu, H. G., and Kalle, A. M. (2018). Overexpressed HDAC8 in cervical cancer cells shows functional redundancy of tubulin deacetylation with HDAC6. Cell Commun. Signal. 16:20.

Vannini, A., Volpari, C., Filocamo, G., Casavola, E. C., Brunetti, M., Renzoni, D., et al. (2004). Crystal structure of a eukaryotic zinc-dependent histone deacetylase, human HDAC8, complexed with a hydroxamic acid inhibitor. Proc. Natl. Acad. Sci. U.S.A. 101, 15064–15069. doi: 10.1073/pnas.0404603101

Vitfell-Rasmussen, J., Judson, I., Safwat, A., Jones, R. L., Rossen, P. B., Lind-Hansen, M., et al. (2016). A phase I/II clinical trial of belinostat (PXD101) in combination with doxorubicin in patients with soft tissue sarcomas. Sarcoma 2016:2090271.

Vogl, D. T., Raje, N., Jagannath, S., Richardson, P., Hari, P., Orlowski, R., et al. (2017). Ricolinostat, the first selective histone deacetylase 6 inhibitor, in combination with bortezomib and dexamethasone for relapsed or refractory multiple myeloma. Clin. Cancer Res. 23, 3307–3315. doi: 10.1158/1078-0432.ccr-16-2526

Wang, P., Wang, Z., and Liu, J. (2020). Role of HDACs in normal and malignant hematopoiesis. Mol. Cancer 19:5.

Wang, X., Waschke, B. C., Woolaver, R. A., Chen, Z., Zhang, G., Piscopio, A. D., et al. (2019). Histone deacetylase inhibition sensitizes PD1 blockade-resistant B-cell lymphomas. Cancer Immunol. Res. 7, 1318–1331.

Wawruszak, A., Luszczki, J. J., Kalafut, J., Okla, K., Halasa, M., Rivero-Muller, A., et al. (2019). Additive pharmacological interaction between cisplatin (CDDP) and histone deacetylase inhibitors (HDIs) in MDA-MB-231 triple negative breast cancer (TNBC) cells with altered Notch1 activity-an isobolographic analysis. Int. J. Mol. Sci. 20:3663. doi: 10.3390/ijms20153663

Wei, Y., Guo, Y., Zhou, J., Dai, K., Xu, Q., and Jin, X. (2019). Nicotinamide overcomes doxorubicin resistance of breast cancer cells through deregulating SIRT1/Akt pathway. Anticancer Agents Med. Chem. 19, 687–696. doi: 10.2174/1871520619666190114160457

Wickstrom, S. A., Masoumi, K. C., Khochbin, S., Fassler, R., and Massoumi, R. (2010). CYLD negatively regulates cell-cycle progression by inactivating HDAC6 and increasing the levels of acetylated tubulin. EMBO J. 29, 131–144. doi: 10.1038/emboj.2009.317

Wu, J., Du, C., Lv, Z., Ding, C., Cheng, J., Xie, H., et al. (2013). The up-regulation of histone deacetylase 8 promotes proliferation and inhibits apoptosis in hepatocellular carcinoma. Dig. Dis. Sci. 58, 3545–3553. doi: 10.1007/s10620-013-2867-7

Xu, Q., Lin, X., Andrews, L., Patel, D., Lampe, P. D., and Veenstra, R. D. (2013). Histone deacetylase inhibition reduces cardiac connexin43 expression and gap junction communication. Front. Pharmacol. 4:44. doi: 10.3389/fphar.2013.00044

Yee, A. J., Bensinger, W. I., Supko, J. G., Voorhees, P. M., Berdeja, J. G., Richardson, P. G., et al. (2016). Ricolinostat plus lenalidomide, and dexamethasone in relapsed or refractory multiple myeloma: a multicentre phase 1b trial. Lancet Oncol. 17, 1569–1578. doi: 10.1016/s1470-2045(16)30375-8

Zhang, H., Dong, L., Chen, Q., Kong, L., Meng, B., Wang, H., et al. (2017a). Synergistic antitumor effect of histone deacetylase inhibitor and Doxorubicin in peripheral T-cell lymphoma. Leuk. Res. 56, 29–35. doi: 10.1016/j.leukres.2017.01.025

Zhang, H., Li, X., Zhang, Q., Yang, F., Chu, X., Zhang, D., et al. (2017b). Role of histone deacetylase expression levels and activity in the inflammatory responses of patients with chronic hepatitis B. Mol. Med. Rep. 15, 2744–2752. doi: 10.3892/mmr.2017.6290

Zhang, L., Zhang, Y., Mehta, A., Boufraqech, M., Davis, S., Wang, J., et al. (2015). Dual inhibition of HDAC and EGFR signaling with CUDC-101 induces potent suppression of tumor growth and metastasis in anaplastic thyroid cancer. Oncotarget 6, 9073–9085. doi: 10.18632/oncotarget.3268

Zibelman, M., Wong, Y. N., Devarajan, K., Malizzia, L., Corrigan, A., Olszanski, A. J., et al. (2015). Phase I study of the mTOR inhibitor ridaforolimus and the HDAC inhibitor vorinostat in advanced renal cell carcinoma and other solid tumors. Invest. New Drugs 33, 1040–1047. doi: 10.1007/s10637-015-0261-3


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Hontecillas-Prieto, Flores-Campos, Silver, de Álava, Hajji and García-Domínguez. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.











	 
	REVIEW
published: 29 September 2020
doi: 10.3389/fcell.2020.576946





[image: image]

The Roles of Histone Deacetylases and Their Inhibitors in Cancer Therapy

Guo Li1†, Yuan Tian1,2† and Wei-Guo Zhu1,2*

1Guangdong Key Laboratory for Genome Stability and Human Disease Prevention, Department of Biochemistry and Molecular Biology, School of Basic Medical Sciences, Shenzhen University Health Science Center, Shenzhen, China

2Shenzhen Bay Laboratory, Shenzhen, China

Edited by:
Christiane Pienna Soares, São Paulo State University, Brazil

Reviewed by:
Claudio Brancolini, Università di Udine, Italy
Angela Nebbioso, Università degli Studi della Campania Luigi Vanvitelli Naples, Italy
Xiongbin Lu, Indiana University, United States

*Correspondence: Wei-Guo Zhu, zhuweiguo@szu.edu.cn

†These authors have contributed equally to this work

Specialty section: This article was submitted to Epigenomics and Epigenetics, a section of the journal Frontiers in Cell and Developmental Biology

Received: 27 June 2020
Accepted: 04 September 2020
Published: 29 September 2020

Citation: Li G, Tian Y and Zhu W-G (2020) The Roles of Histone Deacetylases and Their Inhibitors in Cancer Therapy. Front. Cell Dev. Biol. 8:576946. doi: 10.3389/fcell.2020.576946

Genetic mutations and abnormal gene regulation are key mechanisms underlying tumorigenesis. Nucleosomes, which consist of DNA wrapped around histone cores, represent the basic units of chromatin. The fifth amino group (Nε) of histone lysine residues is a common site for post-translational modifications (PTMs), and of these, acetylation is the second most common. Histone acetylation is modulated by histone acetyltransferases (HATs) and histone deacetylases (HDACs), and is involved in the regulation of gene expression. Over the past two decades, numerous studies characterizing HDACs and HDAC inhibitors (HDACi) have provided novel and exciting insights concerning their underlying biological mechanisms and potential anti-cancer treatments. In this review, we detail the diverse structures of HDACs and their underlying biological functions, including transcriptional regulation, metabolism, angiogenesis, DNA damage response, cell cycle, apoptosis, protein degradation, immunity and other several physiological processes. We also highlight potential avenues to use HDACi as novel, precision cancer treatments.
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INTRODUCTION

In the nuclei of eukaryotic cells, the entire genome of an organism is condensed into chromatin. The nucleosome is the basic unit of chromatin: it contains 147 DNA base pairs coiled around a core histone octamer, which includes histones H2A, H2B, H3 and H4 (Luger et al., 1997; Tessarz and Kouzarides, 2014). The additional linker histone H1 interacts with chromatin outside of the core octamer to regulate higher order chromatin structure (Fyodorov et al., 2018). There are two major higher order structures: heterochromatin refers to condensed chromatin, and euchromatin refers to loosely packed chromatin that is more accessible to transcriptional regulators and RNA polymerase complexes (Allfrey et al., 1964). Thus, alteration and regulation of chromatin structure impacts gene expression by making certain genes more or less available for transcription.

The epigenome is comprised of modifications to chromatin, including DNA methylation and histone modifications. For example, DNA accessibility is regulated by nucleosome sliding or post-translational modifications (PTMs), which include phosphorylation, methylation and acetylation. These covalent modifications control the structure and function of chromatin through a number of regulators. These regulators can be broadly divided into “readers” (enzymes that bind to modifications and facilitate epigenetic activities), “writers”(enzymes that establish DNA methylation or histone modifications), and “erasers”(enzymes that remove these markers) (Taverna et al., 2007; Kutateladze, 2011; Musselman et al., 2012; Huang et al., 2014; Xu et al., 2017). As an example, acetylation occurs at the fifth NH2 (Nε) of histone lysine residues (Strahl and Allis, 2000; Jenuwein and Allis, 2001), and is read by the bromodomain-containing protein (BRD), written by histone acetyltransferases (HATs), and erased by histone deacetylases (HDACs) (Dawson and Kouzarides, 2012; Filippakopoulos and Knapp, 2014; Zaware and Zhou, 2019).

The acetylation of lysine residues (Kac) on histone tails generates positive charges, which neutralize negatively charged DNA and the unwinding of tightly coiled heterochromatin (Shogren-Knaak et al., 2006). Histone acetylation can increase the inner pore space of chromatin from 20 nm to 60−100 nm, altering spatial distance and accessibility during interphase (Gorisch et al., 2005); it also ensures sufficient space for local transcriptional events, including initiation and elongation (Wang et al., 2009). Acetylation is of particular importance because the interaction between histones and chromatin is generally very stable, and interruption of this interaction requires a high concentration of NaCl or acetate (Von Holt et al., 1989; Shechter et al., 2007). Notably, acetylation is often a necessary precursor to other modifications, such as phosphorylation, methylation and ubiquitylation (Yang and Gregoire, 2007; Yang and Seto, 2008a).

Acetylation is controlled by two antagonistic enzyme families: HATs and HDACs. HDACs are expressed by various tumors, and are involved in vital chromosomal translocation-mediated oncogenic protein fusion and carcinogenic events (Falkenberg and Johnstone, 2014; West and Johnstone, 2014). These enzymes were first revealed to remove acetyl groups from histones by Vincent Allfrey (Inoue and Fujimoto, 1969). The first HDAC that was discovered, HDAC1, was originally isolated by utilizing a microbe-derived cyclic tetrapeptide, Trapoxin, which inhibits histone deacetylation and induces cell-cycle arrest (Taunton et al., 1996). Sequence homology-dependent HDACs were subsequently identified, and shown to be involved in major biological functions such as transcription, metastasis, autophagy, cell cycle, DNA damage repair, angiogenesis, stress responses and senescence (Yang and Seto, 2008b; Li and Zhu, 2014).

Histone deacetylase inhibitors (HDACi) might be able to reverse the activation of tumor suppressor genes (TSG), and in this way inhibit the viability and malignant proliferation of tumor cells (Glozak and Seto, 2007). The efficacy of HDACi treatment has been demonstrated in numerous clinical studies. This review discusses HDACs and their inhibitors in the context of potential cancer treatments.



CLASSIFICATIONS, ENZYMATIC ACTIVITIES AND CELLULAR DISTRIBUTIONS OF HDACs


Classifications of HDACs

According to their sequence similarities with yeast HDACs, 18 human HDACs have been identified and grouped into four classes (Yang and Seto, 2008b; Seto and Yoshida, 2014). Class I HDACs include HDAC1, -2, -3, and -8 (Rundlett et al., 1996; Taunton et al., 1996; Yang et al., 1996, 1997; Emiliani et al., 1998; Buggy et al., 2000; Hu et al., 2000; Van Den Wyngaert et al., 2000). Class II HDACs are further divided into two subgroups: class IIa and class IIb. Class IIa includes HDAC4, -5, -7, and -9 and class IIb includes HDAC6 and -10 (Grozinger et al., 1999; Miska et al., 1999; Wang et al., 1999; Kao et al., 2000, 2002; Zhou et al., 2001; Fischer et al., 2002; Guardiola and Yao, 2002; Tong et al., 2002). Class III, also known as the sirtuins (SIRTs), include SIRT1-7 (Imai et al., 2000; Lin et al., 2000), and class IV contains only HDAC11 (Gao et al., 2002). SIRTs are nicotinamide adenine dinucleotide (NAD+)-dependent enzymes, while the other three classes are Zinc cation (or Zn2+ ion)-dependent HDACs. Besides the deacetylase activity, a number of diverse enzymatic activities of HDACs are presented in Table 1 and the sequence characteristics of HDACs are presented in Figure 1.


TABLE 1. The multifaceted catalytic functions of HDACs.
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FIGURE 1. Domain structure of human HDACs. The fundamental structure of all deacetylases. Total number of amino acid residues and molecular weights in each HDAC were shown on the right of each protein.




Compositions, Sequence Characteristics, and Cellular Distributions of HDACs


Class I HDACs

Of class I HDACs, HDAC1, -2, and -3 catalytic activities depend on their respective co-repressor complexes. Based on the conserved structures and dimerization domains, HDAC1 and HDAC2 are often recruited to the same co-repressor complexes, including Mi-2/nucleosome remodeling deacetylase (NuRD), repressor element-1 silencing transcription co-repressor (RCOR1/CoREST), SWI-independent-3A (Sin3A) and mitotic deacetylase complex (MiDAC) (Hassig et al., 1997; Laherty et al., 1997; Nagy et al., 1997; Ayer, 1999; You et al., 2001; Bantscheff et al., 2011; Itoh et al., 2015; Turnbull et al., 2020). HDAC3 associates with the nuclear receptor co-repressor (NCoR) and silencing mediator for retinoid or thyroid-hormone receptors (SMRT) to form co-repressors. The NCoR/SMRT complex provides a platform for the recruitment and activation of HDAC3 in the deacetylase-activating domain (DAD) of SMRT (Wen et al., 2000; Oberoi et al., 2011; Emmett and Lazar, 2019). Inositol phosphate, an intermolecular “glue”; binds to the interface between the co-repressors and HDAC catalytic domains, improving the catalytic activity of the HDACs in NuRD and NCoR/SMRT complexes (Watson et al., 2012, 2016; Millard et al., 2013). Particularly, the HDAC8 monomer accommodates substrates with a unique flexible L1 loop in its N-terminal region, which is absent in other HDACs (Somoza et al., 2004). Therefore, this motif is likely to be conducive to the development of HDAC8-specific inhibitors (Ingham et al., 2016). Furthermore, its crystal structure indicates that dimerization occurs at the binding interface between HDAC8 and its substrate (Castaneda et al., 2017).



Class II HDACs

All Class IIa HDACs include an extended N-terminal domain that contains conserved serine (Ser) residues and other motifs for localization and function (Yang and Gregoire, 2005). Based on these Ser residues, several kinases such as calcium/calmodulin-dependent protein kinase (CaMK), salt-inducible kinase (SIK) and members of microtubule affinity-regulating kinase (MARK/hPar-1) phosphorylate Class IIa HDACs (Mckinsey et al., 2000, 2001; Dequiedt et al., 2006; Walkinshaw et al., 2013), which facilitates HDACs nuclear export through chromosomal region maintenance 1 protein (CRM1) [also called exportin 1 (XPO1)]- or ankyrin repeat family A protein 2 (ANKRA2)-recognized nuclear export sequence (NES) (Wang and Yang, 2001; Mckinsey et al., 2006; Xu et al., 2012). For nuclear localization, all class IIa HDACs contain nuclear localization sequence (NLS) (Zhang et al., 2002b). 14-3-3 protein inhibits the nuclear localization of these HDACs by blocking their interaction with importin α. The absence of 14-3-3 promotes HDAC4/5 nuclear localization, which also facilitates transcription repression by binding to HDAC3 (Grozinger and Schreiber, 2000; Wang et al., 2000). Of note, Class IIa HDACs contains myocyte enhancer factor 2 (MEF2) binding sites. The phosphorylated kinases-induced exported HDACs dissociate with nuclear MEF2 family proteins that are response for differentiated gene expression (Sparrow et al., 1999; Wang et al., 1999; Mckinsey et al., 2000; Walkinshaw et al., 2013). Nevertheless, Class IIa HDACs have significant weaker deacetylase activity compared to Class I. X-ray crystallography data have revealed that the catalytic pocket of histone deacetylase-like protein (HDLP) contains several key catalytic sites, such as histidine (His), aspartic acid (Asp) and tyrosine (Tyr). Class IIa HDACs have relatively low catalytic ability due to a substitution of asparagine to Asp on the Asp-His charge relay (Finnin et al., 1999). Moreover, the catalytic Tyr is conserved in other HDACs except for class IIa enzymes, where the Tyr residue is replaced by His. Substitution of His back to Tyr at 976 recovers the enzymatic activity of class IIa HDACs (Lahm et al., 2007).

Of the class IIb HDACs, HDAC6 is a microtubule-associated deacetylase that is predominantly localized in the cytoplasm. HDAC6 contains a microtubule-binding domain that promotes chemotactic cell motility (Hubbert et al., 2002; Ustinova et al., 2020); it also includes a double-tandem deacetylase domain and a serine-glutamine containing tetradecapeptide (SE14) repeats domain that is important for cytoplasmic anchoring (Bertos et al., 2004). HDAC6 undergoes nuclear export via leucine-rich motifs that are recognized by CRM1/exportin1 (Verdel et al., 2000), and contains NLS at adjacent Kac sites in the N-terminal (Liu et al., 2012). HDAC6 also contains zinc-finger ubiquitin binding domains (ZnF-UBP, also called PAZ domain) that negatively regulate polyubiquitin chain turnover (Seigneurin-Berny et al., 2001; Hook et al., 2002; Boyault et al., 2006). Recently, two deacetylase domains of HDAC6 have been re-classified as catalytic domain 1 (CD1) and CD2: these domains confer differential substrate recognition (Hai and Christianson, 2016).

HDAC10 is a polyamine deacetylase that preferentially catalyzes N8-acetylspermidine hydrolysis to generate acetate (Hai et al., 2017; Shinsky and Christianson, 2018). It contains a leucine-rich domain, a deacetylase domain and an inactivity domain (Guardiola and Yao, 2002; Kao et al., 2002). Similar to class IIa HDACs, HDAC10 associates with HDAC2, HDAC3, SMRT, and NCOR2 to enhance transcriptional repression (Fischer et al., 2002; Tong et al., 2002; Jin et al., 2018).



Class III HDACs

A total of seven NAD+-dependent class III HDACs, or SIRTs, have been identified in the cytoplasm, nucleus and mitochondria (Yao et al., 2014; Chalkiadaki and Guarente, 2015; Zhao and Zhou, 2019). SIRT1, which is distributed in the cytoplasm, mitochondria and the nucleus, has two CRM1-mediated NES and two NLS (Tanno et al., 2007): it undergoes conformational shifts in response to adenosine triphosphate (ATP), which impedes its ability to interact with substrates in the C-terminal domain (Kang et al., 2017). SIRT2 is even more widely distributed than SIRT1, being found in the plasma membrane and cytoskeleton-associated organelles in addition to the cytoplasm, nucleus and mitochondria: it contains a CRM1-dependent NES and a putative leucine-rich NES (Wilson et al., 2006). By contrast, SIRT3, SIRT4, and SIRT5 are primarily found in the mitochondria. SIRT3 has the capability to shuttle from the nucleus to the mitochondria via its mitochondrial localization sequence, which is also responsible for its mitochondrial deacetylation activity (Onyango et al., 2002; Schwer et al., 2002; Lombard et al., 2007; Bao et al., 2010). Of note, these mitochondrial regulators transfer to the nucleus in response to DNA damage induced by etoposide treatment or ultraviolet (UV) irradiation (Scher et al., 2007). SIRT6 is widely distributed, being found in the nuclear plasma, the heterochromatin, the nucleolus, as well as the cytoplasm (Michishita et al., 2005; Ardestani and Liang, 2012; Jedrusik-Bode et al., 2013). SIRT6 has a slower catalytic rate than other active SIRTs on substrates because SIRT6 lacks the conserved, highly flexible NAD+-binding loop, and instead contains a stable single helix (Pan et al., 2011). Finally, SIRT7, predominantly locates in the nucleolus but also exists in the cytoplasm (Nahalkova, 2015; Zhang et al., 2016) and is involved in mitochondrial function (Ryu et al., 2014; Mohrin et al., 2015). Two sequences in the N-terminal and C-terminal regions of SIRT7 permit nuclear and nucleolar localization, respectively (Kiran et al., 2013).



Class IV HDACs

HDAC11 is the exclusive member of the class IV HDACs. Recent studies have indicated that HDAC11 might predominantly be more involved in the fatty acylation of proteins compared to its weak deacetylation (Kutil et al., 2018; Cao et al., 2019).

Here, we recapitulate the detailed distributions of all 18 HDACs in Table 2.


TABLE 2. Some phenotypes observed after some manipulations of HDACs in different models.
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BIOLOGICAL FUNCTIONS OF HDACs

Histone deacetylases are expressed in different tumors: class I and II HDACs are considered to be general oncoproteins that interact with substrates and regulate gene expression to promote tumorigenesis and cancer development either individually or alongside with co-repressors (Falkenberg and Johnstone, 2014; West and Johnstone, 2014). Paradoxically, SIRTs can serve as both oncoproteins and tumor suppressors (Kugel et al., 2016; Costa-Machado et al., 2018; Funato et al., 2018). We list the demonstrated knockout (KO) or knockdown models of 18 HDACs (Table 2). Because of the diverse biological function of HDACs, it is not surprising that HDACi regimens influence many cellular processes, including those that contribute to cancer progression.


Transcriptional Regulation


Transcription Modulators

Transcription factors (TFs) can either directly target DNA or undergo various PTMs to alter gene expression. In this manner, HDACs negatively modulate transcription through forming a complex with TFs or by directly regulating TF transcription (Grunstein, 1997). For instance, the v-myc avian myelocytomatosis viral oncogene homolog (Myc) is a well-characterized proto-oncogene that promotes tumorigenesis by directly recruiting and interacting with HDACs to regulate gene expression (Liu et al., 2007; Zhang et al., 2012a). Meanwhile, Myc acetylation is also modulated by HDACs either directly or indirectly. For example, SIRT2 stabilizes N-Myc and c-Myc proteins by deacetylating and repressing neuronal precursor cell-expressed developmentally downregulated 4 (NEDD4), which mediates Myc ubiquitination and degradation (Liu et al., 2013). Consequently, the SIRT2-specific inhibitor thiomyristoyl (TM) promotes Myc ubiquitination and degradation (Jing et al., 2016). HDACi suberoylanilide hydroxamic acid (SAHA) and entinostat (also called MS-275) induce Myc acetylation at K323, downregulating Myc and accompanying with tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL) activation (Nebbioso et al., 2017). Therapeutic regimens that target Myc suppression using HDACi combined with DNA demethylation reagents seems to have a notable effect on non-small cell lung cancer (NSCLC) through activating immune system (Topper et al., 2017).

p53 is a well-known TSG that is crucial for mediating gene expression (Gu and Zhu, 2012; Zhu, 2017): its activity is modulated by various PTMs. HDACs and SIRTs downregulate p53 activity to promote cancer cell survival in response to oxidative stress (Juan et al., 2000; Luo et al., 2000, 2001; Vaziri et al., 2001). Specifically, HDAC1, -2, and -3 all can induce p53 deacetylation that represses p53-mediated apoptosis (Juan et al., 2000). In addition, HDAC2 modulates p53 transcriptional activity through direct p53-DNA binding (Harms and Chen, 2007). p53 binds to DNA depending on its acetylation state at K373/K382 by p300 (Gu and Roeder, 1997). HDACi depsipeptide induces acetylation at K373/K382 by recruiting p300. This in turn promotes the expression of p21Cip1/Waf1 (encoded by cyclin dependent kinase inhibitor 1A, CDKN1A) (Zhao et al., 2006). Compared to wild type p53, HDAC deficiency reduces mutant p53 (mtp53) expression both at the mRNA and protein level (Yan et al., 2013; Stojanovic et al., 2017). Besides the transcriptional regulation of mtp53, HDACs also modulate mtp53 protein stability. By inhibiting HDAC6, SAHA promotes the preferential degradation of mtp53 by downregulating heat shock protein 90 (HSP90) that suppresses p53 degradation via E3 murine double minute (MDM2) or carboxy terminus of HSP70-interacting protein (CHIP) (Li et al., 2011). Therefore, inducing mtp53 degradation by blocking HDAC6-HSP90 might represent a novel strategy to suppress oncogenesis in the future (Alexandrova et al., 2015).

In addition to TFs, HDACs also modulate the activity of super enhancers (SEs) (Gryder et al., 2019). Enhancer RNAs (eRNAs) are short, non-coding RNA molecules that alter the transcription of target genes in cooperation with promoters (Melo et al., 2013; Hsieh et al., 2014; Danko et al., 2015; Mao et al., 2019). Trichostatin A (TSA) and SAHA reduce eRNA synthesis by inhibiting HSP90 (Greer et al., 2015). MEF2D and HDAC4/9 form a corepressor to recognize intergenic regions. HDAC4/9 depleted cells show increased H3K27ac level around the gene transcriptional start sites where show the features of active enhancers within corresponded topologically associated domains (TAD) (Di Giorgio et al., 2020). Class I-specific HDACi 4SC-202 globally increases both of H3K27ac and H3K4me3 levels around the TSS of genes, but notably decreases occupancy at proximal regions of TSS of genes such as SMAD family member 6 (SMAD6) and E2F transcription factor 8 (E2F8), which are associated with enhancer deactivation (Mishra et al., 2017). Panobinostat and romidepsin alter the acetylation status of H3K27 by disrupting the SE topology in paired box 8 (PAX8) (Shi et al., 2019). Largazole (a cyclic peptides similar to depsipeptide) preferentially disturbs SE-driven transcripts that are frequently associated with oncogenic activities (Sanchez et al., 2018).



Transcriptional Activation

Although HDACs generally function as gene silencers, they can also activate transcription (Kurdistani et al., 2002; Wang et al., 2002). Besides the regulation of enhancers, a potential mechanism underlying this role includes the modulation of RNA polymerase II (RNAP2) by HDACs. HDACs participate in the crosstalk between RNAP2 C-terminal domain acetylation and phosphorylation (Wang et al., 2009; Blank et al., 2017; Ali et al., 2019). SIRT6 recruits and mono-ADP-ribosylates switch/sucrose non-fermenting (SWI/SNF) related, matrix associated, actin dependent regulator of chromatin subfamily c member 2 (SMARCC2/BAF170) to form active chromatin at the enhancer of heme oxygenase-1, which subsequently recruits RNAP2 (Rezazadeh et al., 2019). SIRT6 can also bind p53 to effectively recruit RNAP2 to local promoters (Li et al., 2018). SIRT6 deficiency mediates the activation of cyclin-dependent kinase 9 (CDK9) that can phosphorylate negative elongation factor (NELF) and mediate NELF release from RNAP2, facilitating the enrichment of TFs and RNAP2-related elongation factors to promote elongation of specific gene sets (Etchegaray et al., 2019). Consistently, TSA and SAHA disturb RNAP2-mediated transcriptional elongation by promoting the association between RNAP2 and NELF (Greer et al., 2015). Moreover, high doses of largazole can cause RNAP2-mediated transcriptional pausing and cell death (Sanchez et al., 2018).



DNA Methylation and Deacetylation

DNA methylation and histone modification modulate transcription, either alone or cooperatively, by altering chromatin status. HDACs and their complexes are recruited to hyper-methylated DNA through methyl-CpG binding domain containing (MBD) protein (MeCP), which has transcriptional repression roles (Jones et al., 1998; Nan et al., 1998; Ng et al., 1999; Zhang et al., 1999; Zhu et al., 2003). To maintain DNA methylation, DNA (cytosine-5-)-methyltransferase 1 (DNMT1) binds to HDAC1 and HDAC2 to establish heritable transcriptional silencing (Robertson et al., 2000; Rountree et al., 2000). A number of major breakthroughs involving combinations of HDACi and DNA demethylation reagents [DNA methyltransferase inhibitors (DNMTi)] have occurred in the past two decades (Cameron et al., 1999; Zhu et al., 2001b; Topper et al., 2017). The rationale underlying combined DNMTi and HDACi therapy lies in their synergistic effects on compacted chromatin. Dense methylation of CpG islands (CGI) is responsible for silencing genes, which can be reactivated by HDACi. In this scenario, TSA loosens the structure of chromatin and induces the expression of previously silenced genes in the presence of DNMTi (Jones et al., 1998, 2016; Cameron et al., 1999). The combination of 5-aza-2’-deoxycytidine (5-Aza-CdR, decitabine, Dacogen, Otsuka) and either depsipeptide or TSA induces the expression of p21Cip/Waf1, p15 (CDKN2B/INK4B), p16 (CDKN2A/INK4B), and p19 (CDKN2D/INK4D) (Cameron et al., 1999; Zhu et al., 2001a). Depsipeptide and apicidin induce demethylation and re-activate silenced genes such as p16, GATA binding protein 4 (GATA4) and sal-like protein 3 (SALL3) by inhibiting DNMT1 binding to these gene promoters (Wu et al., 2008). In terms of the direct anti-tumor effects, DNMTi in combination with HDACi can provoke a durable, powerful clinical response in patients (Jones et al., 2016). Several combinational therapies present in regimen of reversing tumor immune evasion in NSCLC. Azacytidine plus ITF-2357 (givinostat) seems to be the most efficient strategy that augments antigen presentation machinery and interferon α/β (IFNα/β)-related immune gene activation, and mainly focuses on suppression of Myc-driven tumorigenesis (Topper et al., 2017). With their broad range of physiological functions in various tissues, the combined effects of HDACi and DMNTi hold substantial therapeutic promise going forward.



Synergetic Regulation of HDACs and Other Histone Modifiers

In addition to DNA methylation, HDACs also cooperate with other epigenetic modifiers. For example, lysine-specific demethylase 1 [LSD1, lysine demethylase 1A (KDM1A)] is responsible for removing mono- or di-methylation of H3K4, and represses transcription via the CoREST-HDACs complex (Humphrey et al., 2001; Lee et al., 2005; Shi et al., 2005). A dual inhibitor of HDAC and LSD1, corin, has been developed to suppress CoREST-HDACs and to coordinately increase H3K4me1, H3K27ac and H3K27me3 (Kalin et al., 2018; Anastas et al., 2019). KDM2B induces H3K79 demethylation and transcriptional repression in a SIRT1-dependent manner (Kang et al., 2018). KDM4A modulates gene repression though a physiological interaction with the NCoR-HDAC3 complex (Zhang et al., 2005). KDM5A directly associates with HDAC complexes to regulate H3K4me2/3 (Nishibuchi et al., 2014). The H3K36me2 demethylase KDM8 increases H3/H4 acetylation and Cyclin A1 transcriptional activation by impeding HDAC1 recruitment (Hsia et al., 2010).

Regarding histone lysine methyltransferases, HDAC3 modulates the H3K9ac/H3K9me3 transition in a suppressor of variegation 3-9 homolog 1 (SUV39H1, also called KMT1A)-dependent manner during the DNA damage response (DDR) (Ji et al., 2019). SIRT1 regulates H3K9 methylation by deacetylating K266 in the Su(var)3-9, enhancer-of-zeste and trithorax (SET) domain of SUV39H1, thus increasing its activity during heterochromatin formation (Shankaranarayana et al., 2003; Vaquero et al., 2007). While SIRT6 induces the monoubiquitination of cysteines (Cys) in the pre-SET domain of SUV39H1, removing SUV39H1 from IκBα negatively regulates the nuclear factor-kappaB (NF-κB) pathway (Santos-Barriopedro et al., 2018). Depsipeptide decreases H3K9me2/3 expression by reducing the expression of SUV39H1 and G9A (also called KMT1C) (Wu et al., 2008). SIRT2 binds and deacetylates PR-Set7/SET8/KMT5A at K90, and increases the H4K20me1 level (Serrano et al., 2013). HDACs also interact with polycomb-group (PcG) proteins to reset chromatin remodeling and transcriptional repression (Van Der Vlag and Otte, 1999; Kuzmichev et al., 2005; Zhang et al., 2012b; Fukumoto et al., 2018). SIRT1 interacts with Set7/9 (also called KMT7), with several sites being methylated by Set7/9. In response to DNA damage, SIRT1-p53 binding is significantly enhanced in the presence of Set7/9 and this binding coincide with increased p53 acetylation at K382 (Liu et al., 2011).

The BRD family proteins are readers of Kac (Dhalluin et al., 1999; Fujisawa and Filippakopoulos, 2017). Class I HDACi 4SC-202, mocetinostat and entinostat induce increase of hundreds of gene expression, which are mostly enriched upon BRD4- and MYC-targeted TSS-proximal regions. p21 is activated by 4SC-202 to inhibit cell proliferation (Mishra et al., 2017). Similarly, JQ1 cooperates with SAHA to inhibit the growth of pancreatic ductal adenocarcinoma (PDAC) by upregulating p57 (CDKN1C) that usually blocked by Myc (Mazur et al., 2015). Besides, HDACs also interact with protein arginine methyltransferases (PRMTs) to regulate gene transcription (Qi et al., 2018; Yan W. W. et al., 2018). These findings all highlight the competition among the “readers”, “writers” and “erasers” at acetylated histones and non-histones, and may provide additional, novel and combination epigenetic approaches for cancer therapy in the future (Figure 2).
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FIGURE 2. Transcription regulation in HDACs and HDACi. (A) HDAC and HDACi involved transcription regulation in concert with other epigenetic modifiers. (B) A working model described how HDAC and HDACi regulate both of oncogenes and tumor suppressor genes expression.




Metabolism

Various kinases and metabolic pathways form a complex network with epigenetic co-repressors to dynamically regulate metabolic flux and enzyme activity; aberrations in these processes can result in tumorigenesis and cancer progression. Metabolism can affect protein acetylation by altering the concentration of NAD+ and acetyl-CoA. In turn, HDACs also mediate metabolic reprogramming in cancer cells (Verdin and Ott, 2015).

