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Introduction

In virtue of its human toxicity, sulfur mustard (SM) has 
been used as a warfare agent in several conflicts since 
World War I (Borak and Sidell 1992). During World War II 
results of an accidental exposure to mustard demonstrated 
that its cytotoxic effects especially on rapidly proliferating 
cells may be helpful in some hematopoietic cancers such as 
lymphoma (Christakis 2011). Therefore, to improve anti-
neoplastic effect and modulate its toxicity, a lot of mustard 
derivatives have been synthesized ever since (Amira et al. 
2015; Mezencev et al. 2009; Sunters et al. 1992). However, 
there are some reports based on the secondary cancers as 
a result of the application of these agents in cancer treat-
ment (Lee et al. 1982). Thus, chronic exposure to SM may 
also be contributed to the cancer progression (Saladi et al. 
2006). The studies of evaluating the risk of cancer in British 
and Japanese factory workers engaged in the manufacturing 
of mustard gas revealed that mortality due to respiratory 
tract cancers was significantly higher in these population 
compared with non-exposed subjects. Moreover, small risk 
elevations for non-Hodgkin’s lymphoma and leukemia were 
found among these workers (Easton et al. 1988; Nishimoto 
et al. 1986; Wada et al. 1968). Recent report from retired 
workers of these factories also indicated significant deaths 
from respiratory tract and liver cancers (Mukaida et al. 
2017). Furthermore, it is assumed that acute exposure to 
SM can be a potential risk factor for cancer (Razavi et al. 
2016). Regarding the report by National Academy of Sci-
ences, US Department of Veterans Affairs, SM increases the 
risk of lung, skin, and hematopoietic cancers (Balali-Mood 
2015). Epidemiologic studies on Iranian veterans showed 
significant rises of lung, skin, and blood cancers in this com-
munity. The most prevalent type of lung cancer observed 
was squamous-cell carcinoma. In the case of skin cancer, 
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the most common cancers were squamous and basal cell 
carcinoma, and in the case of blood cancer, the most com-
mon ones were leukemia and cutaneous lymphoma (Emadi 
et al. 2008; Ghabili et al. 2010; Zafarghandi et al. 2013). 
Moreover, in a meta-analysis of SM carcinogenesis in Ira-
nian veterans, it was found that the risk of carcinogenesis in 
this population is significantly greater than worldwide can-
cer incidence (Panahi et al. 2015). In another observational 
study, most frequent malignancies reported from American 
veterans were skin cancer followed by cancers of the lung, 
prostate, and bladder (Pechura and Rall 1993). Although 
melanoma was not reported in any literature, the skin com-
plications in the veterans or factory workers such as scars, 
intertrigo, and hyperpigmentation might be the risk factors 
for melanoma (Elwood and Koh 1994; Emadi et al. 2008).

Notably, there is still no effective treatment for SM long-
term complications despite more than 100 years of its use 
as a chemical weapon; further investigations are required to 
develop effective therapeutics. In the context of treatment 
of SM-related cancers to choose the appropriate treatment, 
it is important to learn the common therapeutic options and 
new opportunities. Currently, general treatments for cancer 
include chemotherapy, radiotherapy, hormone therapy, and 
mastectomy (dos Santos Guimarães et al. 2013; Falk 2009). 
Because of many adverse effects due to their poor selectiv-
ity, novel/efficient and safe treatments are necessary to be 
explored. Immunotherapy has recently proved its clinical 
utility with some approved medications in different kinds 
of cancers (Durrant and Scholefield 2009). Immunotherapy 
approaches have been demonstrated as suitable alterna-
tives to the conventional cancer treatments. However, there 
are still some issues having to be dealt with in this regard 
(Michot et al. 2016). Other novel strategies predicted to be 
main parts of cancer therapy regimens include gene and 

epigenetic therapies. So far, gene therapy has shown remark-
able benefits through specific targeting of tumor genes that 
promote malignant behavior and treatment resistance. In 
addition, gene therapy methods have been used to create 
recombinant cancer vaccines (Cross and Burmester 2006). 
Genetically engineered cancer vaccines have been proven 
highly efficient in clinical trials and can be potentially use-
ful in treatment regimens of cancer patients (Palucka and 
Banchereau 2013). Aside from genetic view, epigenetic 
regulation disturbance has been found to be strongly associ-
ated with wide ranges of diseases specially cancer (Hodjat 
et al. 2017; Saeidnia and Abdollahi 2013). Accordingly, 
identification and targeting these perturbations would be a 
promising opportunity in cancer pathophysiology and treat-
ment (Biswas and Rao 2017). Available gene and epigenetic 
therapeutics in the pharmaceutical market have achieved out-
standing results in cancer treatment, alone or in combination 
with other regimens. They have shown significant improve-
ment in the patient’s quality of life. In the present study, 
genetic and epigenetic mechanisms of SM toxicity have been 
discussed; novel anticancer medications with genetic and 
epigenetic mechanisms as being the potential choices for 
treatment of SM-related cancers have been summarized and 
their safety and effectiveness have been reviewed (Fig. 1).

Methods

We conducted an organized search on Google Scholar, 
Science Direct, Up to Date, Medline, PubMed, Reaxys, 
Cochrane Library, and Scopus databases. For SM carcino-
genicity due to acute or chronic exposure, the entire original 
and review articles were gathered and evaluated. Further-
more, studies which evaluated the therapeutic effects of 

Fig. 1   Main mechanisms of sulfur mustard carcinogenicity. Sulfur 
mustard can exert its carcinogenesis effect through genetic and epi-
genetic mechanisms; genotoxicity of sulfur mustard can be attributed 
to alkylation of nucleic acids and subsequent inhibition of mitosis. 
Sulfur mustard exposure could also result in point mutation of cer-

tain cell cycle regulatory genes such as P53. In epigenetic point of 
view, sulfur mustard can cause gene regulation perturbations in DNA 
methylation pattern, histone modification machinery, and non-coding 
RNAs expression. SM sulfur mustard, MiR micro-RNA, DNA deoxy-
ribonucleic acid
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available genetic and epigenetic medications on the phar-
maceutical market for cancer treatment were included. For 
each medication, data of phase III clinical studies in various 
types of cancers alone or concurrently with other cancer 
therapeutic regimens were extracted. Safety and efficacy 
of these medications regarding to the patient’s quality of 
life improvement were assessed and discussed separately. 
There was no limitation related to specific periods of time 
in searching databases.

Genetic landscape

Genetic toxicology describes the detrimental effects of 
chemical and physical agents on genetic material resulting in 
DNA damage and the development of subsequent malignan-
cies. It has been well established that DNA damages which 
are not repaired can result in a high-frequency mutations 
that drive carcinogenesis process. These mutations are also 
responsible for long-term adverse effects of genotoxins and 
may be inherited through generations (Beedanagari et al. 
2014).

