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Chapter

Repurposing Market Drugs to 
Target Epigenetic Enzymes in 
Human Diseases
Aishat Motolani, Matthew Martin, Steven Sun and Tao Lu

Abstract

Drug discovery is an exciting yet highly costly endeavor. In the United States, 
developing a new prescription medicine that gains marketing approval takes near a 
decade and costs drugmakers for near 3 billion. More challengingly, the success rate 
of a compound entering phase I trials is just slightly under 10%. Because of these 
mounting hurdles, repurposing market approved drugs to new clinical indications 
has been a new trend on the rise. Another merit to this approach is the already 
confirmed toxicity profiles of the drugs and their possession of drug-like features. 
Thus, repurposed drugs can reach the market approved stage in a much faster, 
cheaper, and more efficient way. Notably, epigenetic enzymes play a critical role in 
the etiology and progression of different diseases. Researchers are now assessing the 
possibilities of using market approved drugs to target epigenetic enzymes as a novel 
strategy to curtail disease progression. Thus, in this book chapter, we will provide 
an outlook on repurposing market drugs to target epigenetic enzymes in various 
diseases. Consequently, this book chapter will not only provide the readers with 
current knowledge in this specific field, but also will shed light on the pathway for-
ward for repurposing market drugs to target epigenetic enzymes in human diseases.
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1. Introduction

1.1 Overview of drug approval agencies

Drug approval agencies are responsible for the oversight and scientific evalu-
ations that ensure the safety and effectiveness of the drugs that reach the market, 
and eventually, patients. Several agencies regulate drug approval worldwide, with 
the United States (US) and Europe being the top regulators. Some examples include 
the US Food and Drug Administration (FDA), the European Medicines Agency 
(EMA), Health Canada, Japan’s Pharmaceutical and Medical Devices Agency 
(PMDA), Australia’s Therapeutic Goods Administration (TGA), and so on [1]. In 
the last 5 years, the US FDA has approved about 245 drugs, many of which include 
anti-cancer and neurological disorder drugs [2]. Following drug discovery and 
preclinical trials, different types of applications can be filed to the FDA to begin 
a drug’s journey to the market. A sponsor can either file the Investigational New 
Drug (IND) application followed by the New Drug Application (NDA) or the 
Abbreviated New Drug Application (ANDA). An IND application is submitted if 
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a drug is deemed safe after preclinical investigations. Then, an NDA can be sub-
mitted after the drug is deemed safe from the clinical trial results. At this point, a 
request can be made to produce and market the drug in the US [3]. On the other 
hand, ANDA is filed for the approval of generic drugs. Although clinical studies are 
not needed for this application, sponsors must prove that their drug is similar and 
bioequivalent to the original approved branded counterpart [4]. In the European 
Union, sponsors submit a clinical trial application (CTA) followed by a marketing 
authorization through either a centralized process or a decentralized process [3, 5]. 
Notably, both the FDA and EMA have similar yet distinct regulatory mechanisms 
to categorize drug approvals. For example, the FDA may grant drugs a standard 
approval, fast-track designation, accelerated approval, breakthrough designation, 
or priority review. Similarly, besides the standard approval, the EMA has acceler-
ated assessment and conditional approval for expedited programs to bring a drug 
to market faster [5]. Taken together, these drug approval agencies do participate 
in a global collaborative effort to protect and improve public health by ensuring 
patients’ timely access to safe and effective medicines [6].

1.2 Overview of traditional drug discovery method

The world population is constantly increasing and aging, with a census of close 
to 8 billion people in 2021 [7]. Additionally, there remains a growing necessity 
for novel therapeutics to combat the increasing number of cancers, metabolic 
disorders, infectious diseases, neurodegenerative diseases, and diabetes, as they 
are a major burden on public health. Despite this necessity, the rate of creation and 
approval of novel therapeutics is slow by comparison with estimated costs ranging 
from several hundred million dollars (USD) to several billion per therapeutic with 
an estimated development time of 12–15 years [8]. The reasons behind these high 
costs and difficulties with bringing novel therapeutics to market are in some ways 
straightforward: many projects fail in clinical trials; clinical trials are expensive and 
time-consuming; therapeutics have failed in the market due to previously unknown 
public health concerns; research costs are constantly increasing, and the initial 
investment cost of each therapeutic is high for a pharmaceutical company [9–12]. 
Traditional drug discovery involves the identification or creation of a new molecu-
lar entity (NME). The identification process of an NME usually proceeds as follows: 
initial basic research generates data supporting inhibition or activation of a protein 
or pathway that will result in a therapeutic effect in a disease state. Then a lead 
discovery compound such as a small molecule or biological therapeutic is discov-
ered following some compound screening. The target is validated, and preclinical 
screening is performed, then the therapeutic can go through clinical trials before 
filing for drug agencies’ approval [11]. The basic steps of this process are illustrated 
in Figure 1. However, at any step of the drug discovery timeline, the therapeutic can 
fail for a multitude of reasons. Generally, it comes down to two main factors: effi-
cacy and safety [11]. For instance, several therapeutics of AstraZeneca have failed 
in phase II trials due to toxicological concerns [13]. Other studies stopped clinical 
trials when the newly developed therapeutics had decreased efficacy compared to 
existing therapeutics [14]. Furthermore, the time during each of these steps can be 
lengthy with several years, such as effort needed for compound discovery, clinical 
development, clinical trials, and FDA or EMA filing (Figure 1) [15]. For instance, 
the overall percent likelihood of approval (LOA) from phase I to approval in all 
therapeutic fields from 2011 to 2020 was merely about 8% [16]. The LOA differed 
greatly per therapeutic and per phase (lead compound to phase I, phase I to phase 
II, etc.). The only step of drug discovery where therapeutics were highly likely 
to progress was during NDA approval, with a success rate of 80–90% [17]. These 



3

Repurposing Market Drugs to Target Epigenetic Enzymes in Human Diseases
DOI: http://dx.doi.org/10.5772/intechopen.101397

are what led to the long development times for therapeutics discovered through 
traditional drug discovery methods. In summary, the overall takeaway message is 
that there is a multitude of factors that can stall drug discovery, and an alternative 
methodology may be a better approach to bring therapeutics to market.

1.3 Overview of basis of drug repurposing

Due to the immense financial costs and timescale associated with traditional 
drug discovery methods, it is natural to assume alternatives may be preferable, such 
as repurposing current therapeutics. As shown in Figure 1, repurposing known 
therapeutics follows a similar but truncated development cycle as traditional drug 
discovery. The timeline includes the discovery of a therapeutic target, usually a new 
therapeutic indication for a previously approved indication. Then, it is followed 
by clinical trials. Given that the information on the preclinical, pharmacokinetic, 
and pharmacodynamic are already known, the clinical trial phase moves faster. 
Following this step is filing for market approval as usual [18, 19]. This allows for 
a development time of 5–10 years compared to 12–15 years of development for 
traditional drug discovery (Figure 1). This also drives down the two major factors 
hampering novel drug development: cost of new therapeutics and time of discovery 
to market. Therefore, it is not surprising that an increasing number of therapeutics 
developed by the FDA or EMA are repurposed therapeutics [20]. Interestingly, the 
discovery of novel indications for therapeutics has been made through a multitude 
of approaches. Drug repurposing involves integrating data from multiple resources 
and the use of different approaches to allow for the discovery of novel indications. 
One major path for novel indications is model-based computation or in silico drug 
repurposing. This can include numerous screens of a therapeutic concerning its 
drug molecular targets, chemical structure, and signaling pathways to predict 
unknown targets or biomarkers for disease [18]. Besides computational modeling, 
high-throughput and/or high-content screening (HTS/HCS) of drug compounds are 
frequently used to screen known therapeutics for novel targets [21]. Additionally, 
in silico screening of known compounds can be used for molecular docking or 
binding-based studies [22]. Furthermore, in silico screening can also help with 
the computational prediction of novel metabolic pathways, signaling pathways, 

Figure 1. 
Traditional drug discovery process (I) from discovery of target, validation, trials, and FDA/EMA approval 
with timescale versus repurposing of a market drug (II). This schematic describes the timeline of traditional 
drug discovery, wherein years of rigorous basic research leads to discovery of a drug, which then undergoes 
extensive pre-clinical development before going through the clinical trial and market approval phase. With 
the advent of drug repurposing approach, the timeliness and cost-efficiency of drug discovery significantly 
improved the driving of a drug for newer indications to the market faster.
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and protein-protein interactions between diseases and known drugs [23]. Other 
major methods of screening for novel indications of current therapeutics include 
recently AI-based machine learning, which has been used to some effect to screen 
large groups of compounds for anti-Sars-Cov-2 inhibition [24]. Further predictive 
modeling of drug repurposing includes network modeling wherein networks of 
drugs, genes, and drug products, as well as their interactions and relationships can 
be modeled, allowing for a greater understanding of structure-guided targeting of 
therapeutics [25]. Furthermore, large-scale genome-based predictive modeling, such 
as genome-wide association studies (GWAS) can help predict potential novel thera-
peutic interactions [26]. Another aspect not commonly studied is the known side 
effects of therapeutics and how it can be used to identify novel therapeutic targets 
via computational modeling [27]. According to Sahragardjoonegani and colleagues, 
roughly two-thirds of new therapeutics approved by the FDA within the last 15 years 
have not been indicated for secondary indications besides their original purpose 
[28]. This creates a largely untapped field of current therapeutics that have not 
been studied in the context of other diseases. Overall, drug repurposing for therapy 
requires less time and cost for development and research than traditional drug 
discovery. Thus, it is an attractive approach for the discovery of new therapeutics.