Cancer cells are often characterized by their strong glycolytic activity, with aerobic glycolytic activity being preferred for tumor energy metabolism (Weinhouse, 1956). Increased glycolysis is associated with the abnormal regulation of glycolytic enzymes and other glucose metabolism pathways. Class II HDACs induce trans-repression of gluconeogenic enzymes from the cytoplasm to the nucleus in an HDAC3-dependent manner, and mediate the deacetylation and activation of the forkhead box class O (FoxO) family in the nucleus (Mihaylova et al., 2011). SIRT2 deacetylated isocitrate dehydrogenase 1 (IDH1) at K224 and promotes IDH1 enzymatic activity. The hypoacetylated IDH1 converts isocitrate into α-ketoglutarate in the tricarboxylic acid (TCA) cycle to inhibit liver metastases of colorectal cancer (CRC) (Wang B. et al., 2020). Pyruvate kinase (PKM2) promotes tumorigenesis by regulating oncogene expression and proliferation pathway activation in HDAC3-dependent way (Yang W. et al., 2011; Yang et al., 2012). SIRT6 can directly interact with and deacetylate PKM2, resulting in its nuclear export via exportin 4 and suppression of PKM2-related oncogenic functions (Bhardwaj and Das, 2016). Conversely, SIRT3 and SIRT6 also act as tumor suppressors, restricting aerobic glycolysis in cancer cells through destabilization of hypoxia inducible factor 1 subunit alpha (HIF-1α) and inhibition of glycolytic kinases, respectively (Finley et al., 2011; Sebastian et al., 2012). p53 directly binds and activates SIRT6 to regulate gluconeogenesis by mediating the nuclear exclusion and deacetylation of FoxO1 (Zhang et al., 2014).

The fatty acylation of proteins has a vital role in membrane synthesis, vesicle transport, protein-membrane interaction, cell signaling and localization (Resh, 2006). HDACs regulate fatty acylation during cancer progression. For example, HDAC8 performs lysine de-fatty-acylation functions. The HDAC8-selective inhibitor PCI-34051 also increases overall fatty acylation levels in Jurkat cells (Aramsangtienchai et al., 2016). HDAC11 has a relatively low effect on acetyl groups, but efficiently catalyzes dodecanoylated and myristoylated peptides (Kutil et al., 2018). Compared with acetyl peptides, some HDACs have higher catalytic efficiency on acyl groups (Houtkooper et al., 2012; Feldman et al., 2013; Jiang et al., 2013; Aramsangtienchai et al., 2016; Wang et al., 2016; Kutil et al., 2018) (see Table 1). HDAC11 efficiently removes acyl groups on the surface of serine hydroxymethyltransferase 2α (SHMT2α), causing SHMT2α dissociation from the late endosome/lysosome. This effect leads to type I interferon receptor chain 1 (IFNαR1) polyubiquitylation and degradation, as well as downregulation of IFN signaling (Cao et al., 2019). HDAC11-specific inhibitors, such as elevenostat, FT895, and SIS17, might represent promising future treatments that target lipid metabolic dysregulation in cancers (Martin et al., 2018; Kutil et al., 2019; Son et al., 2019). SIRT3 has a role in mitochondrial fatty-acid β-oxidation by regulating long-chain acyl-CoA dehydrogenase (LCAD) (Hirschey et al., 2010). SIRT6 is indispensable for hepatic β-oxidation by deacetylating the peroxisome proliferator-activated receptor α (PPARα) coactivator nuclear receptor coactivator 2 (NCOA2) at K780 (Naiman et al., 2019). Following palmitic acid treatment, SIRT6 interacts with p53 to regulate de novo cardiolipin biosynthesis and maintain lipid homeostasis (Li et al., 2018).

Amino acids are also involved in tumorigenesis. SIRT3 depletion suppresses glutamate dehydrogenase (GDH/GLUD), which impairs glutamine flux to the TCA cycle and causes reduction of acetyl-CoA pools (Li M. et al., 2019). SIRT4 is a lipoamidase that diminishes the activity of the pyruvate dehydrogenase complex (PDH) by hydrolyzing the lipoamide cofactor dihydrolipoyllysine acetyltransferase (DLAT) (Mathias et al., 2014). Furthermore, SIRT4 represses GDH activity through its ADP-ribosyltransferase function. SIRT4 deficiency activates GDH, stimulating amino acid-mediated insulin secretion in insulinoma cells (Haigis et al., 2006). SIRT4 also mediates other PTMs, including methylglutarylation, hydroxymethylglutarylation and 3-methylglutaconylation, and intermediates of these PTMs contribute to leucine oxidation. Indeed, SIRT4-KO induces leucine disordered metabolism and leads to glucose intolerance and insulin resistance (Anderson et al., 2017). Meanwhile, elevated SIRT5 expression in breast cancer mediates glutaminase desuccinylation and protects glutaminase from ubiquitin-mediated degradation; this effect has been associated with a poor prognosis in breast cancers (Greene et al., 2019). SIRT3 and SIRT5 also mediate desuccinylation and deacetylation of SHMT2, respectively, suggesting that suppression of serine catabolism might represent a novel strategy to restrain tumor growth (Wei et al., 2018; Yang et al., 2018).



Hypoxia and Angiogenesis

Activated HIFs (HIF-1α, HIF-2α, HIF-3α, and HIF-1β) have vital roles in adaptive responses, with HIF-1α and HIF-2α in particular being associated with tumorigenesis and angiogenesis in response to hypoxia (Gonzalez et al., 2018). Notably, SAHA specifically induces the accumulation of HIF-2α rather than HIF-1α in soft tissue sarcomas (Nakazawa et al., 2016). HIF-1α is ubiquitinated by von Hippel-Lindau (VHL) or by binding to p53-MDM2, inducing proteasomal dependent degradation (Vriend and Reiter, 2016; Gonzalez et al., 2018). HDAC1 downregulates p53 and VHL expression, and stimulates HIF-1α-dependent angiogenesis. TSA inhibits this process by blocking HIF-1α and the vascular endothelial growth factor (VEGF) receptor (Kim et al., 2001). Besides, HDAC4 and HDAC6 directly bind to HIF-1α. HDACi LAQ824, valproic acid (VPA) and trapoxin induce dose-dependent HIF-1α depletion in an VHL-independent manner (Qian et al., 2006). The class IIa-selective HDACi TMP195 effectively establishes an anti-tumor microenvironment and induces normalization of tumor vasculature in breast cancers by eliciting recruitment and differentiation of macrophages. TMP195 in combination with chemotherapeutic regimens such as carboplatin or paclitaxel can significantly reduce breast cancer burden (Guerriero et al., 2017).

As for SIRTs, they continuously perform an inhibitory role to HIF-1α-relevant transcriptional and metabolic regulation. During hypoxia, SIRT1 activity is inhibited due to reduced NAD+ levels, which leads to the acetylation and activation of HIF-1α and HIF-2α. SIRT1 negatively regulates angiogenesis by deacetylating FoxO1 (Potente et al., 2007; Dioum et al., 2009; Lim et al., 2010). In human breast cancers, a SIRT3 deficiency can stabilize HIF-1α (Finley et al., 2011). Both SIRT6 and SIRT7 can negatively modulate the expression and activity of HIF-1α and HIF-2α (Zhong et al., 2010; Hubbi et al., 2013).



Redox and Oxidative Stress

Histone deacetylase inhibitors treatment is often accompanied by oxidative stress related DNA damage that is primarily caused by the generation of reactive oxygen species (ROS) (Xu et al., 2006). In mammalian cells, two redox systems respond to oxidative stress: the thioredoxin (Trx) system and the glutathione-glutaredoxin (Grx) system. In response to nitric oxide (NO), HDAC2 is S-nitrosylated at Cys 262 and Cys 274, which induces chromatin remodeling to promote gene expression (Nott et al., 2008). A pair of redox-sensitive cysteine residues (Cys-667/Cys-669) in HDAC4 are involved in oxidative stress via the formation of intramolecular disulfide bonds (Ago et al., 2008). Compared with normal cells, tumor cells are enriched with the antioxidant Trx reductase (TrxR), which might represent a novel therapeutic target (Lu and Holmgren, 2014; West and Johnstone, 2014). Depsipeptide causes robust DNA damage and apoptosis by inducing ROS generation, primarily through the suppression of TrxR (Wang et al., 2012). HDAC5 represses mitochondrial ROS generation, and depletion of HDAC5 provokes nuclear factor, erythroid 2 like 2 (NRF2)-associated transcription (Hu et al., 2019). The DNA and RNA binding protein Y-box binding protein 1 (YB-1) binds to NRF2 in response to oxidative stress. Entinostat induces YB-1 acetylation and blocks its binding to NRF2, reducing NRF2 synthesis and increasing ROS levels in sarcoma cells (El-Naggar et al., 2019).

Sirtuins primarily serve as antioxidants in redox signaling. SIRT1, -2, and -3 all prevent oxidative stress by inducing or modulating manganese superoxide dismutase (MnSOD) (Brunet et al., 2004; Wang et al., 2007). Glucose-6-phosphate dehydrogenase (G6PD) is key enzyme of the pentose phosphate pathway (PPP) that regulates nicotinamide adenine dinucleotide phosphate (NADP)/NADPH levels. NADPH maintains glutathione (GSH) at a reduced state, which serves as an antagonist to prevent ROS generation (Chen et al., 2019). In response to oxidative stress, SIRT2 and SIRT3 promote NADPH generation by deacetylating and activating G6PD and IDH2 in the PPP or in the TCA cycle, respectively. The PPP also produces ribose-5-P, which synthesizes nucleotides and generates NAD+, which in turn supports SIRTs activity (Schlicker et al., 2008; Wang Y. P. et al., 2014). SIRT3 also activates NADH quinone oxidoreductase (Complex I) and succinate dehydrogenas (Complex II) in the electron transport chain (Ahn et al., 2008; Cimen et al., 2010). Furthermore, in the mitochondrial inter-membrane space, SIRT5 deacetylates cytochrome c (Schlicker et al., 2008). SIRT5 is also present in peroxisomes, where it desuccinylates and inhibits peroxisomal acyl-CoA oxidase 1 (ACOX1). A SIRT5 deficiency in hepatocellular carcinoma (HCC) increases oxidative DNA damage by elevating ACOX1-mediated H2O2 production (Chen et al., 2018). By contrast, SIRTs also inhibit antioxidation; for example, SIRT2 deacetylates and suppresses peroxiredoxin (an antioxidant) in breast cancer cells (Fiskus et al., 2016; Figure 3).
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FIGURE 3. HDAC-involved metabolic regulation. HDACs regulate metabolism mainly including glycometabolism, lipid metabolism, amino acid metabolism and redox.




DNA Damage Response

The DDR is a vitally important regulatory mechanism that protects genomic DNA from damage induced by various stimuli (Jackson and Bartek, 2009). Different levels of DNA damage are inevitably caused by UV radiation and DNA adducts, which are produced by ROS and reactive nitrogen species (RNS), as well as exposure to chemical agents (Barker et al., 2015; Roos et al., 2016; Pouget et al., 2018; Guo et al., 2020). DNA double-strand breaks (DSBs) are the most severe form of DNA damage and are repaired via one of two pathways: homologous recombination (HR) or non-homologous end-joining (NHEJ) (Scully et al., 2019). Deacetylation of H3K56 and H4K16 by HDAC1/2 are involved in mediating dynamic chromatin regulation in response to NHEJ (Miller et al., 2010). Although H4K16 acetylation attenuates binding of p53 binding protein 1 (53BP1) to H4K20me2, euchromatic histone lysine methyltransferase 1 (EHMT1, also called GLP or KMT1D)-catalyzed H4K16 monomethylation could significantly enhance this binding (Lu X. et al., 2019). Meanwhile, SIRT1 redistributes to DSB foci to promote HR during oxidative stress (Oberdoerffer et al., 2008). NuRD complex subunit, chromodomain-helicase-DNA-binding protein (CHD4), was recently discovered to be recruited by SIRT6 to replace heterochromatin 1 (HP1) at H3K9me3 to ultimately promote chromatin relaxation through HR (Hou et al., 2020). SIRT6 also mono-ADP-ribosylates and displaces KDM2A (also called JmjC domain-containing histone demethylase 1A, JHDM1A) from chromatin, which leads to HP1α-dependent H3K9me3 deposition at DSBs and transient transcriptional repression, accompanying with the recruitment of NHEJ factors (Rezazadeh et al., 2020).

The DDR is controlled by three related kinases: ataxia telangiectasia mutated (ATM), ataxia telangiectasia mutated and Rad3 related (ATR), and DNA-dependent protein kinase catalytic subunits (DNA-PKcs) (Blackford and Jackson, 2017). Once a DSB occurs, the MRE11-RAD50-NBS1 (MRN) complex and the Ku family are rapidly recruited to DSB sites. As the sensor, ATM is recruited to DSB sites by the MRN complex (Blackford and Jackson, 2017). The interplay between HDAC1 and ATM increases chromatin condensation to prevent radio-sensitivity in response to ionizing radiation (Kim et al., 1999). SIRT1 binds to deleted in breast cancer 1 (DBC1), which induces p53 activation (Kim et al., 2008; Zhao et al., 2008). ATM also mediates DBC1 phosphorylation at threonine (Thr) 454 which contributes to DBC1-SIRT1 interactions during DNA damage (Yuan J. et al., 2012). Moreover, SIRT1 deacetylates and maintains the hypoacetylation of Nijmegen breakage syndrome protein 1 (NBS1), which is necessary for the ionizing radiation-induced phosphorylation of NBS1 and subsequent MRN complex recruitment to DSB sites (Yuan et al., 2007). SIRT7 directly binds and deacetylates ATM, which is prerequisite for ATM dephosphorylation and inactivation in the final stage of DNA repair (Tang et al., 2019). Panobinostat-induced downregulation of meiotic recombination 11 homolog (MRE11) enhances radio-sensitization of bladder cancer cells by promoting MRE11 ubiquitination that relies on the upregulated E3 inhibitor of apoptosis protein 2 (cIAP2) (Nicholson et al., 2017).

ATR and its downstream kinase CHK1 are also involved in the response to DNA replication stress. SAHA slows down replication forks by restricting the ATR pathway (Conti et al., 2010). Following the conserved mechanism in yeast, VPA disrupts the formation of single-strand-DNA-RFA nucleofilaments and the activation of the Mec1 (ATR in human) and Rad53 (CHK2 in human) by suppressing the recruitment of replication factor A protein 1 [RFA1, replication protein A (RPA) in human] and DNA damage checkpoint protein Ddc2/LCD1 [ATR interacting protein (ATRIP) in human] to DNA damage sites (Robert et al., 2011). Entinostat represses checkpoint signaling during replication stress. Mechanically, HDAC1/2 suppress the cell cycle kinases WEE1 and CDK1 and induce the dephosphorylation of ATM and CHK2 by suppressing the expression of PP2A subunit. Entinostat also induces the incorrect incorporation of NTPs and metabolites during the induction of checkpoint kinase inactivation, which can result in mitosis catastrophe (Goder et al., 2018). Therefore, CHK inhibitors might be designed to prevent this event from occurring. Indeed, CHK1 inhibitor treatment combined with HDACi induces cell death via extensive mitotic disruption in a range of solid tumors (Lee et al., 2011).

DNA-PKcs is another sensor that is recruited to DSBs by Ku-bound DSB ends (Blackford and Jackson, 2017). Under conditions of fasting-induced oxidative stress, SIRTs act as protective factors in the DDR. Specifically, SIRT1 deacetylates Ku70, resulting in Ku70-Bcl-2 associated protein X (BAX) disassociation and the transport of BAX away from the mitochondria, leading to stress-induced resistance to apoptosis (Cohen et al., 2004). SIRT3 also physically interacts with and deacetylates Ku70 to impede BAX translocation to the mitochondria (Sundaresan et al., 2008).

SIRTs are highly important for DNA damage repair and genome stability (Tian et al., 2019; Ng and Huen, 2020). Recent data have shown that SIRT6 is a novel sensor for initiating the DDR (Onn et al., 2020). Deacetylated SIRT6 at K33 by SIRT1 results in SIRT6 polymerization and deposition at γH2AX foci. Moreover, a SIRT6 K33R hypoacetylation mimic can rescue DNA repair defects in SIRT1-deficient cancer cells (Meng et al., 2020). SIRT7 is also associated with NHEJ, as a Sirt7 deficiency impairs the recruitment of 53BP1 to DSB sites and inhibits NHEJ efficiency (Vazquez et al., 2016). SIRT7 also deacetylates ATM to mediate ATM inactivation in the final stage of DNA damage repair (Tang et al., 2019). SIRT7 acts as a deglutarylase to regulate H4K91 glutarylation (H4K91glu). This process is closely associated with chromatin remodeling in response to DNA damage (Bao et al., 2019). Treatment with 5-Fluorouracil (5-FU) induces SIRT7 degradation in the Tat-binding protein 1 (TBP1)-mediated proteasome-dependent pathway, increasing cell radiosensitivity in combination therapy (Tang M. et al., 2017).

Poly ADP-ribose polymerases (PARPs) are central to the activation of several downstream repair mechanisms, including single-strand DNA breaks (SSBs), base-excision repair (BER), HR and NHEJ (Pilie et al., 2019). SIRTs and PARPs all require NAD+ to elicit function. However, PARP1 consumes NAD+, and this affects NAD+-dependent SIRT activity. Thus, depleting PARP1 increases the catalytic function of SIRTs (Schreiber et al., 2006; Houtkooper et al., 2012; Imai and Guarente, 2014). Under conditions of oxidative stress, SIRT6 physically binds to and mono-ADP-ribosylates PARP1 at K521 to facilitate DNA repair (Mao et al., 2011). SIRT7 is recruited to DSB sites in a PARP1-dependent manner, and catalyzes H3K122 desuccinylation, which facilitates chromatin compaction and DNA repair (Li et al., 2016). Based on synthetic lethality, PARP inhibitors induce genomic instability in breast cancer susceptibility protein (BRCA1/2)-deficient cancer cells (Pilie et al., 2019). The combined use of HDAC and PARP inhibitors will likely be of great benefit for patients with BRCA1/2-deficient malignancies (Liszczak et al., 2018).

With the exception of DSBs, cancer cells can overcome DNA damage-induced cytotoxicity through BER, nucleotide excision repair (NER) and mismatch repair. Uracil-DNA N-glycosylase isoform 2 (UNG2) has a role in BER and can be deacetylated at K78 by HDAC, boosting disassociation from its E3 ubiquitin-like containing PHD and ring finger domain 1 (UHRF1) when stimulated by ROS. HDACi combined with genotoxic agents results in UNG2 degradation, resulting in a robust cell death effect (Bao et al., 2020). SIRT1 interacts with xeroderma pigmentosum group A (XPA) in NER by directly deacetylating XPA or mediating XPA binding to ATR to prevent UV irradiation (Fan and Luo, 2010; Jarrett et al., 2018). HDAC10 is mainly involved in DNA mismatch repair by deacetylating mutS homolog 2 (MSH2) at K73 (Radhakrishnan et al., 2015).

Besides, a number of other histone modifications are also actively involved in these DNA repair pathways, but are beyond the scope of this review (Cao et al., 2016; Kim J. J. et al., 2019; Li Z. et al., 2019). Suffice to say that the multiple sites of H3 and H4 acetylation are not absolutely related to checkpoint activation because the conversion of lysine to other amino acids can still activate checkpoints (Robert et al., 2011).



Cell Cycle

Cell cycle dysregulation is a central hallmark of oncogenesis; as such, cell cycle regulators are considered promising targets for cancer treatment. HDACs are often involved in cell cycle checkpoints. HDAC3-mediated deacetylation of cyclin A affects the progression of the S phase and G2/M transitions (Bhaskara et al., 2008, 2010). HDAC10 depletion induces G2-M transition arrest through the regulation of cyclin A2. Mechanically, HDAC10 depletion induces the downregulation of high mobility group AT hook 2 (HMGA2), which leads to enrichment of E4F transcription factor 1 (a cyclin A2 repressor) at the cyclin A2 promoter and G2-M arrest (Li et al., 2015). Regarding combination therapies, the CDK9 inhibitor dinaciclib and panobinostat together induce apoptosis over the short-term in MLL-AF9-driven acute myeloid leukemia (AML) (Baker et al., 2016). The emerging hybrid inhibitor Roxyl-zhc-84, which concordantly inhibits HDACs and CDKs, induces G1-phase arrest and apoptosis in ovarian and breast cancer cells (Huang et al., 2018c).

Spindle assembly checkpoint (SAC) is involved in regulating mitosis. Budding uninhibited by benzymidazol related-1 (BubR1), a component of the SAC, must be deacetylated by HDAC2/3 to initiate mitotic exit (Park et al., 2017). HDAC3 induces SAC activation and the dissociation of sister chromatids (Eot-Houllier et al., 2008). SIRT2 is strongly associated with mitosis exit (Dryden et al., 2003). SIRT2 regulates the anaphase-promoting complex/cyclosome (APC/C) by deacetylating its cofactors, cell-division cycle protein 20 (CDC20) and CDC20 homolog 1 (CDH1), which are both required for mitosis exit and chromosome segregation (Kim et al., 2011). SIRT2 also deacetylates α-tubulin at K40 to promote cell mobility (North et al., 2003). The SIRT2 inhibitor SirReal2 induces tubulin hyperacetylation and BubR1 destabilization (Rumpf et al., 2015). HDAC5 induces the transcription of the mitosis kinase Aurora A, by repressing the expression of the E3 ligase NEDD4 (Sun et al., 2014). Combination of the Aurora A kinase inhibitor alisertib with romidepsin causes dose-dependent cytotoxicity of lymphoma cells (Zullo et al., 2015).

p21Cip/Waf1 is a cyclin-dependent kinase inhibitor (CKI). HDACi induces p21 expression by re-activating hyperacetylation of H3 and H4 in its promoter region (Richon et al., 2000). Furthermore, depsipeptide induces p53 phosphorylation at Thr 18, which is a requirement for subsequent p53 acetylation at K373/382 and p21 activation (Wang et al., 2012). In liver cancer, the HDAC8-selective inhibitor PCI-34051 can induce p21 expression and G2-M phase cell cycle arrest (Tian et al., 2015). Nevertheless, p21 and p16 are activated by HDACi in a p53-independent manner (Yoshida and Horinouchi, 1999). Namely, SIRT7 indirectly modulates p21-mediated cell cycle arrest by elevating p53 activity. SIRT7 physically binds and deacetylates P300/CBP-associated factor (PCAF) at K720, and this interaction is enhanced under conditions of glucose deprivation. As a result, PCAF binding to MDM2 is promoted, resulting in a triggering of MDM2 degradation via the ubiquitin-dependent proteasome pathway (Lu Y. F. et al., 2020). Finally, in p21-KO lymphomas, p27Kip1 (CDKN1B) functions in a p21-independent manner to induce cell cycle arrest after SAHA treatment (Newbold et al., 2014).



Apoptosis

Apoptosis is a physiologically programmed cell death pathway that is essential for the maintenance of organismal homeostasis. Apoptosis is controlled by the B-cell lymphoma 2 (Bcl-2) family of proteins, which includes both pro-survival and pro-apoptotic proteins that control cell fate (Singh et al., 2019).

Regarding the intrinsic apoptotic pathway, the Bcl-2 interacting mediator of cell death (Bim), a Bcl-2 homology 3 (BH3)-only proapoptotic protein, is upregulated by depsipeptide via FoxO1 acetylation (Yang et al., 2009). Panobinostat elevates Sry-box transcription factor 7 (SOX7) expression and suppresses lung cancer cell proliferation. Mechanically, SOX7 triggers apoptosis by preventing Bim from proteasome-mediated degradation (Sun et al., 2019). The N-terminal truncated form of p63, ΔNp63, belongs to the p53 family, but acts as an oncoprotein. In squamous cell carcinoma, HDAC1 and HDAC2 form a complex with ΔNp63 to suppress the proapoptotic gene expression such as p53 upregulated modulator of apoptosis (PUMA) (Ramsey et al., 2011).

Histone deacetylase inhibitors treatment also affects the anti-apoptotic members of the Bcl-2 family. Specifically, depsipeptide induces apoptosis by decreasing the expression of pro-survival factors Bcl-2 and B-cell lymphoma-extra-large (Bcl-xL) (Adams and Eischen, 2016; Adams et al., 2016). The HDAC6-selective inhibitor ricolinostat exerts pronounced anti-lymphoma effects both alone and in combination with the alkylating agent bendamustine, by impairing the activation of caspase 8, -9, -3, and the Bcl-2 family (Cosenza et al., 2017). Myeloid cell leukaemia 1 (Mcl-1) is an E3-bound, anti-apoptotic protein that is involved in mitotic arrest (Senft et al., 2018). HDACi-induced Mcl-1 phosphorylation likely promotes apoptosis, whereas mutant phosphorylated Mcl-1 resists HDACi by binding to BH3-only proapoptotic proteins (Tong et al., 2018).

p53 is a crucial activator of apoptosis. HDAC1-3 all downregulate p53 activity, which represses p53-mediated activation of the pro-apoptotic gene BAX (Juan et al., 2000). Acetylation of p53 at K120 upregulates apoptotic peptidase activating factor 1 (Apaf-1) in the mitochondria (Yun et al., 2016). Under genotoxic stress, HDAC5 deacetylates p53 at K120, which activates pro-apoptotic target genes (Sen et al., 2013). Furthermore, HDAC6 directly deacetylates p53 at K120, which is required for p53-induced apoptosis in tumors with AT-rich interaction domain 1A (ARID1A) mutations (Bitler et al., 2017).

In summary, HDACi promote apoptosis via the intrinsic mitochondrial pathway, decreasing the expression of key anti-apoptotic factors (eg. Mcl-1, Bcl-2, and Bcl-xL), and/or increasing the expression of pro-apoptotic proteins (eg. BAX, Bim, Noxa and PUMA). HDACi also facilitate the activation of extrinsic apoptotic pathways, such as TRAIL (Nebbioso et al., 2017), driving mitochondrial outer membrane polarization (MOMP) and ultimately caspase-mediated cell death.



Degradation System

The modulation of protein degradation is of critical importance for cell function. Protein degradation occurs via two major pathways: the ubiquitin-dependent proteasome pathway and autophagy system.


Autophagy

Autophagy is a degradation process whereby autophagosomes engulf and recycle nutrient sources in response to energetic demands and organelle turnover (Mizushima et al., 2008; Mizushima, 2018). Autophagy can be effectively promoted by HDACs. For example, depletion of HDAC10 perturbs autophagy flux through increased LC3-II/I, and the accumulation of p62 and acidic vesicular organelles. HDAC10 inhibition results in increased sensitivity to cytotoxic reagents (Oehme et al., 2013). Sirt1 also forms complexes with autophagy related protein 5 (ATG5), ATG7 and ATG8 to promote autophagy, with organelles in Sirt1–/– mice being markedly damaged (Lee et al., 2008). The SIRT1 and -2 inhibitor tenovin-6 activates p53 and seems to be a specific regulator of mitochondrial acetylation (Lain et al., 2008; Scholz et al., 2015). Tenovin-6 suppresses Ewing sarcoma cells by regulating the NOTCH signaling pathway (Ban et al., 2014), and perturbs autophagic flux in chronic lymphocytic leukemia (CLL) cells and pediatric soft tissue sarcoma cells (Yuan et al., 2017). However, HDACs also interrupt autophagy, and various HDACi induce cancer cell death by promoting autophagy. In HDAC10-KO HeLa cells, chaperone-mediated autophagy (CMA) instead of macroautophagy is activated by the accumulation of lysosome-associated protein type 2A (LAMP2A)-positive lysosomes and the degradation of CMA substrate glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Obayashi et al., 2020). In response to serum starvation or oxidative stress, SIRT2 inhibition induces acetylated FoxO1 to locate in the cytoplasm, accelerating autophagy through interaction with ATG7 (Zhao et al., 2010). Under nutrient-rich conditions, FoxK1/2 bind to HDAC complex and restricts autophagic flux through the transcriptional repression of autophagy gene (Bowman et al., 2014). Under condition of nutrient deprivation, inhibition of the AKT serine/threonine kinase pathway facilitates nuclear import of FoxO3, which competitively replaces FoxK to bind the autophagy-associated gene promoters and upregulation of autophagy (Brunet et al., 1999; Bowman et al., 2014). Moreover, VPA activates autophagy by blocking HDAC1-mediated regulation of AKT pathway (Sun et al., 2020). The nutrient-sensor mammalian target of rapamycin (mTOR) negatively modulates downstream Unc-51-like autophagy activating kinase 1 (ULK1) that is involved in the non-transcriptional autophagic pathway. SAHA induces mTOR suppression, which ultimately activates autophagy by upregulating ULK1 (Gammoh et al., 2012). Of note, SAHA-induced autophagy seems to serve as a pro-survival mechanism to ameliorate SAHA-induced apoptosis by downregulating apoptotic factors (Gammoh et al., 2012). VPA also induces Sae2 [C-terminal-binding protein interacting protein (CtIP) in human] degradation in an autophagy related manner to impair HR-mediated DNA repair (Robert et al., 2011). As such, it seems that autophagy performs a dual role in DNA damage repair, depending on the cell states or DNA damage degree (Guo and Zhao, 2020).



Proteasome-Dependent Degradation

In addition to autophagy, proteasome-dependent degradation is also critical for cell function. HDACs target various E3s to affect basal cellular function. For example, panobinostat upregulates the E3 cIAP2 that causes the ubiquitination and proteasomal degradation of MRE11, elevating cellular sensitivity to chemoradiation (Nicholson et al., 2017). HDAC6 also modulates aggresome formation and the clearance of polyubiquitinated and misfolded proteins (Kawaguchi et al., 2003). In terms of therapeutic development, suppressing the aggresome pathway results in the accumulation of misfolded proteins, causing autophagy-associated DNA damage and apoptosis of cancer cells (Rodriguez-Gonzalez et al., 2008). Proteasome inhibitors (PIs), such as the United States Food and Drug Administration (FDA)-approved bortezomib (BTZ), have similar roles in preventing the degradation of polyubiquitin-misfolded proteins, which increases the production of ROS and disturbs DNA repair in tumor cells (Perez-Galan et al., 2006). However, long-term treatment with BTZ leads to drug-resistance in most patients. Low concentrations of HDACi combined with BTZ can downregulate anti-apoptotic proteins and upregulate pro-apoptotic proteins, thus accelerating cell death (Dai et al., 2008; Wang J. et al., 2019). Combining the HDAC6-selective inhibitor tubacin with BTZ induces significant anti-tumor activity triggering c-Jun NH2-terminal kinase (JNK)-caspase signaling and endoplasmic reticulum (ER) stress (Hideshima et al., 2005; Nawrocki et al., 2006). Another HDAC6 inhibitor, WT161, promotes the accumulation of acetylated tubulin and overcomes BTZ resistance to promote multiple myeloma (MM) cell death (Hideshima et al., 2016). RTS-V5, a dual inhibitor that targets HDAC6 and the 20S subunit of the proteasome, also possesses potent and selective anti-tumor activity in leukemia and MM cell lines (Bhatia et al., 2018).



Epithelial-Mesenchymal Transition, Cancer Stem Cells, and Senescence

Epithelial-mesenchymal transition (EMT) is characterized by the loss of the tight intercellular connections normally found in epithelial cells that then undergo cytoskeleton rearrangement and adopt the mesenchymal cell phenotype, which is associated with migration. Notably, cancer cell migration and invasion are promoted by a series of EMT-associated factors (such as SNAIL, ZEB, SLUG and TWIST) (Kim K. K. et al., 2018). These factors induce EMT-related stem cell properties and promote tumorigenesis via PTMs (Mani et al., 2008; Tam and Weinberg, 2013; Ye et al., 2015; Dai et al., 2020). S-nitrosylation of HDAC2 is regulated by endothelial nitric oxide synthase (eNOS) that is a crucial enzyme for NO synthesis, allowing ZEB1 re-activation (Cencioni et al., 2018). During hypoxia, HDAC3 is essential for the activation of mesenchymal gene expression by the interaction with WD repeat domain 5 (WDR5) (Wu et al., 2011). The transforming growth factor-β (TGF-β)-SMAD signaling pathway is the most important EMT stimulation pathway. HDAC6 also has an essential role in EMT by activating SMAD3 (Shan et al., 2008). SMAD3 and -4 induce SIRT7 transcriptional repression by forming a complex with HDAC8. HDAC8 inhibition significantly suppresses TGF-β signaling via SMAD-SIRT7 axis, and as a consequence, attenuates lung metastases of breast cancer (Tang et al., 2020). Class I HDACi 4SC-202 notably attenuates TGF-β-induced EMT (Mishra et al., 2017). By contrast, HDAC10 exhibits a potential TSG role by downregulating Sry-box transcription factor 9 (SOX9) in KRAS-driven lung adenocarcinoma. Furthermore, HDAC10 deficiency results in TGF-β pathway activation, leading to the induction of SOX9 and KRAS-expressing stem-like tumor growth (Li et al., 2020). Cancer-associated fibroblasts (CAFs) secrete extracellular matrix (ECM) that assists tumor progression and invasion. Scriptaid, a selective inhibitor of HDAC1, −3, and −8, represses TGF-β-mediated CAF by inhibiting ECM secretion and cell invasion (Kim D. J. et al., 2018). Of note, E-cadherin inhibits EMT, thus reduced E-cadherin expression indicates that “stemness” is increasing in cancer cells. HDAC and the 3-hydroxy-3-methylglutaryl coenzyme A reductase (HMGR) dual inhibitor JMF3086 restores E-cadherin expression and attenuates vimentin expression and stemness in NSCLC, which recovers sensitivity to gefitinib which is an epidermal growth factor receptor (EFGR) tyrosine kinase inhibitor (TKI) (Weng et al., 2019).

Cancer stem cells are hard to eradicate and prone to drug-resistance. HDAC3 interacts with p53 and forms complexes with tumor antigens melanoma antigen family A2 (MAGE-A2), establishing the resistance of melanoma cells to chemotherapeutic agents (Monte et al., 2006). In refractory and recurrent leukemia, HDAC8-selective inhibitor significantly restores acetylation and p53 activity, inducing apoptosis of AML cells but not of normal hematopoietic stem cells (Qi et al., 2015). In addition, SIRT1 inhibition increases the efficiency of BCR-ABL TKI imatinib mesylate to eliminate quiescent leukemia stem cells by reactivating p53 (Li et al., 2012).