SM is rated by the International Agency for Research on 
Cancer (IARC) as a human carcinogen (https://www.iarc.fr/) 
a matter that has been confirmed by epidemiological studies 
(Ghanei and Vosoghi 2002; Nishimoto et al. 1986). Follow-
ing acute or chronic exposure, SM exerts its genotoxicity 
effects via interaction with chromosome. Through this reac-
tion, DNA undergoes alkylation at specific regions that can-
not be retrieved by DNA repair systems (Batal et al. 2014). 
For example alkylation of O6-guanine results in the forma-
tion of O6-ethylthioethylguanine which is a poor substrate 
for the DNA repair enzyme O6-alkylguanine-DNA alkyl-
transferase (Ludlum et al. 1986). It has been demonstrated 
that the alkylating agents produce a wide range of cytologi-
cal effects in which initiating the apoptosis pathways seems 
to be the most crucial one. SM also can cause DNA cross-
linking which can occur between two groups on the same 
polynucleotide chain or on two different chains. Cell death 
from DNA alkylation or cross-linking is delayed until the 
cell undergoes mitosis; chromosome breaks and inhibition 
of nucleic acid synthesis result in disruption of cell division 
process (Wheeler 1962). Although SM can react with RNA, 
proteins, and phospholipids, the general agreement is that 
DNA alkylation plays an important role in SM delayed toxic 
effects (Balali-Mood 2015; Khan et al. 2017a). Mutation in 
an oncogene or a tumor suppressor gene is one of the other 
proposed mechanisms for SM genotoxicity. In addition, 
SM exposure can lead to mutations in DNA repair genes. 
Mutation in these genes may augment the degree of DNA 
damage or accelerate mutation procedure (Behravan et al. 
2013). Based on a report, double mutations (G:C to A:T) 
in lung cancer cases among Japanese mustard gas workers 

were significantly higher in comparison with non-exposed 
subjects (Takeshima et al. 1994). These mutations were also 
observed in Iranian veterans who had acute exposure to SM 
and suffered from lung cancer (Hosseini-khalili et al. 2009).

To completely elucidate the exact mechanism of SM 
genotoxicity, further researches are still required.

Gene therapeutics

Gene therapy is almost a new technique to treat a wide 
range of genetic disorders especially cancer by inserting a 
manipulated gene into the defective cell (Ginn et al. 2013). It 
includes two main strategies: (1) gene replacement, delivery 
of the normal gene into the cells to amend the function of the 
cell through correcting the functional protein and (2) gene 
silencing, the process in which an antisense RNA is used to 
silence an overexpressed gene by coupling with the specific 
site of mRNA through Watson and Crick base pairing which 
leads to inhibition of the transcription (Janssen et al. 2016). 
In a successful gene therapy approach, the gene therapeutics 
should be delivered safely and effectively to the target tissue. 
Delivery of the therapeutic genes can be accomplished by 
physical (ultra sound and electroporation) (Ibraheem et al. 
2014), chemical (lipid and polymer-based gene vehicles) 
(de Ilarduya et al. 2010), and biological methods (bacteria, 
viruses, and exosomes) (Seow and Wood 2009). Viruses 
were the first vectors applied in gene therapy procedures. 
Despite the concerning issues about their safety, viruses have 
distinctive features that make them suitable gene delivery 
vehicles in clinical aspects and they are the only vehicles 
employed in the current gene therapy medications (Ni et al. 
2016). Up to now, several gene therapy clinical trials with 
various gene vehicles have been conducted in different types 
of cancers. Herein, worldwide available gene therapeutics 
for cancer treatment are summarized.

Definitions

Complete response (CR): the disappearance of all signs of 
cancer in response to treatment.

Partial response (PR): a decrease in the size of a tumor in 
response to treatment.

Stable disease (SD): the situation which no shrinkage or 
expansion of tumor is observable.

Overall survival (OS): the length of timle from the start of 
the treatment for cancer, that patients are still alive.

Overall survival rate (OSR): the percentage of people in 
a study who are still alive for a certain period of time after 
the initiation of treatment.

Objective response rate (ORR): the percentage of patients 
who have a measurable reduction in tumor size after the 
initiation of treatment.

https://www.iarc.fr/
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Median survival time (MST): the time when half the 
patients are expected to be alive after certain treatment.

Disease-free survival (DFS) or relapse-free survival 
(RFS): the length of time after a treatment regimen that 
the patient survives without any signs or symptoms of the 
cancer.

Progression-free survival (PFS): the length of time during 
and after the treatment initiation that patients do not experi-
ence disease development.

Durable response: a long-lasting positive reaction to treat-
ment which lasts at least a year.

Durable response rate (DRR): the percentage of patients 
who have a long-lasting positive reaction to treatment.

Gendicine™

Gendicine™ was the first worldwide gene therapeutic 
approved by the Food and Drug Administration of China 
(CFDA) in 2003 for the treatment of head and neck squa-
mous-cell carcinoma (HNSCC) and became the world’s 
first cancer gene therapy medication. It contains p53 tumor 
suppressor gene delivered by a recombinant adenoviral vec-
tor (Ad-p53) (Pearson et al. 2004). P53 gene is involved in 
different cell cycle regulatory mechanisms such as apop-
tosis, cell senescence, differentiation, angiogenesis, cell 
migration, cell metabolism, and DNA repair. Its mutation 
or deletion is observed in several malignancies. Therefore, 
many clinical trials including head and neck squamous-cell 
carcinoma, lung, breast, pancreatic, and liver cancers focus 
on overexpressing p53 to restore its function and demolish 
the tumor cells (Bressy et al. 2017). However, the efficacy 
of this transfection is not that simple and depends on many 
factors. In case of Ad-p53, the expression level of type 5 Ad 
receptors is one of the determinative factors in therapeutic 
efficacy. The poor therapeutic effect is observed in tumor 
cells with low levels of Ad 5 receptors. For instance, pro-
duction of Ad-neutralizing antibodies, which are promoted 
post-administration of Ad, is a limitation of transfection. 
It has been reported that about 60% or more of the world 
population are are positive for anti-Ad5 antibody before any 
administration. Therefore, level of neutralizing antibody 
may rise after a single Ad administration. Furthermore, 
based on preclinical and clinical researches, Ad-p53 may 
be more effective in tumors with mutated p53 due to intact 
downstream pathways. In this regard, wild-type p53-bearing 
tumor cells might have mutated p53-downstream cascades 
that give rise to treatment resistance despite super-induction 
of p53. Tumors with epigenetically dysregulated p53 gene 
have shown minimal therapeutic response to Ad-p53 similar 
to wild-type p53-bearing tumors (Ma et al. 2008).

Gendicine approval was based on small phase II clinical 
trials that showed its efficacy in 64% of head and neck can-
cer patients with concurrent radiotherapy (Ma et al. 2008). 