2. Role of epigenetic enzymes in human diseases

Epigenetics is the study of mechanisms that results in heritable changes in gene 
expression without the alteration of the genetic code [29]. The deregulation of 
epigenetic mechanisms, such as DNA methylation and histone modifications, have 
been reported to facilitate differential expression of genes, many of which underlie 
the etiology and/or the progression of human diseases [30].

These epigenetic mechanisms are mediated by their respective epigenetic 
enzymes. For instance, DNA methyltransferases (DNMTs) coordinate the methyla-
tion of DNA by catalyzing the transfer of a methyl group to cytosine (C) from the 
donor molecule S-adenosylmethionine (SAM) [31]. The methylated DNA is read by 
methyl-Cp-guanine (G) binding domains (MBD) protein. DNA methylation can be 
reversed by a group of human demethylase enzymes termed ten-eleven transloca-
tion proteins (TET 1/2/3) [31]. DNA methylation is responsible for gene silencing 
and often occurs in regions rich in C and G nucleotides, also known as CpG islands. 
The catalysis of DNA methylation is primarily conducted by the following family of 
DNMTs: DNMT1, DNMT3A, and DNMT3B [32]. These enzymes help maintain the 
integrity of the human genome, regulate transcriptional processes, and aid cellular 
development and differentiation [33]. Thus, dysregulation of DNA methyltransfer-
ase and demethylases are implicated in several human diseases.

Similarly, the covalent modification of histones is another facet of epigenetics 
that plays a pivotal role in human diseases. The core histone proteins, H2A, H2B, 
H3, and H4, form an octameric structure that wraps about 146 base pairs of DNA to 
form a nucleosome, and the linker histone, H1, connects the repeating nucleosomes 
that make up the chromatin. Histones’ terminal regions project out of the chromatin 
in a tail-like structure, and these tails are subjected to post-translational modifica-
tion (PTM) by different histone-modifying enzymes [28, 31]. Some of the most 
common classes of histone-modifying enzymes include histone acetyltransferases 
(HATs), histone deacetylases (HDACs), histone methyltransferases (HMTs), and 
histone demethylases (HDMs) [34]. HATs and HDACs are writers and erasers 
of acetylation, respectively, on lysine (K) residues of histones and non-histone 
proteins. The acetylation of histones results in a relaxed chromatin that promotes 
gene transcription [35]. HATs are classified into Type A: p300/CBP, general control 
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non-depressible 5 (GCN5)-related N-acetyltransferase (GNAT), Moz, Ybf2/Sas3, 
Sas2, Tip60 (MYST), nuclear receptor coactivator- (NCOA-) related HAT, and 
transcription factor-related HAT; and Type B: HAT1, HAT2, HatB3.1, Rtt109, and 
HAT4 [36]. While HDACs comprise 18 enzymes: HDAC1-11 and sirtuins (SIRT)1-7 
[37]. The BRD and extra terminal domain (BET) proteins are responsible for 
recognizing K residues that are acetylated [37]. On the other hand, methylation of 
histones, which occurs on either K or arginine (R) residues of histones, can lead 
to gene transcription repression or activation. The addition of methyl group(s) to 
histones is mediated by HMTs while its removal is mediated by HDMs [34]. HMTs 
are further subdivided into lysine methyltransferases (KMTs) and arginine methyl-
transferases (PRMTs) [38]. Similarly, HDMs are classified into lysine demethylase 
1 (LSD1 or KDM1) and Jumonji C (JmjC) domain-containing histone demethylases 
[39]. Together, these classes of histone-modifying enzymes regulate the expression 
of genes vital to many human biological processes.

2.1 Epigenetic enzymes implicated in cancer

The dysregulation of epigenetic enzymes is one of the chief contributors to 
cancer development and progression. Several cancers are accompanied by sig-
nificantly altered DNA methylation status, and this has been shown to serve as a 
diagnostic and prognostic marker [40]. The resulting imbalance in gene expression 
is mainly caused by hypomethylation of oncogenic genes or hypermethylation of 
tumor-suppressive genes. Thus, inhibiting DNA methyltransferase and/or DNA 
demethylase is a promising therapeutic strategy for many of these cancers. For 
example, in breast cancer models, the inhibition of DNMT exerts reduced cel-
lular proliferation, migration, and anchorage-independent growth activity and 
potentiates anti-cancer immunity [41, 42]. Similarly, inhibiting DNMT sensitizes 
non-small cell lung cancer (NSCLC) to ionizing radiation and a potent targeted 
therapeutic poly (ADP-ribose) polymerase (PARP) inhibitors [43]. The overexpres-
sion of DNMT, particularly DNMT3Ab, in gastric cancer facilitates the epithelial to 
mesenchymal transition (EMT)-related metastasis and correlates with poor prog-
nosis in gastric cancer patients [44]. Aberrant gene silencing or activation caused by 
deregulated DNMTs and TETs have also been widely reported in renal, colorectal, 
brain, pancreatic, bladder, prostate, and other hematological cancers [45]. Among 
the genes that are implicated in DNA methylation dysregulation include but are not 
limited to retinoblastoma tumor-suppressor gene (Rb), breast cancer susceptibility 
gene 1 (BRCA1), cyclin-dependent kinase inhibitor 2A (CDKN2A), and microRNAs 
[46]. Collectively, the atypical expression of some of these genes leads to genomic 
instability and uncontrolled cell cycle progression.

Likewise, the PTM of histone tails at gene promoters and on specific residues of 
non-histone proteins promote different cancer hallmarks. HATs and HDACs regulate 
acetylation patterns on several proteins and serve as co-activators/repressors of tran-
scription factors implicated in cancer [35, 36]. For instance, in prostate cancer tissues, 
CBP/p300 transcript levels are significantly high. They potentiate the constitutive 
activation of androgen receptor signaling in castration-resistant prostate cancer, 
leading to increased tumor growth [47]. Moreover, the overexpression of the human 
MYST1, a member of HATs, promotes acetylation of Nrf2 at K588, thereby aiding 
the tolerance of replication stress in NSCLC [48]. The erasure of acetylation marks is 
also an important driver of cancer progression. HDACs are typically overexpressed 
and result in the silencing of key tumor suppressor genes. Particularly, in breast 
cancer, the use of HDAC inhibitors has shown remarkable potential in preventing 
hormonal-based therapy resistance through the restoration of epigenetic alterations 
[49]. A separate review has extensively delineated the role of HDACs in altering 
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gene expression in cancer through chromatin remodeling and transcription factors 
regulation [50]. Also, the methylation and demethylation of histone and non-histone 
substrates have a diverse function in carcinogenesis. For example, the high expression 
of human telomerase reverse transcriptase (hTERT) observed in many cancers is 
associated with the heavily trimethylated histone H3K4. H3K4 is a known substrate of 
SMYD3, a KMT that is commonly overexpressed in cancers [51]. Also, different KMTs 
such as KMT2A and Dot1-like protein (DOT1L) fuse with proto-oncogenes to pro-
mote the progression of hematological malignancies [38]. Another overly expressed 
KMT in cancer, enhancer of zeste homolog 2 (EZH2) catalyzes the methylation of 
H3K27 and genes like p16, NF-κB, CDK4, Ras, β-catenin to further different tumors’ 
survival [52]. Similarly, overexpression of KDMs, such as LSD1, LSD2, and KDM5B, 
cause increased tumor growth and chemoresistance via aberrant demethylation 
of H3K4 in prostate cancer, breast cancer, NSCLC, and hepatocellular carcinoma 
[53]. A growing number of studies have also documented the widespread role of the 
known human PRMTs in cancers. The overexpression of PRMTs has been found in 
breast, prostate, colon, bladder, ovarian, skin, and gastric cancers, including various 
hematological malignancies [54]. Notably, our group extensively studies PRMT5, and 
we discovered that its overexpression in pancreatic and colorectal cancer results in 
increased cell growth, migration, and anchorage-independent growth via dimethyl-
ation of R30 of NF-κB subunit, p65 [55, 56]. We also revealed that PRMT5 oncogenic 
role in colorectal cancer potentiates NF-κB signaling through dimethylation of R205 
of Y-box binding protein 1 (YBX1) [57]. Taken together, the deregulation of epigen-
etic enzymes has an entrenched and indisputable role in the etiology and progression 
of many cancers, making them promising therapeutic targets.