Sirtuins are also closely involved in aging-related oncogene expression. Both SIRT6 and SIRT7 modulate long interspersed elements-1 (LINE-1, L1) expression and retrotransposition. SIRT6 mono-ADP-ribosylates the Krüppel-associated box domain-associated protein 1 (KAP1/TRIM28) and facilitates the KAP1 interaction with HP1α, resulting in the packaging of L1 elements into heterochromatin. SIRT7 directly binds L1 elements and promotes L1 sequences association with the nuclear lamina protein (Lamin A/C) by deacetylating H3K18 (Van Meter et al., 2014; Vazquez et al., 2019). These repressive functions of L1 highlight the protective roles of SIRTs on genome stability through preventing retrotransposition events. SIRT6 and SIRT7 deficiency result in aberrant heterochromatin and L1 activation especially in age-related diseases. Nucleoside reverse-transcriptase inhibitors can reverse a SIRT6 and SIRT7 deficiency by upregulating different immune signalings, such as the type I IFN pathway and cyclic GMP-AMP synthase (cGAS)-stimulator of interferon genes (STING) pathway, respectively (Simon et al., 2019; Bi et al., 2020; Figure 4).
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FIGURE 4. Overview of HDAC-involved biological functions and therapeutic targets. An overview of HDAC-involved biological functions including transcription, metabolism, oxidative stress, redox, protein degradation, cell cycle, DNA damage repair, apoptosis, angiogenesis, EMT, immunity, and stemness. There diverse functions could establish single or synergistic therapeutic targets.




HDAC INHIBITORS IN CANCER THERAPY

In the 1970s, sodium butyrate was discovered to transform red leukemia cells into normal cells, and to resynthesize hemoglobin. This process was accompanied by strong histone hyperacetylation, and resulted in the discovery of the first HDACi (Ginsburg et al., 1973; Riggs et al., 1977; Vidali et al., 1978). In Tsuji et al. (1976) isolated the first natural HDACi, TSA, which was derived from Streptomyces hygroscopicus. Following the discovery of TSA, trapoxin was isolated from fungi and also found to act as an HDACi (Itazaki et al., 1990). A number of natural inhibitors have since been extracted from fungi, marine life, and plants that contain sulfur, polyphenol, flavonoid, terpenoid, selenium, and other organic molecules (Newkirk et al., 2009; Lascano et al., 2018; Singh et al., 2018). At present, HDACi are mainly divided into four categories following the FDA approval: (i) hydroxamic acids or hydroxamates, such as SAHA, panobinostat and belinostat; (ii) cyclic peptides, including depsipeptide; (iii) benzamides, such as chidamide; and (iv) short-chain fatty acids, including VPA (Li and Zhu, 2014; Seto and Yoshida, 2014; Li and Seto, 2016; Table 3).


TABLE 3. Current clinical trials involving the use of HDAC inhibitors to treat cancer.
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Efficiency of HDACi

From preclinical studies to clinical trials, HDACi have demonstrated powerful therapeutic effects in various cancers. HDACi can significantly attenuate tumor burden by limiting tumor growth and restraining aberrantly proliferated vessels (Guerriero et al., 2017). HDACi can also induce DNA damage, cell cycle arrest, apoptosis and autophagy to promote cancer cell death mentioned above. Some novel SIRT inhibitors, such as MC2494, MHY2245, MHY2256, tenovin-6, and YC8-02, also perform diverse anti-tumor activities through mediating apoptosis or autophagy (Carafa et al., 2018, 2019; De et al., 2018; Tae et al., 2018, 2020; Li M. et al., 2019; Igase et al., 2020).

Activation of the immune response by HDACi could also be an effective innate method to prevent cancer relapse when administered in a regimen with immunotherapeutic (Guerriero et al., 2017; Wang X. et al., 2020). The class IIa HDACi TMP195 efficiently improves the durability of tumor reduction in breast cancer by strengthening the phagocytic role of macrophages that are involved in the IFNγ axis; it also activates the adaptive anti-tumor immune response. Upon immune checkpoint blockade, TMP195 combined with an anti-programmed cell death-1 (PD-1) regimen could significantly reduce the tumor volume and induce a durable response in breast cancer (Guerriero et al., 2017). Myeloid-derived suppressor cells (MDSCs) suppress T-cell functions and promote tumor metastasis via the formation of an immunosuppressive tumor microenvironment (Azzaoui et al., 2016; Betsch et al., 2018). Entinostat exhibits remarkable curative effects when combined with PD-1 and cytotoxic T-lymphocyte-associated antigen-4 (CTLA-4) blockade; it has been shown to significantly reduce the number of MDSCs (Kim et al., 2014). 5-azacytidine combined with entinostat can also suppress MDSCs by downregulating C-C chemokine receptor type 2 (CCR2) and C-X-C chemokine receptor type 2 (CXCR2) expressions that ultimately, stimulates MDSC differentiation into a macrophage-like phenotype (Lu Z. et al., 2020). In human epidermal growth-factor receptor 2-positive (HER2+) breast cancer, panobinostat combined with trastuzumab (anti-HER2) stimulates the release of CXCR3-reactive chemokines and enhances the recruitment of tumor-associated natural killer (NK) cells to achieve eradication of tumors (Medon et al., 2017).

The first FDA-approved HDAC inhibitor, SAHA, belongs to the hydroxamic acid class, approved to treat patients with cutaneous T cell lymphoma (CTCL). In many clinical trials, SAHA has proven effective against advanced and refractory tumors, alone or in combination with other inhibitors. Subsequently, the cyclic peptide romidepsin was approved by the FDA in 2009 to treat CTCL. Panobinostat and belinostat were both approved by the FDA in 2014 to treat peripheral T cell lymphoma (PTCL), with belinostat gaining additional approval from the European Medicines Agency (EMA). Both panobinostat and belinostat are classified as hydroxamic acids. Meanwhile, chidamide has become the first benzamide HDACi to be approved by the China Food and Drug Administration(CFDA) in 2015, for the treatment of relapsed and refractory PTCL1,2,3,4. Most SIRT inhibitors still remain in the preclinical stages. So far, only nicotinamide (vitamin B3) has been used to treat cancer in clinical trials (e.g., NCT02416739 and NCT00033436). Nicotinamide has shown a potential role in inhibiting non-melanoma skin cancers that are principally generated by UV (Chen et al., 2015). Compared to other HDACi, nicotinamide exhibits the most catalytic sites: it is predominantly sensitive to acetylation sites in nuclear proteins that are involved in diverse biological processes (Scholz et al., 2015).



Application of Selective Inhibitors and Combination Therapy

With the development of HDACi, numerous clinical trials are ongoing or completed currently for cancer therapy. Many HDACi have already been approved for hematological malignancies and lymphomas, while clinical studies are ongoing for refractory, advanced and recurrent solid tumors (Table 4). For instance, the use of the HDAC6-selective inhibitor ACY1215 (also named rocilinostat or ricolinostat) as a regimen for relapsed or refractory lymphoma and MM is currently in phase I/II clinical trials [Lymphoma (NCT02091063), MM (NCT01323751, NCT01583283, NCT01997840)]. HDACi with multiple targets have also been developed and tested in clinical trials, such as the dual HDAC and phosphoinositide-3 kinase (PI3K) inhibitor CUDC-907 (also called fimepinostat), which has been reported to inhibit Myc transcriptional expression and reduce Myc-mediated proliferation of multiple cancer cell lines (Pei et al., 2016; Kotian et al., 2017; Pal et al., 2018; Guo et al., 2019). The safety, tolerability and efficacy of CUDC-907 has been assessed in phase I/II trials (Younes et al., 2016). CUDC-101 is another multiple-target inhibitor that blocks HDACs, the epidermal growth factor receptor (EGFR) and HER2 in head and neck squamous cell cancer (Galloway et al., 2015).


TABLE 4. Clinical trials investigating the single-agents or combined therapies in HDACi and other anti-neoplastic drugs.

[image: Table 4]Combination drugs can inhibit tumorigenesis from different aspects. A clinical phase I trial of SAHA combined with the autophagy inhibitor MLN9708 shows potential for this regimen in advanced p53-mutant malignancies (NCT02042989). Hydroxychloroquine (HCQ) is a common autophagy-targeting reagent that has been used in clinical research (Mahalingam et al., 2014). Several phase I/II clinical studies (e.g., NCT02316340 and NCT01023737) have thus tested the safety, tolerability and pharmacological efficacy of SAHA combined with HCQ in solid tumors. A phase I/II trial targeting BTZ-resistant MM cancer has found that a synergistic regimen of using ricolinostat and dexamethasone could be safe and well-tolerated in affected patients (Vogl et al., 2017). A recent phase III clinical trial found that a combination of chidamide and exemestane has therapeutic potential for postmenopausal patients with advanced, hormone receptor-positive (HR+), HER2– breast cancer and who have failed to respond to endocrine therapy (Jiang et al., 2019). Combining the SIRT1 inhibitor Ex527 with the WEE1 inhibitor MK-1775 produces efficient effects in lung cancers by impairing HR repair and mitotic catastrophe-associated apoptosis (Chen et al., 2017).

The overall survival (OS) and progression-free survival (PFS) are common and quite important indicators in the clinical trials. A phase I/II clinical study targets patients with metastatic clear cell renal cell carcinoma (ccRCC) by treatment with entinostat and high-dose interleukin-2 (IL2) that downregulates forkhead box P3 (Foxp3) expression and function of regulatory T cells (Treg). The median PFS reaches 13.8 months, and the median OS is 65.3 months (Pili et al., 2017) [NCT01038778]. A phase III trial enrolled 768 patients with relapsed MM exhibits that panobinostat shows the median OS of panobinostat (40.3 months) versus that of placebo (35.8 months) based on the existing treatments of bortezomib and dexamethasone. And patients who had received previous regimens such as immunomodulatory drug and bortezomib, median OS was only 25.5 months when received panobinostat, bortezomib, and dexamethasone versus that was merely 19.5 months who received placebo (San-Miguel et al., 2016) [NCT01023308]. These HDACi significantly exhibit potential median OS and PFS for patients with advanced tumors.



Limitations of HDACi

However, in a randomized, double-blind and placebo-controlled phase III trial, vorinostat did not improve OS and could not be recommended as a therapy as a second-line or third-line drug for patients with advanced malignant pleural mesothelioma (Krug et al., 2015). Moreover, a phase III study that recruited 370 patients with Sézary syndrome or relapsed or refractory mycosis fungoides in CTCL from different countries of the world showed that the overall response rate to vorinostat was less efficient than that to mogamulizumab, a novel monoclonal antibody against CCR4 that significantly prolongs PFS (Kim Y. H. et al., 2018). The overall response to vorinostat in this study was significantly lower than reported in a previous study (Olsen et al., 2007). Besides, in a phase II trial, mocetinostat did not reverse chemoresistance in patients with previous gemcitabine-resistant leiomyosarcoma and could not significantly prolong the median PFS of patients (Choy et al., 2019).

Sirtuins constitute a relatively unique class of HDACs; as such, SIRT modulators are attracting great interest in the research community (Yang et al., 2017; Dai et al., 2018; Wang Y. et al., 2019). A novel SIRT7 inhibitor has been identified to inhibit tumor growth by blockade of the direct interaction of SIRT7 and p53 (Vakhrusheva et al., 2008; Kim J. H. et al., 2019). However, there are also several reports demonstrating an indirect interaction between SIRT7 and p53 (Barber et al., 2012; Lu Y. F. et al., 2020; Yu et al., 2020). Thus, it is urgent to develop specific SIRT inhibitors for cancer therapy according to reasonable mechanisms. It is worth noting that SIRT activators and sirtuin-activating compounds (STACs) have been developed and studied in clinical trials to investigate their anti-aging, anti-inflammatory and metabolic regulatory effects (Howitz et al., 2003; Hubbard et al., 2013; Sinclair and Guarente, 2014; Bonkowski and Sinclair, 2016; Carafa et al., 2016; Huang et al., 2018b). Nevertheless, the SIRT1 activator SRT2183 has also been shown to inhibit growth and to promote cell death by causing ER stress in glioma cells (Ye et al., 2019).

Besides, most of clinical trials of HDACi have reported many adverse effects, including bleeding caused by different grades of thrombocytopenia, susceptibility to infection caused by neutropenia, anemia caused by hemoglobin reduction, arrhythmia, myocardial hypertrophy, neurotoxicity, and gastrointestinal toxicity such as nausea, vomiting, fatigue, diarrhea as well as electrolyte disturbance such as hypophosphatemia and hyponatremia. The most adverse effect reported is cell death caused by continuous cytotoxicity (Medina et al., 1997; Zhu et al., 2001b), as these agents also kill immortalized and normal cells from different tissues (Lee et al., 1996; Burgess et al., 2004).



DISCUSSION AND PERSPECTIVES

To date, only five HDACi have been approved by health authorities globally. Numerous clinical trials are currently evaluating the safety, application, and therapeutic benefits of HDAC inhibition when treating cancers, neurological disorders and other human diseases. Thus far, it is clear that FDA-approved HDACi have both beneficial and adverse effects. These effects might be accompanied by genomic instability, abnormal gene transcription, interference with chaperone protein function and free radical generation, which currently limit the therapeutic potential of HDACi.

Analyses of HDAC structural conformations and molecular mechanisms are necessary to improve treatment development. Complicating the application of HDACi is that the modification of the substrates by HDAC has spatio-temporal and tissue specificity. Consequently, dose-dependent and time-dependent treatments have different effects on gene expression regulation, various protein PTMs and chromatin remodeling. For now, combining different drugs to inhibit pathways such as tumor proliferation or angiogenesis, or to stimulate apoptosis requires more consideration.

Isolating the anti-cancer effects of HDACi and then synthesizing molecules with highly specific targets could be a promising avenue for cancer treatment in the future. Further investigation into combination treatments involving oncoprotein inhibitors and specific HDACi is also warranted. Overall, it seems that combination therapies have the advantage of reducing drug toxicity and lowering dose demand. SIRT protective factors should also be considered. Pending additional work to clarify HDACi that target specific HDACs or can be combined with other treatments, such as DNA methylation inhibitors or autophagy inhibitors, could be of great benefit to patients with cancers that have failed to respond to conventional treatments.
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Epigenetic modulation, including acetylation, methylation, phosphorylation, and ubiquitination, plays a pivotal role in regulation of gene expression. Histone acetylation—a balance between the activities of histone acetyltransferases (HATs) and histone deacetylases (HDACs)—is one of the key epigenetic events. Our understanding of the role of HDACs in cancer is evolving. A number of HDAC isoenzymes are overexpressed in a variety of malignancies. Aberrant histone acetylation is associated with dysregulation of tumor suppressor genes leading to development of several solid tumors and hematologic malignancies. Pre-clinical studies have demonstrated that HDAC-1 gene expression is associated with lung cancer progression. Histone hypoacetylation is associated with more aggressive phenotype in adenocarcinoma of the lung. HDAC inhibitors (HDACi) have pleiotropic cellular effects and induce the expression of pro-apoptotic genes/proteins, cause cellular differentiation and/or cell cycle arrest, inhibit angiogenesis, and inhibit transition to a mesenchymal phenotype. Consequently, treatment with HDACi has shown anti-proliferative activity in non-small cell lung cancer (NSCLC) cell lines. Despite promising results in pre-clinical studies, HDACi have shown only modest single agent activity in lung cancer clinical trials. HDAC activation has been implicated as one of the mechanisms causing resistance to chemotherapy, molecularly targeted therapy, and immune checkpoint inhibition. Therefore, there is a growing interest in combining HDACi with these agents to enhance their efficacy or reverse resistance. In this paper, we review the available preclinical and clinical evidence for the use of HDACi in NSCLC. We also review the challenges precluding widespread clinical utility of HDACi as a cancer therapy and future directions.
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INTRODUCTION

Regulation of gene expression is a finely balanced process essential for maintenance of homeostasis. Epigenetic modulation plays a critical role in this process. In eukaryotic cells, histones comprise the protein backbone for the chromatin and provide a scaffold for various enzymes to regulate the access of RNA polymerase and other transcription factors to their target genes (Glozak and Seto, 2007; Damaskos et al., 2018). Histone acetylation—a balance between the activities of histone acetyltransferases (HATs) and histone deacetylases (HDACs)—is one of the most extensively studied post-translational modifications of histones (Li and Zhu, 2014; Suraweera et al., 2018). HDACs remove the acetyl groups from histones, allowing compacted chromatin to reform and decrease gene transcription (Glozak and Seto, 2007). So far 18 HDACs have been identified in humans and classified into 4 groups (Class I, II, III, and IV) based on their resemblance with yeast HDACs (Suraweera et al., 2018).

Conventional hallmarks of cancer include self-sufficiency in growth signals, evasion of apoptosis, sustained angiogenesis, tissue invasion, and metastasis (Hanahan and Weinberg, 2011). A number of these abnormalities are driven by epigenetic modulation and result from altered activity of one of the key enzymes involved in these processes including HDACs. Several malignant tumors have been shown to have high levels of HDACs (Li and Seto, 2016). Additionally, high expression of various HADCs has been shown to be associated with poor outcomes in patients with a variety of malignancies (Weichert et al., 2008a,b; Oehme et al., 2009; Mithraprabhu et al., 2014). These pre-clinical findings make HDAC a potential target for the treatment of cancer. In addition to its anti-cancer effect via transcription-dependent mechanisms, HDAC inhibition impacts cell proliferation, survival, and angiogenesis via modulation of molecular chaperones, signal transduction proteins, cytoskeletal proteins, cytoplasmic-nuclear transport, and inhibition of hypoxia inducible factors and vascular endothelial growth factor (Glozak et al., 2005; Liang et al., 2006; Witta, 2012). HDAC inhibitors (HDACi) strengthen the immune system by up-regulating the expression of MHC class I and II proteins, and co-stimulatory/adhesion molecules such as CD80, CD86, human leukocyte antigen (HLA)-DR, HLA-ABC, and intracellular adhesion molecule-1 (ICAM-1,28). HDACi may also enhance immune responses by altering the activities of immune cells, either directly or indirectly through cytokine secretion modulation (Miyanaga et al., 2008). The effect of HDACs on tumor metastasis is complex. While HDAC inhibition reversed epithelial-mesenchymal transition via upregulation of E-cadherin, thereby suppressing the tumor’s metastatic potential in some studies, another study showed that inhibition of HDAC11 in breast cancer animal models led to increased migration and egress of tumor cells from lymph nodes to distant sites, via increase in RRM2 (Witta, 2012; Leslie et al., 2019). Finally, HDACs closely interact with a number of other pivotal cellular pathways and proteins such as DNA repair pathways and heat shock proteins, leading to alteration of a multitude of essential cellular functions by HDACi (Bali et al., 2005; Kiweler et al., 2020). The multiplicity of functions of HDAC suggests potential synergistic role of HDACi with a wide variety of agents used for the treatment of non-small cell lung cancer (NSCLC) (Figure 1). Since certain HDACs are pathologically overexpressed only in tumor cells, HDACi (especially selective HDACi) can be expected to have a reasonable therapeutic window where anti-tumor effect can be obtained with acceptable side effect profile.
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FIGURE 1. Mechanism of anti-cancer activity of HDAC inhibitors.


Four HDACi are currently approved by the US FDA for the treatment of hematologic malignancies. These include vorinostat and romidepsin for the treatment of cutaneous T cell lymphoma, belinostat for the treatment of peripheral T cell lymphoma, and panobinostat for the treatment of multiple myeloma (Mann et al., 2007; Grant et al., 2010; Sawas et al., 2015; Moore, 2016). Supplementary Table 1 summarizes HDAC class targets of clinically relevant HDACi.



ALTERED HISTONE MODIFICATION IN NSCLC

Accumulating evidence demonstrates a pivotal role of histone modification in lung carcinogenesis. Lung cancer cells harbor an abnormal pattern of histone modification in comparison with normal lung cells, including hyperacetylation of H4K5/H4K8, hypoacetylation of H4K12/H4K16, and loss of H4K20 trimethylation (Van Den Broeck et al., 2008). Cigarette smoke exposure also influences histone modifications. Nickel, chromate, and arsenite present in tobacco smoke induce H3K4 methylation, which in turn affects the expression of tumor suppressor genes and leads to malignant transformation of the cells (Zhou et al., 2009). Moreover, the majority of squamous cell NSCLC tumors demonstrate elevated levels of HDAC3 (Bartling et al., 2005). Similarly, higher expression of HDAC1 and HDAC3 are associated with poor prognosis in lung adenocarcinoma, while reduced expression of class II HDAC (specifically HDAC5, 6, and 10) is associated with poor prognosis in NSCLC (Osada et al., 2004; Minamiya et al., 2010, 2011). A subset of NSCLC tumor overexpresses FLIP, which blocks the extrinsic apoptotic pathway by inhibiting caspase-8 activation. High cytoplasmic expression of FLIP significantly correlates with shorter overall survival. Treatment with HDACi targeting HDAC1-3 downregulates FLIP expression predominantly via post-transcriptional mechanisms, and results in death receptor- and caspase-8-dependent apoptosis in NSCLC cells, but not in normal lung cells (Riley et al., 2013).



ROLE OF HDACi IN NSCLC—PRECLINICAL EVIDENCE

HDAC inhibition with trichostatin A (TSA) and vorinostat exert strong anti-tumor activity in NSCLC cell lines (Miyanaga et al., 2008). Treatment with TSA leads to activation of intrinsic mitochondrial and extrinsic/Fas/FasL system death pathways and results in dose-dependent apoptosis in H157 lung cancer cells (Kim et al., 2006). Vorinostat leads to upregulation of cyclin-dependent kinase inhibitor p21 in NCI-H520 and NCI-H460 NSCLC cells, G0-G1 cell cycle arrest, and decrease in C-myc and bcl-2 expression (Li et al., 2011). Another HDACi CG200745 has been shown to increased global level of histone acetylation and inhibition of proliferation of NSCLC cells through epigenetic modification of critical genes in cancer cell survival (Chun et al., 2015). Additionally, HDAC6 supports Notch1 signaling in NSCLC cell lines and promotes cell survival and proliferation. Consequently, HDAC6 inhibition leads to G2 arrest, increased apoptosis, and growth inhibition of NSCLC cells (Deskin et al., 2020). Novel HDAC inhibitors, including SL142, SL325, HTPB, and CG0006, demonstrate greater degree of apoptosis of NSCLC cells through induction of caspase-3 activity, disruption of F-actin dynamics, inhibition of mitochondrial membrane potential 2 (MMP2) and MMP9, and increased p21 and p27 expression (Hwang et al., 2009; Han et al., 2010; Shieh et al., 2012). Finally, HDAC inhibition results in downregulation of TNF-alpha receptor-1 mRNA and surface protein expression, leading to attenuated NF-kappa B nuclear translocation. Therefore, HDAC inhibition might exert its therapeutic role by reducing the responsiveness of tumor cells to TNF-alpha mediated activation of NF-kappa B pathway (Imre et al., 2006). This is of particular importance in tumors associated with inflammatory microenvironment, which is the case in many smoking associated NSCLC tumors.



CLINICAL UTILITY OF HDACi IN NSCLC

Over the past two decades, the therapeutic landscape of NSCLC has evolved significantly to include multiple molecularly targeted therapies and immune checkpoint inhibitors. However, there remains a subset of patients who do not benefit from these therapies. Moreover, the majority of patients eventually experience disease progression following initial response to these therapies. Therefore, there is an urgent need for novel treatment strategies for the treatment of NSCLC. Epigenetic modulation, including HDAC inhibition, is a prospective therapeutic approach, which may evade the challenges of tumor heterogeneity and dependability on targetable molecular alterations.


HDACi Monotherapy in NSCLC

Despite the plethora of pre-clinical evidence supporting the activity of HDACi in NSCLC, these agents have demonstrated only modest single agent efficacy in clinical trials. In a phase II trial of Pivanex in patients with previously treated advanced NSCLC, only 3 out of 47 patients had partial responses (Reid et al., 2004). Twelve percent of patients experienced grade 3/4 toxicity including fatigue, dyspnea, and chest pain. Another phase II study of single agent romidepsin in previously treated advanced NSCLC did not show any objective responses despite transient stabilization of disease in some patients, enhanced acetylation of H4, and increased p21 expression (Schrump et al., 2008). Similarly, vorinostat monotherapy in patients with relapsed NSCLC failed to show any objective tumor responses and was associated with significant toxicity, including 28% grade 3/4 adverse events such as cytopenias and fatigue, and one possibly treatment related death (Traynor et al., 2009).

The mechanisms underlying the lack of clinically meaningful antitumor activity of HDACi remain speculative at this time, including a hypothesis that the resistance to HDACi is a critical evolutionary consequence of environmental exposure to HDACi and that only those cancer cells that have developed mutations that alter this response are inhibited by HDACi (Halsall and Turner, 2016). HDACi demonstrate synergy with not only conventional treatment modalities such as chemotherapy and radiation, but also molecularly targeted therapies, immune checkpoint inhibitors, and other epigenetic therapies. Consequently, most clinical trials have focused on combination strategies to harness the full therapeutic potential of HDAC inhibition in lung cancer.



Combination Therapies Utilizing HDACi in NSCLC


Combination of HDACi With Cytotoxic Chemotherapy

Mounting evidence has demonstrated the synergistic activity of HDACi with cytotoxic chemotherapy. HDACi in combination with paclitaxel exerts synergistic anti-tumor effect via induction of p53 and tubulin hyperacetylation as well as prevention of upregulation of p21 (Zuco et al., 2011). Similar synergistic effect was observed with HDACi in combination with vinorelbine and platinum via increased expression of CHK2, CHK1, p21, and p27 leading to cell-cycle arrest and increased apoptosis (Gavrilov et al., 2014; Groh et al., 2015). Interestingly, paclitaxel resistant NSCLC cells demonstrate overexpression of HDAC1 and co-treatment with HDACi SNOH-3 and paclitaxel overcomes paclitaxel resistance (Wang et al., 2016). Based on this pre-clinical evidence, a phase II clinical trial evaluating the combination of vorinostat with carboplatin and paclitaxel as a first line therapy for advanced NSCLC was conducted (Ramalingam et al., 2010). In this randomized, double-blind, placebo-controlled trial, patients were randomized to receive conventional doses of carboplatin and paclitaxel with either vorinostat 400 mg daily or placebo, given on days 1 through 14 of each 21-day cycle for a maximum of 6 cycles. The response rate was higher in vorinostat arm compared to placebo (34 vs. 12%, p = 0.02). Median progression free survival (PFS) and overall survival (OS) were numerically superior in the vorinostat arm; however, the difference was not statistically significant. Addition of vorinostat was associated with higher toxicity including nausea, vomiting, fatigue, dehydration, and hyponatremia. Notably, 18% of patients on vorinostat developed grade 4 thrombocytopenia compared to 3% on the placebo arm (p ≤ 0.05). Another phase I trial evaluated combination of belinostat with carboplatin and paclitaxel. In this study, patients with chemotherapy-naïve advanced NSCLC received IV belinostat on days 1–5 of each 21-day cycle in combination with standard dose carboplatin and paclitaxel on day 3 of each cycle for up to 6 cycles. The most frequent adverse events were fatigue, nausea, diarrhea, and neutropenia. Median PFS was 5.7 months. The objective response rate was 35%, all responses being partial responses (Waqar et al., 2016). A phase I trial combining panobinostat with standard doses of carboplatin and etoposide was terminated because of prohibitive side effects of severe thrombocytopenia and febrile neutropenia at the lowest dose of panobinostat (Tarhini et al., 2013). These studies indicate that while the combination of chemotherapy with HDACi potentially offers a therapeutic advantage, the toxicity of these agents, especially myelosuppression and GI toxicity, prevent a wider application of the strategy in clinical practice. In order to leverage the synergistic therapeutic potential and to make side effect profile more favorable, future clinical trials should utilize more selective HDACi and explore sequential administration of these agents, where patients don’t receive simultaneous treatment with HDACi and cytotoxic chemotherapy. Preclinical studies have shown that the cells arrested at the G1/S checkpoint by cisplatin were more sensitive to subsequent treatment with HDAC inhibitors (Sato et al., 2006).



Combination of HDACi With Immune Checkpoint Inhibitors (ICI)

Immune checkpoint inhibition, either as single agent or in combination with cytotoxic chemotherapy, has become the standard of care first line treatment for advanced NSCLC (Gandhi et al., 2018; Paz-Ares et al., 2018; Reck et al., 2019). While a small subset of patients experiences remarkably durable disease responses, the responses in the remaining majority of the patients are short lived. One of the mechanisms of primary or acquired resistance to immune checkpoint inhibition is the paucity of T-cells in the tumor microenvironment and loss of tumor neoantigens (Herbst et al., 2014; Tumeh et al., 2014; Anagnostou et al., 2017). There is a growing interest in enhancing or restoring responses to ICI through epigenetic modulation of the tumor microenvironment (Beg and Gray, 2016; Weintraub, 2016). The interest in the combination of HDACi with ICI was initiated by a study that evaluated dual epigenetic modulation with entinostat and azacitidine. While the combination did not yield expected anti-tumor response, a subset of these patients subsequently went on to receive nivolumab. Five out of the six NSCLC patients showed a progression-free survival of 6 months post-treatment. This was a remarkable outcome for patients who had previously progressed on an ICI (Banik et al., 2019). HDACi have been shown to prime the tumor microenvironment for response to ICI through multiple mechanisms, including upregulation of MHC expression, T cell functionality, tumor antigens, T-cell chemokines, stimulatory effects on T cells, and the inhibition of suppressive cell types such as myeloid-derived suppressor cells (Vo et al., 2009; Kim et al., 2014; Zheng et al., 2016; Orillion et al., 2017; Topper et al., 2017). Analysis of azacitidine-induced pathways in The Cancer Genome Atlas (TCGA) project by mapping the derived gene signatures in NSCLC tumors has showed that azacitidine upregulates genes and pathways related to both innate and adaptive immunity and genes related to immune evasion (Wrangle et al., 2013). Additionally, dual HDAC and HSP90 inhibition decreases PD-L1 expression in IFN-gamma treated lung cancer cells suggesting its impact on modulating immunosuppressive ability of the tumor (Mehndiratta et al., 2020). A phase I/Ib study evaluated combination of vorinostat with PD-1 inhibitor pembrolizumab in patients with advanced NSCLC (Gray et al., 2019). Patients were either ICI-naïve or ICI-pretreated in the initial phase but had to be ICI-pretreated for phase Ib portion of the study. The treatment consisted of standard dose pembrolizumab 200 mg IV every 3 weeks plus vorinostat 200 or 400 mg per day. No dose limiting toxicities were observed. Fatigue and nausea/vomiting were the most common side effects (33 and 27%, respectively). Of the total 30 evaluable patients (6 ICI-naïve, 24 ICI-pretreated), 4 (13%) had partial response and 16 (53%) had stable disease, leading to a disease control rate of 67%. In the ICI-pretreated cohort, three patients had partial response and 10 had stable disease. The results of this early phase study are very encouraging for further evaluation of this combination in ICI pretreated patient population. The long-term outcomes of patients treated on this study and the results of multiple other ongoing studies evaluating combination of various other HDACi (entinostat, panobinostat, mocetinostat, abexinostat) with ICI are awaited.



Combination of HDACi With Tyrosine Kinase Inhibitors

Approximately 15% of advanced NSCLC tumors harbor sensitizing mutation in Epidermal Growth Factor Receptor (EGFR) and show marked response to EGFR tyrosine kinase inhibitors (TKIs). Despite the dramatic initial responses, most patients eventually develop resistance to the TKIs. One of the resistance mechanisms is decreased activity of Bcl2-like protein 11 (BIM). BIM is a proapoptotic molecule and its upregulation is essential for the induction of apoptosis in EGFR mutated lung cancer cells treated with an EGFR TKIs (Faber et al., 2011; Costa et al., 2014). A functional BIM deletion polymorphism is associated with inferior outcomes with EGFR-TKIs in EGFR mutated NSCLC (Ng et al., 2012; Isobe et al., 2014). Takeuchi et al. conducted a phase I trial of HDACi vorinostat in combination with gefitinib in BIM deletion polymorphism harboring EGFR-mutated NSCLC (Takeuchi et al., 2020). Twelve patients with advanced EGFR-mutated NSCLC, previously treated with an EGFR TKI and chemotherapy, were treated with gefitinib and escalating dose of vorinostat. The combination was well-tolerated and resulted in a 6 weeks disease control rate of 83.3%, which is notable since these patients previously had a disease progression on an EGFR TKI. Although median PFS was 5.2 months, median OS on this small early phase trial was encouraging at 22.1 months. Similarly, combination of HDACi panobinostat with third generation EGFR TKI osimertinib has been shown to enhance the induction of apoptosis and decrease the survival of osimertinib resistant cell lines and xenograft models, including those harboring C797S mutations, via elevation of BIM (Zang et al., 2020).

Another postulated mechanism of resistance to EGFR TKI is emergence of subpopulation of tumor cells with cancer stem cell like properties and HDAC sirtuin-1 (SIRT1) mediated survival advantage. Consequently, administration of a SIRT1 inhibitor tenovin6 (TV6) in combination with gefitinib showed tumor regression in resistant xenograft models. Additionally, co-administration of TV6 leads to decrease in the dose of gefitinib necessary to induce tumor response in preclinical models (Sun et al., 2020). A phase I/II trial enrolled 132 patients with advanced EGFR mutant NSCLC and randomized them to erlotinib plus entinostat or erlotinib plus placebo (Witta et al., 2012). Entinostat based combination led to superior OS in the subset of patients with high E-cadherin levels (9.4 vs. 5.4 months; p = 0.03), indicating potential role of E-cadherin as a biomarker for selecting patients for the treatment with erlotinib and entinostat.



Combination of HDACi With Radiation

Ionizing radiation exerts its anti-tumor effect through development of single–strand breaks, double-strand breaks (DSBs), and inter-strand crosslinks (Ward, 1988). DNA damage response pathways, specifically homologous recombination (HR) and non-homologous end joining (NHEJ), are activated in response to DSBs (Moynahan et al., 1999; Chapman et al., 2012). Upregulation of these pathways is implicated as one of the putative mechanisms for resistance to conventional ionizing radiation. HDACi upregulate γH2AX, an established marker of DSBs, in lung cancer cell lines in conjunction with ionizing radiation (Geng et al., 2006; Cuneo et al., 2007; Samuni et al., 2014). Additionally, HDACi downregulate the expression of RAD51, CHK1, and BRCA2—key DNA damage response pathway genes mediating repair of radiation-induced DNA damage (Brazelle et al., 2010; Huang et al., 2014). Additionally, HDAC inhibition leads to acetylation of Ku70/80 and XRCC4, rendering the NHEJ pathway defective (Miller et al., 2010). To build on the pre-clinical evidence, several clinical trials are underway utilizing combination of HDACi with ionizing radiation in NSCLC.