Meta-analysis of 12 clinical trial results revealed that com-
plete remission (CR) and overall response (OR) were signifi-
cantly improved in the combinational regimen of Gendicine 
and conventional chemotherapy (radiotherapy and chemo-
therapy) and patients who received the combination therapy 
(Gendicine and conventional therapy) showed significantly 
prolonged 1- and 2-year overall survival (OS) and 2-year 
disease-free survival (DFS) (Yuan et al. 2016). Phase III 
clinical study of combination of Gendicine with the conven-
tional chemotherapy regimen in advanced (stage III or IV) 
squamous oral cancer treatment revealed that intraarterial 
infusion of Gendicine with concurrent chemotherapeutics, 
significantly improved the survival rate of patients with stage 
III but not stage IV oral cancer compared with chemotherapy 
regimen alone. Phase I clinical study of Gendicine in 15 
lung cancer patients with intratumoral injection indicated 
that 46.7% of assessed patients had stable disease (SD) and 
33.3% showed partial response (PR). In another phase I 
clinical study, 15 patients with advanced lung cancer were 
treated with Gendicine in combination with the conventional 
chemotherapy and 46.7% of them responded to the regimen 
partially or completely (Zhang and Lu 2012).

Advexin™ (Contusugene Ladenovec Gendux) is another 
Ad-p53 gene therapeutic for treatment of HNSCC which its 
manufacturer, Introgen Therapeutics, claims that SiBiono’s 
Gendicine is similar to its own investigational medicine. 
Gendicine and Advexin are essentially the same medica-
tions. Even so, Advexin was not approved by the U.S. FDA 
or European Medicine Agency (EMA) due to the lack of 
safety and efficacy benefit (European Medicines Agency 
2009).

Rigvir™

Oncolytic viruses are therapeutics that have either been 
naturally selected or genetically manipulated to specifi-
cally replicate in tumor cells. The selectivity of oncolytic 
viruses is originated from the specific mutations occurred 
in cancerous cells (Bell et al. 2003). Rigvir™ was the first 
commercial oncolytic virus which was approved in 2004 
by the State Agency of Medicines of the Republic of Lat-
via for treatment of various types of malignancies. It is 
a non-genetically modified, non-pathogenic enterovirus 
which due to its potential oncolytic activity can induce 
cancerous cell apoptosis regardless of the tumour type. 
According to its receptor specificity for CD55, a receptor 
associated with cancer immunoescape in several malignan-
cies, Rigvir can attach to the cancer cell membrane and 
block the receptor which results in the expose of tumor 
cells to the immune system and subsequently tumor cell 
destruction by means of cytotoxic T lymphocytes (Pio 
et al. 2014). Furthermore, activation of humoral immunity 
and induction of interferon simultaneously with activation 
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of cellular T-system immunity are the other immunomodu-
latory mechanisms of Rigvir. Its randomized clinical trials 
in almost 2000 patients with different malignancies such as 
melanoma, prostate, and lung cancers revealed that disease 
progression-free survival was significantly increased in 
Rigvir administered patients (Alberts et al. 2016; Babiker 
et al. 2017; Bruvere et al. 2006; Doniņa et al. 2015).

Oncorine™

H101 is another oncolytic virus type-5 adenovirus (Ad5) 
which two segments of its genome have been deleted: one 
is responsible for adenovirus virulence and the other is in 
control of p53-binding and inactivation. By deletion of 
the latter, the virus would not be able to inactivate p53 for 
efficient replication in normal cells. On the contrary, once 
a cancerous cell with the p53 mutated gene is infected by 
the virus, it would be exploded as a result of virus replica-
tion. In 2005, Chinese FDA (CFDA) approved Sunway’s 
H101 under the trade name of Oncorine™, for treatment 
of head and neck squamous-cell carcinoma. Pivotal study 
for its approval was a phase III clinical trial in which H101 
was added to the chemotherapy regimen of 160 HNSCC 
patients; the results showed that 74% of enrolled patients 
experienced a reduction in the size of tumors compared to 
40% of patients receiving chemotherapy alone (Ma et al. 
2008). In another phase III clinical study, combination 
of Oncorine and cisplatin–fluorouracil regimen in treat-
ing squamous-cell cancer of head and neck or esophagus 
improved overall response rate approximately twofold 
compared to cisplatin–fluorouracilalone (78.8 vs. 39.6%). 
Nevertheless, the therapeutic efficacy of combination regi-
men of Oncorine–adriamycin–fluorouracil did not differ 
from adriamycin–fluorouracil alone (Xia et  al. 2004). 
Results of a retrospective study revealed that Oncorine 
could provide a 7-month survival benefit, but this improve-
ment was not significant. To increase survival benefit, the 
company started new phase III clinical studies with a 
greater number of eligible patients (Guo and Xin 2006).

The efficacy of Oncorine™ in combination with chemo-
therapy regimen in lung cancer treatment was evaluated in 
a phase I clinical study. Results indicated that Oncorine 
in lung cancer was safe, but the efficacy was not as great 
as in the case of head and neck cancer (Ma et al. 2008).

Oncorineis analogous to Onyx-015 was made by Onyx 
Pharmaceuticals. Whereas U.S. FDA did not approve 
Onyx-015 for treatment of HNSCC due to the limited 
benefit on patients’ life extension, Oncorine manufacturer 
bought the worldwide rights to Onyx-015 technology 
from Onyx in 2005 and succeeded to gain CFDA approval 
(Wirth and Ylä-Herttuala 2014).

Imlygic™

Talimogene laherparepvec or T-VEC (Imlygic™, formerly 
called OncoVexGM-CSF) is the third gene therapy medica-
tion with a virotherapeutic strategy; it contains an oncolytic 
herpes simplex virus which has been genetically engineered, 
so that the virulence region of the genome has been replaced 
by the gene of human granulocyte–macrophage colony-stim-
ulating factor (GM-CSF) to improve host immune defense 
against tumor cells. Hence, similar to Rigvir™, it has dual 
mechanisms: virotherapy, selective infection and demo-
lition of cancerous cells which have low levels of protein 
kinase R (PKR) and dysfunctional type 1 interferon sign-
aling elements, immunotherapy, and subsequent exposure 
of tumor-associated antigens to the immune system which 
is enhanced by viral expression of GM-CSF. Imlygic was 
approved in 2015 by TGA (Therapeutic Goods Administra-
tion of Australia), U.S. FDA, and EMEA. It is indicated for 
the local treatment of unresectable cutaneous, subcutane-
ous, and nodal lesions in patients with recurrent melanoma 
after the initial surgery. The pivotal study for its approval 
was a phase III clinical trial in which late stage melanoma 
patients with unresectable but accessible lesions received 
T-VEC or GM-CSF. Subjects receiving T-VEC had a signifi-
cantly increased durable response and overall response rate 
compared to GM-CSF. Besides, 26.4% of patients in T-VEC 
group experienced a tumor size reduction compared to 5.7% 
of cases in GM-CSF group. In this trial, T-VEC was associ-
ated with a 10.8% complete response rate, which included 
regression in injected and non-injected lesions compared to 
1% complete response rate for GM-CSF. However, it has not 
been shown to improve overall survival or prevent metasta-
ses (Andtbacka et al. 2014; Kaufman and Bines 2010).