2.2 Epigenetic enzymes implicated in neurodegenerative disorders

Recently, genomic profiling studies and molecular investigations have delineated 
the impact of epigenetic alterations on neurodegeneration. Neurodegenerative 
diseases encompass the gradual loss of cognitive and/or motor functions in humans. 
Examples include but are not limited to Alzheimer’s disease (AD), Parkinson’s 
disease (PD), multiple sclerosis (MS), Huntington disease (HD), and amyotrophic 
lateral sclerosis (ALS) [58]. It has been reported that the DNA methylation of 
AD-associated genes, such as the β-secretase (BACE), amyloid precursor protein 
(APP), and presenilin 1 (PS1) genes, is dramatically decreased in AD cell models 
and results in the exacerbation of AD pathology [59]. In a genome-wide study con-
ducted by Huynh and colleagues on MS patients’ brains, several differential methyl-
ated regions in the DNA were observed. Genes that are critical to oligodendrocyte 
regulation, such as BCL2L2 and NDRG1, were found to be hypermethylated and 
showed decreased expression levels [60]. Also, given that HATs like p300/CBP are 
involved in memory formation, its loss has been shown to lead to different neuro-
logical dysfunction, which is characteristic of HD, Rubinstein-Taybi syndrome, and 
AD [61, 62]. Thus, HDAC inhibitors can be used as a therapeutic strategy to offset 
the imbalanced role of HATs in the aforementioned neurodegenerative diseases. On 
the contrary, the downregulation of p300 levels by native α-synuclein (αsyn) exerts 
neuroprotective function in the brain. Thus, it has been suggested that misfolded 
αsyn, a major phenotype of PD, may lead to enhanced p300/CBP activity, thereby 
causing impaired motor function [63]. In ALS, reduced p300/CBP has been found to 
cause the hypoacetylation of the cyclin D1 gene, a critical gene for cell cycle progres-
sion [64]. Similarly, increased methylation marks on histones have been linked with 
aging, an important risk factor in neurodegeneration [65]. In ataxia-telangiectasia, 
the loss of A-T mutated (ATM) increases the tri-methylation of H3K27 via EZH2 
stabilization, thereby affecting neuronal survival [66]. Also, overexpression of an 
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H3K9 methyltransferase, ERG-associated protein with SET domain (ESET, also 
known as SET domain bifurcated 1, SETDB1), is shown to be markedly increased in 
HD patients, and the inhibition of ESET was reported to restore the normal behav-
ioral and neuronal function in HD mice [67]. Moreover, PRMT1 was reported to 
play a neuroprotective role in ALS via asymmetric dimethylation of H4R3, a methyl-
ation mark that aids histone acetylation, and consequently, transcription of survival 
genes [64]. Collectively, this brief overview shows that chromatin modification via 
epigenetic processes is critical to neuronal function.

2.3 Epigenetic enzymes implicated in cardiovascular diseases

Cardiovascular disease, one of the leading causes of mortality globally, is com-
prised of a group of diverse disorders known to be influenced by genetic, environ-
mental, and epigenetic mechanisms [68]. For example, GWAS on atherosclerotic 
aorta versus normal aorta showed the differential methylation of DNA is associated 
with atherosclerotic plaque stability, vascular remodeling, low-density lipoprotein 
(LDL) signaling, among other biological processes [69]. This suggests the role of 
altered DNA methylation in the pathogenesis of atherosclerosis. Similarly, case-
control investigations on heart failure patients revealed differential methylation of 
angiogenic genes known to be involved in endothelial cell migration and capillary 
tube formation [70]. Also, multiple studies have demonstrated that high levels of 
HDAC and DNA/histone methylation have been linked to the causation of high 
blood pressure, a known symptom of hypertension [71]. Similarly, the use of HDAC 
inhibitors attenuates myocardial infarction in in vivo studies [72]. A separate study 
showed that environmental factors, such as particulate matter in air pollution known 
to cause impaired cardiac function, increase the methylation of Toll-like receptor 2 
(TLR2), causing its gene silencing. TLR2 is known to proffer immunity following 
environmental challenges [73]. Thus, its hypermethylation has been linked to the 
cardiac dysfunction caused by air pollution. Also, de novo mutations have been found 
in histone-modifying genes in congenital heart disease, including KMT2D, KDM5A, 
and KDM5B, thereby suggesting their role in the disruption of cardiac development 
[74]. The overexpression of PRMT6 has been reported to induce cardiac hypertrophy 
and its associating increase in asymmetric dimethylation of H3R2 promotes the 
expression of atrial natriuretic peptide (ANP), a hypertrophic marker [75]. This 
diverse implication of epigenetic enzymes in various cardiac functions suggests its 
potential as a treatment approach for cardiovascular diseases.

3. Classes of epigenetic enzymes targeted with repurposed market drugs

As discussed in previous sections, epigenetics is pivotal to the etiology and 
progression of different human diseases. And multiple studies have shown that 
targeting epigenetic enzymes has a profound effect on attenuating the severity or 
progression of diseases [59]. Given that the traditional approach to drug discovery is 
costly and time-inefficient, it is more valuable to reposition readily available market 
drugs for new disease indications. In this section, we will discuss the major epigen-
etic enzymes being targeted with repurposed drugs or preclinical compounds and 
examples of the repurposed drugs with their old and new indications.

3.1 Repurposed drugs for DNMTs

The alteration of DNA methylation is one of the prominent underlying causes 
of different diseases. Several market drugs have been shown to lessen disease 
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progression via targeting DNMT, suggesting that those drugs could have newer 
indications. As summarized in Table 1, hydralazine is a hypertensive drug that has 
been repurposed as both DNMT inhibitor and HDAC inhibitors [76]. In combina-
tion with another drug, valproate, hydralazine showed a significant increase in 
progression-free survival in patients with advanced cervical cancer in a randomized 
phase II clinical trial [95]. Currently, a phase III clinical trial is underway to exam-
ine the effect of hydralazine on AD (NCT04842552). It has been suggested that the 
stability of polyglutamine repeat expansion, an underlying cause of multiple neuro-
degenerative diseases, can be caused by hypermethylation of the repeat and the use 
of hydralazine induces demethylation [96]. This may suggest a mechanism through 
which hydralazine helps ameliorate AD. Another repurposed drug, procaine, a local 
anesthetic agent, has been reported to be a potent inhibitor of DNMT activity with 
an anti-tumor effect in gastric cancer [77]. Procaine has also been shown to exert 
cardioprotective and neuroprotective effects [78]. Other examples of repurposed 
drugs that target DNMTs include Procainamide, Mithramycin A, Nanaomycin A, 
and Disulfiram, etc. [79] (Table 1).

Table summarizes the different market approved drugs for other indications 
known to target epigenetic enzymes in newer indications. The listed drugs are 
either in preclinical or clinical trial phase for their newer indications.

3.2 Repurposed drugs for HDACs

Among the different classes of epigenetic enzymes, HDAC has the highest num-
ber of market-approved inhibitors for diseases, especially in cancer [97]. Vorinostat 
is the first HDAC inhibitor approved by the FDA for cutaneous T-cell lymphoma 
(CTCL) treatment [98]. Another HDAC inhibitor, Belinostat, has been granted 
accelerated approval for treatment of relapsed or refractory peripheral T-cell 
lymphoma (PTCL) [99]. Also, repurposed drugs that target HDAC are on the rise. 
One category of drugs that targets HDAC is statins. Statins are a class of medications 
developed to inhibit 3-hydroxy-3-methyl-glutaryl-coenzyme A (HMG-CoA) reduc-
tase for atherosclerosis treatment [100]. Multiple studies have shown that statins 
exhibit anti-cancer activity and attenuate diabetic nephropathy via the inhibition of 
HDAC [80, 81]. Similarly, the anti-malaria drug artemisinin was reported to exert 
anti-cancerous effects on breast cancer cells partly via the inhibition of HDAC [82]. 
Through indirect inhibition of HDACs and other epigenetic modifiers, metformin, 
a type 2 diabetic medication, has been suggested to have a protective effect on can-
cer, cognitive impairment, and cardiovascular diseases [83]. Carbamazepine, which 
is approved for the treatment of psychomotor and grand mal seizures, has been 
reported to inhibit HDAC 3, 6, and 7 and reduce cancer growth in breast, liver, and 
colon cancer [101]. Currently, trichostatin A (TSA), an approved antifungal drug 
with HDAC inhibitory activity, is undergoing a phase I clinical trial for relapsed or 
refractory hematologic malignancies (NCT03838926) (Table 1).