Combination of HDACi With Other Epigenetic Therapy

Combination therapy with HDACi with DNA methyltransferase inhibitors is based on robust preclinical data showing promotor hypermethylation as a key epigenetic even in lung cancer initiation and progression (Witta, 2012). Stage I NSCLC harboring hypermethylation of two of the four genes, CDKN2a, CHD13, APC, or RASSF1a, has been demonstrated to be associated with poor survival outcomes (Brock et al., 2008). In a phase I/II trial of 5-azacitidine and entinostat in heavily pre-treated advanced NSCLC, 1 out of 34 evaluable patients had a complete response that lasted for 14 months (Juergens et al., 2011). One patient had partial response, and 10 had stabilization of disease that lasted at least 12 weeks. Demethylation of the four genes, CDKN2a, CDH13, APC, and RASSF1a, detected in serial blood samples was associated with improved PFS (p = 0.034) and OS (p = 0.035) with the combination, indicating their potential role as predictive biomarkers for the benefit from treatment with HDACi and hypomethylating agents. Adjuvant treatment with 5-azacitidine and entinostat prolongs disease free survival (DFS) and OS in mice models following removal of primary lung, breast, and esophageal tumors, by inhibiting the trafficking of myeloid derived suppressor cells through downregulation of CCR2 and CXCR2 leading to disruption of premetastatic niches and inhibition of development of metastatic disease (Lu et al., 2020). Based on this finding, two trials evaluating the role of azacitidine and entinostat as adjuvant and neoadjuvant therapy for resectable NSCLC were initiated. However, these trials were terminated early because of slow accrual.

Table 1 summarizes notable completed and ongoing clinical trials utilizing HDACi in NSCLC.


TABLE 1. Select completed and ongoing clinical trials evaluating efficacy of HDACi in NSCLC.
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CHALLENGES AND FUTURE DIRECTIONS

Despite encouraging results from numerous preclinical and early clinical studies evaluating combination of HDACi with several other established or emerging treatment strategies, the utility of HDACi in the treatment of NSCLC remains exploratory. There are no randomized phase III trials utilizing HDACi in NSCLC. One of the major challenges is the toxicity profile of these agents, especially when combined with cytotoxic chemotherapy. HDACi are associated with several collateral toxicities on account of their widespread impact on a multitude of key cellular functions and limited selectivity for tumor cells. Of the four classes of HDACs, class 1 HDACs (HDAC 1, 2, 3, and 8) are primarily involved in promoting carcinogenesis and metastasis, and are the most well-studied HDACs, while class IV HDAC is the most poorly understood HDAC. Given the heterogeneity of various HDACs and their role in regulating genes involved in different cellular pathways, development of more selective HDACi, preferably HDAC class I inhibitors, with potent anti-tumor activity and more favorable side effect profile is desirable. Recent development of technologies to utilize nanocarriers, such as polymeric nanoparticles, PEG-coated nanoparticles, colloid carrier systems, PLGA nanoparticles, and albumin microspheres, are being investigated in clinical studies to deliver HDACi with enhanced solubility, tumor specificity and less toxicity (Enriquez et al., 2013; Martin et al., 2013; Goswami et al., 2018; Bertrand et al., 2019; Lee et al., 2019). Moreover, the optimum timing of administration of HDACi with other treatments remains unknown. The results of most of the early clinical trials are heterogeneous with only a subset of patients benefiting from HDACi based therapies.

A logical approach for future studies would be to develop strategies to mitigate some of the toxicities of HDACi by development of more tumor selective HDACi and explore different timing of administration of HDACi. Development of predictive biomarkers to allow better patient selection and consideration of variable impact of expression of different classes of HDACs on the prognosis of NSCLC will be of paramount importance. Additionally, the synergistic anti-tumor activity of HDACi with a number of anti-cancer therapies, such as chemotherapy, ICIs, radiation, and targeted therapies, suggests that combination strategies with multiple agents should be explored. The combinations of ICI with chemotherapy, EGFR TKIs with chemotherapy, and ICI with radiation have been shown to offer significant therapeutic advantage for NSCLC. Therefore, development of clinical trials incorporating selective HDACi with the already established combinations is a logical path forward. Finally, it is imperative to keep in mind the early pre-clinical evidence that in certain tumor types HDACi may in fact promote tumor cell migration and metastasis.



CONCLUSION

HDAC driven epigenetic modulation is emerging as one of the key mechanisms promoting carcinogenesis and metastasis, making HDAC a potential target for cancer therapy. While HDACi are not highly efficacious as single agents for the treatment of NSCLC, the results of early phase clinical trials utilizing combination strategies have been encouraging, especially the combination with ICI and TKIs. Nonetheless, side effect profile of HDACi and their combination with chemotherapy is a challenge. Additionally, optimum timing of HDACi administration in the context of combination therapy is an area of ongoing research. Development of nanocarrier technologies for delivery of HDACi is an exciting step toward improving targeted delivery of these drugs. Finally, development of more selective HDACi and exploring the predictive biomarkers to guide patient selection for HDACi based therapy is imperative for continued future development of these agents. Ultimately, the answer to the question of whether HDAC inhibition is a hope or mere hype as a treatment strategy for NSCLC awaits results of multiple ongoing clinical trials.
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Pralatrexate (Folotyn; PLX) and belinostat (Beleodaq; BLS) are registered for the treatment of patients with peripheral T-cell lymphoma (PTCL) and are being considered for other lymphomas. In this study we investigated whether BLS had the ability to potentiate the cytotoxicity of PLX. A panel of lymphoma cell lines was used for the combination studies: the B-cell SUDHL-4, SUDHL-5, HT, Jeko-1 and T-cell Karpas-299 and Hut-78. Uptake of PLX was mediated by the reduced folate carrier (RFC). PLX showed a 6-fold better RFC substrate affinity compared to methotrexate, and 2-fold better than levoleucovorin (l-LV). Sensitivity expressed as the concentration that resulted in 50% growth inhibition (IC50) after 72 hr exposure to PLX varied from 2.8 to 20 nM and for BLS from 72 to 233 nM, independent of the background of the cell lines. The interaction between BLS and PLX was studied using the median-drug effect analysis. At a fixed molar ratio between the drugs based on the IC50 concentration the average combination index (CI) for all cell lines showed additivity (CI: around 1.0). In three selected cell lines (SUDHL-4, SUDHL-5, and HT) sequential exposure (24 h pretreatment with BLS, followed by 48 h to PLX + BLS), did not improve interaction (CI: 0.9–1.4). As an alternative approach a non-fixed ratio was used by exposing SUDHL-4, SUDHL-5, and HT cells to IC25 concentrations of either BLS or PLX in combination with the other drug. Exposure to IC25 of PLX did not decrease the IC50 for BLS (CI from 0.6–1.2), but exposure to IC25 of BLS markedly increased PLX sensitivity (low CIs from 0.40 to 0.66). Mechanistic studies focused on induction of apoptosis, and showed cleavage of predominantly caspase-9 in HT and SUDHL-4 cells for both drugs at their IC50s, being similar in the combination setting. Moreover, at these concentrations, the drugs were shown to confer an S-phase arrest. In conclusion, the combination of PLX and BLS showed additivity in various lymphoma cell lines, with a schedule-dependent synergism in B-cell lymphoma. Based on these data, proficient inhibition of HDAC activity by BLS holds promise in sensitization of tumor cells to PLX.

Keywords: antifolates, pralatrexate, histone deacetylase inhibitors, belinostat, peripheral T-cell lymphoma, diffuse B-cell lymphoma


INTRODUCTION

Peripheral T-cell Lymphoma (PTCL) accounts for over 6,000 to 9,000 cases in the United States annually and worldwide this type of cancer represents 10 to 15% of all non-Hodgkin’s lymphoma (Rudiger et al., 2002; Laribi et al., 2018). PTCL is considered to be an aggressive form of T-cell malignancies with poor prognosis. The overall response rate for PTCL patients treated with CHOP (Cyclophosphamide-Hydroxydaunorubicin-Oncovin-Prednisone) chemotherapy is 30–60% and the 5-year survival rate is estimated around 15–20%. Despite poor outcome, CHOP and CHOP based chemotherapy programs form first-line treatment for PTCL (Gooptu et al., 2015; Laribi et al., 2018).

In 2009 the FDA approved the antifolate Pralatrexate (PLX) for the treatment of patients with relapsed or refractory PTCL (Shimanovsky and Dasanu, 2013). PLX is a folate analog and a potent dihydrofolate reductase (DHFR) inhibitor, designed to accumulate in cancer cells via the reduced folate carrier (RFC) and retained via efficient polyglutamylation (Gonen and Assaraf, 2012). Although PLX has been tested in solid tumors (Azzoli et al., 2007), it was ineffective. Compared with conventional antifolates, such as the classical methotrexate, PLX may be more tumor specific due to greater affinity for RFC (Wang et al., 2003) and polyglutamylation efficiency by folylpolyglutamate synthetase (O’Connor et al., 2011; Visentin et al., 2014). These two properties improve (tumor specific) cellular uptake and inhibit potential efflux following uptake. PLX was designed to be a better substrate for RFC, but other transporters facilitating the uptake of folates and antifolates could be involved (Gonen and Assaraf, 2012). These include the folate-receptor α or β (FRα,β) (Westerhof et al., 1995a, b; van der Heijden et al., 2009; Zhao et al., 2009; Frigerio et al., 2019), representing a high affinity low capacity transporter, and the proton-coupled folate transporter (PCFT), which is a high capacity transporter with an acidic pH optimum of about 5.5 (Zhao et al., 2008; Matherly et al., 2018). PLX competitively inhibits DHFR (DeGraw et al., 1993), an enzyme that converts dihydrofolate (DHF) into tetrahydrofolate (THF). Inhibition of DHFR leads to a reduction in the THF pool. THF is an essential cofactor required for the synthesis of purines and thymidine monophosphate (TMP). Therefore, inhibition of DHFR by PLX results in depletion of purines and dTMP, leading to an imbalance of deoxynucleotides, with a depletion of deoxythymidine triphosphate (dTTP) and an increase in deoxyuridine triphosphate (dUTP) resulting in DNA strand breaks and in inhibition of DNA synthesis (Marchi et al., 2010). Based on these properties, PLX has been tested in several other hematological and solid tumors as a single agent and in various combinations (Marchi et al., 2010, 2013; Serova et al., 2011; Dovzhanskiy et al., 2012). Antifolates can also be considered as epigenetic drugs since they affect cellular methylation reactions, due to inhibition of one-carbon metabolism (Frigerio et al., 2019).

Belinostat (BLS) is a hydroxamic acid-based pan-histone deacetylase (HDAC) inhibitor that inhibits all of the zinc-dependent HDAC enzymes, with high affinity for the Class I, II and IV isozymes (Eckschlager et al., 2017). HDAC inhibition results in an alteration in the degree of histone and non-histone protein acetylation, which in turn affects transcription of genes essential in cellular proliferation, cell cycle and DNA repair (Verza et al., 2020). Hence BLS is an epigenetic drug (Yeon et al., 2020) and is approved for the treatment of PTCL, but may have some activity against B-cell lymphomas as well (Tula-Sanchez et al., 2013). HDACs are a group of enzymes responsible for the deacetylation of histones, the core nucleosomal protein. Deacetylation of histones enables the DNA to wrap itself more tightly around the histone (Eckschlager et al., 2017; Verza et al., 2020). Inhibition of this event will keep histones in an acetylated state in which the DNA will be more accessible for transcription (Vandermeers et al., 2013). The acetylated state allows transcription of proteins involved in cell cycle arrest and other tumor suppressor genes (Ramalingam et al., 2009; Eckschlager et al., 2017), enabling an increase in cell death. HDAC inhibition leads to a decrease in the activity of DNA repair enzymes, preventing DNA damage, caused by DNA damaging drugs, being repaired (Verza et al., 2020). We reasoned that the epigenetic inhibition of HDAC would lead to decreased DNA repair, so that DNA damage caused by PLX, would not be repaired.

Therefore, both the efficacy of BLS and PLX for relapsed PTCL patients, and a potential synergistic/additive interaction of these drugs, encouraged us to investigate their combination. Although PLX and BLS have different intracellular targets, we hypothesize that PLX and BLS will interact at least additive and possibly synergistically, inducing more apoptosis than would be expected on their separate effects. We investigated the interaction of these two drugs in a panel of B- and T-cell lymphomas and determined whether the effect of the combination was mediated by an increased cell death.



MATERIALS AND METHODS


Materials

RPMI-1640 medium, Fetal Bovine Serum, penicillin/streptomycin (100 μg/mL) and Hank’s Balanced Salt Solution (HBSS) were purchased from Lonza (Basel, Switzerland). Cell culture flasks were purchased from Greiner Bio one. l-Leucovorin (l-LV, Fusilev®), PLX and BLS were a gift from Spectrum (Irvine, CA, United States), Pemetrexed (PMX) was a gift from Eli Lilly and Company (Indianapolis, IN, United States). Folic acid was from Sigma Chemical Co (St. Louis, MO, United States). The drugs were first diluted in dimethyl sulfoxide, and then in medium before use. Radioactive compounds, [3′,5′,7,9-3H(N)]-(6S)-Leucovorin (25 Ci/mmol) and, [3′,5′,7,9-3H]-folic acid, diammonium salt (21.0 Ci/mmol) were obtained from Moravek Biochemicals (Brea, CA, United States).



Cell Culture

Six lymphoma cell lines were used (Cillessen et al., 2008) in comparison with the T-cell leukemic cell line CCRF-CEM (Mauritz et al., 2002). The B-cell lymphoma cell lines were: SUDHL-4, SUDHL-5, HT, and Jeko-1. The T-cell lymphoma cell lines were Karpas-299 and Hut-78. The lymphoma cell lines were cultured at 37°C in 5% CO2 and 100% humidity in RPMI-1640 supplemented with 10% fetal bovine serum in 75 cm2flasks.



Folate Receptor Binding and Transport Studies

In order to determine to which extent PLX was a substrate for either the folate receptors, RFC or PCFT we used competition experiments in cell lines overexpressing either transporter (Westerhof et al., 1995a, b; Jansen et al., 1997; Ifergan et al., 2008; Lasry et al., 2008; van der Heijden et al., 2009). For FRα and FRβ, we used an intact cell binding assay for competitive binding with KB cells and CHO-FRβ cells, respectively. Relative affinities were defined as the inverse ratio of compound to displace 50% of radio-active folic acid from FR-positive cells, with the relative affinity of folic acid set at 1. For RFC we used a competition assay with 5 μM [3H]-l-LV in CCRF-CEM/7A cells (RFC+++) for 2 min at 37°C. CEM-7A cells overexpress the RFC 30-fold over wild-type CCRF-CEM cells (Jansen et al., 1990, 1997). Relative affinities are expressed as the concentration of unlabeled drug necessary to inhibit [3H]-l-LV uptake by 50%.

The affinity for PCFT of PLX was assessed in competition with 2.5 μM 3H-l-LV at pH 5.5 in CHO-cells lacking RFC and transfected with PCFT. Pemetrexed (PMX) served as reference drug. The accumulation of 2.5 μM [3H]-l-LV was performed at 37°C; essentially as described for the RFC assay, but the incubation time was 3 min and was performed at pH 5.5, the optimal pH for PCFT, with increasing amounts of unlabeled drug. Also for PCFT relative affinities were expressed as the concentration of unlabeled drug necessary to inhibit [3H]-LV influx.



Cell Growth Inhibition Experiments

Growth inhibition of the suspension cell lines (lymphoma and CEM) was routinely determined with the (3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium (MTT) assay (Keepers et al., 1991), however, some cell lines (the HT and SUDHL-4 cell lines) did not grow optimally in 96-well plates and therefore growth inhibition was assessed using cell counting before and after exposure using a cell counter. Cells were plated in 96-wells flat bottom plates, at 3,000 or 6,000 cells per well in culture medium (75 μL/well) or in 24-wells plates (60,000 cells/well) for the counting assays for which a Coulter Counter was used. Cells were treated immediately with a drug dilution series in cell culture medium (75 μL/well). After an incubation period of approximately 72 h, growth in the 96-wells plates was assessed by adding 15 μL MTT solution (stock solution 5 mg/ml in PBS, final concentration 0.5 mg/ml in culture medium) to each well. After incubation for 3 h in the 5% CO2 incubator with 100% humidity at 37°C, 150 μL acidified 2-propanol was added to the plates to dissolve the formazan crystals. The yellow-colored MTT stock solution is taken up and reduced to a purple formazan in living cells, which directly correlates to the amount of viable cells. As final step, the plates were measured at 540 (or 492) nm by the SPECTRAfluor spectrophotometer. Drug sensitivity was evaluated by determination of the IC50 value, which is the drug concentration resulting in 50% growth inhibition.

Drug interaction in combination experiments was evaluated using the median-drug effect analysis using CalcuSyn software (Bijnsdorp et al., 2011). In order to evaluate combination indexes [CI] from different experiments, the CI values at Fraction Affected (FA) values >0.5 (preferably around 0.5, 0.75, and 0.9) were averaged for each specific experiment. The means of the separate experiments were subsequently averaged so that a mean ± Standard Error of the Mean (SEM) was calculated from three or more separate experiments. Experimental conditions with a growth inhibition of <50% (equivalent to an FA < 0.5) are generally considered as clinically less relevant, since it only represents a minor level of growth inhibition (or in clinical terms a slightly less rapid growth than untreated tumors). Drug combinations were designed based on the standard CalcuSyn approach in which a series of drug concentrations were combined in a fixed molar ratio, based on the IC50 of each drug. A variation of this approach was a sequential scheduling in which cells were exposed for 72 h to BLS, while in the combination PLX was added after 24 h and cells were exposed from 24 to 72 h. In the non-fixed ratio approach one drug was used at the IC25 (concentration that results in 25% growth inhibition) and the other drug was added in a concentration range.



Western Blotting

Western blotting was performed, essentially as described earlier (Bijnsdorp et al., 2010; De Wilt et al., 2012). In short, cell pellets of 5 × 106 cells were harvested after exposure to the drugs for 24, 48, or 72 h. Cells were snap-frozen in liquid nitrogen and stored at −80°C. Before blotting the protein content was determined using the Bicinchoninic based protein assay, as described previously (Peters et al., 2014). The cell pellets were dissolved in 200 μL lysis buffer containing a protease inhibitor cocktail, sonicated and loaded on precast gels (Bio-RadTM), electrophoresed for 45 min at 150 V, transferred to a polyvinylidene fluoride (PVDF) membrane and incubated with a suitable antibody against a cleaved caspase (mouse anti-caspase 8, #9748 (Cell signaling, Danvers, MA, United States; dilution 1:1000) and rabbit-anti-caspase 9, # 9501 [Cell Signaling, Danvers, MA, United States; dilution 1:1000), followed by a second antibody (anti-mouse or anti-rabbit (Sigma-Aldrich Chemicals, Zwijndrecht, Netherlands; dilution 1:10,000)], for Enhanced chemiluminescence. β-actin (antibody from Sigma-Aldrich, Zwijndrecht, Netherlands; dilution 1:10,000) was used as control for equal protein loading on the gels.



Estimation of Cell Cycle Distribution and Cell Death Using FACS (Fluorescence Activated Cell Sorting)

Propidium iodide staining (DNA staining) was used to determine cell cycle distribution and the extent of cell death. Cells (120,000 per well in a 24-wells plate) were exposed to PLX or BLS or the combination for 24, 48, or 72 h. Cells were harvested, suspended in 1.0 ml phosphate buffered saline/1% Bovine serum albumin and fixed with 70% ethanol. After centrifugation the pellet was resuspended in hypotonic propidium iodide (0.1 mg/ml), Triton-X-100 (0.1%), sodium citrate (1 mg/ml) and RNAse A (0.5 mg/ml) (final concentrations in saline) and stored in dark on ice for 30 min (De Wilt et al., 2012). DNA content of the cells to determine cell cycle effects and cell kill was analyzed by a FACScalibur (Becton Dickinson Immunocytometry Systems, San Jose, CA, United States) with an acquisition of 10,000 events as described previously (De Wilt et al., 2012).



Statistical Analysis

Experiments were performed at least in triplicate. Data were expressed as mean ± SEM and analyzed by a t-test. Level of significance is p = 0.05, if not otherwise stated.




RESULTS


Substrate Specificity of PLX for Folate Transporters

Upon development of PLX, it was anticipated that it would be an excellent substrate for the RFC and be suitable for treatment of malignancies with a high RFC expression (Tonner et al., 2006; Marchi et al., 2013). In order to exclude the contribution of other transporters in our assays we also determined the substrate specificity of PLX for other folate receptors and transporters. PLX was an excellent substrate for the RFC, even better than methotrexate (P < 0.001), which is considered to be one of the best substrates (Figure 1 and Table 1).). In contrast, PLX was a poor substrate for FRα (relative affinity of 0.0035 compared to 1 for folic acid), and even lower for FRβ (<0.001 compared to 1 for folic acid). PLX was also a very poor substrate for PCFT, both at the optimal pH of 5.5, and at the physiological pH of 7.4; 15 μM PLX were needed to displace 2.5 μM l-LV in contrast to 0.4 μM pemetrexed or 4 μM l-LV (p < 0.001 and p < 0.05, respectively) (Table 1). Therefore it can be concluded that PLX is primarily taken up by the RFC.


[image: image]

FIGURE 1. Evaluation of substrate specificity of PLX for the RFC. Transport was determined by evaluation of the uptake of 5 μM [3H]-l-LV for 2 min in CCRF-CEM-7A cells, which overexpress RFC. Specificity for the RFC was determined by the extent of inhibition by increasing concentrations of l-LV, PLX and MTX. Values are from one representative experiment in triplicate; performed three times. Error bars represent SEM, when not visible, they are within the size of the marker.



TABLE 1. Substrate specificity of PLX for RFC, PCFT and FRα.
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Sensitivity of Lymphoma Cell Lines to PLX and BLS

Since PLX and BLS are registered for the treatment of PTCL (O’Connor et al., 2011; Gooptu et al., 2015), we investigated the sensitivity of several other lymphoma cell lines, including B-cell, to these drugs, in comparison to the CEM cells used for transport studies (Table 2). We also characterized some of the cell lines for protection by l-LV, since LV (either as l-LV or as the racemic dl-LV) is often used to protect against MTX side effects. PLX is a very effective drug against the tested lymphoma cell lines, with IC50 values in the low nM range for Hut-29 and the SU cell lines and CEM, although Jeko and Karpass-299 cells were less sensitive. Cytotoxicity of the antifolate could be reversed very efficiently by 5 μM l-LV 201–6182-fold for the lymphoma cell lines, and 2965-fold for the CEM cells. Interestingly, the variation in sensitivity to BLS was less and varied from 72–233 nM. l-LV did not affect sensitivity to BLS (data not shown). These lymphoma cells seem well suited for combination studies of these two drugs.


TABLE 2. Sensitivity of CEM cells and lymphoma cells to PLX and BLS.
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Synergism Between PLX and BLS

Initial experiments were designed according to the standard procedure of the median-effect program, simultaneous combination of the drugs at a fixed molar ratio based on the IC50 values. An example growth curve is shown in Figure 2A for SUDHL-4, which showed an additive/synergistic interaction. However, for all other cell lines the fixed ratio schedule resulted in either additivity or even antagonism (Figure 3 and Table 3). In a sequential administration of BLS pretreatment followed by PLX a similar effect, additivity or antagonism was observed (Supplementary Figure S1A and Table 3). Therefore we used a different approach in three cell lines in which we investigated whether PLX would increase the sensitivity to BLS or whether BLS would increase sensitivity to PLX. For this purpose we exposed cells to either the IC25 of PLX or BLS, respectively, in combination with the other drug in a concentration range (Figures 2B,C and Supplementary Figures S1B–E). The combination of BLS at its IC25 resulted in a synergism with PLX (Figures 2B,C and Supplementary Figure S2), but an IC25 of PLX with BLS appeared to be antagonistic/additive (Supplementary Figures S1D,E). Apparently, BLS shows a schedule-dependent potentiation of the effect of PLX (Table 3).


[image: image]

FIGURE 2. Example curves for the evaluation of the interaction between PLX and BLS in SUDHL-4 (A), HT (B), and SUDHL-5 (C) cells. SUDHL-4 cells were exposed to both drugs for 72 hr at a fixed molar ratio, based on the IC50 values of each drug (A). SUDHL-5 and HT cells were exposed to a concentration gradient of PLX for 72 hr, in the presence of the IC25 of BLS (B,C). The interaction between the two drugs was evaluated using the multidrug effect concept using the CalcuSyn program. Figures are of one representative experiment, performed in triplicate. The experiments were performed at least three times. Bars represent SEM, when not visible, they are within the size of the marker.



[image: image]

FIGURE 3. Example combination index (CI)-fraction affected (FA) curve for HT cells exposed to PLX and BLS in a fixed molar ratio based on the IC50. Drug exposure was 72 h. The SEM was within the size of the markers. This plot was fit by the program based on the actual values, showing antagonism/additivity at high FA values. The plot also indicates which part of the curve (actual CI values above FA > 0.5; usually the CI value around the FA of 0.5, 0.75, and 0.9) was used to calculate the average CI value of each experiment.



TABLE 3. Analysis of drug interaction between PLX and BLS in lymphoma cells using the median drug effect analysis.
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Effect of the Drugs on Cell Death

Both drugs have been described as affecting the cell cycle and inducing cell kill, which might be enhanced by modulation via HDAC inhibition of DNA repair. Indeed both drugs increased accumulation of cells in the S-phase, which was more pronounced for BLS, while in the combination the effect was similar to that of BLS (Figure 4), FACS analysis also revealed an accumulation of cells in the sub-G1 phase an indicator of cell death. While untreated HT cells showed an accumulation of 3.5%, drugs at their IC50 showed a substantial increase to 13% for PLX, 21% for BLS and 23% for the combination. For SUDHL-4 cells these values were 5.0, 22.1, 15.5, and 28.1%, respectively. In order to determine which apoptotic pathway would be responsible for these effects we also investigated whether they would increase cleavage of either caspase 8 (the extrinsic pathway) or caspase 9 (the intrinsic pathway). No additive effect was found for caspase 8, but a time-dependent increase in cleavage of caspase 9 was found in HT cells (Figure 5). For SUDHL-4 similar data were observed (Supplementary Figure S3).
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FIGURE 4. Cell cycle effects of BLS and PLX after 72 h exposure of HT cells to the drugs at their IC50 value. Data are from one representative experiment out of 3. Error bars represent SEM, when not visible, they are within the size of the marker.
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FIGURE 5. Induction of caspase 8 and caspase 9 cleavage in HT cells after exposure of the cells to their approximate IC50 (10 nM PLX, 220 nM BLS). The blots are a representative example out of three separate experiments.





DISCUSSION

In this investigation we show that BLS can potentiate the effect of PLX when combined at a modulating concentration. However, most other combinations were additive. Both PLX and BLS have been tested earlier in various combinations, such as the combinations of PLX with gemcitabine in Non-Hodgkin Lymphoma models, in which sequential addition was five times more effective in inducing apoptosis compared with simultaneous exposure (Tonner et al., 2006). Unfortunately, the clinical studies did not show improvement (ClinicalTrials.gov: NCT00481871; Reungwetwattana et al., 2012). Interestingly, the combination of gemcitabine and BLS was also synergistic in three pancreatic cancer cell lines, in which a 1.5–3-fold increase was found for the pro-apoptotic activity of the combination as compared to BLS alone (Dovzhanskiy et al., 2012), while also in mouse models the combination was more effective than each drug alone (Chien et al., 2014). The latter studies were performed in pancreatic cancer cell lines and thus direct comparison with lymphoma cells is not possible. A multidrug combination of BLS with gemcitabine, azacitidine/busulfan/melphalan in refractory lymphoma was withdrawn (ClinicalTrials.gov: NCT02701673), and no further evaluation of the dual combination BLS and gemcitabine was performed yet.

The efficacy of BLS was comparable to earlier studies with lymphoma cell lines such as Diffuse Large B-Cell Lymphomas (DLBCL) cell lines with IC50 values in subnanomolar range (Tula-Sanchez et al., 2013), while also in solid malignancies IC50 values were in the nanomolar range, including pancreatic cancer cell lines (i.e., 100–600 nM) (Chien et al., 2014), urothelial carcinoma cell lines (Buckley et al., 2007) and in prostate cancer cell lines (Qain et al., 2008; Gravina et al., 2012). These data at least suggest that BLS may be a highly potent therapeutic agent for other lymphoma.

Earlier data also show a similarly high sensitivity of DLBCL for PLX (Marchi et al., 2010). The efficacy of PLX was shown to be related to the expression of RFC and DHFR (Kinahan et al., 2020). This is in line with the findings that PLX is an excellent substrate for the RFC (Figure 1; Wang et al., 2003; Visentin et al., 2014), but a poor substrate for PCFT and had a very low affinity for the folate receptors (Table 1). In addition, it was shown that PLX was one log more potent than methotrexate in suppressing cell proliferation (Tonner et al., 2006). We observed that LV can protect lymphoma cells against PLX, which means that timing of administration of LV is critical similar to that of post-treatment of LV after methotrexate (Wood and Wu, 2015). Earlier we demonstrated that LV can protect bone marrow cells more efficiently than tumor cells (both hematological and solid tumors) against edatrexate (Jolivet et al., 1994). Edatrexate was the prototype drug for development of pralatrexate (DeGraw et al., 1993; Wang et al., 2003). In fact, LV has been used to protect patients against toxic side effects (mucositis) of PLX (Foss et al., 2019).

Our data indicate that the interaction of BLS and PLX may be related to an increase in cell death, although both drugs were potent by themselves. For both BLS and PLX it was shown that they can induce cell death via the intrinsic and extrinsic apoptosis pathway (Hwang et al., 2009; Marchi et al., 2013), although our data indicate a higher contribution of the intrinsic pathway, because of the increased cleavage of caspase 9. This was not unexpected since intrinsic apoptosis was earlier shown to be the preferred apoptotic pathway in lymphoma cell lines (Cillessen et al., 2008). These data are thus in concordance with our current results and confirm that both BLS and PLX induce apoptosis, mostly likely via accumulation of cells in the S-phase. The accumulation of cells in the S-phase as was found in our cells was in line with earlier observations that PLX induces accumulation of DLBCL cells in the S-phase (Tonner et al., 2006). In earlier studies on HDAC combinations (Eckschlager et al., 2017; Verza et al., 2020), it was shown that a modulating concentration of the HDAC inhibitor is able to enhance the efficacy of DNA targeted drugs, such as the cross-linker cisplatin, possibly by down regulation of DNA repair enzymes by the HDAC inhibitor. This is in line with the interaction data described in the present study.

We did not proceed with testing PLX in in vivo mouse models, since earlier experiments by us and others clearly demonstrated that endogenous high folate levels in mouse blood and tissues (including tumor models) (Schmitz et al., 1994) protected these mice not only against systemic toxicity of methotrexate and antifolate based thymidylate synthase inhibitors but also reduced (or completely prevented) antitumor effect (Worzalla et al., 1998; Cao et al., 1999; Van der Wilt et al., 2001; Mauritz et al., 2008). Moreover, mice have a high level of thymidine in blood and tissues, which enables an additional protection. The latter can be bypassed by using models with a thymidine kinase deficiency, but no DLBCL and PTCL cell models with a thymidine kinase deficiency are available, making such studies less likely to be successful.

Altogether, these data show that a combination of PLX and BLS seems worthwhile to be explored in the treatment of B-cell lymphoma, since their activity is synergistic to additive in various model systems. However, these data also indicate that the combination should be evaluated carefully, since both drugs seem to induce this effect via similar apoptotic pathways, which may lead to increased toxicity to normal cells.
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Supplementary Figure 1 | Examples of various growth inhibition curves performed under different conditions. (A) HT cells, exposed to a range of BLS concentrations for 72 h and from 24 to 72 h to both drugs in a fixed ratio. (B) HT cells, exposed to BLS around its IC25 (100 nM) and a concentration range of PLX (non-fixed ratio) for 72 h. The triangles represent the theoretical curve for this combination; since this line is above the experimental combination line, this combination is synergistic. (C) SUDHL-4 cells exposed to the IC25 of BLS at a non-fixed ratio of a range of PLX concentrations for 72 h. (D) HT cells, exposed to PLX around its IC25 (5 nM) and a concentration range of BLS (non-fixed ratio) for 72 h. The triangles represent the theoretical curve for this combination; since this line is below the combination line, this combination is antagonistic. (E) SUDHL-5 cells exposed to PLX around its IC25 (4 nM) and a concentration range of BLS (non-fixed ratio) for 72 h. The triangles represent the theoretical curve for this combination; since this line overlaps the combination line, this combination is additive.

Supplementary Figure 2 | Example of a CI-FA plot for HT cells exposed to an IC25 for BLS (100 nM) and a concentration range for PLX for 72 h. Using the CalcuSyn program the data were generated but CalcuSyn does not generate a fit curve for non-fixed ratios. Actual values are used for calculation of an average CI per experiment.

Supplementary Figure 3 | Western blots of caspase 9 cleavage in SUDHL-4 cells exposed to 5.5 nM PLX, 70 nM BLS and their combination for 24, 48, and 72 h.
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The role of epigenetic modifications on the carcinogenesis process has received a lot of attention in the last years. Among those, histone acetylation is a process regulated by histone deacetylases (HDAC) and histone acetyltransferases (HAT), and it plays an important role in epigenetic regulation, allowing the control of the gene expression. HDAC inhibitors (HDACi) induce cancer cell cycle arrest, differentiation, and cell death and reduce angiogenesis and other cellular events. Human papillomaviruses (HPVs) are small, non-enveloped double-stranded DNA viruses. They are major human carcinogens, being intricately linked to the development of cancer in 4.5% of the patients diagnosed with cancer worldwide. Long-term infection of high-risk (HR) HPV types, mainly HPV16 and HPV18, is one of the major risk factors responsible for promoting cervical cancer development. In vitro and in vivo assays have demonstrated that HDACi could be a promising therapy to HPV-related cervical cancer. Regardless of some controversial studies, the therapy with HDACi could target several cellular targets which HR-HPV oncoproteins could be able to deregulate. This review article describes the role of HDACi as a possible intervention in cervical cancer treatment induced by HPV, highlighting the main advances reached in the last years and providing insights for further investigations regarding those agents against cervical cancer.
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INTRODUCTION


Cervical Cancer Associated With Human Papillomavirus (HPV)

Cervical cancer is the fourth most common cancer found in women. In 2018, it was estimated that around 570,000 women were diagnosed with cervical cancer worldwide and about 311,000 women died from the disease (Arbyn et al., 2020). Cervical cancer has its highest incidence in low-income regions such as Africa, Latin America, and the Caribbean (Ferlay et al., 2019). The ranking of cervical cancer in each country (all cancer sites in women), stratified by number of cases in all ages. Arbyn et al. (2020) related the frequency of cervical cancer as three times higher than all cancers in women of all ages.