The presence of melanoma antigen, which is recog-
nized by T cells (MART-1) specific CD8+ T cells in tumors 
injected with T-VEC, demonstrates tumor-specific immune 
responses (Johnson et al. 2015; Kohlhapp and Kaufman 
2016).

Currently, T-VEC is being studied in combination with 
other immunotherapies such as monoclonal antibodies and 
also in other solid tumors such as head and neck cancer, and 
preliminary data have shown promising results (Doepker and 
Zager 2016; Greig 2016) (Table 1).

Cancer vaccines

The idea of cancer vaccine comes from the use of tumor 
antigens to augment immune recognition of cancerous 
cells, and thus, specific lymphocytes can target these tumor 
antigens and provoke T-cell-mediated tumor eradication. 
Therapeutic cancer vaccines have been shown to be much 
less toxic than the conventional therapies. Thus, they can 
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significantly improve the patient’s quality of life. As the pre-
dominant antigen presenting cell, application of dendritic 
cell in cancer vaccines is a promising option for therapeu-
tic vaccine development. Genetic modification of dendritic 
cells to express tumor antigens and/or immunomodulatory 
cytokines can improve their capacity to stimulate a strong 
antitumor immune response and subsequent tumor destruc-
tion (Arnouk 2012; Farkas et al. 2006). Herein, genetically 
engineered therapeutic cancer vaccines entering pharmaceu-
tical market have been reviewed.

Cimavax‑EGF

Cimavax-EGF is a therapeutic cancer vaccine used in non-
small cell lung cancer (NSCLC). It comprises human recom-
binant epidermal growth factor (EGF) which leads to EGF 
antibody production in the patient’s body and subsequent 
blockade of epidermal growth factor binding to its recep-
tor, EGFR, which is expressed in 40–80% of lung cancer 
cells. Since this blockade only results in tumor growth inhi-
bition and the vaccine does not exert any cytotoxic effect 
against tumor cells, it can be considered as a preventive 
vaccine rather than a therapeutic one. Phase III clinical 
trial results revealed that median survival time was signifi-
cantly increased in patients receiving the vaccine as main-
tenance therapy compared with control group (12.43 vs. 
9.43 months) (Rodriguez et al. 2016). Cimavax-EGF has 
been developed in Cuba; it was approved by the Cuban regu-
latory authority in 2008 for the use in adults with non-small 
cell lung cancer. Recently, U.S. FDA approved its clinical 
trial on U.S. patients.

Provenge™

Sipuleucel-T was the first therapeutic cancer vaccine 
approved by U.S. FDA in 2010 for the treatment of asympto-
matic or minimally symptomatic metastatic hormone refrac-
tory prostate cancer under the trade name of Provenge™. 
It is composed of autologous dendritic cells isolated from 
prostate cancer patients and are genetically manipulated with 
the purpose of presenting prostatic acid phosphatase (PAP) 
with concurrent GM-CSF gene expression. PAP antigen is a 
tumor-specific antigen which is expressed by almost 95% of 
prostate cancer cells. Afterward, the cells transferred back 
into the patient’s body, present the PAP-derived epitopes to 
the immune system leading to the activation of PAP-specific 
cytotoxic T-cell immune responses. In phase III randomized 
clinical trials, Sipuleucel-T showed a statistically significant 
median overall survival of 25.9 months compared with pla-
cebo (Small et al. 2006). Men receiving Sipuleucel-T expe-
rienced more than 20% mortality risk reduction compared 
with the control group (Higano et al. 2009; Kantoff et al. 
2010). The efficacy of vaccination in androgen-dependent Ta
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prostate cancer was evaluated in a randomized phase III 
clinical trial and the results indicated that Sipuleucel-T can 
produce a long- lasting T-cell activation for 67.4 months 
(Beer et al. 2011) (Table 2).

Taking collectively, intratumoral injection of therapeutic 
medications can be a favorable route of administration with 
minimal therapeutic dose and the slight systemic adverse 
events in the case of accessible tumors. Most of the cur-
rent gene therapeutics including Gendicine, Oncorine, and 
Imlygic serve this goal in the treatment of unresectable or 
locally advanced stage tumors such as squamous head and 
neck cell carcinoma and melanoma. Based on the avail-
able literature, Gendicine can strongly eradicate the tumor 
in combination with radiation or chemotherapy in SHNCC 
and other solid tumors such as lung and liver cancer. Sig-
nificant prolongation of overall survival and disease-free 
survival in the patients participating in Gendicine clinical 
trials indicates the potential effective role of Gendicine in 
the solid tumors treatment regimens. In addition, the most 
common adverse effect the enrolled patients in these clini-
cal trials experienced was the slight immune reaction. On 
the other hand, Oncorine only succeeded in combination 
of certain chemotherapy regimens, and despite significant 
overall response, it could not be able to improve overall sur-
vival in SHNCC patients. At the current time, Imlygic, the 
only U.S. FDA gene therapeutic for melanoma treatment, 
with dual mechanisms of action and intralesional route of 
administration has attained outstanding durable responses 
in clinical trials and also in the market. It can be consid-
ered as a viable monotherapy option or in combination with 
other immunotherapeutics, in patients with recurrent and 
advanced unresectable skin tumors who have failed the other 
therapies. In the case of Rigvir, another therapeutic oncolytic 
virus indicated for melanoma and other solid tumors; the 
lack of statistical analyses on its outcome in clinical studies 
makes it hard to decide about its precise efficacy. However, 
it could be considered as one of the treatment options due to 
its ease of administration, good safety profile, and low price. 
Therapeutic cancer vaccines with their ability to augment 

the immune system recognition are promising candidates 
for cancer immunotherapy as alternative therapeutic options 
in late stage advanced cancers. Provenge is the only avail-
able therapeutic cancer vaccine today, which is indicated 
in hormone refractory prostate cancer. It possesses a lot 
of advantages, including prolongation of patient’s overall 
survival, improvement of the patient’s quality of life, and 
satisfactory safety profile. In spite of these, delayed effect 
of immune system provocation and the absence of prognos-
tic parameters to evaluate the beneficial effect of the vac-
cine in each individual patient may be the major drawbacks 
of Provenge or other clinical therapeutic cancer vaccines. 
Moreover, because of the high costs of vaccination sched-
ules only small fraction of patients can afford this treatment. 
Cimavax-EGF, another cancer vaccine, which has only been 
available in Cuba, can be considered as a safe preventive 
cancer vaccine in early stage lung cancer or other solid 
tumors with EGF overexpression. Cimavax-EGF with its 
reasonable cost-effectiveness can be regarded as a favorable 
therapeutic choice in cancer patients.