3.3 Repurposed drugs for HATs

The normal levels of gene acetylation can also be restored by HAT inhibitors in 
diseases. This category of inhibitors is particularly explored as anti-cancer agents, 
given that inhibiting HATs would only exacerbate cardiovascular and neurodegenera-
tive disease progression. Also, the role of HATs in cancer is context-specific as certain 
HAT family members can act as oncogenes or tumor suppressors in different tumors. 
For example, the overexpression of p300/CBP, GCN5, and males absent on the first 
(MOF) has been shown to sustain cancer hallmarks in glioma, colon, lung cancer, 
mixed-lineage leukemia (MLL), and acute myeloid leukemia (AML). On the other 
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Drug Previous indication New indication Epigenetic target Phase of development Reference(s)

Hydralazine Hypertension Advanced cervical cancer DNMT Phase II clinical trial [76]

Alzheimer’s disease HDAC Phase III clinical trial (NCT04842552)

Procaine Pain relief Neurodegenerative and cardiovascular diseases DNMT Preclinical [77, 78]

Gastric cancer

Mithramycin Antibiotic Lung, esophagus, and other chest cancers DNMT1 Phase II clinical trial NCT01624090

Nanaomycin A Antibiotic Colon, lung, and bone marrow cancers DNMT3B Preclinical [79]

Procainamide Ventricular arrhythmias, supraventricular 
arrhythmias, atrial flutter/fibrillation, and 
Wolf-Parkinson-White syndrome

Colon cancer DNMT1 Preclinical [79]

Statins Atherosclerosis Lung, colon, and gastric cancer HDAC Preclinical [80, 81]

Diabetic neuropathy

Artemisin Malaria Breast cancer HDAC Preclinical [82]

Metformin Type 2 diabetes Cancers, neurological disorders, and 
cardiovascular diseases

HDAC Preclinical [83]

Carbamazepine Psychomotor and grand mal seizures Breast, liver, and colon cancer HDAC Preclinical [79]

Trichostatin A Fungal disease Relapsed or refractory hematologic 
malignancies

HDAC Phase I clinical trial (NCT03838926)

Astemizole Allergies Lymphoma EZH2 Preclinical [84]

Apomorphine 
hydrochloride

Parkinson’s disease Alzheimer disease (AD), amyotrophic lateral 
sclerosis (ALS), Huntington disease (HD), and 
multiple cancers

EZH2 Preclinical [85]

Hydroxychloroquine Malaria Multiple myeloma EZH2 Preclinical [86]

Cloperastine Cough Cancers PRMT5 Preclinical PCT/
US2020/067694 
[87, 88]
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Drug Previous indication New indication Epigenetic target Phase of development Reference(s)

Candersatan Hypertension Cancers PRMT5 Preclinical PCT/
US2020/067694 
[87, 88]

Tranylcypromine Depression AD LSD1 Preclinical [89, 90]

Cancer

Phenelzine Depression Prostate cancer LSD1 Phase II clinical trial [91]

Pargyline Hypertension Breast cancer LSD1 Preclinical [92]

Nitroxoline Antibiotic Leukemia BRD4 Preclinical [93]

Azelastine Hay fever and allergies Cancer BRD4 Preclinical [94]

Table 1. 
Examples of repurposed drugs with epigenetic targets in human diseases.
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hand, the deletion of p300/(CREB binding protein) associated factor (pCAF) and 
Tip60 promotes tumorigenesis in certain cancers [35]. Currently, there have been no 
investigations into the use of market-approved drugs to target HATs in cancer. Natural 
compounds targeting HATs, such as anacardic acid, plumbagin, garcinol, and lunasin 
have been reported to have potent anti-cancer properties [79]. Notably, the progres-
sion of HAT inhibitors into clinical trials has been challenging due to the resulting 
false positive hits gotten from HTS [102]. Thus, more effort is needed to find existing 
market drugs that not only inhibit HATs activity but also attenuate tumor progression.

3.4 Repurposed drugs for HMTs

Given the diverse roles of the two classes of HMTs, KMTs, and PRMTs, in 
different diseases, there have been increasing efforts towards developing/repur-
posing drugs that affect HMTs for the treatment of diseases. Under the class of 
KMT enzymes, EZH2 is one of the highly pursued targets for epigenetic therapy. 
For example, Astemizole (Table 1), an antihistamine drug used to treat allergies, 
disrupts the proliferation of lymphoma cells via inhibition of EZH2 methyltrans-
ferase activity [84]. Also, a pilot HTS identified 4 out of 1600 FDA-approved 
drugs as putative EZH2 inhibitors, with apomorphine hydrochloride being the 
most potent inhibitor [103]. Apomorphine hydrochloride, under the brand name 
Kynmobi, is FDA approved for the treatment of PD Off episodes [104]. A separate 
review has suggested the repurposing of apomorphine hydrochloride in AD, ALS, 
HD, and multiple cancers considering the mounting evidence that demonstrates 
its neuroprotective and anti-cancer effects [85]. However, whether this drug exerts 
its protective properties via EZH2 remains to be investigated. The anti-malaria 
drug, hydroxychloroquine, inhibits EZH2 and has been reported to be effective for 
the treatment of multiple myeloma (MM) [86]. Furthermore, there are about 10 
clinical trial studies investigating PRMT inhibitors for both solid and hematologi-
cal malignancies on clinicaltrial.gov. Given the lack of investigation on market 
approved drugs for targeting PRMTs in diseases, our lab has taken considerable 
efforts to address this important gap. Currently, we have a provisional patent on 
repurposing the FDA-approved drugs for cough (Cloperastine) and for hyperten-
sion (Candersatan) to target PRMT5 in tumors (PCT/US2020/067694) [87, 88].

3.5 Repurposed drugs for KDMs

One of the types of KDMs, LSD1, is a member of the amine oxidase family. 
Consequently, it shares sequence similarity with monoamine oxidase (MAO), an 
important enzyme involved in the clearance of neurotransmitters from the brain 
[105]. As a result, approved monoamine inhibitors, such as the antidepressant 
tranylcypromine, can also inhibit LSD1 [89]. Notably, tranylcypromine has been 
reported to suppress amyloid β-induced proinflammatory responses in AD mouse 
models [89]. Tranylcypromine also reduces tumor growth and metastasis. Hence, 
its derivatives were developed to optimize the inhibition of LSD1 [90]. One of these 
derivatives, ORY-1001, is in phase II clinical trial for AML, relapsed, phase I clinical 
trial for extended-stage disease small cell lung cancer (ED SCLC), and phase I clini-
cal trial for refractory or relapsed acute leukemia (AL). Also, other classes of MAO 
inhibitors, such as pargyline (anti-hypertensive drug) and phenelzine (antidepres-
sant), inhibit LSD1 with anti-cancer effects in breast and prostate cancer, respec-
tively [91, 92]. On the other hand, the second class of KDM, the JmjC KDM, is yet to 
be investigated for market drug repurposing. Nonetheless, a couple of pharmaceuti-
cal companies are taking strides to develop inhibitors against this class of KDM in 
hematological and solid cancers [32].
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3.6 Repurposed drugs for BETs

BET protein family, including BRD2, BRD3, BRD4, and BRDT, are readers 
of acetylated K residues on histones and non-histone proteins. BET inhibition is 
effective against kidney diseases, tumor development, cardiovascular disease, and 
other inflammatory diseases [106]. Some drugs have been repurposed to target 
BET proteins in diseases. For example, nitroxoline (Table 1) is an FDA-approved 
antibiotic and also a potent inhibitor of most BET family members. A study 
reported that nitroxoline significantly reduced the proliferation of leukemia cells 
via induction of apoptosis and cell cycle arrest. The anti-cancer action of nitroxo-
line is partly through BET inhibition and its downstream targets [93]. Another 
class of BET inhibitors, for example, molibresib, is a derivative of benzodiaz-
epines, a psychoactive class of drugs used to treat neurological-related conditions. 
Molibresib is currently in phase I clinical trial for the treatment of multiple 
cancers [107]. Additionally, azelastine, an antihistamine used to treat hay fever 
and allergies, was ranked as one of the top drugs for having the best binding 
affinity to BRD4 [94]. Collectively, the aforementioned approved and putative 
repurposed drugs could serve as an effective BET inhibition-based therapy in 
different diseases.