Martel et al. (2020), based on the GLOBOCAN database for 2018, described that is estimated by us to be 690 000 new cases (age standardized incidence rateŰASIR) of 8.0 cases per 100,000 person-years, focused on HPV infection.

The HPV virus belongs to the Papillomaviridae family and can be grouped into five different genera (alpha, beta, gamma, mu, and nu), according to the differences between the DNA sequences (Choi and Park, 2016). The alpha-papillomavirus genus includes genotypes that are responsible for infections at the level of the genital mucosa, while the remaining types are characterized by their ability to infect at the cutaneous level (Bouvard et al., 2009).

The different genotypes that infect mucous membranes can also be classified according to their oncogenic potential. Low-risk groups give rise to benign lesions, such as condylomas, while high-risk groups are considered oncogenic and cause persistent infection (reviewed by Mesri et al., 2014). HPVs have been classified in carcinogen categories as carcinogenic (Group 1), probably carcinogenic (Group 2a), possibly carcinogenic (Group 2b), not classifiable (Group 3), or probably not carcinogenic (Group 4) (reviewed by Schiffman et al., 2009). Considerable evidence has shown that all cases of cervical cancer are caused by persistent infections of specific human papillomaviruses (IARC, 2021). HPV 16 and HPV 18 are clearly powerful cervical cancer agents, which are present in precursor lesions associated with an extremely high absolute risk of CIN3 and cancer (IARC, 2021). Past studies have already described HPV infection as the main risk factor in the development of benign and malignant cervical lesions (zur Hausen, 1977; Gissmann et al., 1984). Between 1983 and 1984, oncogenic HPV types 16 and 18 were identified (zur Hausen, 2011) by a German virologist and Nobel Prize recipient (in 2008), Professor Harald zur Hausen.

HPV infection accesses and infects the basal cells through micro-abrasion; the virus enters the basal layer and establishes a long-term infection in these dividing cells (McBride and Warburton, 2017). The infection begins in the transformation zone of the cervical epithelium, located between the pavement epithelium and the columnar epithelium exposed by this micro-lesion (Herfs et al., 2012), and in DNA samples from cervical specimens, which verified the majoritarian presence of HPV16 in the ectocervical/transformation zone in premalignant (CN1), junctional epithelium (CIN1), and epithelial malignant lesions (CIN 2/3 and squamous cell carcinoma) and glandular malignant lesions (adenocarcinoma and invasive adenocarcinoma). A lower frequency of other HPV types was found in the lesions/anatomic sites, with the presence of HPV malignant types (18, 31, 33, 35, 45, 51, 52, and 58), “probably carcinogenic” (HPVs 53 and 66) and non-carcinogenic (6, 11, 40, 42, 43, 44, and 54) (Herfs et al., 2012). Gurvich et al. (2004) study also postulated that the ectoendocervical squamocolumnar (SC) junction of the cervix cells could be the prime target for cervical carcinogenesis. The authors observed higher immunohistochemistry biomarker levels [keratin (Krt) 7, anterior gradient (AGR) 2, cluster differentiation (CD) 63, matrix metalloproteinase (MMP) 7, and guanine deaminase (GDA)]. Those biomarkers possessed a specific labeling in the cuboidal cells at the interface of the transformation zone of the squamous cervical epithelium and the endocervix. They found, in the totality of lesions, in junctional cervical intraepithelial neoplasia (CIN1 and CIN2/3), squamous cell carcinoma (SCC), adenocarcinoma in situ, or invasive adenocarcinoma (Herfs et al., 2012). In addition, HPV E6 and E7 gene expression and gene function were different in distinct epithelial sites, such as the endocervix, the cervical transformation zone, and the ectocervix (reviewed by Egawa et al., 2015).

Then, the protein E2 recruits E1 in order to increase the number of copies of viral episomes, which continue increasing upon epithelium differentiation (Figure 1). In cervical intra epithelial lesions (CIN1) with high-risk HPV infection (i.e., HPV16), the medium and upper differentiating epithelial layers, E4, E5, E6, and E7 proteins are highly expressed leading to uncontrolled cell proliferation, and when L1 and L2 proteins are expressed in the uppermost layer of the epithelium, the viral life cycle is completed (Doorbar et al., 2012). So, the viral genome is encapsulated and the release of mature virions occurs (Doorbar et al., 2012).


[image: Figure 1]
FIGURE 1. Schematic representation of high-risk HPV life cycle infection and tumor progression in the cervical tissue. Viral DNA load; E1, E2, E4, E5, E6, and E7 expression; and L1 and L2 expression were demonstrated through epithelium layers (adapted from Doorbar et al., 2012). HPV, human papillomavirus; early genes (E1, E2, E4, E5, E6, and E7) and late genes (L1 and L2).


Although HPV is a necessary agent associated with cervical carcinogenesis, it does not seem to be a sufficient cause. Therefore, some cofactors could be involved in the cervical cancer development, such as long-term use of hormonal contraceptives, high parity, tobacco smoking, and HPV coinfection with different microorganisms [HIV, chlamydia trachomatis (CT), and herpes simplex virus type-2 (HSV-2)] (reviewed by Muñoz et al., 2006; reviewed by Sanjosé et al., 2018). However, those cofactors could be related to higher HPV infection or increase its gene expression. The combination of sociodemographic status and multiple sexual partners are cofactors to higher prevalence of high-risk HPV infection in cervical cancer (Fernandes et al., 2009; Ardhaoui et al., 2016; Kasamatsu et al., 2018). The study in Costa Rica from the Schiffman team verified that HPV genotype coinfection was associated with an increased risk of cervical disease and that coinfecting genotypes lead to cervical disease (Chaturvedi et al., 2011). Animal studies indicate that sex steroid hormones (estrogen and endogenous progesterone) are capable of inducing cancer in in vitro and in vivo experiments associated with HPV E2, E6, and E7 proteins (reviewed by Hellberg, 2012). A recent study demonstrated an interplay between cigarette smoke exposure and HPV16, which resulted in EGFR-PI3K-AP-1 signaling that favors p97 activity and E6 and E7 overexpression in CaSki and SiHa cells (Muñoz et al., 2018). The persistent infection by high-risk HPV types, the E6 and E7 viral oncoproteins, is due to their impact on apoptosis/senescence and proliferation via inactivation of p53 and pRb, contributing to cervical epithelial transformation in cancer (reviewed by Ghittoni et al., 2015; reviewed by Hoppe-Seyler et al., 2018). In addition, E6 and E7 oncoproteins promote genetic instability of the host cell DNA by deregulating cellular factors involved in epigenetic reprogramming (reviewed by Hoppe-Seyler et al., 2018). Regarding HPV coinfection with other sexually transmitted microorganisms, CT infections favor the entry and persistence of multiple high-risk HPV types, which leads to viral integration, apoptosis inhibition, overexpression of E6/E7 oncogenes, and cell transformation (Paba et al., 2008). In cultures derived from a transfection of 4 different HPV-immortalized keratinocyte cell lines (CX18-1, CX16-5, CX16-2) engineered with HSV-2 DNA, the transfection with HSV-2 DNA was capable of inducing the tumorigenic conversion of the HPV-immortalized human genital epithelial cells (Paolo et al., 1998). The HPV genome (Figure 2A) is constituted by a circular DNA double strand containing about 8,000 base pairs, encoding a total of eight genes, and is divided into three regions: the early genes (E), the late genes (L), and the long control region (LCR) (reviewed by Ghittoni et al., 2015). The gene expression of the cancer-associated high-risk HPV type is modulated by cis-regulatory elements located within URR (Hoppe-Seyler and Butz, 1993). The replication of HPV genomes requires E1 and E2 proteins as the viral trans-factors and the replication origin, located in the URR, as a cis element. Viral genes that are apparently expressed at low levels in these early phases of the replicating viral life cycle in the basal cells encompass the E6 and E7 genes as well as E1 and E2 (Figure 2B), which are all controlled by the P early promoter (P97 in case of HPV 16 and 31, P107 in case of HPV 18), which is located upstream of these genes in the viral Upstream Regulatory Region (URR) (reviewed by Doeberitz and Vinokurova, 2009).


[image: Figure 2]
FIGURE 2. (A) Schematic HPV genome representation and viral protein functions. (B) Persistent infection with viral integration mechanism: abrogation of E1 and E2 gene repression and E6 and E7 upregulation, followed by p53 deregulation and pRb degradation. (C) PDZ protein binding is critical for E6 protein-transforming activities. (D) Representation of the E7 gene structure and LXCXE-biding motif to pRb (Modified from Stanley, 2012; Adapted from Pal and Kundu, 2020).


HPV integration (Figure 2B) and gene replication are a pivotal machinery to cancer, triggering uncontrolled cellular proliferation, angiogenesis, invasion, metastasis, and unrestricted telomerase activity along with the evasion of apoptosis and growth suppressors' activity. The E1 and E2 genes are necessary for the maintenance of the viral genome in the host cells since they are responsible for the initiation of replication and the recruitment of the cellular DNA polymerase necessary for this process. The expression of the viral E2 transcriptional repressor is generally lost upon viral genome integration resulting in dysregulated viral gene expression from the viral LCR or URR. HPV E6 and E7 genes are consistently expressed even after genome integration, and the expression of these proteins is necessary for its maintenance. The continued expression of the E1 and E2 replication proteins from integrated genomes causes focal genomic instability at the integration locus. The integration event disrupts the E2 gene, alleviating E2 transcriptional repression of the E6 and E7 genes (McBride and Warburton, 2017). Therefore, the E6 and E7 gene products proved to be the main responsible for the cell transformation process. It has been proposed that the HPV integration into the host genome occurs after a break in the E2 gene, which has been described as the main repressor of E6 and E7 oncogene expression (Figure 2B). E6 proteins bound to LxxLL peptides from the ubiquitin ligase E6AP. E6 zinc domains and a linker helix form a basic–hydrophobic pocket, capturing helical LxxLL motifs, which could interact with different peptides. This interaction allows different E6 proteins to capture different panels of host proteins (Zanier et al., 2013) Mutational inactivation of the LxxLL-binding pocket disrupts the oncogenic activities of both E6 proteins (Zanier et al., 2013). Moreover, E6, the LxxLL motif of E6AP, and the core domain of p53 render the conformation of E6 competent for interaction with p53 by structuring a p53-binding cleft on E6. The mutagenesis of critical positions at the E6–p53 interface disrupts p53 degradation (Martinez-Zapien et al., 2016). E7 is a phosphoprotein with ~100 amino acid residues and three conserved regions, CR1, CR2, and CR3. Conserved region 2 contains the LXCXE (Leu-X-Cys-X-Glu) motif (Figure 2C), which is essential in the association with its targets, and CR3 forms a zinc finger structure (McLaughlin-Drubin et al., 2012). P130 and p107 share a distinct pocket domain necessary for binding E2F transcription factors and LXCXE motif-containing cellular proteins, including the D-type cyclins and histone deacetylases (HDACs). In their hypo- or unphosphorylated forms, the pocket proteins negatively regulate cell cycle progression through interaction with E2F/DP heterodimers and the recruitment of HDACs that promote chromatin condensation and repress transcription (Baker et al., 2005). The E7 oncoprotein interacts with p105, p107, and p130 proteins through the same motif (LXCXE) that E7 interacts with pRb. Therefore, p130 and its related proteins, pRB and p107, are important regulators of cell cycle progression, senescence, development, and differentiation (Nurshamimi et al., 2016; reviewed by Gupta and Mania-Pramanik, 2019). Moreover, the CR2 region of E7 contains the CKII phosphorylation site and the LXCXE-binding motif involved in binding to proteins such as the retinoblastoma tumor suppressor—pRb (reviewed by Gupta and Mania-Pramanik, 2019). HPV E7 proteins, which differ markedly in their ability to interact directly with pocket proteins, can both cause p130 degradation and lead to p130-DREAM complex disruption, resulting in the promotion of cell proliferation (Nurshamimi et al., 2016).

It is well-established that the carcinogenesis associated with HPV mainly depends on viral early genes, resulting in cellular transformation. The E6 and E7 oncogene upregulation is pivotal to tumorigenesis and indirectly influences cell pathway dysregulation, such as apoptosis, proliferation, growth, and motility. Particularly for cervical cancer, E6 interacts with the LXLL motif of E6-associated protein (E6AP), an E3 ubiquitin ligase that works as a connecting bridge between E6 and p53 (Figure 3), inducing p53 degradation through the proteasome pathway and consequently blocking the p53-dependent apoptosis Bcl2 family. High-risk alpha HPV E7 proteins target the retinoblastoma tumor suppressor pRB for proteasomal degradation. This causes aberrant, persistent S-phase entry, thereby sustaining proliferative signaling (reviewed by Mesri et al., 2014).


[image: Figure 3]
FIGURE 3. HPV dysregulation pathways. HPV persistent infections result in E6/EAP and E7 oncoprotein and its association with the main routes to cellular transformation (adapted from Pal and Kundu, 2020).


In persistent infection, the accumulation of DNA damage due to interactions of high-risk HPV E6 and E7 with p53 and pRb causes apoptosis inhibition and uncontrolled proliferation, which after a long time may lead to the alteration of chronically infected cells into cancer cells (Hoppe-Seyler et al., 2018).

The HPV E6/E6AP (Figure 3) oncoprotein interacts with several host cell proteins and thus presents different functions, such as intrinsic apoptosis pathways (downregulation of Bcl2 anti-apoptotic protein as well as upregulation of Bak and Bax pro-apoptotic protein), downregulation of p53 protein, and dysregulation of the cell cycle (downregulation of P300/CBP complex protein) (reviewed by Patel et al., 1999 reviewed by Estêvão et al., 2019). Consequently, the p53 levels are low and cyclin-dependent kinases (CDKs) are active, stimulating the cell cycle progression in an uncontrolled way and causing the accumulation of genetic mutations (reviewed by Estêvão et al., 2019). The E6 oncoprotein is found in the nucleus and interacts with several targets, presenting diverse functions, like deregulation of cell cycle (pRB protein and p107/p130 downregulation) (Estêvão et al., 2019). In high-risk HPV infections, the oncoprotein E7 alters this regulatory mechanism through its binding to the pRb protein (Figure 2). HPV-type 16 E7 also targets the pRb-related proteins p107 and p130 for destabilization by a proteasome-dependent mechanism. pRb degradation, not solely binding, is important for the E7-induced inactivation of pRb (Gonzalez et al., 2001). This way, pRb loses its ability to bind E2F transcription factors (Figure 3), and the release of these factors will stimulate the transcription of E2F-dependent genes necessary for DNA replication, resulting in cell cycle progression. E7 high-risk HPV contributes to this disruption cellular event, abrogating the inhibitory activities of the cyclin-dependent kinase inhibitors p21 and p27 (reviewed by Estêvão et al., 2019; Pal and Kundu, 2020). So, this ensures that the cell remains in an S-phase-competent state, which is vital for the viral life cycle.

Acetylation and deacetylation could represent different E6 and E7 oncogene expressions, and their activity is the hallmark of cancer cells associated with HPV infections. The first approach was the comprehensive review performed by Munger's team (Soto et al., 2017). HPV E6 and E7 oncoproteins can associate with HATs and modulate its activity. HPV E6 inhibits acetylation of p53, while HPV E7 forms a protein complex, acetylating pRb and abrogating HAT activity. Moreover, the HPV E7 oncoprotein interacts with class I HDACs, promoting reversal of acetyl modifications on histone lysine residues. E7 is associated with HDAC1/2, which occurs in a dependence on RB-independent manner and histone deacetylation complex by which remodeling chromatin structure happens through the deacetylation of histones. The association of E7 and HDAC1/2 does not result in the inhibition of HDAC activity but does play a role in HPV E7-associated transcriptional regulation. This association increased E2F2-mediated transcription levels in differentiating cells, affecting S-phase progression (Soto et al., 2017). In vitro experiments with deacetylase sirtuin 1 (HDAC III deacetylase family) and HPV31 have demonstrated that E6 and E7 acted synergistically, increasing SIRT1 levels through a posttranscriptional mechanism. In addition, E6 binding to p53 contributes to SIRT1 protein overexpression, as does E7 binding to both retinoblastoma protein (Rb) and histone deacetylases (HDACs). This study concluded that SIRT1 regulates HPV viral DNA basal replication and amplification and modifies histones bound to HPV genomes (Langsfeld et al., 2015). Tip60 is histone acetyltransferase responsible for acetylating the ε-amino groups of lysine residues on target proteins, including p53, DNA repair proteins, and histone H2A. Activated Tip60 acetylates (Ac) the ataxia–telangiectasia mutated (ATM) kinase, resulting in ATM autophosphorylation. The activated ATM then induces the phosphorylation (P) signaling proteins and γ-H2AX, which contribute to HPV genome amplification (Hong et al., 2015). The association of E7 and HDAC1/2 plays a role in HPV E7-associated transcriptional regulation suppression of interferon response factor 1 (IRF1) and blockage of HIF-1α (hypoxia-inducible factor-1), triggering pro-angiogenic factors by HPVE7 (reviewed by Gupta and Mania-Pramanik, 2019).



From Histone to Enzymatic Acetylation/Deacetylation: The History

The studies of free histones were started by Professor Kossel, the founder of modern biochemistry, who separated the nucleic acids in sediments and histones in the supernatant (Mirsky and Ris, 1951). Professor Albrecht Karl Ludwig Martin Leonhard Kossel was a professor of physiology at the Heidelberg Kossel University and Study of Proteins and was a Nobel Prize winner, known for his elucidation of the chemistry of the nucleic acids and nuclear chromatin proteins (Mathews, 1927). His research on the nucleus mentioned a protein isolated from the red blood corpuscles of birds, which was different from Miescher's protamine (isolated before from the nucleus of salmon sperm), and Kossel named it histone (Kossel, 1884). Histone was described as a combination of nucleic acid with proteins, which Kossel called nucleoprotein, also finding basic amino acids in calf-thymus' histones (Kossel, 1928). The protamine was composed of small, arginine-rich residues, observed in the nuclear proteins of sperm cells in the haploid phase of spermatogenesis, and is essential for sperm DNA condensation and stabilization. In contrast, Kossel verified a basic amino acid composition in the histone (Mathews, 1927; Daly et al., 1950). The histones' characteristics, noted before Kossel's work, possessed high arginine content, which depended on how the histone had been chemically precipitated (cited by Daly and Mirsky, 1955), and several studies examined histone amino acid composition (Luck et al., 1958; Phillips, 1958; Phillips and Johns, 1965). In concomitant investigations, other studies were trying to better characterize histones' amino acid content, which on calf-thymus histones the chief presence of proline, alanine, and lysine in the N-terminal position was verified (Luck et al., 1958; Phillips, 1958). The N-terminal alanine, lysine, and glycine residues in the histones varied according to the different histone chemical extraction methods (Phillips, 1958; Phillips and Johns, 1959). At the beginning, the calf-thymus' histones had proline end groups and were associated with the slightly lysine-rich part (Phillips, 1958). Through the biochemistry procedures for the calf-thymus' histone extraction, histone's amino acids were extracted more easily with lysine-rich residues (Daly and Mirsky, 1955; Luck et al., 1958) and were confirmed in both calf thymus and wheat-germ histone (Johns and Butler, 1962). Further, chromatin was described as a nucleosome, composed by an octamer of histones H2a, H2b, H3, and H4, with about 200 base pairs of DNA involving these histones, which made the chromatin fiber flexible (Kornberg, 1974; Noll, 1974; Thomas and Kornberg, 1975). Histone H1 was considered a variable linker region, which stabilizes the interaction of adjacent nucleosomes (Noll and Kornberg, 1977). Through crystallography assays, this histone was characterized as a core of a pair of histone types H2A, H2B, H3, and H4 with a supercoiling of DNA around the core (Dubochet and Noll, 1978).

The chromatin was described as an RNA–DNA–protein complex, protecting new RNA against RNAse activity in the chromatin from pea embryos (Bonner et al., 1961). It became known that DNA was present in at least two forms, namely, DNA itself and DNA bound in the nucleus–histone complex (Huang and Bonner, 1962). Then, the histones could inhibit RNA synthesis in the nucleus (Allfrey et al., 1963), and the selective remotion of the histones led to increased rates of messenger RNA synthesis (Allfrey et al., 1963). Furthermore, the RNA-synthesis inhibition was associated with the lysine-rich histone fractions or a histone complex, which favored DNA application as a primer for RNA synthesis (Allfrey et al., 1963). So far, a precocious relationship between histone-rich domains in lysine, histone modification, and RNA synthesis has been found (Allfrey et al., 1964). Afterward, the histones could be further modified by the attachment of acetyl, methyl, or phosphoryl groups in the preformed lysine peptide chains. The acetyl group has been found at the amino group terminal in the polypeptide chain attached at the ε-amino group of lysine residues (Phillips, 1963; Phillips and Johns, 1965). Early studies on calf thymus nuclei also verified an association between acetylated histones on RNA polymerase reactions and the histones' modifications by acetylation and that DNA-histone binding could influence the rate of RNA synthesis (Huang and Bonner, 1962; Allfrey et al., 1964). Moreover, the chromatin DNA was available for transcription by RNA polymerase, which remained inert as it was physically repressed by histones, and when these were removed from chromosomal DNA, the genetic material was derepressed (Bonner, 1965). The same conclusion was reached in human lymphocytes, when the histone acetylation was also followed by reversible changes of DNA attached to the histone's and also modifying RNA polymerase activity and RNA synthesis (Pogo et al., 1966). Seeking further scientific evidence, Pogo et al. (1966) and Allfrey et al. (1964) verified a high turnover of this N-terminal acetyl group in histones and increased RNA synthesis in metabolically active tissues (i.e., spleen, liver, thymus, hepatocytes, and tumor cells) (Byvoet, 1968; Pogo et al., 1968). This made researchers aware of the enzymatic modification of histones. Histones isolated from rat's liver nuclei and chicken reticulocytes demonstrated that the histone modifications were promoted through the transfer of acetate from coenzyme A by an acetokinase (Marchis-Mouren and Lipmann, 1965; Gallwitz, 1968). Nohara et al. (1968) concluded an enzymatic acetylation of histones in a stable lysine-rich chain, which was confirmed in adrenal tumor cells (Jungmann et al., 1970). The presence of histone acetyltransferase in the chromatin isolated from rat's isolated nuclei was also demonstrated (Racey and Byvoet, 1971). Thereafter, different histone acetyltransferases were found in rat thymus' nuclei or rat's hepatoma cell lines, promoting acetylation in histone f2a1 instead of histone f3 (Gallwitz and Sures, 1972) or in histone H4 instead of H3 (Garcea and Alberts, 1980). The N-terminal acetylation of this histone decreases the interaction with DNA in histone H4 lysine residues and promotes accessibility to RNA synthesis (Horiuchi et al., 1978a,b). Furthermore, the cellular activity was observed in different cells and at different phases of the cell cycle depending on the acetylation status of chromatin on histone side chains (Marushige, 1976). In addition, the highly metabolically active histone acetylation occurred in normal and tumorous cells (Moore et al., 1979). Those past studies brought the basic knowledge that histone enzymatic acetylation levels at lysine-rich chains were associated with high levels of cellular RNA transcription in proliferative and cancer cells.

In concomitant studies, the enzymatic deacetylation of histone in calf thymus demonstrated slight modifications of the histone structure by acetylation and deacetylation, reflecting on the way to modify the chromatin and RNA synthesis (Allfrey et al., 1964; Inoue and Fujimoto, 1969). Then histone acetylase and deacetylase enzymes became important mechanisms for genetic control in higher organisms (Inoue and Fujimoto, 1969), and the acetyl turnover by deacetylase activity happened in active metabolic cells and tumors (Libby, 1970; Horiuchi and Fujimoto, 1972; Fujimoto and Segawa, 1973; Reeves and Candido, 1980). Moreover, the histone deacetylase enzymatic activity occurred in both free histone and chromatin-bound histone complexes (Vidali et al., 1972; Kaneta and Fujimoto, 1974). In mammalian cells, a deacetylase was discovered, which supported the statement that histone deacetylase was a key regulator of eukaryotic transcription (Taunton et al., 1996). In summary, the acetylation and deacetylation of histones were enzymatic processes, allowing RNA polymerase to promote gene transcription or to return it to a repressed state (not transcriptional). This was considered a hallmark of epigenetics, especially in cancer (Horiuchi et al., 1981; Hull, 1982; Davie and Hendzel, 1994). An important concept arose on histones' modifications in terms of terminology: “writers,” “erasers,” and “readers.” The “writers” were defined as enzymes (HAT, histone methyltransferase or kinases), posttranslationally adding acetyl, methyl, or phosphoryl groups to histones; the “erasers” were enzymes (HDAC, demethylase or phosphatase) promoting opposite posttranslational histone modifications; the “readers” were regulatory proteins which recognized domains that complemented specific posttranslational modifications: bromodomains for acetylation, chromodomains for methylation, and 14-3-3 phosphobinding proteins for phosphorylation (Soto et al., 2017; Zhao et al., 2018). Several studies follow these past works, which greatly contributed to the current knowledge and epigenetic therapies against tumors based on the inhibition of histone enzymatic activity of deacetylation (Figure 4).


[image: Figure 4]
FIGURE 4. Schematic mechanism of histone acetylation and deacetylation enzymatic control and inhibitors. HAT, histone acetyl transferase; HDAC, histone deacetyl transferase; HDACi, HDAC inhibitors.


In humans, 18 isoforms of HDAC have been described and subdivided in four main classes (Johnstone, 2002; Fass et al., 2013). Class I is constituted by HDACs 1, 2, 3, and 8; class II is constituted by HDACs 4, 5, 6, 7, 9, and 10; class II includes SirT 1–7 and class IV presents HDAC11. The HDACs that belong to classes I, II, and IV are zinc-dependent enzymes, while the class III HDACs are NAD+ dependent (Bolden et al., 2006; Fass et al., 2013; Zhao et al., 2018).



HDAC Inhibitors (HDACi) for Cervical Cancer and HPV

Several works have been conducted using HDACi against several HPV cell lines, including HeLa (cervical adenocarcinoma with HPV18 10–50 number of viral copies), CasKi (squamous cervical cancer with HPV16 60–600 number of viral copies), or SiHa (squamous cervical cancer with HPV16 1–2 number of viral copies) (Meissner, 1999). Once HDACs are involved in the acetylation not only for the histone but also for non-histone proteins (as for example, p53), its inhibition can interfere in a series of biological pathways related to cellular growth, cellular signal transduction, and death (Gregoretti et al., 2004; Yang and Seto, 2008). Due to the overexpression of HDAC in many types of cancer, including cervical cancer, it is known that HDAC inhibitors act by reducing tumor development, being used alone or in combination with other drugs. After research efforts in the last years, only few HDACi drugs were approved by the FDA, including vorinostat (also known as SAHA) (2006), romidepsin (2009), belinostat (2014), panabinostat (2015), chidamide (2015), and pracinostat (2016) (Figure 5) (Sangwan et al., 2018; Banerjee et al., 2019). Despite the effectiveness of these drugs against relapsing multiple myeloma and cutaneous and peripheral T-cell lymphomas, some limitations are still observed during monotherapy for solid tumors (Mottamal et al., 2015; Bae et al., 2018). Phase II trials using HDACi against solid tumors revealed that only a few patients have reached complete remission. Moreover, serious adverse effects including anemia, leukopenia, thrombocytopenia, pulmonary embolism, and deep vein thrombosis were reported for these drugs, raising concerns regarding its therapeutic use (La Cruz-Hernandez et al., 2015). The reason for this limited efficacy against solid tumors remains obscure; however, a hypothesis came out from a study involving a breast cancer/triple-negative, which revealed that the activation of a leukemia factor receptor (LIFR) could be involved in the reduced activity of HDACi. Specifically, the recruitment of bet-bromodomain-4 (BRD4) which is associated with the upregulation of LIFR in tumors could activate the signaling pathway JAK-STAT3, leading to HDACi failure (Fedele et al., 2017). In spite of this limitation, a combination of drugs involving HDACi, BRD4, and/or JAK inhibitors seems to be a promising approach, mainly for solid tumors (Hosford and Miller, 2014). In this section, we will discuss the efficacy of HDACi against cervical cancer. We will present the most relevant preclinical studies with new compounds coming from organic synthesis and natural products. The main findings with FDA-approved drugs regarding clinical trials will be presented.


[image: Figure 5]
FIGURE 5. Chemical structure of FDA-approved HDACi. FDA, Food and Drug Administration; HDACi, histone deacetylase inhibitors.



Compounds at the Preclinical Stage

Chemically, the HDAC inhibitors can be classified into 4 main classes: hydroxamates, 2-amino-benzamides, cyclic peptide, and aliphatic acids (Sangwan et al., 2018). For the hydroxamate class, whose main representative is vorinostat (i.e., SAHA) (Figure 5), a general chemical structural pattern consisting of three components was established, namely, (a) zinc-binding group, generally containing a chelating subunit represented by hydroxamic acid or 2-aminobenzamide subunits; (b) a linker region, used as a spacer, which is able to connect the zinc-binding group to cap a tunnel subunit; and (c) a cap subunit that allows interaction with amino acid residues located outside the active site (Ganai, 2018). Molecular modifications on the chemical structures in some of these three components can be explored to obtain selectivity among the different HDAC isoforms.

Based on the different structures of all four classes of enzymes (HDAC class I–IV), barriers regarding selectivity must be overcome to avoid off-target effects. It is well-established that a high percentage of identity is found among HDAC belonging to the same class. For example, in class I, the percentage of identity of HDAC1 compared to HDAC2, HDAC3, and HDAC8 is 85.1, 59.1, and 40.5, respectively. For HDAC class IIa, the percentage of identity of HDAC4 compared to HDAC5, HDAC7, and HDAC9 is 61.6, 53.4, and 59.7, respectively (Micco et al., 2013; Ganai, 2018). Thus, it is necessary to characterize which HDAC inhibition is more prone to contribute to an anticancer effect to circumvent possible adverse effects coming from an unspecific activity.

Aberrant expression among distinct HDAC is related to different types of cancer. For example, for gastric and prostate cancer the overexpression of HDAC1 was reported (Choi et al., 2001), while for hepatocellular carcinoma high levels of HDAC5 were found (Feng et al., 2014). HADC6 is overexpressed in oral squamous cell carcinoma, while the aberrant expression of HDAC7 is described for pancreatic cancer (Takumi et al., 2006; Ouaïssi et al., 2008). An aberrant expression of HDAC class I was reported in more than 75% of the types of cancer of human tissues and noncancerous epithelium, including, breast, colon, esophagus, lung, ovary, pancreas, prostate, stomach, and thyroid cancer (Nakagawa et al., 2007).

For cervical cancer, the role of which specific HDAC could be the main target is still uncertain. Overexpression of HDAC8 was reported in HeLa cells. Specifically, HDAC8 binds to and performs deacetylation of alpha-tubulin at the Lys40 (K40) position. The previous role of deacetylase attributed to HDAC6 seems to be shared by HDAC8, which suggests apparent functional redundancy (Hubbert et al., 2002). After knockdown of HDAC8 using siRNA experiments, an interference in the cell cycle was observed, as well as an alteration in cellular migration and morphology, which pointed out that HDAC8i could be a useful target in cervical cancer cells (Vanaja et al., 2018). No selective HDAC8 inhibitor has been approved as a drug, but a number of compounds described in the literature show promising activity against HDAC8; however, few of those compounds were assayed against cervical cancer, demanding additional efforts to comprehend the involvement of this isoform in cancer development using those cellular lineages (Banerjee et al., 2019).

Examples of potent HDAC8 inhibitors include 2-piperazinyl-5-pyrimidylhydroxamic acid derivatives. For this series, despite the absence of selectivity among the different isoforms in class I, compound (1) exhibited an IC50 value of 0.9 nM against HDAC8 and an antiproliferative effect against human ovarian cancer A2780 (IC50 = 29 nM) (Angibaud et al., 2010) (Figure 6). A selective HDAC8 inhibition was described for the phenyltriazole derivative (2) discovered after screening of an in-house large set of small molecules, followed by molecular optimization. For this most active compound (2), a IC50 value of 0.8 nM was found against HDAC8, while for HDAC-2, -3, -4, -5, -7, and -9 the value was superior to 20 μM. Thus, experimental data revealed for compound (2) more than 25,000 times selectivity for HDAC8 compared to those isoforms (Ingham et al., 2016). Another example of a selective HDAC8 inhibitor with an IC50 value equal to 10 nM previously described is compound (3) (Figure 6). This molecule (3) exhibited selectivity to HDAC8, once for the other class I isoforms; the IC50 values found were 4 μM (HDAC1), > 50 μM (HDAC2), >50 μM (HDAC3). In addition, in vitro assays showed that compound (3) was able to induce caspase-dependent apoptosis in cell lines derived from leukemias or T-cell lymphomas but failed to act against HeLa cells, since GI50 was superior to 20 μM (Balasubramanian et al., 2008).


[image: Figure 6]
FIGURE 6. Chemical structures of HDAC inhibitors. HDAC, histone deacetylase.


Metalloproteinases (MMPs) are endopeptidases related to cellular behaviors such as cell proliferation, migration, adhesion, differentiation, angiogenesis, and apoptosis. MM2 and -9 are metalloproteinases that can regulate cell migration and invasion of cancer cells being overexpressed in many human tumors and are important prognostic factors in cervical cancer. It has been described that patients with lymph node metastasis have shown reduced expression of HDAC10 (class IIb) compared to those without metastatic prognosis in human cervical squamous cell carcinoma. It was demonstrated that HDAC10 binds to the promoter regions of MMP2 and -9, resulting in downregulation of their expression through deacetylation of histones H3 and H4 and a block of RNA polymerase II binding. A mutant HDAC10 without histone deacetylation effect did not exhibit any suppressive effect on MMP2 and MMP9 genes. The in vivo evaluation of metastasis in nude mice injected with HeLa cells in their footpad has demonstrated that HDAC10-overexpressing cells still have the ability to metastasize; however, the number of positive lymph nodes has decreased. These effects highlighted the contribution of HDAC10 to decrease metastasis in human cervical squamous cell carcinoma (Song et al., 2013).