Epigenetic landscape

Epigenetics refers to the study of inheritable changes in 
one’s phenotype which are not related to DNA sequences. 
It consists of three main gene regulation pathways, namely, 
DNA methylation, histone modification, and non-coding 
RNAs. DNA methylation is a process in which one methyl 
group is transferred to the cytosine nucleotide via DNA 
methyl transferase enzymes (DNMTs). It can regulate the 
gene expression by silencing or upregulating the gene 
depending on the loci of methylation. Histone modifica-
tion is used to regulate the chromatin and consequently the 
gene. This is done by designing different chemical groups 
that can attach to the specific amino acids in the tail region 
of the histone. One of the most common histone modi-
fications is histone acetylation and deacetylation which 
result in gene activation or suppression, respectively, and 

Table 2   Therapeutic cancer vaccines in the pharmaceutical market

EGF epidermal growth factor, NSCLC non-squamous-cell lung cancer, IM intramuscular, IV intravenous

Cancer vaccine Approval year Indication Dose schedule Common adverse reactions References

Cimavax-EGF 2008 NSCLC Induction dose of 4 IM 
injections (2 deltoid and 
2 gluteus sites) every 
2 weeks for 8 weeks (4 
doses) and then monthly 
administration

Fever, headache injection-
site pain, vomiting

Rodriguez et al. (2016)

Sipuleucel-T (Provenge™) 2010 Prostate cancer 3 Doses of IV infusion at 
approximately 2-week 
intervals

Fever, headache, influenza-
like syndrome, hyperten-
sion

Higano et al. (2009), 
Kantoff et al. (2010)
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catalyzed by two groups of enzymes called histone acetyl 
transferase (HAT) and histone deacetylase (HDAC). Post-
transcriptional gene regulation is provided by non-cod-
ing RNAs; micro RNAs (miRNA) are one of the major 
subtypes of non-coding RNAs, which interfere with the 
translation procedure through binding with mRNAs and 
negatively regulating gene expression. Each of these gene 
regulation machineries can be influenced by environmen-
tal factors such as diet, smoking, climate, and toxicants 
(Hodjat et al. 2017; Khan et al. 2017b). It is revealed now 
that besides genetic mutations, epigenetic dysregula-
tions such as hypermethylation of tumor suppressor and 
repairing genes and subsequently their inactivation have 
become the major stimulus of human cancers (Biswas 
and Rao 2017). SM along with other toxicants can cause 
epigenetic aberrations which today are considered as the 
main suspect for its chronic toxicity and long-term com-
plications such as cancer (Korkmaz et al. 2008). Mustard 
derivatives can lead to rise in HDAC levels in respira-
tory system resulting in suppression of a group of genes 
including those of antioxidants and anti-inflammatory 
proteins (Korkmaz et al. 2016). One of the major HDAC 
subgroup is HDAC-2; dysregulation of HDAC-2 is con-
tributed to inflammatory lung diseases such as chronic 
obstructive pulmonary disease (COPD) and asthma which 
are the main complications in mustard lung individuals. 
Moreover, increased level of HDACs is one of the com-
mon epigenetic dysregulations in various malignancies 
(Sharma et al. 2010; Shinjo and Kondo 2015). Endothe-
lial cell exposure to SM also leads to overexpression of 
Wolf–Hirschhorn syndrome (WHSC1) gene, one of the 
histone methyl transferases undergoing dysregulation in 
leukemia and many solid tumors such as skin, lung, pros-
tate, and ovarian cancers (Kassambara et al. 2009; Stein-
ritz et al. 2016). In lung epithelial tissue, SM stimulates 
the expression of proinflammatory genes such as MAPK 
and NFκB and subsequently leads to epigenetic regula-
tory disturbance such as HAT and HDAC induction and 
hypomethylation of activator protein 1 (AP-1) (Imani et al. 
2015). According to a recent study, particular inflamma-
tory molecular pathways may have an important role in 
carcinogenesis. The model designed in this study indicates 
that a semi-stable epigenetic change may initiate a process 
that leads from inflammation to transformation associated 
with cancer. This transformation is irreversible unless any 
of the accelerator molecules of the process such as miR-
21 or NFκB is transiently inhibited (Hunter 2015). In this 
regard, the association between SM-induced inflammation 
in lung and other tissues and malignancies incidence can 
be explained. Furthermore SM in high doses has limited 
effect on DNMT, but in low doses induces upregulation of 
DNMT1 leading to aberrant DNA methylation in skin and 
lung tissue. It has also been postulated that SM-induced 

DNA demethylation is due to rise in DNMT1 because of 
its potential demethylation activity (Korkmaz et al. 2008; 
Steinritz et al. 2016).

Squamous-cell carcinoma is one of the types of lung can-
cer with high incidence rates in respiratory malignancies of 
SM-exposed patients. Global hypoacetylation as a result of 
HDAC overexpression, upregulation of DNMT1, DNMT3a, 
and DNMT3b, and subsequent gene hypermethylation are 
observable in this type of cancer (Chaisaingmongkol et al. 
2012; Langevin et al. 2015). Significant DNA hypermeth-
ylation is also involved in skin cancer, leukemia, and many 
other types of malignancies (Chiam et al. 2014; de Unamuno 
et al. 2015; Peirs et al. 2015; Wouters and Delwel 2016). 
P53 is one of the main tumor suppressor genes mutated in 
many cancerous cells (Ananthaswamy et al. 1997; Bodner 
et al. 1992; Kupryjańczyk et al. 1993); it has been found 
today that p53 is far more susceptible to mutation in methyl-
ated loci (5meC) in comparison with unmethylated regions. 
Furthermore, DNA methylation can enhance the carcino-
genicity of environmental mutants (Langevin et al. 2015). 
Moreover, the significant role of miRNAs in cancer has been 
highlighted by the identification of alterations in miRNA 
processing machinery in tumor cells. Several miRNAs are 
found to be misregulated in most of lung cancer patients; 
miR-21, miR-106a, miR-126, miR-185, miR-210, miR-15, 
miR-196a, and miR-200b are some of these examples. MiR-
210 or hypoxamir is responsible for cell cycle control and 
proliferation (Banerjee et al. 2011) and is overexpressed 
in malignancies such as skin and lung cancers; also in the 
tumor microenvironment, it induces immunosuppression 
response against cancerous cells (Noman et al. 2012). In 
a study, miR-210 level in keratinocyte cell line cultured 
in hypoxia significantly increased after exposure to SM 
(Deppe et al. 2016). The miRNA level of endothelial cells 
in an animal study after SM exposure was evaluated. It was 
found that miR-92a is the most impacted miRNA in SM-
exposed mice (Schmidt et al. 2016). MiR-92a’s elevated 
level is seen in many types of tumors such as lung cancer, 
colorectal cancer, and leukemia, and also is correlated with 
poor disease prognosis (Liu et al. 2013; Ranade et al. 2010; 
Tanaka et al. 2009). MiRNAs also have a crucial impact on 
cutaneous T-cell lymphoma (CTCL) and may be involved 
in its pathogenesis. Studies have indicated that expression 
of some miRNAs especially miR-155 and miR-92a is sig-
nificantly elevated in skin lesions of CTCL patients (Giorgio 
et al. 2016). Moreover, miR-143 expression has been found 
to reduce significantly in SM-exposed individuals (Khafaei 
et al. 2015). Dysregulation of this miRNA is also contrib-
uted to cancer initiation and progression; its expression is 
reduced in many types of cancers (Akao et al. 2006). MiR-
21 and miR-203 are other miRNAs misregulated in SM-
exposed individuals; however, there is no positive correla-
tion between their dysregulation in malignancies and SM’s 
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toxicity (Chang et al. 2015; Chen et al. 2012; Greither et al. 
2010; Langevin et al. 2015; Valizadeh et al. 2015). Putting 
all these together, it can be assumed that comprehension 
of exact epigenetic mechanisms of SM’s carcinogenicity is 
too complicated and further exploration is still warranted 
(Chappell et al. 2016).