4. Recent advances in drug repurposing for epigenetic-based therapy

Repurposing drugs for epigenetic-based therapy is a newly emerging field with 
significant potential for the development of drugs for diseases with high incidences, 
such as cancer and cardiovascular diseases. Notably, epigenetic enzymes play a criti-
cal role in the molecular pathology of the diseases discussed in this chapter. Thus, it 
is important to increase the development of drugs targeting epigenetic enzymes in a 
timely and cost-efficient manner. Due to the increased development of HTS meth-
ods, availability of comprehensive omics data, and advances in computational tools, 
the use of drug repurposing as a therapeutic strategy is highly promising. Through 
literature database search, researchers can often extrapolate the potential efficacy 
of a market-approved drug in a new indication based on the drug’s molecular effect 
and cellular impact in an older indication. Such information opens a window of 
opportunity to examine the use of market-approved drugs in a new indication. 
For example, researchers observed that artemisinin, an approved malaria drug 
derived from the wormwood plant, forms free radicals with iron. Considering that 
increased iron levels are a well-established risk factor for breast cancer develop-
ment, an investigation was launched into the anti-cancer effects of artemisinin [82]. 
Moreover, recent studies in epigenetic-based therapy have also adopted molecular 
docking tools to identify valuable drug candidates that can be repurposed for new 
indications [94, 108]. The study of the target structure and ligand interaction 
significantly scales down the evaluation of drugs that are unlikely to bind to the epi-
genetic targets that fuel a disease progression. This approach also leverages struc-
tural similarities of a market-approved drug’s target to discover potential newer 
indications. Notably, our group developed an AlphaLISA-based high-throughput 
screen (HTS) that aided the identification of promising market-approved drug 
candidates which targets PRMT5. This unique HTS method allowed us to preclini-
cally investigate the efficacy of candesartan and cloperastine, a hypertensive and 
cold medicine, respectively, in several solid cancers [87, 88]. As with other drug 
discovery approaches, the exciting advances in targeting epigenetic enzymes with 
market-approved drugs can be improved with additional extensive research on 
various aspects of the drug’s molecular mechanisms. In some cases, although a 
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repurposed drug is known to have an epigenetic effect, its primary molecular target 
is not always clear. This gap creates an avenue for the possibility of off-target effects 
that may be adverse in newer indications. Similarly, the challenges with false-pos-
itive results in HTS can be surmounted by incorporating the dose-response factor 
as a critical variable for understanding a market-approved drugs’ efficacy against 
an epigenetic target. Also, considering that the function of a market-approved 
drug can be context-dependent, it is critical to pursue new indications known to be 
highly driven by an epigenetic target of interest. Collectively, addressing the gaps in 
molecular mechanisms that drive disease pathology and improving existing screen-
ing methods will significantly advance the field of epigenetic-based therapy using 
market-approved drugs.

5. Future perspectives

Given that the de novo drug discovery approach for epigenetic targets is time-
consuming, costly, and has a high failure rate in clinical trials, researchers may 
consider increasing their efforts into repurposing drugs with known epigenetic 
effects for newer disease indications. One of the merits of drug repurposing is that 
it alleviate patients’ treatment costs and provide hope to those with rare conditions. 
Recognizing this approach as a great benefit to patients, governmental agencies and 
philanthropic organizations should increase the establishment of funding programs 
for drug repurposing endeavors [109]. More importantly, the paradigm for drug 
discovery is moving from a single target to a multitarget approach and drug repur-
posing is a suitable strategy to meet this evolving paradigm in pharmacology [110]. 
Thus, considering the slow pace and millions to billions of dollars spent on bringing 
a single drug to market, it is worthwhile to steer efforts and resources towards drug 
repurposing for epigenetic-based therapy in human diseases.

6. Executive summary

• Drug repurposing is a creative approach to drug discovery that comprises find-
ing new indications for approved drugs in the market or drugs that have been 
recalled/inefficacious in a previous indication.

• The advent of computer-aided drug discovery and the HTS methods have 
significantly accelerated the drug repurposing process.

• The extensive role of molecular targets such as DNMTs, HDACs, HMTs, KDMs, 
and BETs in several human diseases necessitates the development of drugs to 
alleviate the progression of diseases driven by the aforementioned epigenetic 
enzymes.

• Thus, epidrugs (drugs that target epigenetic marks) have been widely incor-
porated in the management of diseases such as cancer, cardiovascular diseases, 
kidney disease, and neurological disorders.

• Recent advances in the drug repurposing approach increased the use of 
market-approved drugs to target epigenetic enzyme-driven diseases.

• Currently, several market-approved drugs have shown significant pre-clinical 
efficacy in diseases and/or are undergoing clinical trials for new indications.



Drug Repurposing - Molecular Aspects and Therapeutic Applications

14

Author details

Aishat Motolani1, Matthew Martin1, Steven Sun1 and Tao Lu1,2,3,4*

1 Department of Pharmacology and Toxicology, Indiana University School of 
Medicine, Indianapolis, IN, USA

2 Department of Biochemistry and Molecular Biology, Indiana University School of 
Medicine, Indianapolis, IN, USA

3 Department of Medical and Molecular Genetics, Indiana University School of 
Medicine, Indianapolis, IN, USA

4 Experimental and Developmental Therapeutics Program, Indiana University 
Melvin and Bren Simon Comprehensive Cancer Center, Indiana University School 
of Medicine, Indianapolis, IN, USA

*Address all correspondence to: lut@iu.edu

Acknowledgements

This publication is made possible, in part, with support from NIH-NIGMS Grant 
(#1R01GM120156-01A1 to TL).

Conflict of interest

The authors declare no potential conflicts of interest.

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 



15

Repurposing Market Drugs to Target Epigenetic Enzymes in Human Diseases
DOI: http://dx.doi.org/10.5772/intechopen.101397

References

[1] Handoo S, Arora V, Khera D, 
Nandi PK, Sahu SK. A comprehensive 
study on regulatory requirements for 
development and filing of generic drugs 
globally. International Journal of 
Pharmaceutical Investigation. 2012; 
2(3):99-105

[2] Bhutani P, Joshi G, Raja N, Bachhav N, 
Rajanna PK, Bhutani H, et al. U.S. FDA 
approved drugs from 2015-June 2020: A 
perspective. Journal of Medicinal 
Chemistry. 2021;64(5):2339-2381

[3] Kashyap U, Gupta NV, 
Raghunandan H. Comparison of drug 
approval process in United States & 
Europe. Journal of Pharmaceutical 
Sciences and Research. 2013;5:131

[4] Wittayanukorn S, Rosenberg M, 
Schick A, Hu M, Wang Z, Babiskin A, 
et al. Factors that have an impact on 
Abbreviated New Drug Application 
(ANDA) submissions. Therapeutic 
Innovation & Regulatory Science. 
2020;54(6):1372-1381

[5] Senderowicz AM, Pfaff O. Similarities 
and differences in the oncology drug 
approval process between FDA and 
European Union with emphasis on in 
vitro companion diagnostics. Clinical 
Cancer Research. 2014;20(6):1445-1452

[6] Teixeira T, Kweder SL, 
Saint-Raymond A. Are the European 
Medicines Agency, US Food and Drug 
Administration, and other international 
regulators talking to each other? Clinical 
Pharmacology and Therapeutics. 2020; 
107(3):507-513

[7] United States Census Bureau. World 
population Day: The United States Census 
Bureau [Internet]. 2021. Available from 
https://www.census.gov/newsroom/
stories/world-population-day.html 
[Accessed: 24 September 2021]

[8] Wouters OJ, McKee M, Luyten J. 
Estimated research and development 

investment needed to bring a new 
medicine to market, 2009-2018. Journal 
of the American Medical Association. 
2020;323(9):844-853

[9] Congressional Budget Office. 
Research and Development in the 
Pharmaceutical Industry: A CBO Study. 
Washington, DC: Government Printing 
Office; 2007