Another HDAC that seems to be involved in cervical cancer is HDAC2, whose overexpression was reported by Huang's team (Huang et al., 2005). In this study, HDAC1 and HDAC2 were examined in more detail in some samples of cervical and colon cancer. The results suggested that HDAC2 is upregulated, more present, and stronger in polyps of these cancers with the dysplasia transition when compared to HDAC1. The expression of HDAC2 mRNA was regulated more than twice in 9/16 tumors. The study also shows that the knockdown of HDAC2 in cells causes an increase in apoptosis (possibly through an upregulation of p21Cip1/WAF1, but independent of p53), which is confirmed in the results of Zhu et al., where they demonstrate that HDAC2 overexpression works as a protection for cells against apoptosis, which can be important to facilitate the development of tumors.



HDACi From Natural Products and Synthetic Compounds Active Against Cervical Cancer

Despite the absence of information regarding selective inhibition of HDACi, several works describe the anticancer effect of natural products and synthetic compounds against cervical cancer. Many of those compounds are HDAC pan-inhibitors. This section will describe some of these molecules pointing out their promising activity against cervical cancer.



Natural Products and Synthetic Compounds

Throughout the human history, natural products have constituted an important source of treatment to several health afflictions. The chemical diversity of natural products allows the discovery of original molecules that can be used as complex in phytomedicines or isolated compounds. An exhaustive list of natural products is currently used as drugs for the treatment of several types of cancer, including vinca alkaloids (i.e., vinblastine, vincristine), taxanes (i.e., paclitaxel, docetaxel), podophyllotoxin (i.e., tenoposide, etoposide), and camptothecin (i.e., irinotecan, topotecan), among others (Choudhari et al., 2020). It has been estimated that natural products have contributed to around 50% of all approved drugs against cancer from 1940 to 2014 (Newman and Cragg, 2016).

Natural product analogs and synthetic compounds have also been discovered, designed, and evaluated as HDAC inhibitors, such as valproic acid, hydroxamic acids derivatives, and 2-aminobenzamide derivatives, among others. Herein we presented the synthetic compounds able to inhibit HDAC enzymes and present antiproliferative property activity against cervical cancer cell lines.

Table 1 summarizes the natural and synthetic compounds, their proposed mechanism of action, general comments, and IC50 against HDAC enzymes. Figure 7 presents the chemical structures of compounds (10)–(20).


Table 1. HDAC inhibitors and mechanisms.
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FIGURE 7. Chemical structures of HDAC inhibitors. HDAC, histone deacetylase.




Effects of FDA-Approved Drugs Against Cervical Cancer

Not all approved drugs were tested against cervical cancer lines. In this section, we will discuss the literature data found in the last 20 years regarding HDACi approved drugs and their effects in cervical cancer.



Vorinostat (SAHA)

Vorinostat (Figure 5) is a hydroxamic acid derivative known as pan-inhibitor of HDACs. Structurally, X-ray crystallography experiments revealed that hydroxamic acid subunits interact directly with the zinc atom present in the active site of the HDAC enzymes (Finnin et al., 1999). Some studies have suggested the mode of interaction of vorinostat with HDAC class II using molecular modeling (Tambunan and Wulandari, 2010; Tambunan et al., 2011). Compared to other hydroxamic acid derivatives (i.e., TSA), vorinostat exhibits appropriate pharmacokinetic, low toxicity, and effectiveness (Noriyuki et al., 2007). It has been reported that ED50 of vorinostat against cervical cancer using different cell lines, including CaSki, SiHa and HeLa, ranged from 0.5 to 5.1 μM (Noriyuki et al., 2007; Lin et al., 2009).

Proteomic analysis of HeLa cell culture treated with vorinostat revealed that four proteins were downregulated after the treatment: aldose reductase (ALDR), heat-shock protein beta-1 (HSPB1), eukaryotic translation initiation factor 5A-1 (IF5A1), and phosphoglycerate mutase 1 (PGAM1). The latter is one of the main enzymes involved in glycolysis that is upregulated in the carcinogenic process. Not only HeLa but also CaSki cells have increased the expression of PGAM1 (He et al., 2008). A study has associated the upregulation of PGAM1 with immortalization (Evans et al., 2005). In HeLa cells, vorinostat also induces apoptosis through a series of mechanism including mitochondrial membrane potential, caspase activation, and PARP cleavage. In addition to that, the drug increases reactive oxygen species (ROS) and decreases the levels of glutathione (GSH) and thioredoxin (You and Woo, 2014). The relationship between human papillomavirus (HPV) infections and cervical cancer is widely described. The treatment of HeLa cells with vorinostat reduced the mRNA levels of HPV18 E6 and E7 and transcription of both genes. The high levels of acetylation on HPV18 promoter downregulates E6 and E7, suggesting voronistat as a useful drug for cervical cancer (He et al., 2014).

A study with HPV-18 in organotypic raft cultures of primary human keratinocytes demonstrated that vorinostat was able to inhibit viral DNA amplification significantly, and more than 30% of the treated cells underwent apoptosis. 5 μM vorinostat reduced E6 and E7 activity resulting in an elevation of p53, probably being the cause for the inhibition of viral DNA amplification. HPV-infected cells have shown to be more sensitive to vorinostat than uninfected ones (Banerjee et al., 2018).



Belinostat

Belinostat (Figure 5) (also known as PXD101) is a potent HDAC inhibitor approved by the FDA in 2014 to treat peripheral T-cell lymphoma (Foss et al., 2015). HDAC from HeLa cell nuclear extracts, mainly HDAC1 and HDAC2, were evaluated after previous treatment with belinostat. In this condition, the value of IC50 for HDAC inhibition was 51 nM. Enzymatic assays with different HDAC isoforms were also evaluated and shown for belinostat values of IC50 of 34 nM (HDAC1), 353 nM (HDAC8), 9850 nM (HDAC4), 27 nM (HDAC6), and 25000 nM (HDAC11) (Li et al., 2016). In fact, HDAC1 seems to be one of the main targets of belinostat since HeLa cell knockdown for HDAC1 decreases its sensitivity to belinostat (Dejligbjerg et al., 2008). The belinostat treatment was able to increase acetylation of histone H4 in several tumor lines at a dose-dependent manner, including HeLa cells. An in vivo experiment using nude mice with either human ovarian or colon tumors at a dose of 40 mg/kg/day through i.p. route during 7 days reduced significantly the tumor growth with no acute observable toxicity (Plumb et al., 2003).



Panobinostat

Panobinostat (Figure 5) is an oral HDAC inhibitor with an anticancer effect against several lines of cancer cells. It is approved for the treatment of relapse or refractory multiple myeloma (Kyriaki et al., 2018). Using recombinant enzymes, it was found that panobinostat has a role as pan-inhibitor, being more potent than vorinostat and belinostat. The IC50 values found for panobinostat were in the nanomolar scale: 3 (HDAC1), 3 (HDAC2), 4 (HDAC3), 12 (HDAC4), 61 (HDAC6), 14 (HDAC7), 248 (HDAC8), and 3 (HDAC9). In the cell proliferation assay using HeLa cells, the EC50 value of panobinostat was 0.1 μM. Lysate of HeLa cells exposed to twice the EC50 concentration for 24 h has induced its histone H3 and H4 acetylation (Khan et al., 2008). In cervical cancer cells, it was found that panobinostat increases histone H3 acetylation and diminishes the cellular viability in a dose- and time-dependent manner. Interestingly, for SiHa cells the treatment of panobinostat arrested the G2/M phase, while for HeLa the G0/G1 phase of the cell cycle was arrested. Several mechanisms of apoptosis were described for panobinostat, such as the ability to raise reactive oxygen species levels inside the cells, disrupt the mitochondrial membrane potential, increase the levels of p21 and caspase-9, and reduce the expression of Bcl-xL genes (Wasim and Chopra, 2016).



Association of Anticancer Drugs With HDACi for Cervical Cancer

In general, the effectiveness of HDACi alone against solid tumors is inferior to that of the association with an anticancer drug. Therefore, combinations of drugs act synergically by increasing the anticancer activity and reducing adverse effects, since low doses can be used. Examples of associations of HDACi have been successfully described for kinase inhibitors (i.e., imatinib), proteasome inhibitors (i.e., bortezomib), topoisomerase I and II inhibitors (i.e., topotecan, doxorubicin), anti-tubulin drugs (i.e., paclitaxel), heat shock protein-90 inhibitors (i.e., geldanomycin), DNA-covalent ligands (i.e., cisplatin), and DNA methylation inhibitors (i.e., decitabine), among others. In this section, some limited examples will be presented to demonstrate the importance of this approach in the therapy.

A combination of panobinostat with topoisomerase's inhibitors (topotecan or etoposide) enhances apoptosis in both HeLa and SiHa cells. The induction of intrinsic apoptosis was mediated by several mechanisms involving the activation of the ERK pathway and inhibition of both NF-κB and PI3K/AKT pathways. In addition to that, high levels of ROS and mitochondrial injuries contribute to activate the apoptosis mechanism. For example, the association of panobinostat and topotecan increased the levels of ROS at 68.6 and 21.3% in HeLa and SiHa cells when compared to their respective single treatments (Wasim and Chopra, 2018). The synergism between HDACi and topoisomerase inhibitors can be explained based on HDACi's effect, which after hyperacetylation keeps the chromatin structure opened, allowing easy access to DNA by damaging agents (Nolan et al., 2008).

The association of vorinostat with doxorubicin improves the cytotoxic effects of the last one, demanding low doses of doxorubicin. Using HeLa, CaSki, and SiHa cell lines, it was possible to demonstrate that this combination treatment is able to induce apoptosis by activating caspase-3 and poly(ADP-ribose) polymerase cleavage and upregulating the Bad protein. Acetylation of p53 results in the transcriptional activation of target genes, such as the pro-apoptotic Bad protein (Lee et al., 2014).

The combination of HDACi and proteasome inhibitors has been described in the literature as a useful approach to treat cervical cancer. Proteasomes are responsible for protein degradation, which maintains the intracellular balance and acts on breakdown transcription factors and proteins involved in the cell cycle. Bortezomib was the first proteasome inhibitor approved by the FDA to treat multiple myeloma. This drug exhibits activity against several types of cancer, including human cervical carcinomas (Birle and Hedley, 2007). A combination of vorinostat and bortezomib induces apoptosis in HeLa cells at superior levels compared to the exposure of those separated agents. This effect is associated with the augmentation of the Bax/Bcl-2 expression ratio, caspase-3 activation, and reduction of NF-κB and Akt expression levels in HeLa cells (Jiang et al., 2010).

Another study combining bortezomib with the pan-HDACi vorinostat and trichostatin A revealed that cervical cancer cell lines are more responsive than HPV-negative cervical cancer. For cervical cancer cells, a high expression of HDAC1, HDAC2, and HDAC6 was found. The bortezomib treatment reduced cell viability of CaSki, SiHa, and HeLa cell lines at nanomolar concentrations and increased the level of p53. This cytotoxic effect was limited in those non-transformed cervical cancer cells. The combination of vorinostat or trichostatin A with bortezomib induces apoptosis selectively in HPV-positive cervical cancer cells. In vivo studies were performed in order to evaluate the effect of drugs combination in the treatment of xenograft tumor using immunodeficient female mice. In this experiment, the single treatment with bortezomib or trichostatin A was able to reduce tumor growth and expand the animal's survival, but superior effects were observed after the association of both drugs. Immunoblot analysis showed a pronounced poly(ADP-ribose)polymerase cleavage in the association compared to the single treatment (Lin et al., 2009; Huang et al., 2015).

In ovarian cancer cells, bortezomib enhances cytotoxicity through antigen-specific CD8+ T cells, which allows better immune response (Chang et al., 2012; Kim et al., 2013). In vivo, the combination of vorinostat and bortezomib improves even more the specificity of the immune system against the tumor, making cancerous cells more susceptible to antigen-specific CD8+ T cells than those treated with isolated drugs (Huang et al., 2015).

The combination of treatments using cisplatin and vorinostat acts synergically against HeLa cells, being more active than the isolated treatment. The apoptosis of HeLa cells was induced by the activation of caspase-3 and inhibition of expression of Bcl-2 and x-linked inhibitor of apoptosis protein (XIAP). The relaxation of chromatin induced by HDACi could partially explain the increased effect when compared to the treatment with a single drug (Jin et al., 2010).

A combination of valproic acid with the experimental compound VE465, an aurora kinase inhibitor, has shown synergism in the cervical cancer cell line ME180. Aurora kinase plays an important role in tumorigenesis, and its overexpression has been detected in several human cancers. The IC50 values of valproic acid for CaSki and ME180 cell lines were 4 and 5.1 mM. The IC50 value was reduced up to 1.9 mM after combining both compounds (Li et al., 2013). A better effect was also observed after the combination of wortmannin, a phosphatidylinositol 3-kinase inhibitor, and the HDACi sodium butyrate. For this combination, an increased expression of p21, p27, and p53 was detected in HeLa cells previously treated with the compounds. Furthermore, activation of caspase 3 and 9 and high levels of PARP cleavage were observed (Park et al., 2006).

A phase I trial revealed that only magnesium valproate at doses of 20 and 40 mg/kg could inhibit HDAC activity leading to high levels of acetylation in tumor tissues (Chavez-Blanco et al., 2005). Therefore, using a drug-repurposing strategy, a combination of hydralazine and magnesium valproate (TRANSKRIP®) was proposed as a new anticancer agent (Dueñas-Gonzalez et al., 2014). Hydralazine is an inhibitor of the DNA methylation enzyme (DNMT). Phase II clinical trials in patients with cervical cancer described that hydralazine–valproate treatment associated with standard treatment with cisplatin chemoradiation has improved efficacy when compared to an isolated treatment (Mani et al., 2014). Preliminary data from a phase III study using a combination of hydralazine–valproate, cisplatin, and topotecan demonstrated a progression-free survival using the combining therapy compared to standard treatment. In this study, the median PFS of the control group was completed in 4.6 months and the experimental arm in 7.6 months. In order to be considered in the evaluation of the results, the patients had to complete their first cycle of protocol therapy, after which they underwent a repeated evaluation of the disease before starting the second cycle. PFS was defined as the minimum time until clinical progression, death, or data from the last contact and measured from the period data, in which the Kaplan–Meier procedure was used for all patients. Thus, they demonstrated that the drugs are capable of increasing the PFS in patients with cervical cancer with increased but manageable expenses; however, this study was discontinued (Coronel et al., 2011).

The association of valproic acid (VPA) and trans-retinoic acid was able to activate the dormant tumor suppressor gene RARß2, inhibiting both in vitro and in vivo cervical cancer growth. In vitro, the upregulation of RARß2 gene expression was found to be up to 90-fold. Moreover, upregulation of p21 and p53 and activation of the PI3K/Akt pathway and diminishing of p-Stat3 levels were reported for this combination (Feng et al., 2012). In vivo experiments were also carried out in a xenograft model using human squamous cell carcinoma. In this assay, the combination of valproic and trans-retinoic acids increased the levels of tumor suppressor genes, as well as RARß2, p53, p21CIP1, and E-cadherin. Levels of loricrin and involucrin were also upregulated, contributing to apoptosis and reduction in tumor size (Feng et al., 2013).



HDACi Effectiveness Against HPV Infections

Regardless of several studies having demonstrated the efficacy of HDACi in cervical cancer cell lines, little is known about their impact in the HPV life cycle and its outcome on HPV infections. The effectiveness of HDACi to HPV infections, which is the major risk factor for cervical cancer, is still controversial. Previous studies have demonstrated that when HeLa cells were treated with SAHA, HPV18 E6 and E7 mRNA and protein levels were reduced, and HPV18 promoter activity was decreased, suggesting that SAHA inhibited the transcription initiation of HPV18 E6 and E7 genes (He et al., 2014). Also, the authors observed a correlation between histones' deacetylated sites and the downregulation of mRNA HPV18 E6 and E7 when HeLa cells were treated with SAHA. Another study demonstrated that hydralazine and valproate could be safely administer to HPV-related tumors, such as cervical cancer, because they do not increase viral oncoprotein expression and also valproate-induced hyperacetylation of p53 protein, protecting the infected cells from their degradation by E6 (La Cruz-Hernández et al., 2007). A recent study investigates that two other HDAC inhibitors, belinostat and panobinostat, also inhibited viral DNA amplification and caused apoptosis (Banerjee et al., 2018). They verified a reduction of HPV18 E6/E7 protein levels and the ability of E6 to destabilize p53, which was promoted by the vorinostat treatment. The in vitro experiments using a synergistic formulation of curcumin, epicatechin gallate, resveratrol, and tricurin demonstrated that it suppresses the HPV E6 gene expression and eliminates HPV+ in TC-1 (express E6/E7) and HeLa cells (HPV 18) and activates apoptosis (Mukherjee et al., 2017).

Although some studies pointed to HDACi as a promising therapy to cervical cancer, contributing to abrogation of HPV16 and HPV18 E6/E7 mRNA and protein levels, previous studies, using HDACi valproate (VPA), sodium butyrate (NaBut), and trichostatin A (TSA), suggested caution (Bojilova et al., 2016). This study highly demonstrated the transcription of the reporter gene under the control of the HPV-16 LCR in different cell lines, including SiHa and Hela cells, respectively HPV16 and HPV18. Bojilova et al. (2016) demonstrated that TSA inducted 2–4-fold increment in the HPV LCR-driven transcription of the luciferase reported in HaCaT cells, and the HPV-negative keratinocyte cell line was able to differentiate (unlike HeLa, SiHa, and BeWo cells). In the same direction, Johansson et al. (2015) verified that HDACi could increase histone acetylation on the HPV16 genome correlated with high HPV16 gene expression, causing a 2- to 8-fold induction of HPV16 early and late mRNAs in cervical cancer cells.





CONCLUSIONS

HDACi has demonstrated enough potential to treat cervical cancer, alone or in association. It is not completely clear which HDAC inhibition is more prone to control cervical cancer cell proliferation; however, some studies suggest the importance of HDAC class I to reach this effect. In this review article, we have also demonstrated that the association of HDACi with anticancer drugs presents a combined effect, allowing the reduction of the anticancer dose and contributing to reducing the adverse effects associated with the treatment. Cervical cancer cells are more sensitive to associations of drugs than the use of HDACi alone. Few clinical trials were performed using HDACi for cervical cancer, but some studies involving drug association seem to be promising. HDACi can interfere simultaneously in several cellular mechanisms which include high levels in pro-apoptotic Bcl-2 family proteins; activation of caspase-3, -8, and -9; and modification on mitochondrial membrane potential and cytochrome c release. All these events activate cell apoptosis. In addition, HDAC9 also interferes in the expression of E-cadherin and beta-cadherin, altering the transcription of several oncogenes. High levels of p21 and p27 are also reported for HDACi, leading to alteration in the cell cycle. Although several studies have been performed with cervical cancer in HPV-positive cell lines, the effectiveness of HDACi to interrupt high-risk HPV E6 and E7 levels, which is a hallmark risk factor to trigger cervical cancer, is still controversial. Future studies should be conducted to better understand the therapeutic potential against cervical cancer associated with HPV.
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nhibits the proliferation and invasion in thyroid cancer

Enhances type | IFN signaling
Enhances proinflammatory cytokine production, proliferation of T cells and
GVHD

Confers a metabolic homeostasis disorder

Suppresses JAK2-driven proliferation and survival of myeloproliferative
neoplasm (MPN)

Suppresses lymph node metastases in breast cancer

Hershoerger et al., 2013; Zhang et al.,

2019

Sebastian et al., 2012

Kugel et al., 2016

Zhang et al., 2014
Zhong et al., 2010
Naiman et al., 2019
Marquardt et al., 2013
Ming et al., 2014
Toiber et al., 2013

Hou et al., 2020; Rezazadeh et al.,
2020

Onn et al., 2020
Simon et al., 2019
Etchegaray et al., 2015
Hubbi et al., 2013
Tang X. et al., 2017
Vazquez et al., 2016
LuY. F. et al., 2020
Bi et al., 2020
Vazquez et al., 2019
Fang et al., 2017
LiH. et al., 2019

Cao et al., 2019
Woods et al., 2017

Bagchi et al., 2018; Sun et al., 2018
Yue et al., 2020

Leslie et al., 2019
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SIRT2

SIRT3

SIRT4

SIRT5

Cytoplasm; Mitochondrion;
Nucleus (nuclear membrane,
nucleoplasm, euchromatin,
heterochromatin, nucleolus)

Plasma membrane;
Cytoskeleton (centriole,
centrosome, microtubule,
meiotic spindle, mitotic spindle);
Cytoplasm; Mitochondrion;
Nucleus (nucleoplasm,
chromosome, telomeric region)

Cytoplasm; Mitochondrion and
mitochondrial matrix; Nucleus
(nucleoplasm)

Mitochondrion (mitochondrial
inner membrane, mitochondrial
matrix)

Cytoplasm; Mitochondrion;
Nucleus

mpairs genome stabllity; embryonic lethality
Represses angiogenesis

mpairs nicotinamide mononucleotide (NMN)-induced amelioration of liver
ibrosis and NMN-dependent telomere integrity in premature aging mice

Causes methionine restriction-induced lethality in mouse ESC
mpairs myeloid-derived suppressor cells (MDSC) differentiation by disturbing
glycolytic pathway

mpairs various DNA repair

nhibits autophagy in MEFs
Causes differentiation defects of mice ESC

Suppresses BCR-ABL transformation and chronic myelogenous leukemia
CML) proliferation

Reduces both B-cell and plasma cell differentiation and prevents
graft-versus-host disease (GVHD)

Decreases breast cancer cell viability
Causes genomic instability and chromosomal aberration in skin squamous cell
carcinoma

Promotes NHEJ and HR repair under irradiation

Suppresses angiogenesis in CRC

nhibits glycolysis and tumor growth in breast cancer

ncreases migration and invasion and decreases sensitivity of oxidative stress
upon radiation
Disturbs type I IFN signaling gene transcription and inhibits CDK9-associated
proliferative signaling
nhibits SHMT2-involved serine disorder in CRC proliferation

Augments ROS generation and HIF-1a-involved glycolysis in breast cancer

nduces abnormal mitochondrial physiology, oxidative stress and genomic
instability
Reduces ROS production in GVHD

Promotes colon sensitivity to inflammation and tumorigenesis of CRC

nhibits Complex | and Complex Il activity of the electron transport chain;
reduces mitochondrial membrane potential and impairs mitochondrial
homeostasis
Enhances glycometabolism-associated proliferation of cholangiocarcinoma
Promotes ROS production, glycolysis, cell transformation and tumorigenesis of
breast cancer
Induces metabolic disorder, autophagy and cell death in diffuse large B-cell
lymphoma (DLBCL)
Upregulates amino acid-stimulated insulin secretion in insulinoma cells or other
tissues
Suppresses anabolic metabolism, autophagy and cell proliferation

Accelerates lymphomagenesis of Myc-induced Burkitt lymphoma and promotes
glutamine metabolism

Attenuates hepatic steatosis

ncreases glutamine-dependent proliferation, stress-induced genomic instability
in lung cancer

Suppresses glutamine metabolism-associated tumor proliferation
Downregulates SHMT2-involved serine metabolism and delays tumor cell
growth

ncreases oxidative DNA damage

Decreases NADPH production; Increases ROS production and susceptibility to
oxidative stress

Disturbs BrafV690E_mediated cutaneous melanoma formation and growth

vaquero et al., 200/7; Wang et al., 2008
Potente et al., 2007; Dioum et al.,
2009; Lim et al., 2010

Amano et al., 2019

Tang S. et al., 2017
Liuetal., 2014

Cohen et al., 2004; Yuan et al., 2007;
Ming et al., 2010; Meng et al., 2020

Lee et al., 2008
Tang et al., 2014
Yuan et al., 2012

Daenthanasanmak et al., 2019

Jing et al., 2016
Serrano et al., 2013

guyen et al., 2019
Hu et al., 2018
Park et al., 2016

guyen et al., 2014

osciuczuk et al., 2019

Wei et al., 2018
Finley et al., 2011
imet al., 2010

Toubai et al., 2018
Zhang et al., 2018

Ahn et al., 2008; Cimen et al., 2010;
Yang et al., 2016

Xu et al., 2019
Zou et al., 2017

LiM. etal., 2019

Haigis et al., 2006; Anderson et al.,
2017
Shaw et al., 2020

Jeong et al., 2014

Guo et al., 2016
Jeong et al., 2013

Greene et al., 2019
Yang et al., 2018

Chen et al., 2018
Zhou et al., 2016

Moon et al., 2019
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HDACs Subcellular location Knockout and knockdown models References
HDACH Cytoplasm; Nucleus (nucleoplasm, Accelerates tumor development in skin tumors Winter et al., 2013
heterochromatin) Promotes p21-mediated cell cycle arrest in mouse embryonic fibroblasts (MEFs) Zupkovitz et al., 2010
HDAC2 Cytoplasm; Nucleus (nucleoplasm, HDAC1/2 double KO (HD1/2DKO) disrupts mitotic progress, chromosome Jamaladdin et al., 2014
heterochromatin) segregation and causes loss of cell viability in embryonic stem cell (ESC)
HD1/2DKO represses Myc- and p53- associated tumorigenesis in lymphomas Heideman et al., 2013
HD1/2DKO induces apoptosis in thyroid cancers Lin et al., 2019
HD1/2DKO causes nuclear fragmentation and mitotic catastrophe Haberland et al., 2009
HD1/2DKO affects CD4* T cell lineage differentiation Boucheron et al., 2014;
Skeletal muscle-specific HD1/2DKO causes autophagy blockage-associated Preglej et al., 2020
abnormal metabolism and perinatal lethality of mice ontgomery et al.,
HD1/2DKO downregulates T-cell receptor (TCR) signaling pathway and 2007; Moresi et al.,
neoplastic transformation of immature T cells 2012; Dovey et al., 2013
HDAC3 Plasma Membrane; Cytoskeleton Global deletion of HDACS causes embryoni lethality of mice; cardiac-specific ontgomery et al., 2008
(mitotic spindle); cytoplasm; Golgi deletion of HDAC3 shows only 3—4 months survival of mice accompanying
apparatus; Nucleus (nucleoplasm) with cardiac metabolic disorder and mitochondrial dysfunction
Represses hepatocellular carcinoma (HCC), multiple myeloma (MM) proliferation Luetal., 2018; Ho et al.,
and growth 2020
nduces genome instability, cell cycle arrest and apoptosis Bhaskara et al., 2008;
Bhaskara et al., 2010;
Jiang and Hsieh, 2014
Disrupts DNA damage repair in HCC Jietal, 2019
Affects T cell maturation Hsu et al., 2015
Represses prostate tumorigenesis and progression YanY. et al., 2018
Stimulates rhabdomyosarcoma differentiation and limits tumor growth in Phelps et al., 2016
presence of tamoxifen
Represses inflammatory response Chen et al., 2012
HDAC8 Plasma Membrane; Cytoplasm; nduces p53-dependent hyperactivation of apoptosis Hua et al., 2017
Nucleus (nucleoplasm, chromosome)
HDAC4 Cytoskeleton (actomyosin); Cytoplasm; Causes mitotic arrest and chromosome segregation Cadot et al., 2009
Nucleus (nucleoplasm) Causes partial proliferation deficit in leiomyosarcomas Di Giorgio et al., 2020
mpairs type | IFN signaling and causes spread of DNA virus LuY. etal., 2019
Stimulates chondrocyte differentiation ishimori et al., 2019
Promotes cell growth of myelodysplastic syndrome (MDS) or AML Huang et al., 2020
Causes reduced exercise capacity, cardiac dysfunction and heart failure Lehmann et al., 2018;
ronlage et al., 2019
HDACS5 Cytoplasm; Golgi apparatus; Nucleus mpairs CD8* T-cell IFN-y production in lung adenocarcinoma Xiao et al., 2016
(nucleoplasm) Promotes HDAC2-dependent hypertrophic stresses Eom et al., 2014
Stimulates chondrocyte differentiation ishimori et al., 2019
HDAC4/5DKO confers resistance to muscle proteolysis and atrophy oresi et al., 2010
HDAC7 Cytoplasm; Nucleus (nucleoplasm) Blocks early B-cell developmen Azagra et al., 2016
Affects thymocytes cell survival and thymic T cell development. asler et al., 2011
Causes loss of vascular integrity and embryonic lethality Chang et al., 2006
Stimulates B-catenin-dependent proliferation of chondrocytes Bradley et al., 2015
Abrogates growth of lung cancer Lei et al., 2017
HDAC9 Cytoplasm; Nucleus (nucleoplasm) Exhibits stress-dependent cardiac hypertrophy Zhang et al., 2002a
Accelerates adipogenic differentiation Chatterjee et al., 2011
Decreases CD8* dendritic cell infiltration ing et al., 2020
Decreases cell adhesion and migration, promotes apoptosis and dramatically Di Giorgio et al., 2020
impairs proliferation in leiomyosarcomas
HDAC6 Plasma membrane; Cytoskeleton Induces interleukin-10 associated inflammatory response Wang B. et al., 2014
(microtubule); Cytoplasm; Aggresome; Affects immune response moderately Zhang et al., 2008
Endosome; Nucleus (nucleoplasm) Represses endothelial cell migration and angiogenesis Kaluza et al., 2011
Blocks autophagy flux and tumorigenesis of Myc-driven neuroblastoma or Kaliszczak et al., 2018
KRAS- driven colorectal cancer (CRC) and MM
Confers susceptibility to RNA virus infections Choi et al., 2016
Impairs actin cytoskeleton-dependent cell migration Gao et al., 2007
HDAC10 Cytoplasm; Nucleus (nucleoplasm) Promotes G2-M transition arrest in non-small cell lung cancer (NSCLC) Lietal.,, 2015

Interrupts autophagic flux in neuroblastoma cells
Activates chaperone-mediated autophagy (CMA) in HelLa cells
Activates the TGF-B pathway in lung adenocarcinoma cells

Oehme et al., 2013
Obayashi et al., 2020
Li et al., 2020
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Enzymatic activities HDACs References
deacetylase All HDACs —
polyamine deacetylase HDAC10 Hai et al., 2017

fatty acid deacylase
(de-hexanoyl,
de-octanoyl,
de-octanoyl,
de-dodecanoyl,
de-myristoyl)
decrotonylase
desuccinylase
demalonylase
deglutarylase
de-methylglutarylase

de-hydroxymethylglutarylase
de-3-methylglutaconylase

lipoamidase
ADP-ribosyltransferase

S-nitrosylase
SUMOylase

O-GIcNAgcylation

S-glutathionylase
benzoylase

HDACS8, HDAC11, SIRT6

HDAC1, HDAC3
SIRTS5, SIRT7
SIRTS

SIRTS, SIRT7
SIRT4

SIRT4

SIRT4

SIRT4

SIRTs

HDAC2
HDAC4, HDAC7

HDAC1, HDAC4, HDACSG, SIRT1

SIRT1
SIRT2

Houtkooper et al., 2012; Feldman et al.,
2013; Jiang et al., 2013;
Aramsangtienchai et al., 2016; Wang

et al., 2016; Kutil et al., 2018

Wei et al., 2017

Du et al., 2011; Li et al., 2016
Du et al., 2011

Tan et al., 2014; Bao et al., 2019
Anderson et al., 2017

Anderson et al., 2017

Anderson et al., 2017

Mathias et al., 2014

Tanny et al., 1999; Haigis et al., 2006;
Mao et al., 2011

Nott et al., 2008; Cencioni et al., 2018

Zhao et al., 2005; Gao et al., 2008;
Yang VY. et al., 2011

Zhu et al., 2016; Ferrer et al., 2017,
Kronlage et al., 2019; Tian and Qin,
2019

Brautigam et al., 2013
Huang et al., 2018a
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Class 1 HDAC2
HDAC3
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HDAC7

HDAC9

HDAC6
Class IIb

HDAC10

SIRT1
SIRT2

SIRT3

Class III SIRT4
SIRT5
SIRT6

SIRT7

Class IV HDAC11
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Combination with ICI

Vorinostat (Gray Vorinostat (200 or 400 mg/day) Phase b ORR: 13% No DLT
etal,2019)  orally + Pembrolizumab 200 mg IV ICl-naive and -pretreated  SD: 53% RP2D dose:
every 3 weeks advanced NSCLC patients  [Cl-pretreated patients: Pembrolizumab 200 mg IV every
in phase |, ICl-naive ORR-12.5%, SD-42% 3 weeks + Vorinostat 400 mg/day
patients only in phase b Any-grade adverse events were mainly
(=33 fatigue (339%) and nausea/vomiting (27%).
Combination with EGFR TKIs
Panobinostat  Panobinostat + Erlotinib — with various  Phase | Of 12 evaluable patients, 7 had  The most common toxicities were rash
(Grayetal,  dosing schedule Previously treated NSCLC ~ SD and 5 had PD. (73%), nausea (67%), fatigue (67%), and
2010) and head and neck cancer diarthea (47%). Grade 3/4 toxicities
patients. EGFR alteration included nausea, neutropenia, and Qe
not required. prolongation.
(=15 RP2D: Panobinostat 30 mg twice weekly
for 2 weeks) and earlotinib 100 mg daily
Vorinostat Vorinostat dose escalation (200,300,  Phase | mPFS: 5.2 mo No DLT
(Takeuchi etal,, 400 mg/day) on days 1-7 + Gefitinlb  BIM deletion 6-weeks DCR: 83.3% RP2D of Vorinostat: 400 mg/day
2020) 250 mg/day on days 1-14 of each polymorphism/EGFR Treatment-related grade 3 adverse events
14-day cycle until disease progression  mutation included grade 3 hypokalemia (17%), lung
double-positive NSCLC infection and thrombocytopenia (8%)
(=12 No treatment-related death or grade 4
adverse events were observed.
Entinostat Erlotinib 150 mg/day on days Randomized phase I ORR: 8% with EE vs. 9.2% with Rash, fatigue, diarrhea, and nausea the
(Wittaetal,  1-28 + Entinostat 10 mg/day orally on  Previously treated patients  EP (0 = 0.13) most common AEs in both groups.
2012) days 1and 15 of each 28-day cycle  with stage lB/V mPFS: 1.97 months with EE vs. Percentage of patients with a serious AE
(EE) or Erlotinib + Placebo (EP) non-small-cell lung cancer, 1.8 with EP (0 = 0.98) (EE, 49.2% vs. EP, 46%) or with an AE
no prior EGFR-TKIs mOS: 8.9 months with EEvs.  leading to treatment discontinuation (EE,
(n=182) 6.7 months with EP (o = 0.39).  43.1% vs. EP, 42.9%) were similar between
In subgroup of patients with ~ groups.

high E-cadherin, OS 9.4
months with EE vs. 5.4 months
with EP (p = 0.03)

Ongoing trials

HDAC Regimen Trial design Clinicaltrials.gov identifier

inhibitor

Vorinostat Vorinostat + Pembrolizumab, [ NCT02638090

Entinostat Entinostat + Pembrolizumab [ NCT02437136
Entinostat + Azacitidine + Nivolumab I NCTO1928576

Panobinostat  Panobinostat + Anti PD-1 antibody | NCT02890069
PDROO1

Mocetinostat ~ Mocetinostat + Nivolumab [ NCT02054991

ACY-241 ACY-241 + Nivolumab 1 NCT02635061

(Citarinostat)

Abexinostat  Abexinostat -+ Pembrolizumab 1 NCT03590054

“ORR, Objective response rate; SD, Stable disease; PFS, Progression free survival; OS, Overall survivel; TTR Time to progression; PR, Partial response; CR, Complete
response; DLT, Dose limiting toxicity; MTD, Maximum tolerated dose; RP2D, Recommended phase 2 dose; RT, Radiation therapy; ICI, Immune checkpoint inhibitor; TKI,
Tyrosine kinase inhibitor.
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HDAC
inhibitor

Monotherapy

Pivanex (Reid
ot al., 2004)

Romidepsin
(Schrump et al.,
2008)

Vorinostat
(Traynor et al.,
2009)

Entinostat
(Ryan etal.,
2008)

Regimen

Pivanex: 2.34 gm/m2/d IV on days
1,2,3 of a 21-day cycle

Romidepsin: 17.8 mg/m? IV on days 1
and 7 of a 21-day cycle

Vorinostat: 400 mg/day orally

Entinostat: Orally once a day or once
every 14 days (q14-day) schedule with
dose escalation

Combination with chemotherapy

Vorinostat
(Ramalingam
etal., 2010)

Belinostat

(Wadar et al.,
2016)

Panobinostat
(Tarhini et al.,
2013)

Vorinostat 400 mg/day orally or placebo
on days 1-14 + Chemotherapy
(Carboplatin AUC 6 + Paclitaxel 200
mg/m?) IV on day 3 of each 21-day
cycle, for maximum of 6 cycles

Belinostat IV on days 1-5 (starting at
1,000 mg/m? dose) + Chemotherapy
(Carboplatin AUC 6 + Paclitaxel 200
mg/m?) IV on day 3 of each 21-day
cycle, for maximum of 6 cycles
Panobinostat orally 3 times a week
(2-weeks on/1 week off) + Carboplatin
AUC 5 on day 1 + Etoposide 100
mg/m? IV on days 1-3 of each 21-day
cycle for maximum of 6 cycles

-> followed by panobinostat
maintenance.