Epigenetic medications

In view of the fact that in nearly all malignancies, overex-
pression or mutation of DNMTs and HDACs is the major 
epigenetic dysregulation, these two enzymes can be prom-
ising candidates as therapeutic targets in cancer epigenetic 
therapy. Currently, there are seven approved epigenetic med-
ications in the pharmaceutical market, which two of them are 
DNMT inhibitors and the others act as inhibitors of HDAC.

DNA methyltransferase inhibitors (DNMTi) known as 
hypomethylating or demethylating agents were initially 
developed as cytotoxic agents to be used in cancer at higher 
doses, but further studies revealed their epigenetic mecha-
nisms at low doses (Diesch et al. 2016). The two hypometh-
ylating agents Azacitidine and Decitabine are the most fre-
quently used medications in the United States and Europe for 
the treatment of elderly AML patients who are not eligible 
for intensive chemotherapy regimens (124).

Azacitidine (Vidaza™)

Azacitidine (AZA) is a cytidine nucleoside analogue 
which was approved by U.S. FDA in 2004 for use in 
patients with myelodysplastic syndrome (MDS) under 
the trade name of Vidaza™ (Kaminskas et al. 2005b). In 
MDS, the bone marrow is impaired and produces large 
number of immature blood cells called blast cells. About 
one-third of MDS cases progress to acute myeloid leu-
kemia (AML) (Bennett et al. 1982). Vidaza™ was also 
approved in EU (European Union) in 2008 for the treat-
ment of MDS adult patients who are not eligible for 
hematopoietic stem cell transplantation (HSCT), chronic 
myelomonocytic leukaemia (CMML) with 10–29% mar-
row blasts without myeloproliferative disorder, and AML 
with 20–30% blasts (European Medicines Agency 2008). 
Azacitidine is activated in the cell via phosphorylation 
and at low doses inhibits DNMT1 activity during repli-
cation through integration into DNA and induces DNA 
hypomethylation and DNA damage. Subsequent DNA 
hypomethylation might activate formerly silenced genes 
such as tumor suppressor genes. In rapidly proliferating 
cells, the cytotoxicity of Azacitidine may also be attrib-
uted to the formation of covalent bond between DNMT1 
and Azacitidine incorporated into DNA (Issa et al. 2005). 

Since it is a ribonucleoside, AZA is able to integrate into 
RNA and interfere with protein synthesis and this might 
be another mechanism of its cell death activity (Hollen-
bach et al. 2010). In addition to upregulation of tumor 
suppressor genes, AZA can also change the expression of 
many other genes especially immunomodulatory pathway 
genes and this can be beneficial to cancer immunotherapy 
(Li et al. 2014). Melanoma-associated antigen (MAGE) 
family is one of the cancer associated antigens which its 
overexpression has been reported in many solid tumors 
including melanoma, breast and lung cancers, and also 
hematopoietic malignancies such as AML. Preclinical 
studies showed that DNMT inhibitors such as AZA are 
able to augment the CD8+ cytotoxic T lymphocyte (CTL) 
responses against tumor cells via upregulation of MAGE 
genes in AML patients (Goodyear et al. 2010). Moreover, 
the immunomodulatory effect of AZA has been evaluated 
in a phase I clinical study in which AZA was adminis-
trated post-donor lymphocyte infusion (DLI) after alloge-
neic stem cell transplantation (allo-SCT) in eight cases of 
relapsed AML to reduce the risk of graft vs. host disease 
(GVHD). The results revealed that AZA by increasing the 
T regulatory cells could lower the rate of graft vs. host 
interaction without any reflex on graft vs. leukemic cells 
and also could reduce the death rate from acute GVHD. 
The possible mechanism proposed for this effect is the 
activation of fork-head box P3 (FOXP3) gene in allogeneic 
lymphocytes (FOXP3−) through hypomethylation and con-
verting them into T-regs (FOXP3+) (Ghobadi et al. 2016). 
Results of a phase III clinical experiment showed superi-
ority of AZA over conventional chemotherapy in elderly 
AML patients with blast count > 30%. Overall survival 
rate in AZA group was approximately twofolds higher 
than chemotherapy group and rate and duration of seri-
ous adverse effects were lower in AZA arm compared to 
the conventional chemotherapy (Dombret et al. 2015). In 
another phase III clinical study, the incidence rate of treat-
ment related adverse events and hospitalization in elderly 
AML patients received AZA and the conventional chemo-
therapy regimen was evaluated. The results indicated that 
AZA prolonged overall survival vs. conventional care 
regimens in elderly patients with AML by 3.9 months and 
the incidence rate of treatment related adverse events hos-
pitalization reduced 55% in AZA group (Seymour et al. 
2017). Furthermore, analyses of the results of two recent 
phase III clinical studies revealed that AZA can be con-
sidered as a front-line treatment option for AML patients 
due to the improvement of overall survival rate (Pleyer 
et al. 2017). Meanwhile, oral AZA safety and efficacy are 
being investigated in randomized clinical trials for mainte-
nance therapy in patients with MDS or AML. Studies have 
shown that oral AZA has been generally well tolerated and 
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has had a safety profile similar to injectable AZA (Cogle 
et al. 2015).