[10] Malik NN. Controlling the cost of 
innovative cancer therapeutics. Nature 
Reviews. Clinical Oncology. 2009;6(9): 
550-552

[11] Hughes JP, Rees S, Kalindjian SB, 
Philpott KL. Principles of early drug 
discovery. British Journal of Pharma-
cology. 2011;162(6):1239-1249

[12] Bunnage ME. Getting pharmaceutical 
R&D back on target. Nature Chemical 
Biology. 2011;7(6):335-339

[13] Cook D, Brown D, Alexander R, 
March R, Morgan P, Satterthwaite G, 
et al. Lessons learned from the fate of 
AstraZeneca’s drug pipeline: A five-
dimensional framework. Nature Reviews. 
Drug Discovery. 2014;13(6):419-431

[14] Suter L, Babiss LE, Wheeldon EB. 
Toxicogenomics in predictive toxicology 
in drug development. Chemistry and 
Biology. 2004;11(2):161-171

[15] Cesar A, Ma P, Singh N, Smith J. 
What’s Driving the Recent Surge in 
New Drug Approvals. Washington, DC: 
McKinsey Center for Government; 2013

[16] BIO, Informa Pharma Intelligence, 
QLS Advisors. Clinical Development 
Success Rates and Contributing Factors 
2011-2020

[17] Park K. A review of computational 
drug repurposing. Translational and 
Clinical Pharmacology. 2019; 
27(2):59-63



Drug Repurposing - Molecular Aspects and Therapeutic Applications

16

[18] Pushpakom S, Iorio F, Eyers PA, 
Escott KJ, Hopper SW, Wells A, et al. 
Drug repurposing: Progress, challenges 
and recommendations. Nature Reviews. 
Drug Discovery. 2019;18(1):41-58

[19] Plenge RM, Scolnick EM, Altshuler D. 
Validating therapeutic targets through 
human genetics. Nature Reviews. Drug 
Discovery. 2013;12(8):581-594

[20] Swamidass SJ. Mining small-molecule 
screens to repurpose drugs. Briefings in 
Bioinformatics. 2011;12(4):327-335

[21] Doman TN, McGovern SL, 
Witherbee BJ, Kasten TP, Kurumbail R, 
Stallings WC, et al. Molecular docking 
and high-throughput screening for 
novel inhibitors of protein tyrosine 
phosphatase-1B. Journal of Medicinal 
Chemistry. 2002;45(11):2213-2221

[22] Jadamba E, Shin M. A systematic 
framework for drug repositioning from 
integrated omics and drug phenotype 
profiles using pathway-drug network. 
BioMed Research International. 
2016;2016:7147039

[23] Ke YY, Peng TT, Yeh TK, Huang WZ, 
Chang SE, Wu SH, et al. Artificial 
intelligence approach fighting COVID-
19 with repurposing drugs. Biomedical 
Journal. 2020;43(4):355-362

[24] Fakhraei S, Huang B, Raschid L, 
Getoor L. Network-based drug-target 
interaction prediction with probabilistic 
soft logic. IEEE/ACM Transactions on 
Computational Biology and 
Bioinformatics. 2014;11(5):775-787

[25] Sanseau P, Agarwal P, Barnes MR, 
Pastinen T, Richards JB, Cardon LR, et 
al. Use of genome-wide association 
studies for drug repositioning. Nature 
Biotechnology. 2012;30(4):317-320

[26] Ye H, Liu Q, Wei J. Construction of 
drug network based on side effects and 
its application for drug repositioning. 
PLoS One. 2014;9(2):e87864

[27] Sahragardjoonegani B, Beall RF, 
Kesselheim AS, Hollis A. Repurposing 
existing drugs for new uses: A cohort 
study of the frequency of FDA-granted 
new indication exclusivities since 1997. 
Journal of Pharmaceutical Policy and 
Practice. 2021;14(1):1-8

[28] Kanwal R, Gupta S. Epigenetic 
modifications in cancer. Clinical 
Genetics. 2012;81(4):303-311

[29] Inbar-Feigenberg M, Choufani S, 
Butcher DT, Roifman M, Weksberg R. 
Basic concepts of epigenetics. Fertility 
and Sterility. 2013;99(3):607-615

[30] Motolani A, Sun M, Martin M, 
Sun S, Lu T. Discovery of small molecule 
inhibitors for histone methyltransferases 
in cancer. In: Translational Research in 
Cancer. IntechOpen: London, England;  
2021

[31] Han M, Jia L, Lv W, Wang L,  
Cui W. Epigenetic enzyme mutations: 
Role in tumorigenesis and molecular 
inhibitors. Frontiers in Oncology. 
2019;9:194

[32] Maunakea AK, Chepelev I, Cui K, 
Zhao K. Intragenic DNA methylation 
modulates alternative splicing by 
recruiting MeCP2 to promote exon 
recognition. Cell Research. 2013;23(11): 
1256-1269

[33] Ma F, Zhang C-Y. Histone modifying 
enzymes: Novel disease biomarkers and 
assay development. Expert Review of 
Molecular Diagnostics. 2016;16(3): 
297-306

[34] Gräff J, Tsai L-H. Histone 
acetylation: Molecular mnemonics on 
the chromatin. Nature Reviews. 
Neuroscience. 2013;14(2):97-111

[35] Trisciuoglio D, Di Martile M, Del 
Bufalo D. Emerging role of histone 
acetyltransferase in stem cells and cancer. 
Stem Cells International. 2018;2018: 
8908751



17

Repurposing Market Drugs to Target Epigenetic Enzymes in Human Diseases
DOI: http://dx.doi.org/10.5772/intechopen.101397

[36] Seto E, Yoshida M. Erasers of 
histone acetylation: The histone 
deacetylase enzymes. Cold Spring 
Harbor Perspectives in Biology. 
2014;6(4):a018713

[37] Benton CB, Fiskus W, Bhalla KN. 
Targeting histone acetylation: Readers 
and writers in leukemia and cancer. 
Cancer Journal. 2017;23(5):286-291

[38] Morera L, Lübbert M, Jung M. 
Targeting histone methyltransferases 
and demethylases in clinical trials for 
cancer therapy. Clinical Epigenetics. 
2016;8(1):57

[39] D’Oto A, Tian Q-W, Davidoff AM, 
Yang J. Histone demethylases and their 
roles in cancer epigenetics. Medical 
Oncology. 2016;1(2):34

[40] Koch A, Joosten SC, Feng Z, de 
Ruijter TC, Draht MX, Melotte V, et al. 
Analysis of DNA methylation in cancer: 
Location revisited. Nature Reviews. 
Clinical Oncology. 2018;15(7):459-466

[41] Luo N, Nixon MJ, 
Gonzalez-Ericsson PI, Sanchez V, 
Opalenik SR, Li H, et al. DNA 
methyltransferase inhibition upregulates 
MHC-I to potentiate cytotoxic T 
lymphocyte responses in breast cancer. 
Nature Communications. 2018;9(1):248

[42] Su Y, Hopfinger NR, Nguyen TD, 
Pogash TJ, Santucci-Pereira J, Russo J. 
Epigenetic reprogramming of epithelial 
mesenchymal transition in triple 
negative breast cancer cells with DNA 
methyltransferase and histone 
deacetylase inhibitors. Journal of 
Experimental & Clinical Cancer 
Research. 2018;37(1):314

[43] Abbotts R, Topper MJ, Biondi C, 
Fontaine D, Goswami R, Stojanovic L, et 
al. DNA methyltransferase inhibitors 
induce a BRCAness phenotype that 
sensitizes NSCLC to PARP inhibitor and 
ionizing radiation. Proceedings of the 
National Academy of Sciences of the 

United States of America. 2019;116(45): 
22609-22618

[44] Cui H, Hu Y, Guo D, Zhang A, Gu Y, 
Zhang S, et al. DNA methyltransferase 
3A isoform b contributes to repressing 
E-cadherin through cooperation of DNA 
methylation and H3K27/H3K9 
methylation in EMT-related metastasis 
of gastric cancer. Oncogene. 2018; 
37(32):4358-4371

[45] Baylin SB, Jones PA. Epigenetic 
determinants of cancer. Cold Spring 
Harbor Perspectives in Biology. 
2016;8(9):a019505

[46] Esteller M. Epigenetics in cancer. 
The New England Journal of Medicine. 
2008;358(11):1148-1159

[47] Welti J, Sharp A, Brooks N,  
Yuan W, McNair C, Chand SN, et al. 
Targeting the p300/CBP axis in lethal 
prostate cancer. Cancer Discovery. 
2021;11(5):1118-1137