Combination with hypomethylating agent

Entinostat
(Juergens et al.,
2011)

Entinostat 7 mg/day orally on days
3-10 + Azacitidine SQ 30 mg/m?/d in
3 patients and 40 mg/m?/d in 42
patients on days 1-6 and 8-10 of each
28-day cycle

‘Combination with radiation

Vorinostat (Choi
etal., 2017)

Vorinostat (200, 300, 400 mg/day)
orally for 14 days + SRS for brain
metastasis on day 3

Vorinostat (200, 300, 400 mg/day)
orally per R fraction + Palliative
thoracic radiation (30 Gy over 2 weeks)

Completed trials

Trial design

Phase Il
Previously treated
advanced NSCLC

(n=47)

Phase I

Previously treated
advanced NSCLC

(=19

Phase Il

Previously treated
advanced NSCLC

(n=16)

Phase |

Previously treated
advanced solid tumors
(n=31; 4 NSCLC patients)

Randomized phase Il
Previously untreated
advanced NSCLC
(=94

Phase |

Previously untreated
advanced NSCLC
(=23

Phase |

Previously

treated advanced NSCLC
(n=6)

Phase Il
Previously treated
advanced NSCLC
(n=45)

Phase |
NSCLC with up to 4 brain
metastasis, <2 cm in size.
=17

Phase |
(=17

Efficacy

ORR 6.4%
SD 30%
mPFS 1.5 mo
mOS 6.2 mo

No objective responses.
Ten patients had transient
stabilization of disease.

No objective responses.
mTTP 2.3 mo
mOS 7.1 mo

No PR or CR.

One NSCLC, 1 cervical cancer,
and 2 melanoma patients had
stable disease

ORR: 34% with vorinostat vs.
12.5% with placebo (o = 0.02)
mPFS: 6 months vs. 4.1
months (o = 0.48)

mOS: 13 months vs. 9.7
months (p = 0.17)

MTD 1,400 mg/m2

ORR: 35%

mPFS: 5.7 mo

One patient had CR lasting for
14 months.

One patient had PR lasting for
8 months.

SD: 22%

mOS among patients who
received at least one cycle of
therapy: 8.6 mo

No local failures with median
follow-up of 12 months

Toxicity

Grade 3 and 4 toxicity in 6 patients each,
including fatigue, asthenia, dyspnea, and
chest pain

Four patients had grade 3, 4 patients had
grade 3/4 neutropenia, 1 patient had grade
4 thrombocytopenia.

One possible treatment related death, two
grade 4 toxicities, 13 occurrences of grade
3 toxcities

Daily dosing intolerable.
Q14-day schedule better tolerated.
DLT—nausea, vomiting, anorexia, fatigue.

Grade 4 thrombocytopenia, nausea,
vomiting, fatigue, dehydration, and
hyponatremia more frequent in vorinostat
am.

Most frequent acverse events: fatigue
(91%), nausea (78%), constipation (74%)
anemia, and diarthea (65%), neutropenia
(61%) dizziness, vomiting (67%), headache
(52%)

Two of the first 6 patients at the lowest
dose level of panobinostat experienced
DLT—grade 4 thrombocytopenia and grade
4 febrile neutropenia. Study was
terminated.

No DLTs.
Grade 3 or 4 toxicities in 28% of patients
during cycle 1. Most common grade 8 or 4
toxicity was fatigue (12.5%).

No DLT

MTD: Vorinostat 400 mg/day

Acute adverse events were reported by 10
patients (59%). Five patients discontinued
vorinostat early and withdrew from the
study. The most common reasons for
withdrawal were dyspnea (1 = 2), nausea
(n = 1), and fatigue (n = 2).

No DLT

Most common non-serious adverse events:
Anermia (12.5%) and fatigue (12.5%)
(Resuilts available on clinicaltrials.gov
NCT00821951)
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HDACi

Synergetic drugs
(targets)

Clinical trial
phase

Cancer specificity

Clinical registration
number

Vorinostat (SAHA,
Zolinza)

Belinostat
(PXD-101)

Entinostat
(MS-275, NSC
706995)

Panobinostat (LBH
589)

Chidamide
(Tucidinostat,
Epidaza)

Fimepinostat
(CUDC-907), (PIBK
and HDAC Inhibitor)

ACY-1215

Mogamulizumab
(anti-CCR4 monoclonal
antibody)
Hydroxychloroquine
(autophagy inhibitor)

Cisplatin (Chemotherapy),
Etoposide (Topoisomerase
Il inhibitor)

Warfarin (anticoagulation)

Ibritumomab
tiuxetan/Zevalin (anti-CD20
monoclonal antibody)

Sargramostim (GM-CSF)

Aldesleukin (interleukin-2,
IL2)

Trastuzumab (anti-HER2+)

bortezomib, thalidomide
(immunosuppresive and
anti-angiogenic activity) and
dexamethasone
bortezomib and
dexamethasone

Bicalutamide/Casodex
(androgen receptor
antagonist)
Exemestane (steroidal
aromatase inhibitor)

Rituximab (murine-derived
monoclonal antibody binds
CD20), Venetoclax (Bcl-2
inhibitor), Bendamustine
(alkylated DNA crosslinker)
Lenalidomide
(immunomodulator)
dexamethasone
bortezomib and
dexamethasone

Phase I/1 (finished)

Phase | (finished)

Phase | (finished)

Phase | (finished)

Phase | (finished)

Phase Il (finished)

Phase Il (finished)

Phase Il (finished)

Phase I/l

Phase |

Phase I /1|

Phase | /1l

Phase | /1l (finished)

Phase Il (finished)

Phase Il (finished)

Phase | (finished)

Phase |

Phase Ib

Phase I /1|

pediatric (3—18 years) relapsed solid tumor, lymphoma and
leukemia; well-tolerant; basal safe dose recommendation (SDR)
of 130 mg/m?/day with weekly dose escalation was determined
Van Tilburg et al., 2019

CTCL; Mogamulizumab significantly prolongs progression-free
survival compared with vorinostat Kim . H. et al., 2018

Advanced renal and CRC; safety and preliminary efficacy;
establishs maximum tolerated dose (MTD) HCQ and vorinostat
Mahalingam et al., 2014

Small Cell Lung Cancer and Neuroendocrine Cancers; 487h
infusion with cisplatin plus etoposide shows safety and activity
Balasubramaniam et al., 2018

Solid Tumors or Hematological Malignancies; cannot affect the
pharmacokinetics and pharmacodynamics of warfarin Agarwal
etal., 2016

Aggressive lymphomas; establishes clinical biomarkers but
cannot achieve overall response rate (ORR) Puvvada et al.,
2017

PTCL and CTCL; monotherapy is well tolerated and efficacious
Foss et al., 2015

Relapsed and refractory myeloid malignancies; well tolerated
and efficacious clinical activity but lack of longer observation
periods Norsworthy et al., 2016

metastatic clear cell renal cell carcinoma (ccRCC); improves
progression-free survival and overall survival Pili et al., 2017
HER2+ breast cancer; well tolerated and efficacious clinical
activity Lim et al., 2019

refractory or relapsed MM; well-tolerant; takes orally 20 mg as
SDR with escalation schedule Popat et al., 2016

relapsed and refractory MM; improves patients’ outcomes;
overall survival benefits with panobinostat over placebo with
bortezomib and dexamethasone San-Miguel et al., 2016
Castration-resistant prostate cancer; well tolerated and
increased radiographic progression-free survival Ferrari et al.,
2019

Tucidinostat plus exemestane improves progression-free
survival in patients with advanced, hormone receptor (+), HER2
(—) breast cancer that failed and progressed after previous
endocrine therapy Jiang et al., 2019

relapsed or refractory PTCL; exhibits significant single-agent
activity and manageable toxicity Shi et al., 2015

Performs good safety and tolerability; orally administers the
schedule 5 days followed by a 2-day break (5/2) at 60 mg in
refractory or relapsed lymphoma or MM Younes et al., 2016
Relapsed or refractory DLBCL; tolerable safety and durable
anti-tumor activity particularly in MYC-driven patients Oki et al.,
2017

relapsed or refractory MM, safe, well-tolerated Vogl et al., 2017

relapsed or refractory MM, safe, well-tolerated, and active Vog|
etal., 2017

“—” means monotherapy; Clinical trials mainly derived from United States National Library of Medicine.

NCT01422499

NCT00719875

NCT01023737

NCT00926640

NCT01317927

NCT01686165

NCT00274651

NCT00462605

NCT01038778

NCT01434303

NCT02145715

NCT01023308

NCT00878436

NCT02482753

ChiCTR-TNC-10000811

NCT02674750

NCTO1742988

NCT01583283

NCT01323751
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Chemical class

Hydroxamic acids

Benzamides

Cyclic peptides
Fatty acids

Sirtuins
Others

Drug name (synonyms)

Vorinostat (SAHA)

Belinostat (PXD101; PX105684)
Panobinostat (LBH589)

Resminostat (RAS2410; 4SC-201)
Givinostat (ITF2357)

Pracinostat (SB939)

Abexinostat (CRA 024781; PCI-24781)
Quisinostat (JNJ-26481585)
MPTOE028

Nanatinostat (CHR-3996)

CuDC 101

Fimepinostat (CUDC-907)

Chidamide (Tucidinostat; HBI-8000; Epidaza)
Entinostat (MS-275)
Rocilinostat/Ricolinostat (ACY1215)
Tacedinaline (N-acetyldinaline; CI-994)
Mocetinostat (MGCD0103)
Domatinostat (4SC-202)

Romidepsin (FK 228; FR 901228; NSC 630176)
Valproic acid

AR-42 (OSU-HDAC42)

Pivanex (AN-9)

Sodium phenylbutyrate

Nicotinamide

CXD101

EDO-5101 (Tinostamustine)
Citarinostat (ACY241)

R306465

HDACs

Class |, Il, and IV
Class |, Il, and IV
Class |, Il, and IV

Selective- HDACT, -3, -6
Selective-HDACT, -3

Classes |, II, and IV but except HDAC6
Class | and HDAC10

Class |, Il, and IV

HDAC -1, -2, -6

HDAC1-3

Class | and I HDAC, EGFR and HER2
HDACT, -2, -3, -6, -10 and class | PI3K
HDACT, -2, -3, -10

HDAC1-3

Selective-HDAC6E

HDAC1-3

HDACT, -2, -3, -11

HDACT, -2, -3, -5, 9, -10, -11 and LSD1
HDACT, -2, -4

Class |, Il

Class | and lib

Class | and Il

HDAC and ER stress

SIRTs

HDAC1-3

Class I, b

Class I, HDAC10

HDACT, -8

Current status

FDA (2006)
FDA (2014)
FDA and EMA (2015)
Phase Il
Phase Il
Phase II/1ll
Phase I/1I/1ll
Phase I/1l
Phase |

Phase |

Phase |

Phase |
Chinese FDA (2015)
Phase II/1ll
Phase I/1I
Phase II/ Il
Phase I/1l
Phase I/1l

FDA (2009)
Phase I/1l/ 1ll/1V
Phase |

Phase Il

Phase I/1l
Phase Il
Phase I/l
Phase I/1I
Phase |

Phase |

FDA, Food and Drugs Administration; EMA, European Medicines Agency.
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HDAC inhibitors Mechanisms/properties General comments References ICso

Natural products

Quercetin (4) HDAC2, HDAC4, HDACT and Induction of apoptosis by inhibiting epigenetic enzymes and reduction in DNA methylation.  (Biswas et al., 2018; HDAC1:26.72 M
HDAC8 However, pharmacokinetic limitations and low solubiity are stil barriers to be overcome. Sundaram et al., 2019) HDAC8:15.4 M
HDAC6:43.39 M
Trichostatin (5) HDAGs (class I and Il Inhibition of human cervical adenocarcinoma HeLLa cell growth in a dose- and time-dependent ~ (Noriyuki et al., 2007; HDAC1:0.0049 M
manner exhibiting ICso value of 20nM at 72h. Lauffer et al., 2013; You and HDAC2:0.0123M
Woo, 2014) HDAC3:0.00141 uM
HDAC8:0.213 M

HDAC5:0.871 uM
HDAC7:0.663 uM
HDACO:3.7 uM
HDAC6:0.000721 M

HDAC10:0.0116 M
Apicicin () Hyperacetylation of histones in cyclin - Reduction of HPV16-E6 and HPVA6E in transcript and protein levels, with decreased stabilty, ~ (£uczak and Jagodzinski,  HDAC1:03uM
E showing the potential of this HDACI to manage tumor differentiation. Positively regulating 2008; Durczak and HDAC2:1.2 uM
hypoxia-induced prolyl factor 4-hydroxylase (PHD2) which is correlated with increased Jagodzinski, 2010; Huber  HDAC3:0.98M
angiogenesis and tumor growth. etal., 2011) HDAC8:0.26:M

HDAC4:>50.0uM
HDACS:>50.0 uM
HDAC6:>50.0 uM
HDAC7:>50.0 uM
HDAC9:>50.0 uM

Genistein (7) Inhibitor of tyrosine kinase (PTK) It acts against EGFR autophosphorylation, src kinases, and abl kinase. It is an HDAC inhibitor, (Akiyama and Ogawara,
which is later responsible for interfering with the HDAC6-HSP90 co-chaperone function 1991; Basak et al., 2008)
involved in stabilizing androgen receptor protein.
Curcumin (8) HDAGC pan-inhibitor HDAG inhibition in non-resistant and resistant cervical cancer lines. The same effect was also  (Sarkar et al,, 2014; Nelson  HDAC8:115 uM

observed for nonresistant SiHa cells and cisplatin resistant SiHa cells. Both cells exhibithigh ~ etal., 2017)
expression of HDAC1 and HDAG2, whose activity is decreased by pretreatment with this

compound.
(-Epigallocatechin-3-gallate ~ Abilty to interfere with epigenetic  The antiproliferative and apoptotic effect of EGCG (9) in other types of cancer cells are more  (Thakur et al,, 2012; Fujki
(EGCG) (9) mechanisms described than in cervical cancer. The association of EGCG (9) with the synthetic retinoid etal, 2015)

compound Am80 leads to apoptosis due to the reduction of HDACA, 5, and 6, and alteration
of the acetylation levels of non-histone proteins, such as ps3.

Resveratrol (10) Modulation of transcription factors,  WST-1 analysis in review showed that RVT (10) was able to reduce the viability of HPV + HeLa  (Pavan et al., 2016;
cell cycle regulatory proteins, cells in a dose-dependent manner. In HeLa cells, RVT (10) at 50 uM downregulates the viral  Chatterjee et al., 2018)
inhibition of angiogenesis and kinase  oncoprotein E6 and upregulates caspase 3. In vivo studies revealed both proteins E6 and
proteins VEGF were downregulated by this compound.
Cafeic acid (11) HDAG inhibition in nuclear extracts of  This phenolic compound was able to retard cell growth after 72h of HeLa and SiHa cells. (Bora-Tatar etal, 2009;  HDAC—2,54 mM
Hela cells Molecular modeling studies suggest that caffeic acid (1) can inhibit HDAC2, which could be  Anantharaju et al., 2017)
related to induction of caspase-3 mediated apoptosis and cell arrest in S and G2/M phases
Synthetic compounds.
Butyrates (12) P21 induction, CDK2 inhibition and Butyrates are able to arrest GO/G1 cycle cells in both HPV type 16(+) SKGllla and Siha and (Lea et al., 2004; Noriyuki HDAC-0.62mM
E2F transcription factor culminating in HPV type 18(+) HeLa cells. However, it inappropriate pharmacokineics (ie., short half-fe, et al., 2007,%)
the dephosphorylation of pRb. extensive, and fast metabolism) and low potency as HDAGI limits its clinical use.
Valproic acid (13) HDAG pan-inhibitor; Activation of  Valproic acid exhibits EDso values ranging from 0.32 to 0.78mM against CaSki, ME180, and  (Gurvich et al., 2004; HDAG1:0.7 mM
caspase-3, -8, and -9, increasing  SiHa cells. It was also able to reduce up o 30% of tumor growth in an in vivo tumor xenograft - Chavez-Blanco et al,, 2006; HDAC2:0.8mM
cleavage of PARP and alteration of model using athymic mice implanted with Hel.a cells. In a phase Il study, VPA administration Miinster et al., 2007; HDAC3:1 mM
mitochondrial membrane potential followed by epirubicin was well-tolerated. Noriyuki et al., 2007,?; Siraj HDAC4:1.6mM
etal., 2008; Han etal., HDACS:1 mM
2013) HDAC6:>20mM

HDAC7:1.3mM
HDAC10:>20mM

Hydroxamic acid derivatives

Abexinostat (14) Increasing levels of acetylated histone  Abexinostat was active against several types of cancer, Treatment with abexinostat resulted in  (Bugay et al., 2006; Ki (wmol/L)
H3 and phosphorylation of gamma  80% of cell apoptosis and radio sensitizing property. Banuelos et al., 2007; HDAC1:0.007
H2AX in SiHa cells. Evens et al., 2016) HDAC2:0.019
HDACB:0.0082
HDAC6:0.017
HDAC8:0.28
HDAC10:0.024
2-Aminobenzamide derivatives
Entinostat (16) Inhibition of HDACs 1, 2,3,and 9 Entinostat presented anti-proliferative activity in vitro and in vivo against several cancer lines,  (Saito et al., 1999; Lauffer  HDAC1:02uM
including cervical cancer and a panel of gynecologic cell lines. etal,, 2013; Gorshkov et al., HDAC2:0.5pM
2019) HDAC3:0.3 M
HDAC4:>10pM
HDACS:>10puM
HDACE:5.9 uM
HDACT:>10uM
HDAC8:> 10pM
HDACO:>10uM
HDAC10:>10pM
N-(2-Aminophenyl)-N' Reduction of HDAC1-6 and 7 levels in HeLa cells treated with BML210 (16) exhibited a high proportion of cells in GO/G1 cell cycle  (Borutinskaite et al., 2006)
phenyloctanol diamine HeLa cells. Downregulation of DAPC  phase and accumulation in subG1. An association of retinoic acid (RA) and BML210 (16)
(BML210) (16) genes induced apoptosis in a time-dependent manner, increased the levels of p21 and caused

phosphorylation of p38 MAPK.
Miscellaneous
Dimethylcelecoxib (17) Enhancer of HDAC activity Compound (17) was able to downregulate EGR1 gene expression and upregulate NF-cBin  (Deckrann et al., 2010,

HeLa cells. It improved the formation of complexes containing NF-kB and HDAC1, allowing its 2012)
binding to EGR1 promoter leading to reduction in EGR levels

8 Reduction of HDAG activity Compound (18) is a carboplatin and 4-phenylbutyrate hybrid which presents an ICso (Amotairy et al., 2017)
significantly lower than its reference compounds against Ad31 cels.
N-(2-Hydroxypheny)-2-  HMGB translocation from nucleus to Gompound (19) presented an activity against HeLa cells and ICso value of 0.92mM and (Ocaetal, 2018; HDAC1:153.78 uM
propylpentanamide cytoplasm in HeLa cells, probably increased intracellular levels of ROS after treatment with a concentration of 0.8 mM. Sixto-Lépez et al., 2020)  HDACB:>1000M
(19) resulted from HDAC inhibition HDAC8:> 1000 M
Luotonin A derivative (20)  Inhibition of HDAC 1 and 2 Compound (20) presented an antiproliferative activity against HeLa cells identical to Luotonin A, (Venkatesh et al., 2015)  HDAC1:2.96uM
its precursor; however, the selective index was 4.4 times superior for the synthesized HDAC2:6.40uM

compound compared to Luotonin A, Compound (20) treatment also resulted in induction of
53 protein and G1 arresting cel cycle.

FDA-approved drugs

Vorinostat (SAHA) HDAG pan-inhibitor EDso against cervical cancer (CaSki, SiHa, and HeLa cels) ranging from 0510 5.1 uM. In HeLa (Noriyuki et al,, 2007; Lin  HDAC1:0.08M
cells vorinostat was able to downregulate several proteins, such as ALDR, HSPB1, IFSA1, and et al., 2009; He etal., 2014; HDAC2:0.3uM
PGAMN1. Also in Hela cells, a reduction in the mRNA levels of HPV18 E6 and E7 and Yunfei et al., 2015) HDAC3:0.02 M
transcription of both genes were reported, suggesting that vorinostat is a useful drug for HDAC4:> 10 M
cervical cancer. HDACS:> 10uM
HDAC6:0.009 M
HDACT:>10uM
HDACB:>0.8tM
HDACO:>10uM
HDAC10:>0.03pM
Belinostat (PXD101) Meajor inhibition of HDAC Belinostat was able to significantly reduce the tumor growth in an in vivo experiment using ~~ (Plumb et al., 2003) HDAC1:34nM
nude mice with either human ovarian or colon tumor in a 7-days treatment. HDAC4:9,850nM
HDAC8:27 nM
HDAC8:353nM
HDAC11:25,000nM
Panobinostat HDAG pan-inhibitor The ECso in HeLa cells for panobinostat was 0.1 M. Against cervical cancer cells, this drug ~ (Khan et al,, 2008; Wasim ~ HDACT:3nM
was able to reduce the cell viabilty in a dose- and time-dependent manner. Panobinostat and Chopra, 2016) HDAC2:3nM
increased reactive oxygen species levels inside the cells, disrupted mitochondrial membrane HDACS:4nM
potential, increased levels of p21 and caspase-9, and reduced the expression of Bcl-xL genes. HDAC4:12nM
HDAC8:61nM
HDACT:14nM
HDACB:248nM
HDAC9:3nM

HDAC, histone deacetylase.
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Cell line Fixed Non-fixed

Simultaneous  BLS - > PLX 1C25 PLX IC25 BLS
Cl Cl Cl Cl

HT 1.11 +£0.14 1.356 £0.02 1.18 £0.31 0.40 &+ 0.11

SUDHL-4 0.63 +£0.15 0.95 +£0.12 0.62+0.16  0.66 £+ 0.11

SUDHL-5 1.06 £0.23 1.26 £0.14 0.94 + 0.11 0.72 £0.15

Jeko-1 1.22 £ 0.53

Karpas-299 1.21 £0.28

Hut-29 114 £0.23

Values are means + SEM of three separate experiments, and are calculated from
the average Cl from FA values between 0.5 and 0.95 of each separate experiment.
Drugs were combined at a fixed molar ratio based on the IC50 either simultaneously
for 72 h or sequentially in which cells were exposed to BLS for 24 h followed by
48 h to both drugs at the same fixed ratio. Alternatively cells were treated with the
drugs at a non-fixed ratio in which cells were exposed to the IC25 of one drug
together with a concentration range of the other drug for 72 h.
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Cell line Origin PLX PLX + I-LV BLS

ICs0 ICs0 ICs0

CCRF-CEM  T-cell leukemia 26+04 7775 £ 3234 95.8 4+ 16.1

HT B-cell ymphoma 74+05 45750 + 4921 223+ 23
SUDHL 4 B-cell ymphoma 56+04 1462 £ 71 72.345.0
SUDHL 5 B-cell ymphoma 554+09 1109 + 351 112+ 15
Jeko-1 B-cell ymphoma  18.7 £ 4.2 103 + 11
Karpas-299  T-celllymphoma  24.7 £5.3 203 + 21
Hut-29 T-cell lymphoma 28+05 97 +12

ICsq values (in nM) are depicted as means + SEM of 3-5 separate experiments.
Cells were exposed to the drugs for 72 h. I-LV concentration: 5 WM.





OPS/images/fcell-08-577215/fcell-08-577215-t001.jpg
RFC PCFT FR-a

PLX 2.8+0: 148+27 0.0035 £ 0.0005
I-LV 55407 4.0+01 0.073 +£0.0010
MTX 128+1.3

PMX 0.4 +£01

FA 1

The units are defined as follows: For RFC: Concentration (WM) required to inhibit
RFC mediated uptake of [PHJ-I-LV (5 wM) in CCRF-CEM/7A cells via RFC by 50%.
For PCFT: Concentration (wM) required to inhibit [PHJ-I-LV (2.5 (M) uptake by 50%
in CHO-C5-PCFT cells at pH 5.5. The uptake of I-LV at pH 7.4. was 11% of that at
pH 5.5. For FR-(a: the inverse ratio of compound to displace 50% of [*H] folic acid
(FA) from FR-positive cells, with the relative affinity of FA set at 1 in each experiment.
Values are means + SEM of three separate experiments.
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Operable non-small cell lung cancer Jones et al., 2012; NCT00731952
(NSCLC)
advanced NSCLC Hoang et al., 2014; NCT00798720
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Model

Daoy and D283 Med, in vitro
Daoy and D283 Med, in vitro

Daoy and D283 Med, subcutaneous
(s.c.) xenografts in severe combined
immunodeficient mice

Daoy and UW228-2, in vitro

Daoy and UW228-2, in vitro

D458 and primary MB cultures in vitro,
chorioallantoic membrane model using
D458 cells

D341 Med, Daoy, MHH-PNET-5, and
UW228-2, in vitro

HD-MBO3, in vitro

MEDB8A, UW228-2, ONS76, Daoy,
HD-MBO03, and D458, in vitro

D283 Med, in vitro

ONS-76, in vitro

HEK293T, in vitro

Primary culture of CGP cells from
‘Smo/Smo mice, in vitro

NIH3T3-12Gili, in vitro

NIH3T3, Hek293A, ShhL.2, and
C3H10T1/2, in vitro

S.c. injection of primary MB99-1 cells
from SmoA1 MB E1270) into C57BL/6J
mice

Cre-dependent in vitro system for
SHH-driven MB based on cultured
primary cerebellar granule neuron
precursors from SmoM2/+ and
CrebbpP/FISm oM2"/+ mice
Math1-creER™::SmoM2™/+ mice with
CREBBP-mutated SHH MB

SMB21 (SHH-dependent murine MB
cell line) and its mutant derivatives,
in vitro

S.c. xenografts into the flank of nude
mice; and endogenously arising
intracranial SHH MB model in
Atoh1-cre::SmoM2FI/+ mice

Daoy and D283 Med, in vitro

S.c. Daoy xenografts in the flank of
NSG mice

D458 and primary cultures, in vitro

Choricallantoic membrane model using
D458 cells

Daoy and D283 Med, in vitro

D283 Med, in vitro

s.c. D283 xenografts injected into the
flank of nude mice; intracranial MB in
ND2:SmoAT transgenic mice

Daoy and D283 Med, in vitro

Daoy, in vitro

Daoy and ONS786, in vitro
D283 Med, in vitro
Daoy and D283 Med, in vitro

Daoy, in vitro

UW402, UW473, and ONS-76, in vitro

Patient-derived lines including MB002,
ICb-984, ICb-1572, ICb-1487,
1Cb-1299, Med-1712-FH,
Med-411-FH, Med-211-FH, RCMB28,
RCMB18, RCMB32, DMB006

In vivo intracranial tumors generated in
NOD-SCID IL2R-gamma null (NSG)
mice, from cerebelar stemvprogenitor
cells (Prom1+ cells) infected with
Myc-IRES-Luciferase and
DNpS3-IRES-GFP retroviruses and
stereotaxically injected into the
cerebellum of 6- to 8-week-old mice

Daoy and D283 Med, in vitro

UW228, UW426, MEDBA, in vitro

Orthotopic injection of UW426-effLuc
cells in nude mice

Daoy and D283 Med, in vitro

DKFZ-EP1NS, in vitro

SU, NEM, JHH. Li, WU, JHH-DIPG-1,
SF7761, and primary cultures, in vitro

DIPG orthotopic xenograft mouse
model, using cells from SU-DIPG-VI-luc
neurospheres and NOD-SCID-IL2
gamma chain-deficient mice
HSJD-DIPG-007

Autochthonous
PDGF-B;H3.3-K27M;p53-deficient
BSG genetically engineered mice and
DIPG orthotopic xenograft mouse
model

DIPG Xill: H3.3 K27M and DIPG XIX:
H3.3 K27M primary cells; in vitro

VUMC-DIPG-A, VUMC-DIPG-08,
VUMC-DIPG-10, SU-DIPG-
SU-DIPG-Xill, SU-DIPG-XXI,
SU-peGBM-2, HSJD-DIPG-07,
HSJD-DIPG-08, HSJD-DIPG-12, JHH
DIPG-01, SF7761, SF862826, and
mouse celllines from murine primary
tumors, in vitro

Orthotopic xenografts of
HSJD-DIPG-07 Fluc cels in nude mice

SU-DIPG-IV: H3.1-K27M,
SU-DIPG-VI/XIII-P, SU-DIPG-XVII,
SU-DIPG-XXV JHH-DIPG1, SF7761:
H3.3-K27M, SU-DIPG-XIII-FL, and
VUMC-DIPG-10, in vitro

SF7761, SF8628, and DUB-D003,
in vitro

BT869, SF8628, and SF10693

Orthotopic injection of SF8628 cells in
nude mice

SU-DIPGVI, SU-DIPGXIll, BT869,
BT245, and HSJD-DIPG0O07

HSJD-DIPGO07 and SU-DIPGXIIIP*
orthotopic xenogratts in nude mice
G401, in vitro

BT 12, BT 16, 7.92, and G401, in vitro
KHOS-2405 and A-204, in vitro

BT-12, BT-16, and UPN737

BT-12, BT-16, G401, and A-204

S.c xenografts of primary tumors in scid

mice

G401, STM91-01, SJSC, and BT-16

A-204 s.c. xenografts in nude mice

CHLA-08-ATRT and CHLA-05-ATRT,
in vitro and spheroid and 3D Scaffold
models

G401, SUSC, STMI1-01 in vitro

S.c. xenografts of G401 or SISC in
nude mice

HDACis used

MS-275
VPA

VPA, daily systemic
days

SAHA, NaB, and TSA

SAHA and TSA

MS-275, VPA, and SAHA

MS—-275, SAHA, TSA, M344, M360,
D85, SW55, SW187, and VPA

Helminthosporium carbonum
(HC)-toxin, SAHA, and panobinostat
SIRNA-mediated knockdown of
HDAC2; HDACs MAZ 1863, MAZ1866,
SAHA, and MS-275

TSA

TSA

TSA, NaB, and VPA

TSA and tubastatin

NL-103, SAHA

TSA, ACY-1215, CAY-10603, tubacin

S.c. administration of ACY-1215

(60 mg/kgon days 0, 1,2,3,4,7,8,9,
10, and 11 after tumors were palpable
TSA

Intraperitoneal (i.p.) administration of
TSA (0.5 pg/g, once daily) or LBH-589
(panobinostat, 20 ug/g, once weekly)
for 30 days

INJ-26481585 (quisinostat), DLS-3,
MERCK 60, WT 161, OJI-1, and
pandacostat

Systemic administration of
INJ-26481585 (8 mg/kg) daily, starting
at postnatal day P20

JNJ-26481585 or dacinostat

I.p. administration of JNJ-26481585 or

dacinostat (20 mg/kg) every 2 days
starting when tumor volumes reached
100 mm®

MS-275, VPA, SAHA

MS-275

NaB

SAHA

SAHA mixed into powdered food at a
final concentration of 200 mg/kg/day
for up to 21 days (nude mice); i.p.
injections of SAHA (200 mg/kg) daily for
3 days in ND2:SmoAT transgenic mice

TSA, SAHA, parthenolide,
mocetinostat, tacedinaline, romidepsin

4-Phenylbutyrate

NaB

NaB

VPA, SAHA

SAHA

SAHA

SAHA, HNHA, LBH-589, Scriptaid,
MS-275, givinostat, PDX 101,
LAQ-824, and MGCDO103

LBH-589 (5 mg/kg) given i.p., in 4-day
cycles (3 days on, 1 day off)

NaB

Panobinostat

Systemic administration of
panobinostat (10 mg/kg) every 5 days
for 2 weeks

FTY720

SAHA, panobinostat, MS-275, and VPA

Panobinostat and SAHA

Pabinostat infused into the pons or
given via .p. injections

Panobinostat

i.p. administration of panobinostat (10
t0 20 mg/kg), once daily for three to five
days