Decitabine (Dacogen™)

Decitabine (DAC) is another DNMT inhibitor which is 
approved by U.S. FDA in 2006 under the trade name of 
Dacogen™ for use in MDS (U.S. Food and Drug Admin-
istration 2005). It also received marketing authorization by 
EMA in 2012 for treatment of MDS and AML in adults 
(European Medicines Agency 2012). Decitabine mechanism 
of hypomethylation is similar to AZA except it is a deoxy-
ribonucleoside and can only integrate into DNA (Mompar-
ler 2005). Results of a randomized multicenter phase III 
clinical trial of Decitabine vs. treatment choice (cytarabine) 
in elderly patients (> 70 years) showed that despite more 
than 90% deaths of enrolled patients, Decitabine improved 
response rate over the standard regimen (the complete 
response rate plus near complete response rate was 17.8% 
with decitabine vs. 7.8% with cytarabine) (Kantarjian et al. 
2012). In another phase III clinical study, DAC increased 
overall survival after 6 months of treatment compared with 
low-dose cytarabine or supportive care in older patients with 
newly diagnosed AML (Thomas et al. 2014). In addition, 
results of a meta-analysis of comparison between efficacy 
of AZA and DAC in treatment of MDS revealed that partial 
response, hematologic improvement, and overall response 
rates for AZA were significantly higher than for DAC; how-
ever, complete response and grade 3 or 4 hematologic tox-
icity did not differ for these two medications. In contrast 
to DAC, AZA significantly improved overall survival and 
time to AML transformation compared to best supportive 
care. Moreover, among patients with higher risk or older 
than 75 years, administration of AZA had promising results. 
Concluding from these data, AZA’s efficacy is superior to 
DAC and it is recommended as the first-line hypomethylat-
ing agent for MDS, especially in elderly patients or those 
with high risk (Scott 2016; Xie et al. 2015). Furthermore, in 
accordance with a study evaluating the efficacy of AZA and 
DAC in sequential treatment of AML patients, it is revealed 
that the administration of AZA after DAC treatment fail-
ure yielded greater response rate compared with DAC as a 
second-line agent (Apuri et al. 2017).

Vorinostat (Zolinza™)

Much the same as DNMT inhibitors, HDAC inhibitors 
(HDACi) were first characterized for their antitumour activ-
ity in vitro before unraveling their exact epigenetic mecha-
nism (Ceccacci and Minucci 2016). Vorinostat (suberoylani-
lide hydroxamic acid, SAHA) is the first histone deacetylase 
inhibitor (HDACi) approved in 2006 by U.S. FDA in the 
form of oral capsule under the trade name of Zolinza™ for 

the treatment of cutaneous manifestations in patients with 
cutaneous T-cell lymphoma (CTCL) who have progressive, 
persistent or recurrent disease on or following two systemic 
therapies (Mann et al. 2007). Vorinosat suppresses the activ-
ity of HDAC1, HDAC2 and HDAC3 (Class I), and HDAC6 
(Class II). Inhibition of histones hypoacetylation is associ-
ated with an open chromatin structure and transcriptional 
activation. Although the exact mechanism of the antineo-
plastic effect of Vorinostat has not been fully understood, it 
is hypothesized that Vorinostat administration causes accu-
mulation of acetylated histones and induces the transcrip-
tion of genes regulating growth arrest, caspase-dependent 
apoptotic cell death, and/or caspase-independent autophagic 
cell death of transformed cell (Duvic and Vu 2007). For 
example, one of the genes most commonly induced by 
Vorinostat encodes p21 which is a regulator of cell cycle 
progression. Moreover, similar to AZA, HDAC inhibitors 
also can upregulate the immune pathway genes (Li et al. 
2014). One of the other underlying mechanisms of cytotox-
icity of HDACi may be the induction of oxidative damage. 
Since the transformed cells are more susceptible to oxidative 
damage, selectivity of HDACi might be attributed to this 
procedure. Vorinostat administration particularly results in 
the production of reactive oxygen species in transformed 
cells in association with diminished induction of the anti-
oxidant enzyme thioredoxin. Consequently, Vorinostat and 
other HDACi possess antitumour activity especially against 
tumour types vulnerable to oxidative injury (Grant et al. 
2007). Supporting approval studies were two open-labeled 
multicenter phase II clinical trials in which oral Vorinostat 
was given to patients with advanced CTCL who had progres-
sive, persistent, or recurrent disease on or following two sys-
temic therapies. Approximately 30% of patients had at least 
a partial response in both studies and this rate is comparable 
to common approved medications indicated for cutaneous 
manifestation of CTCL (Mann et al. 2007). The addition of 
Vorinostat to standard regimen with cytarabine and idaru-
bicin AML was recently evaluated in a phase II study and no 
significant toxicity related to Vorinostat was found. Further 
studies for evaluation the efficacy of this combination are 
warranted (Ungewickell and Medeiros 2012a, b). Phase III 
clinical study of the addition of Vorinostat to Bortezomib 
as an approved medication for multiple myeloma showed 
that even with the improvement of cancer progression-free 
survival, Vorinostat clinical benefit in multiple myeloma 
necessitates further researches (Dimopoulos et al. 2013).

Romidepsin (Istodax™)

Romidepsin, sometimes referred to as depsipeptide (trade 
name Istodax™), is another HDACi approved by U.S. FDA 
in 2009 for treatment of CTCL in patients who received at 
least one prior systemic therapy (Hughes 2010). Its approval 
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was based on two pivotal randomized open-labeled phase II 
clinical studies which in both approximately 34% of enrolled 
patients responded to the medication (partial or complete 
response). Data from these studies revealed that patients 
with CTCL received Romidepsin injections showed dura-
ble clinical responses regardless of disease stage. In addi-
tion, patients with pruritus may experience benefit from 
Romidepsin even in the absence of a clinical response 
(Reddy 2016). In 2011, U.S. FDA approved a new indication 
for Romidepsin; treatment of peripheral T-cell lymphoma 
in patients who had received at least one prior therapy 
(U.S. Food and Drug Administration 2010). This HDAC 
inhibitor acts as a prodrug; its disulfide bond reduction and 
subsequent interaction of free thiol residue with the active 
site of class I and II HDAC enzymes in the cell can lead to 
enzyme inhibition and further cell cycle arrest and apop-
tosis-related gene activation. Without regard to its HDAC 
inhibitory nature, Romidepsin can also reverse the effect of 
Ras oncogene and this could be another antitumor mecha-
nism of Romidepsin (Vander Molen et al. 2011). Consider-
ing the immune dysregulation in CTCL, an in vitro analysis 
conducted on the immunomodulatory effect of Romidepsin 
and Vorinostat in this disease. Results of the study showed 
that both medications strikingly restrain immunosuppres-
sive cytokine, interleukin 10 (IL-10), which is frequently 
overexpressed in CTCL, at the RNA and protein level in 
CTCL cell lines. In this context, immonomodulation might 
be associated with clinical activity of these medications in 
CTCL (Tiffon et al. 2011).

Belinostat (Beleodaq™)

Belinostat (Beleodaq™) is another HDACi with similar 
pharmacological effect to Vorinostat indicated for the treat-
ment of patients with relapsed or refractory peripheral T-cell 
lymphoma (PTCL). This indication was approved by U.S. 
FDA in 2014 under accelerated approval based on tumour 
response rate and duration of response (Lee et al. 2015). 
The pivotal study was a phase II multicenter open-labeled 
clinical trial in which 25.8% of enrolled patients showed 
overall response to Belinostat. The median duration of 
response based on the first date of response to disease pro-
gression or death was 8.4 months and 7.5% of patients were 
able to receive a stem cell transplant after treatment with 
Belinostat (O’Connor et al. 2015). Safety profile and clini-
cal efficacy of oral Belinostat which was investigated in a 
phase I clinical study indicated that oral Belinostat was well 
tolerated and 42.8% of assessed patients showed stable dis-
ease. In this regard, Belinostat can be considered as the only 
HDACi which has multiple potential routes of administra-
tion, including IV bolus, IV infusion, and oral administration 
(Sawas et al. 2015).