[48] Singh M, Bacolla A, Chaudhary S, 
Hunt CR, Pandita S, Chauhan R, et al. 
Histone acetyltransferase MOF 
orchestrates outcomes at the crossroad of 
oncogenesis, DNA damage response, 
proliferation, and stem cell development. 
Molecular and Cellular Biology. 2020; 
40(18):e00232-20

[49] Zucchetti B, Shimada AK, Katz A, 
Curigliano G. The role of histone 
deacetylase inhibitors in metastatic 
breast cancer. Breast. 2019;43:130-134

[50] Ropero S, Esteller M. The role of 
histone deacetylases (HDACs) in human 
cancer. Molecular Oncology. 2007;1(1): 
19-25

[51] Tian X, Zhang S, Liu H-M, Zhang 
Y-B, Blair CA, Mercola D, et al. Histone 
lysine-specific methyltransferases and 
demethylases in carcinogenesis: New 
targets for cancer therapy and 
prevention. Current Cancer Drug 
Targets. 2013;13(5):558-579



Drug Repurposing - Molecular Aspects and Therapeutic Applications

18

[52] Kim KH, Roberts CWM. Targeting 
EZH2 in cancer. Nature Medicine. 
2016;22(2):128-134

[53] Kumar A, Kumari N, Nallabelli N, 
Prasad R. Pathogenic and therapeutic role 
of H3K4 family of methylases and 
demethylases in cancers. Indian Journal 
of Clinical Biochemistry. 2019;34(2): 
123-132

[54] Yang Y, Bedford MT. Protein arginine 
methyltransferases and cancer. Nature 
Reviews. Cancer. 2013;13(1):37-50

[55] Prabhu L, Wei H, Chen L, Demir Ö, 
Sandusky G, Sun E, et al. Adapting 
AlphaLISA high throughput screen to 
discover a novel small-molecule 
inhibitor targeting protein arginine 
methyltransferase 5 in pancreatic and 
colorectal cancers. Oncotarget. 
2017;8(25):39963-39977

[56] Wei H, Wang B, Miyagi M, She Y, 
Gopalan B, Huang D-B, et al. PRMT5 
dimethylates R30 of the p65 subunit to 
activate NF-κB. Proceedings of the 
National Academy of Sciences of the 
United States of America. 2013;110(33): 
13516-13521

[57] Hartley A-V, Wang B, Mundade R, 
Jiang G, Sun M, Wei H, et al. PRMT5-
mediated methylation of YBX1 regulates 
NF-κB activity in colorectal cancer. 
Scientific Reports. 2020;10(1):15934

[58] Gan L, Cookson MR, Petrucelli L, 
La Spada AR. Converging pathways in 
neurodegeneration, from genetics to 
mechanisms. Nature Neuroscience. 
2018;21(10):1300

[59] Cuadrado-Tejedor M, Oyarzabal J, 
Lucas MP, Franco R, García-Osta A. 
Epigenetic drugs in Alzheimer’s disease. 
Biomolecular Concepts. 2013;4(5): 
433-445

[60] Huynh JL, Garg P, Thin TH, Yoo S, 
Dutta R, Trapp BD, et al. Epigenome-
wide differences in pathology-free regions 

of multiple sclerosis-affected brains. 
Nature Neuroscience. 2014;17(1):121-130

[61] Giralt A, Puigdellívol M, 
Carretón O, Paoletti P, Valero J, 
Parra-Damas A, et al. Long-term 
memory deficits in Huntington’s disease 
are associated with reduced CBP histone 
acetylase activity. Human Molecular 
Genetics. 2012;21(6):1203-1216

[62] Valor LM, Viosca J, Lopez-Atalaya JP, 
Barco A. Lysine acetyltransferases CBP 
and p300 as therapeutic targets in 
cognitive and neurodegenerative 
disorders. Current Pharmaceutical 
Design. 2013;19(28):5051-5064

[63] Jin H, Kanthasamy A, Ghosh A, 
Yang Y, Anantharam V, Kanthasamy AG. 
α-Synuclein negatively regulates protein 
kinase Cδ expression to suppress 
apoptosis in dopaminergic neurons by 
reducing p300 histone acetyltransferase 
activity. The Journal of Neuroscience. 
2011;31(6):2035-2051

[64] Bennett SA, Tanaz R, Cobos SN, 
Torrente MP. Epigenetics in amyotrophic 
lateral sclerosis: A role for histone 
post-translational modifications in 
neurodegenerative disease. Translational 
Research. 2019;204:19-30

[65] Akbarian S, Beeri MS, Haroutunian V. 
Epigenetic determinants of healthy and 
diseased brain aging and cognition. 
JAMA Neurology. 2013;70(6):711-718

[66] Li J, Hart RP, Mallimo EM, 
Swerdel MR, Kusnecov AW, Herrup K. 
EZH2-mediated H3K27 trimethylation 
mediates neurodegeneration in ataxia-
telangiectasia. Nature Neuroscience. 
2013;16(12):1745-1753

[67] Ryu H, Lee J, Hagerty SW, Soh BY, 
McAlpin SE, Cormier KA, et al. ESET/
SETDB1 gene expression and histone H3 
(K9) trimethylation in Huntington’s 
disease. Proceedings of the National 
Academy of Sciences of the United States 
of America. 2006;103(50):19176-19181



19

Repurposing Market Drugs to Target Epigenetic Enzymes in Human Diseases
DOI: http://dx.doi.org/10.5772/intechopen.101397

[68] Ordovás JM, Smith CE. Epigenetics 
and cardiovascular disease. Nature 
Reviews. Cardiology. 2010;7(9):510-519

[69] Zaina S, Heyn H, Carmona FJ, 
Varol N, Sayols S, Condom E, et al. DNA 
methylation map of human athero-
sclerosis. Circulation. Cardiovascular 
Genetics. 2014;7(5):692-700

[70] Movassagh M, Choy M-K, 
Goddard M, Bennett MR, Down TA, 
Foo RS-Y. Differential DNA methylation 
correlates with differential expression 
of angiogenic factors in human heart 
failure. PLoS One. 2010;5(1):e8564

[71] Liang M. Epigenetic mechanisms 
and hypertension. Hypertension. 
2018;72(6):1244-1254

[72] Lee T-M, Lin M-S, Chang N-C. 
Inhibition of histone deacetylase on 
ventricular remodeling in infarcted rats. 
American Journal of Physiology. Heart 
and Circulatory Physiology. 2007;293(2): 
H968-H977

[73] Zhong J, Colicino E, Lin X, Mehta A, 
Kloog I, Zanobetti A, et al. Cardiac 
autonomic dysfunction: Particulate air 
pollution effects are modulated by 
epigenetic immunoregulation of Toll-like 
receptor 2 and dietary flavonoid intake. 
Journal of the American Heart 
Association. 2015;4(1):e001423

[74] Zaidi S, Choi M, Wakimoto H, 
Ma L, Jiang J, Overton JD, et al. De novo 
mutations in histone-modifying genes 
in congenital heart disease. Nature. 
2013;498(7453):220-223

[75] Raveendran VV, Al-Haffar K, 
Kunhi M, Belhaj K, Al-Habeeb W, 
Al-Buraiki J, et al. Protein arginine 
methyltransferase 6 mediates cardiac 
hypertrophy by differential regulation 
of histone H3 arginine methylation. 
Heliyon. 2020;6(5):e03864

[76] Dueñas-Gonzalez A, Coronel J, 
Cetina L, González-Fierro A, 

Chavez-Blanco A, Taja-Chayeb L. 
Hydralazine-valproate: A repositioned 
drug combination for the epigenetic 
therapy of cancer. Expert Opinion on 
Drug Metabolism & Toxicology. 
2014;10(10):1433-1444

[77] Li Y-C, Wang Y, Li D-D, Zhang Y, 
Zhao T-C, Li C-F. Procaine is a specific 
DNA methylation inhibitor with 
anti-tumor effect for human gastric 
cancer. Journal of Cellular Biochemistry. 
2018;119(2):2440-2449

[78] Gradinaru D, Ungurianu A, 
Margina D, Moreno-Villanueva M, 
Bürkle A. Procaine-the controversial 
geroprotector candidate: New insights 
regarding its molecular and cellular 
effects. Oxidative Medicine and Cellular 
Longevity. 2021;2021:3617042

[79] Montalvo-Casimiro M, 
González-Barrios R, 
Meraz-Rodriguez MA, 
Juárez-González VT, Arriaga-Canon C, 
Herrera LA. Epidrug repurposing: 
Discovering new faces of old 
acquaintances in cancer therapy. Frontiers 
in Oncology. 2020;10:605386

[80] Di Bello E, Zwergel C, Mai A, 
Valente S. The innovative potential of 
statins in cancer: New targets for new 
therapies. Frontiers in Chemistry. 
2020;8:516

[81] Singh RS, Chaudhary DK, Mohan A, 
Kumar P, Chaturvedi CP, Ecelbarger CM, 
et al. Greater efficacy of atorvastatin 
versus a non-statin lipid-lowering agent 
against renal injury: Potential role as a 
histone deacetylase inhibitor. Scientific 
Reports. 2016;6:38034

[82] Kumari K, Keshari S, Sengupta D, 
Sabat SC, Mishra SK. Transcriptome 
analysis of genes associated with breast 
cancer cell motility in response to 
Artemisinin treatment. BMC Cancer. 
2017;17(1):1-13

[83] Bridgeman SC, Ellison GC, 
Melton PE, Newsholme P, Mamotte CDS. 