Panobinostat

Panobinostat

Panobinostat (10 mg/kg/day) for four
days, or on days 1-5 and 11-13; ora
single administration via
convection-enhanced delivery (CED, 2
wM)

Panobinostat

VPA

CUDC-907

CUDC-907 (100 mgkg), orally for
10 days

Panobinostat, entinostat, and Corin

Corin (0.03 mg) given via CED
Ms-275

MS-275, SAHA, TSA, VPA, M344,
M360, D85, SW55, SW187
SAHA

SAHA, TSA, and SNDX-275

SAHA, TSA, and M344

Depsipeptide (4.4 mg/kg) given
intravenously (i, every 7 days x 3
with a second cycle of treatment
starting on day 21

Romidepsin

SAHA (100 mg/kg) injected ip.
once dally for 8 consecutive days
or for 15 days within three weeks

48C-202

LBH589

Main findings

Reduced cell proliferation

Reduced cell growth and survival, cell
cycle arrest; induction of apoptosis,
senescence, and neuronal and gial
difterentiation; hyperacetylation of
histones H3 and H4, activation of p21,
and suppression of TP53, CDK4, and
c-MYC

Reduced tumor growth in vivo

Impairment of mitochondrial membrane
potential, activation of caspase-9, -8,
and -3, apoptotic cell death;
enhancement of cytotoxicity induced by
fonizing radiation (IR), etoposide, and
TRAIL

Enhancement of IR-induced
cytotoxicity and cell cycle arrest
Cooperation with cytotoxic
chemotherapeutics to induce loss of
mitochondrial membrane potential,
cytochrome ¢ release, and
caspase-dependent apoptosis and
reduce cell survival and tumor growth
Reduced cell prolferation,
hyperacetylation of H4, reactivation of
genes including CASP; induction of
apoptosis

Induction of cell death, sensitization to
radiation-induced cell death

Reduced metabolic activity, cell
number, and viabiity; increased
sensitivity to HDAC in MYC-amplified
cells; increased H4 acetylation and cell
death after HDAC2 knockdown; in vitro
simulation of clinical pharmacokinetics
showed time-dependent on-target
activity correlated with binding kinetics
of HDACis

Upregulation of Dickkopf-1 (DKK1), a
Wnt antagonist

Inhibition of telomerase activity,
increased expression of p53 and p21,
and reduced cyclin-D levels;
upregulation of Bax and cytochrome ¢
correlates with TSA-induced apoptosis
Inhibition of ZNF521 cooperation with
GLI1 and GLI2 in the transcriptional
activation of GLI-responsive promoters
Impairment of Shh-induced CGP
proliferation and improvement of
aberrant CGP proliferation

Decreased resistance to vismodegib,
inhibition of the Shh pathway

Inhibition of Hh signaling and
expression of genes encoding for
components of the Hh pathway

Reduced tumor growth

Preferential reduction in cell proliferation
and tumor growth in SHH-driven MB
harboring a CREBBP mutation

Preferential reduction of tumor growth
in SHH-driven MB harboring a
CREBBP-mutation

Inhibitor-specific reduction of cell
viability, including SMO-resistant SHH
cels, and inhibition of the SHH pathway
Survival benefit, reduction in expression
of SHH target genes Giif and PrchT,
good pharmacokinetic profile

Reduced cell viability, apoptosis, and

arrest; increased histone H3 and H4
acetylation

Inhibition of tumor growth and cel
profiferation and increased apoptosis

Increased histone H3 and Ku70
acetylation; MS-275
pretreatment-induced enhancement of
apoptosis triggered by doxorubicin,
etoposide, cisplatin, and topotecan
Increased efficacy in inhibiting tumor
growth when combined with
doxorubicin

Increased cell death and expression of
the neuronal marker Gria2; reduced
neurosphere formation; potentiation of
cytotoxic effect of etoposide
Enhancement of RA-mediated BMP-2
transcription; induction of
apoptosis-mediated cell death
potentiated by combination with RA
Reduced tumor growth with oral SAHA
combined with RA in nude mice;
increased apoptosis in intracranial
tumors and lack of dose-limiting
hematopoietic toxicity in ND2:SmoA1
mice

Reduced oxygen-dependent cell
viability, induction of apoptosis,
reduced expression of the stem cell
marker CD133, reduced tumorsphere
sunvival. Increased cytotoxic and
proapoptotic effects when combined
with the DNMT inhibitor 5-aza-dC
Reduced cell viability only when
combined with gefitinib; potentiation of
effects of gefitinib and vandetanib on
cell survival

Reduction in cell viability by HDACis
combined with human recombinant
BDNF

Reduction of cell viability by NaB alone
or combined with bombesin receptor
antagonists

Induction of cell death through
activation of the extrinsic pathway when
combined with sorafenib

Increased histone acetylation, induction
of cytotoxicity, synergistic effects when
combined with MLN8237

Reduced cell prolferation and survival
alone or combined with AMG 900
Inhibition of cell survival through a
mechanism targeting FOXO1;
synergistic effect with PI3K inhibitors

Reduced phosphorylation of Akt and
S6, increased histone acetylation and
FOXO1 content, reduced tumor growth,
and prolonged survival; cooperation
with the PI3K inhibitor BKM-120

Reductions in cell viabiity and
expression of BMI1 and CD133;
increased acetylation; anti-prolferative
effect potentiated by combination with
the MAPK/ERK inhibitor U126
Reduced cell viability, migration, and
adhesion, cell cycle arrest, induction of
apoptosis, and neuronal differentiation
Reduction of tumor growth and
leptomeningeal seeding, prolonged
survival

Reduced cell viabity and survival,
increased H3 acetylation

Reduced metabolic activity and
neurosphere formation capability;
induction of neuronal differentiation;
loss of stemness; GO-G1 cell cycle
arrest

Decreased cell viabilty, increased H3
acetylation and H3K27-trimethylation,
normalization of K27M gene expression
signature, and decrease in MYC gene
signature; synergism with GSK-J4
Prolonged survival

Reduced cell survival

Drug delivery to the brain after systemic
administration, reduced tumor cell
proifferation, increased HA3 acetylation

Reduced cell viabilty; increased
expression of death receptors 4 and 5;
oytotoxicity potentiated by combination
with hAT-MSC.sTRAIL

Reduced cell viability and migration;
reversal of mesenchymal transition;
sensitization to radiation; synergism
with the AXL inhibitor BGB324

Prolonged survival when combined with
BGB324

Synergistic effects with the
lbromodomain inhibitor JQ1 and the
CDK?7 inhibitor THZ1 in reducing cell
viabilty and proliferation and inducing
apoptosis; changes in expression of
genes related to central nervous system
development and synaptic organization
and structure
Reduced cell sunvival, increased histone
H8 acetylation and apoptosis,
potentiation of carboplatin cytotoxicity
Cytotoxicity with synergism with
radiotherapy for CUDC-907; cell cycle
arrest, increased DNA damage and
reduced DNA repair; inhibition of NFkB.
and FOXM1 expression and
transcriptional activity
Increased survival with CUDC-907, with
potentiation when combined with
radiotherapy
Reduced cell viability, global changes in
histone and chromatin modifications.
and gene expression, cell cycle arrest,
induction of differentiation
Reduced tumor growth, increased
H3K27ac and H3K27me3
Reduced DNA synthesis and viability,
increase in G1, induction of p21
Reduced cell viability, increased H3 and
H4 acetylation, apoptosis induction
Reduced cell viability, increased yH2AX
expression
Reduced proliferation, increased
p21Waf1/Cip1 content, induction of
apoptosis, potentiation of
radiation-induced inhibitor effects on
cell survival
Induction of apoptosis, G2 arrest,
expression of RB-, MYC-, and
pluripotency-associated genes,
synergistic cell growth inhibition and
apoptosis induction when combined
with fenretinide or chemotherapy
Reduced tumor growth, increased
histone acetylation, p21 and p53
induction, cleavage of PARP

Increased CDKN1C mRANA
expression and histone acetylation
at the CDKN1C promoter, changes
in allelic expression of CDKN1C
Reduced tumor growth with
reduced cell proliferation and
increased apoptosis with drug
treatment alone or combined with
radiotherapy

Cytotoxicity, reduced stem cell
marker expression, changes in
gene networks

Reduced cell viability and
self-renewal, induction of
senescence, increased H3 and H4
acetylation

Reduced tumor growth, increased
diferentiation
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Title

Vorinostat in Treating Patients
With Metastatic or Urvesectable
Melanoma

NP1-0052 and Vorinostat in
Patients With Non-small Cell
Lung Gancer, Pancreatic Cancer,
Melanoma or Lymphorna

APhase | Study of Belinostat in
Combination With Cisplatin and
Etoposide in Aduts With Small
Cell Lung Carcinoma and Other
Advanced Cancers.

Panabinostat (LBH589) in
Patients With Metastatic
Melanoma

A Safety and Dose-finding Study
of JNJ-26481585 for Patients
With Advanced Sold
Malignancies and Lymphorna.

Selective HDACS Inhibitor
ACY-241in Combination With
Ipiimumab and Nivolumab

HDAC Infibitor Vorinostat in
Resistant BRAF V600 Mutated
Advanced Melanoma

Treatment

Vorinostat

NP1-0052 (marizomib)
Vorinostat

Belinostat Cisplatin
Etoposide

Panobinostat

Quisinostat

ACY-241 Nivolumab,
Ipiimumab

Vorinostat

Characteristics Condition Phase  Dates

« Envollment : 32 patients with Melanoma Phase2 o Study Start:
advanced melanoma September 2005

« Administration : dose of 400 mg  Study Completion :
for 28 consecutive days per cycle June 2013

Adverse events : fatigue, nausea,
Iymphopenia, and hyperglycemia

«Outcome : 2 partial response and
16 stable disease (median PFS of
5 months), 14 progressive
disease (median PFS of

4 months)

« Envollment: 22 patients with Non-Small Cell Lung Phase 1 o Study Start :
melanoma, pancreatic carcinoma  GancerPancreatic March 2008
or Non-smal Gel Lung Gancer CancerMelanoma  Study Completion :
(NSCLO) LymphomaMultple Myeloma January 2010

 Administration: doses of weekly
marizomib in combination with
vorinostat 300 mg daily for
16 days in 28 day cycles
« Adverse events : fatigue, nausea,
voriting, diarrhea, anorexia,
dysproea, headache, infusion
site pain
« Outcome : 61% stable disease,
39% partial response
« Envoliment : 28 patients with Carcinoma NeuroendocrineSmall  Phase 1« Study Start :
histologically or cytologically CellLung CarcinomaMalignant July 1,2009
‘confirmed cancers for which Epithelial Neoplasms  Study Completion :
there is no known standard Apil 20, 2018
therapy capable of extending ife
expectancy
o Administration : doses of
belinostat 400 mg/m? on days
1and 2, cisplatin 80 mg/m? on
day 2, and etoposide 100mg/m?
daily times 3 on days 2104
«Outcome : 11 partial response,
13 stable disease, and 4
progressive disease

o Envolment : 16 patients with Maignant Melanoma. Phase 1  Study Start -
metastatic melanoma that is February 2010
amenable to serial biopsies  Study Gompletion :

« Administration : doses of Mearch 13, 2017
LBH589 three days a
‘week(Monday, Wednesday and
Friday) every other weak

 Adverse events :
thrombocytopenia,
ymphocytopenia, LFT elevaion,
hypophosphatemia, hypokalemia
‘Outcome : 27% stable disease,

73% progressive disease
« Enroliment : 22 with advanced LymphomaNeoplasmsa Phase 1 « Study Start:
sold tumors or lymphomas that August 2007
were refractory to standard « Study Completion
therapy September 2011
» Administration : doses of
quisinostat once a day for
21 days cycle

o Adverse events: fatigue, cardiac
disorder, decreased appelie,
Ventrcular tachycardia, lethargy,

‘and voniing
+ Outcome: 3 partal response, and
6 stable disease
« Enroliment : 1 patient with Meaignant Melanoma. Phase 1 « Study Start:
‘advanced melanoma September 30, 2016
« Administration : doses of « Study Completion :
ACY-241 in combination with Apil7, 2017

iplimumab and nivolumab every.
3 weeks for 4 doses each during

a12-week

 Enroliment : 21 patients with Melanoma Skin Neoplasms  Phase 1Phase 2 « Study Start :
BRAF V600 mutated melanoma June 2016
‘who developed resistance to  Primary Completion
BRAFi and/or BRAFI+MEKi October 2019

« Administration : dose of
vorinostat 360 mg once daily.

NCT Number

NCTO00121225

NCT00867082

NCT00926640

NCTO1065467

NCTO0677105

NCT02935790

NCT02836548
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HDAC

HDAC2
HDACS3
HDACS3
HDACS3
HDAC5
HDACS5
HDAC5
HDAC5
HDAC6
HDAC6
HDAC6
HDAC7
HDACS8
HDAC9
HDAC10

Target molecule

P53 |

Tubulin 3, HDACS |
PAI-1|, VEGF |
miR-326 |

HIF-1 4

CD9 |

Deacetylation of SOX9
Binds to ERK1/2
ERK1/2 ¢

Tubulin B3 4
Acetyl-H3K27 |

c-Jun 1

PTPN22 |

Function

Anti-cancer drug resistance 1
Sensitivity to anti-cancer drugs 1
Angiogenic potential |
Sensitivity to anti-cancer drugs 1
Invasion potential 1

Metastatic potential 1
Mesenchymal transition 1
Anti-cancer drug resistance 1
ERK1/2 activity 1

Apoptosis |, Proliferation 4
Anti-cancer drug resistance 1
Cancer stem cell phenotypes 1
Anti-cancer drug resistance 1
Tumorigenic potential 1

ERK1/2 activity 1, Angiogenic potential 1

Cancer type

Melanoma

Melanoma

Melanoma

Melanoma
Hepatocellular carcinoma
Neuroblastoma
Non-small cell lung cancer
Breast cancer

HEK 293

Melanoma

Melanoma

Breast cancer

Melanoma

Gastric cancer
Endothelial cells

References

Kim et al., 2010
Kim et al., 2015
Park et al., 2014
Kim et al., 2014
Ye et al.,, 2017
Fabian et al., 2016
Liuetal., 2017
Xue et al., 2019
Wu et al., 2018
Liu et al., 2018
Kim et al., 2015
Caslini et al., 2019
Emmons et al., 2019
Xiong et al., 2019
Duan et al., 2017
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Compound TGl (%) T/C (%)

1 59 55
Vorinostat 33 78

aCompared with the control group, compound 1 showed statistically signifi-
cant (p < 0.05) tumor growth inhibition (TGI) and relative increment ratio (T/C)
by Student’s one-tailed t-test, and vorinostat showed no statistically significant
(p > 0.05) TGl and T/C by Student’s one-tailed t-test. The TGl values are based
on tumor weight.
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Compound t1/2 (min)

Human plasma Human liver microsomes
1 51202 567
Vorinostat 750 60°

aAll assays were replicated (n > 2). ®Data from Konsoula and Jung (2008). ®Data
from Venkatesh et al. (2007).
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Compound IC50 (1 M)?

MDA-MB-231 MCF-7 PC-3 SK-N-BE(2) KG-1 MOLT-4 HEL
1 0.77 £ 0.02 2.74 +0.06 2.52 +0.33 0.29 + 0.007 0.65 + 0.02 0.17 4+ 0.007 0.14 £ 0.007
Vorinostat 1.58 + 0.06 5.62 + 0.06 9.21 £0.37 1.16 + 0.27 1.59 + 0.14 0.36 + 0.049 0.21 £ 0.028
Riluzole >10 NDP >10 NDP >10 NDP >10

aA|l assays were replicated (n = 3). The ICsq values are shown as mean + SD. PNot determined.
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Compound IC5p (1 M)

HelLa nuclear extract HDAC2 HDAC6 HDACS8
1 0.12 £ 0.01 0.33+£0.04 0.012+£0.002 33+0.2
Vorinostat 0.25 +£0.02 0.23 +£0.02 0.091 £ 0.004 >5

aAll assays were replicated (n = 3). The ICsq values are shown as mean + SD.
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HDACis

Abexinostat

Belinostat

Butyrate

Givinostat

OKI-179

Panobinostat

Quisinostat

Valproic acid (VPA)
SAHA

Cisplatin
Doxorubicin
Rituximab-CHOP
Bortezomib
Carfilzomib

Sapanisertib

Ridaforolimus

AZD1775

1311-

Drug combination

Pazopanib

Doxorubicin

Paclitaxel and carboplatin

Cisplatin and etoposide

Anti-CTLA-4 and anti-PD-1

antibodies

5-Azacytidine

Doxorubicin

Anti-PD1 antibody

Bortezomib and
dexamethasone

Carfilzomib

Radiation

Flavopiridol

Flavopiridol

Cisplatin
Cisplatin

Metaiodobenzylguanidine

Chemoradiation therapy

Radiation
HCI-2509

Decitabine

Ex917
Pembrolizumab

Anti-CTLA-4 and anti-PD-1

antibodies

Alkylant agent
Alkylant agent
Alkylant agent

Proteasome
inhibitor
Proteasome
inhibitor

Tyrosine kinase
pathway inhibitors

Tyrosine kinase
pathway inhibitors

Tyrosine kinase
pathway inhibitors

Radiotherapy

Radiotherapy

Radiotherapy

Epigenetic drugs

Epigenetic drugs

Epigenetic drugs
Immunotherapy

Immunotherapy

Class of drug
combination

Tyrosine kinase
pathway inhibitors

Alkylant agent

Alkylant agent

Alkylant agent

Immunotherapy

Epigenetic drugs

Alkylant agent

Immunotherapy

Proteasome
inhibitor
Proteasome
inhibitor
Radiotherapy

Tyrosine kinase
pathway inhibitors

Tyrosine kinase
pathway inhibitors

Alkylant agent
Alkylant agent

Lung cancer
Lymphoma

Diffuse large b-cell

lymphoma

Cervical cancer

B-cell ymphomas

Lung cancer

Cancer types

Advanced solid
tumor malignancies

Soft tissue sarcoma

Carcinoma of
unknown primary
site

Small cell lung
cancer

Hepatocellular
carcinoma

Breast cancer

Different sarcomas

Lymphoma

Multiple myeloma

Multiple myeloma

Bladder cancer

Cutaneous and
uveal metastatic
melanoma

Cutaneous
melanoma

Lung cancer
Larynx cancer

Effects

Blockade VEGF pathway.

Well-tolerated combination. Response rate was moderate.

No effects

The combination is safe.

Improve antitumor activity in vivo.

Blockade mammary tumorigenesis and reduction
tumorosphere-forming.

Cell growth reduction. Apoptosis increase. Tumor growth
inhibition.

HDAGIs sensitize lymphomas to PD1-blokage by enhance
tumor immunogenicity.

Increase in progression free survival.

Combination safe and effective.

Increase growth delay in tumor xenografts.

Cell proliferation reduction. Cell cycle arrest and apoptosis
inhibition. Tumor growth inhibition.

Tumor growth inhibition and regression.

Induction of apoptosis and cell cycle perturbation.

Cell proliferation suppression. Induce cell cycle arrest and
apoptosis.

Renal carcinoma
and other solid
tumors

Head and neck
squamous cell
carcinoma

Neuroblastoma

Head and neck
squamous
carcinoma

Pancreatic cancer
Ewing sarcoma

Acute myeloid
leukemia

Rhabdomyosarcoma

Non-small lung
cancer

Breast cancer

Induction of apoptosis and cell cycle perturbation Preclinical
No study results posted Phase I/Il
Increased toxicity Phase I/Il
Potent anti-tumor effects and lead to tumor-specific Preclinical
immunity.

No effects or modest effects Phase |
Oxidative stress Preclinical
No molecular effects Phase |
WEET1 inhibition leads to mitotic disfunction and increase Preclinical
DNA damage and apoptosis.

Good outcome Phase |
Combination safe and effective. Phase |
Induction of apoptotic response. Preclinical
Cell cycle arrest. Induction of apoptosis. Migratory capacity Preclinical
inhibition.

Stabilization of marrow disease. Clinical trial
Cell death induction. Preclinical
Preliminary anti-tumor activity. Preclinical
Reduction tumor growth and increased survival. Preclinical

Clinical status

References and trial
identifier

Phase | Aggarwal et al., 2017;
NCT01543763
Phase I/l Vitfell-Rasmussen et al.,
2016; NCT00878800
Phase Il Hainsworth et al., 2015;
NCT00873119
Phase | Balasubramaniam et al.,
2018; NCT00926640
Preclinical Llopiz et al., 2019
Preclinical Pathania et al., 2016
Preclinical Di Martile et al., 2018
Preclinical Wang et al., 2019
Phase Il Richardson et al., 2016;
NCT01023308
Phase | Kaufman et al., 2019;
NCT01549431
Preclinical Groselj et al., 2018
Preclinical Heijkants et al., 2018
Preclinical Heijkants et al., 2018
Preclinical Gumbarewicz et al., 2016
Preclinical Grabarska et al., 2017

Gumbarewicz et al., 2016
NCT00785798

Persky et al., 2018;
NCT00972478

Huang et al., 2015

Holkova et al., 2016;
NCT01276717

Malone et al., 2017

Zibelman et al., 2015

Tanaka et al., 2017

DuBois et al., 2015;
NCT01019850

Teknos et al., 2019

Moertl et al., 2019

Garcia-Dominguez et al.,

2018
Glasser et al., 2017

Haydn et al., 2017
Gray et al., 2019

Terranova-Barberio et al.,

2017b
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Class

Hydroxamates

Cyclic peptides

Short chain fatty acids

Benzamides

Sirtuin inhibitors

HDACis

Trichostatin A
SAHANorinostat
Belinostat
Panabinostat
Givinostat
Abexinostat
Resminostat
Quisinostat
Riconilostat
Practinostat
Tefinostat
MPTOEO28
CHR-3996
CUDC-101
CUDC-907
Romidepsin
Sodium butyrate
Phenylbutyrate
Valproic acid
AR-42
Pivanex
AN-9
Entinostat
Mocetinostat
Tacedinaline
48C-202
Chidamide
Clo44
Nicotinamide
Sirtinol
EX527
Cambinol

Specificity

I, 1l, and IV
I, 1l, and IV
I, 1l, and IV
I, I, and IV
I, I, and IV
I, I, and IV
I, I, and IV
I, I, and IV
HDAC 6

I, 1l, and IV
|

HDAC 1, 2, and 6
|

I

Il

|

Il

I

Il

Il

Il

I

I

|, IV

|

|

HDAC 1, 2, 3, and 10

HDAC 1 and 3
IIl

SIRT 1 and 2
SIRT 1 and 2
SIRT 1 and 2
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Class Homology to Human HDACs Deacetylase activity Cellular localization
yeast cofactors
| Rpd3 HDAC 1, HDAC 2, HDAC 3, and HDAC 8 Zinc dependent Nucleus
Il Hda1 Class lIA: HDAC 4, HDAC 5, HDAC 7, and HDAC 9 Zinc dependent Nucleus and cytoplasm
Class lIB: HDAC 6 and HDAC 10
Il Sir2 SIRT 1, SIRT 2, SIRT 3, SIRT 4, SIRT 5, SIRT 6, SIRT 7 NAD+ dependent Nucleus, cytoplasm, and mitochondria
\% HOS3 HDAC 11 Zinc dependent Nucleus and cytoplasm
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NCT number

NCT03934567
NCT03770000
NCT03600441
NCT03873025
NCT03820596
NCT03547700
NCT03630731
NCT04233294
NCT04038411
NCT04040491
NCT04231448
NCT03373019
NCT04337606
NCT03161223
NCT02943642
NCT03713320
NCT03936153
NCT03939182
NCT04024696
NCT03179930
NCT03150329
NCT03117751

Condition

FL

R/R T-cell Lymphoma
FL

R/R DLBCL

R/R Extranodal NKTCL
PTCL

R/RExtranodal NKTCL
R/RHL

R/RNKTCL

newly diagnosed PTCL
Newly Diagnosed Double-Expressor DLBCL
R/R DLBCL

R/R NHL

PTCL

Mycosis Fungoides
CTCL, MF

R/R DLBCL

DLBCL, MCL

NHL

R/R lymphoma
R/RDLBCL, FL, or HL
acute lymphoblastic lymphoma

Intervention

Abexinostat

Tenalisib + Romidepsin

Abexinostat

CXD101 + Pembrolizumab

Sintilimab + Chidamide

Romidepsin 4 Ixazomib

Chidamide

Chidamide + Camrelizumab with or w/o Decitabine
PD-1 Antibody, Chidamide, Lenalidomide Etoposide
PD-1 Antibody, Chidamide, Lenalidomide Etoposide
R-CHOP + Tucidinostat

Chidamide + R-GDP

Chidamide + Decitabine + Camrelizumab
Durvalumab Pralatrexate Romidepsin 5-Azacitidine
A-dmDT390-bisFv(UCHT1) vs. Vorinostat
Cobomarsen vs. Vorinostat

abexinostat

Abexinostat + Ibrutinib

Abexinostat

Entinostat + Pembrolizumab

Vorinostat + Pembrolizumab

CHOP

Pegaspargase

Erwinase®

Cytarabine

Mercaptopurine

Dasatinib

Methotrexate

Blinatumomab

Ruxolitinib

Bortezomib

Dexamethasone

Doxorubicin

Etoposide

Clofarabine

Vorinostat

Idarubicin

Nelarabine

Thioguanine

Status

Recruit
Recruit
Active
Not yet recruit
Recruit
Recruit
Recruit
Recruit
Recruit
Recruit
NotYetrecruit
Recruit
Recruit
Recruit
NotYetRecruit
Active
Recruit
Recruit
Recruit
Recruit
Recruit
Recruit

il

Start date

20190502
20181210
20180726
20190313
20190129
20180606
20180815
20200118
20190630
20190131
20200108
20171214
20200407
20170519
20161025
20181019
20190503
20190506
20190718
20170607
20170512
20170418

Retrieved from: http://clinicaltrials.gov/.
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Mature B-cell lymphomas: 85% of NHL
Non-Hodgkin Lymphoma (90% of all ymphomas)

Aggressive

Indolent

Burkitt/Burkitt-like lymphoma

Diffuse large B-cell ymphoma (DLBCL)

Double-hit lymphoma

Mantle cell lymphoma (MCL)

Primary mediastinal B-cell lymphoma

Chronic lymphocytic leukemia/small lymphocytic lymphoma
(CLL/SLL)

Follicular lymphoma (FL)

Lymphoblastic leukemia/lymphoma (more commonly
derived from T cells)

Lymphoplasmacytic lymphoma/Waldenstrom
macroglobulinemia (WM)

Marginal zone lymphoma (MZL)

T cell lymphoma: 15% of NHL

Aggressive

Indolent

Anaplastic large cell lymphoma (ALCL)
Angioimmunoblastic T-cell lymphoma (AITL)
Peripheral T-cell ymphoma (PTCL)

Lymphoblastic leukemia/lymphoma (less commonly derived
from B cells)

Adult T-cell leukemia/lymphoma (ATLL)
Cutaneous T-cell ymphoma (CTCL)
Mycosis fungoides (MF)
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Hodgkin Classical Hodgkin lymphomas: 95% of HL
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(10% of all
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Nodular sclerosis cHL

Mixed cellularity cHL

Lymphocyte depleted cHL

Lymphocyte-rich cHL

Nodular lymphocyte-predominant Hodgkin lymphoma: 5% HL
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HDACis Drug combination Type of drug Cancer type Effects Clinical References and
status trial identifier
Chidamide (CS055) Doxorubicin Alkylant agent T-cell ymphoma DNA damage protein p-yH2AX and apoptosis proteins upregulation. Preclinical Zhang et al., 2017a
Anti-apoptosis protein Bcl-2 downregulation.
Citarinostat (ACY-241) Pomalidomide Immunotherapy Multiple myeloma Myc and IRF4 pathways and the pro-survival factor surviving Preclinical North et al., 2017
suppression.
Entinostat Aldesleukin Immunotherapy Renal cell No study results posted Phase I/l NCT01038778
carcinoma
LC-0296 Cisplatin Alkylant agent Head and neck ROS balance alterated, Preclinical Alhazzazi et al.,
cancer 2016
compromising cell survival and enhancing apoptosis.
MPT0G413 Bortezomib Proteasome Multiple myeloma Enhanced polyubiquitinated protein accumulation and apoptosis. Preclinical Huang et al., 2019
inhibitors Reduced tumor cell viability and growth.
Nexturastat A 5-Azacytidine Epigenetic drugs Ovarian cancer Type | interferon response upregulated. Enhanced cytokine production, Preclinical Moufarrij et al.,
and MHC | expression on the cell surface. 2020
Anti-PD-1 therapy Immunotherapy Melanoma Decreased anti-inflammatory phenotype of macrophages and Preclinical Knox et al., 2019
down-regulated immunosuppressive proteins in tumor cells.
Nicotinamide Doxorubicin Alkylant agent Breast cancer Cell growth and cell migration inhibition. Enhanced cell apoptosis by Preclinical Wei et al., 2019
SIRT1/Akt pathway.
RGFP966 Anti-PD-L1 therapy Immunotherapy B-cell ymphomas Modulate immune-related genes to enhance anti-PD-L1 therapy. Preclinical Deng et al., 2019
Ricolinostat (ACY-1215) Bendamustine Alkylant agent Lymphoma Apoptosis induction by increasing ROS. Caspase-8, -9, and 3 Preclinical Cosenza et al.,
activation. Bcl-2 proteins family modulation. 2017
Oxaliplatin Alkylant agent Colorectal cancer Downregulation of p-ERK and p-AKT and induction of cell apoptosis via Preclinical Leeetal., 2018
activation caspase-3 and elevation of the Bak to Bcl-xL ratio.
Bortezomib and Proteasome Multiple myeloma Autophagic protein degradation. Preclinical Vogl et al., 2017
dexamethasone inhibitors
Carfilzomib Proteasome Multiple myeloma Inductions ER stress and enhance apoptosis. Preclinical Mishima et al.,
inhibitors 2015
Bortezomib Proteasome Multiple myeloma No study results posted Phase I/l NCT01323751
inhibitors
lbrutinib Tyrosine kinase Lymphoma Inhibition of p-IRE1 and p-BTK. Tumor growth delay. Preclinical Amengual et al.,
pathway inhibitors 2017
Lenalidomide and Immunotherapy Multiple myeloma Antitumor activity. Phase Ib Yee et al., 2016;
dexamethasone NCT01583283
Anti-PD-L1 therapy Immunotherapy Ovarian carcinoma Tumor progression limitation in a cytotoxic T-cell. Preclinical Fukumoto et al.,
2019
Romidepsin Erlotinib Tyrosine kinase Non-small cell lung Combination well-tolerated, with evidence of disease control and Phase | Gerber et al., 2015;
pathway inhibitors cancer exhibits effects on relevant molecular targets. NCT01302808
Sirtinol and AGK2 Dichloroacetate Tyrosine kinase Lung cancer Decreased glucose consumption and lactate production. Increased Preclinical Ma et al., 2018
acid (DCA) pathway inhibitors OCR and ROS generation.
Tenovin-6 Metformin Tyrosine kinase Lung cancer Accumulation of p53 acetylation and induction of the apoptotic Preclinical Leeetal., 2019

pathway inhibitors

pathway.
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Treatment Clgo + SD Clzs + SD Clgg + SD DRIy + SD

VPA CDDP/CX

Cal27 VPA+CDDP/CX 0.983+0.16 5104+0.78 1.91+£0.28
CX 100 pg/ml VPA — CDDP/CX 4.36 +0.63 1.73+£0.24
CDDP/CX — VPA 0.70 +£0.21 - 5.50 4+ 1.36 2.05 £0.65

FaDu VPA+CDDP/CX 1.10+£0.27 16.356 £4.37 1.84+0
CX 5 pg/ml VPA — CDDP/CX 1.083+0.14 16.04 £0.37 6.30 & 1.61
CDDP/CX — VPA 1.18 £0.09 156.88 £ 6.76 3.32 +£0.20

ZA VPA+CDDP/CX 0.96 £ 0.31 B:925- 1012 7.18 £0.71 1.58 £0.24
CX'5 pg/ml VPA — CDDP/CX 0.77 £0.18 0.92 £ 0.05 5.50 + 0.65 1.37 £0.48
CDDP/CX — VPA 1.09 £0.34 0.90+0.16 10.04 £ 2.52 1.51 £0.81

HOC313 VPA+CDDP/CX 3.44 +£0.93 273 £ 1.41
CX 5 pg/ml VPA — CDDP/CX (BL74S) == (0L1)fE) 1.95 £0.67 4.76 +£2.24
CDDP/CX — VPA 4.18 +1.98 2.43 + 0.60

SCC9 VPA+CDDP/CX 5.73 £ 4.29 4.85+2.98
CX 5 pg/ml VPA — CDDP/CX 4.56 +1.52 6.25 + 7.84
CDDP/CX — VPA 415 4+1.20 2.88 +1.39

BJ h-TERT VPA+CDDP/CX 1.59 £0.01 1.62+£0.24 1.59 £0.30 6.40 +£1.7 0.7 £ 0.01
CX 100 pg/ml VPA — CDDP/CX 1.24 £0.31 1.16 £ 0.05 1.24 £0.22 4.74 £1.36 1+£0.25
CDDP/CX — VPA 1.33 £0.03 1.62£0.27 1.59 £ 0.63 10.4 £0.40 0.80 4 0.02

Synergistic interaction between VPA and CDDF/CX evaluated in Cal27, FaDu, ZA, HOC313, SCC9 and BJ-hTERT cells by calculation of Cl. Cl values calculated at 50,
75, and 90% of the cell lethality (Clso, Clzs, and Clgg, respectively) by CalcuSyn software after 144 h of treatment (Mean + SD from at least three separate experiments
performed in quadruplicate). Cls smaller than 0.8 indicate strong synergism (dark gray); Cls smaller than 0.9 indicate synergism (gray); additivity (between 0.9 and 1.1)
(light gray); or antagonism (more than 1.1) (white). Equipotent doses (50:50 cytotoxic ratio) of VPA and CDDP agents plus indicated doses of CX were evaluated after
144 h with a simultaneous (VPA + CDDP/CX) or sequential exposure with 24h delay to either drug (VPA—CDDP/CX; CDDP/CX—V/PA), as described in section “Materials
and Methods.” DRI values (mean + SD from at least three separate experiments performed in quadruplicates) represent the order of magnitude (fold) of dose reduction
obtained for ICsq (DRIsg) in combination setting compared with each drug alone. Abbreviations: VPA (valproic acid); CDDP (Cisplatin); CX (Cetuximab).
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