Drug Repurposing - Molecular Aspects and Therapeutic Applications

20

Epigenetic effects of metformin: From 
molecular mechanisms to clinical 
implications. Diabetes, Obesity and 
Metabolism. 2018;20(7):1553-1562

[84] Kong X, Chen L, Jiao L, Jiang X, 
Lian F, Lu J, et al. Astemizole arrests the 
proliferation of cancer cells by disrupting 
the EZH2-EED interaction of polycomb 
repressive complex 2. Journal of 
Medicinal Chemistry. 2014;57(22): 
9512-9521

[85] Auffret M, Drapier S, Vérin M. New 
tricks for an old dog: A repurposing 
approach of apomorphine. European 
Journal of Pharmacology. 2019;843:66-79

[86] Catalano R, Rocca R, Juli G,  
Costa G, Maruca A, Artese A, et al. A 
drug repurposing screening reveals a 
novel epigenetic activity of 
hydroxychloroquine. European Journal 
of Medicinal Chemistry. 2019;183:111715

[87] Lu T, Prabhu L, Martin M. 
Repurposing FDA-approved drugs as a 
novel cancer therapeutic avenue through 
inhibitor of PRMT5. PCT/US Patent 
Application PCT/US2020-067694 
[Filed: 31 December 2020]

[88] Prabhu L, Martin M, Chen L, 
Demir Ö, Jin J, Huang X, et al. 
Repurposing market drugs as a novel 
cancer therapeutic avenue through 
inhibition of PRMT5. Genes and 
Diseases. 2021

[89] Park H, Han K-M, Jeon H, Lee J-S, 
Lee H, Jeon SG, et al. The MAO inhibitor 
tranylcypromine alters LPS- and 
Aβ-mediated neuroinflammatory 
responses in wild-type mice and a mouse 
model of AD. Cell. 2020;9(9):1982

[90] Zheng YC, Yu B, Jiang GZ,  
Feng XJ, He PX, Chu XY, et al. 
Irreversible LSD1 inhibitors: Application 
of tranylcy promine and its derivatives 
in cancer treatment. Current Topics in 
Medicinal Chemistry. 2016;16(19): 
2179-2188

[91] Gross ME, Agus DB, Dorff TB, 
Pinski JK, Quinn DI, Castellanos O, et 
al. Phase 2 trial of monoamine oxidase 
inhibitor phenelzine in biochemical 
recurrent prostate cancer. Prostate 
Cancer and Prostatic Diseases. 
2021;24(1):61-68

[92] Lee HT, Jung KH, Kim SK, 
Choi MR, Chai YG. Effects of pargyline 
on cellular proliferation in human breast 
cancer cells. Molecular & Cellular 
Toxicology. 2012;8(4):393-399

[93] Jiang H, Xing J, Wang C, Zhang H, 
Yue L, Wan X, et al. Discovery of novel 
BET inhibitors by drug repurposing of 
nitroxoline and its analogues. Organic & 
Biomolecular Chemistry. 2017;15(44): 
9352-9361

[94] Wakchaure P, Velayutham R, 
Roy KK. Structure investigation, 
enrichment analysis and structure-
based repurposing of FDA-approved 
drugs as inhibitors of BET-BRD4. 
Journal of Biomolecular Structure & 
Dynamics. 2019;37(12):3048-3057

[95] Coronel J, Cetina L, Pacheco I, 
Trejo-Becerril C, González-Fierro A, de 
la Cruz-Hernandez E, et al. A double-
blind, placebo-controlled, randomized 
phase III trial of chemotherapy plus 
epigenetic therapy with hydralazine 
valproate for advanced cervical cancer. 
Preliminary results. Medical Oncology. 
2011;28(S1):S540-S546

[96] Xu Z, Li X. DNA methylation in 
neurodegenerative disorders. Current 
Geriatrics Reports. 2012;1(4):199-205

[97] Yoon S, Eom GH. HDAC and HDAC 
inhibitor: From cancer to cardiovascular 
diseases. Chonnam Medical Journal. 
2016;52(1):1-11

[98] Duvic M, Vu J. Vorinostat: A new oral 
histone deacetylase inhibitor approved 
for cutaneous T-cell lymphoma. Expert 
Opinion on Investigational Drugs. 
2007;16(7):1111-1120



21

Repurposing Market Drugs to Target Epigenetic Enzymes in Human Diseases
DOI: http://dx.doi.org/10.5772/intechopen.101397

[99] Lee H-Z, Kwitkowski VE, Del 
Valle PL, Ricci MS, Saber H, 
Habtemariam BA, et al. FDA approval: 
Belinostat for the treatment of patients 
with relapsed or refractory peripheral 
T-cell lymphoma. Clinical Cancer 
Research. 2015;21(12):2666-2670

[100] Davies JT, Delfino SF, Feinberg CE, 
Johnson MF, Nappi VL, Olinger JT, et al. 
Current and emerging uses of statins in 
clinical therapeutics: A review. Lipid 
Insights. 2016;9:13-29

[101] Moreira-Silva F, Camilo V, 
Gaspar V, Mano JF, Henrique R, 
Jerónimo C. Repurposing old drugs into 
new epigenetic inhibitors: Promising 
candidates for cancer treatment? 
Pharmaceutics. 2020;12(5):410

[102] Baell JB, Miao W. Histone 
acetyltransferase inhibitors: Where art 
thou? Future Medicinal Chemistry. 
2016;8(13):1525-1528

[103] Zhu M-R, Du D-H, Hu J-C, Li L-C, 
Liu J-Q, Ding H, et al. Development of a 
high-throughput fluorescence 
polarization assay for the discovery of 
EZH2-EED interaction inhibitors. Acta 
Pharmacologica Sinica. 2018;39(2): 
302-310

[104] Carbone F, Djamshidian A, 
Seppi K, Poewe W. Apomorphine for 
Parkinson’s disease: Efficacy and safety 
of current and new formulations. CNS 
Drugs. 2019;33(9):905-918

[105] Kim YZ. Protein methylation and 
demethylation in cancer. International 
Journal of Neurology Research. 2015;1(3): 
129-140

[106] Morgado-Pascual JL, 
Rayego-Mateos S, Tejedor L, 
Suarez-Alvarez B, Ruiz-Ortega M. 
Bromodomain and extraterminal proteins 
as novel epigenetic targets for renal 
diseases. Frontiers in Pharmacology. 
2019;10:1315

[107] Piha-Paul SA, Hann CL, 
French CA, Cousin S, Braña I, 
Cassier PA, et al. Phase 1 study of 
molibresib (GSK525762), a 
bromodomain and extra-terminal 
domain protein inhibitor, in NUT 
carcinoma and other solid tumors. JNCI 
Cancer Spectrum. 2020;4(2):kz093

[108] Naveja JJ, Dueñas-González A, 
Medina-Franco JL. Drug repurposing 
for epigenetic targets guided by 
computational methods. In: Epi-
Informatics. Amsterdam, Netherlands: 
Elsevier; 2016. pp. 327-357

[109] Hernandez JJ, Pryszlak M, Smith L, 
Yanchus C, Kurji N, Shahani VM, et al. 
Giving drugs a second chance: 
Overcoming regulatory and financial 
hurdles in repurposing approved drugs 
as cancer therapeutics. Frontiers in 
Oncology. 2017;7:273

[110] Méndez-Lucio O, Tran J, 
Medina-Franco JL, Meurice N, Muller M. 
Toward drug repurposing in epigenetics: 
Olsalazine as a hypomethylating 
compound active in a cellular context. 
ChemMedChem. 2014;9(3):560-565