Chidamide (Epidaza™)

Another marketed HDACi medication for treatment of 
relapsed or refractory PTCL is Chidamide (Tucidinostat) 
which was approved by CFDA in 2014 under the trade name 
of Epidaza™. Results of its pivotal phase II clinical trial 
showed that 28% of PTCL-enrolled patients had overall 
responses to oral Chidamide (Shi et al. 2015). There are 
also several ongoing preliminary clinical trials evaluating 
the efficacy of Chidamide in cutaneous T-cell lymphoma, 
adult T-cell leukemia–lymphoma, and solid tumors (Dong 
et al. 2012). Chidamide makes cell cycle arrest and apoptosis 
via inhibition of HDAC1, HDAC2, HDAC3, and HDAC10. 
Chidamide also seems to induce tumour specific antigen 
and antigen-specific T-cell cytotoxicity, augmentation of 
NK cell antitumour activity, promoting cancerous stem cell 
differentiation, and resensitization of resistant tumour cells 
to medicines such as taxanes, platinums, and topoisomerase 
II inhibitors (Gong et al. 2012; Ning et al. 2012).

Panobinostat (Farydak™)

Panobinostat (Farydak™) is the latest HDAC inhibitor 
which in combination with Bortezomib and Dexamethasone 
was approved by U.S. FDA in 2015. It is indicated for man-
agement of multiple myeloma patients who have received 
at least two prior regimens, including Bortezomib and an 
immunomodulatory agent (Simon 2015). Like Vorinostat 
and Belinostat, Panobinostat is a pan-HDAC inhibitor which 
possesses superior antitumour potency in terms of inhibi-
tion of cancer cell proliferation and viability (Atadja 2009). 
Results from the pivotal phase III clinical trial of the effi-
cacy and safety of Panobinostat–Bortezomib–Dexamthasone 
combinational regimen indicated that median progression-
free survival in patients who received Panobinostat was 
approximately 1.5 fold greater than that of placebo and also 
significantly higher proportion of patients showed complete 
response in Panobinostat group (San-Miguel et al. 2014). 
In another phase III clinical study, the impact of duration of 
treatment with Panobinostat–Bortezomib–Dexamethasone 
on efficacy and safety of the regimen was evaluated. The 
results revealed that prolonged treatment with this com-
binational regimen can increase progression-free survival 
(PFS) and the severity of the regimen adverse effects sub-
sided during treatment protocols in which administration of 
Bortezomib and Dexamethasone was reduced per protocol 
(San-Miguel et al. 2015). Despite these advantages, Panobi-
nostat has not been successful in overall survival improve-
ment (San-Miguel et al. 2016).

Preclinical and some clinical studies have demonstrated 
that combinations of HDACi with DNMT inhibitors have 
synergistic effects in treatment of hematopoietic malignan-
cies, although the exact mechanism of these effects requires 
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further investigations (Garcia-Manero et al. 2011; Nieto 
et al. 2016; Odenike et al. 2008; Raha 2016; Rozati et al. 
2016).

Despite all the clinical benefits in hematopoietic malig-
nancies, epigenetic medications have failed to exhibit a plau-
sible antineoplastic activity in solid tumors. More recently 
with a new strategy towards targeting epigenetic regulatory 
mutations, the second generation of epigenetic medications 
has shown encouraging results in clinical trials. Examples of 
such investigational medications can be inhibitors of histone 
methyltransferases (HMTi) DOTIL and EZH2 (enhancer of 
zeste homolog 2) (Campbell and Tummino 2014). Inter-
estingly, some approved medications in cardiovascular or 
psychology disorders including Tranylcypromine, Valproate 
sodium, Hydralazine, and Procainamide have been found to 
interact with epigenetic machinery and thus can be promis-
ing candidates for treatment of epigenetic diseases such as 
cancer (Cervera et al. 2012; Morera et al. 2016; Pfister and 
Ashworth 2017).

For the time being, miRNA-based therapeutics are under-
going clinical trials, but have not yet entered the market. It 
is expected to have more developments in the miRNA-based 
therapeutics in both epigenetic and gene therapy approaches 
in the near future (Table 3).

Based on clinical outcomes, the current epigenetic medi-
cations can be beneficial to some patients with certain situa-
tions. Hypomethylating agents (Azacitidine and Decitabine) 
can be considered as the most suitable therapeutic options 
in elderly AML patients who are not eligible for intensive 
chemotherapy regimens. They can induce remissions and 
potentially prolong survival in some older patients with 
newly diagnosed AML or advanced MDS. Although there 
is no clinical study that directly compares the efficacy of 
Azacitidine and Decitabine, some physicians may prefer 
Azacitidine due to its ease of subcutaneous administra-
tion in outpatient cases, while others prefer Decitabine 
because of shorter duration of therapy. In cutaneous T-cell 
lymphoma, histone deacetylase inhibitors have shown 

Table 3   Epigenetic medications in the pharmaceutical market

MDS myelodysplastic syndrome, SC subcutaneous, IV intravenous, TDS every 8 h, CTCL cutaneous T-cell lymphoma, PO oral administration, 
PTCL peripheral T-cell lymphoma, MM multiple myeloma, QID every other day

Medication name Year of approval Indication Dose schedule Common adverse reactions References

Azacitidine (Vidaza ™) 2004 MDS Initial 2 cycles: 75 mg/
m2 SC injection or IV 
infusion once daily for 
1-week and 2-week 
intervals, 100 mg/m2 in 
subsequent 4–6 cycles

Myelosuppression, GI 
discomfort, pyrexia

Kaminskas et al. (2005a)

Decitabine (Dacogen™) 2006 MDS Regimen 1: IV infusion of 
15 mg/m2TDS for 3 days 
in cycles with 6-week 
intervals

Regimen 2: IV infusion 
of 20 mg/m2 once daily 
for 5 days in cycles with 
6-week intervals

Myelosuppression, GI 
discomfort, pyrexia

Wijermans et al. (2005)

Vorinostat (Zolinza ™) 2006 CTCL 400 mg PO once daily Thrombocytopenia, ane-
mia pulmonary embo-
lism, GI discomfort

Mann et al. (2007)

Romidepsin (Istodax™) 2009
2011

CTCL
PTCL

IV infusion of 14 mg/m2 
once weekly for 3 weeks 
in cycles with 4-week 
intervals

Thrombocytopenia, ane-
mia, nausea

Reddy (2016), U.S. Food 
and Drug Administra-
tion (2010)

Belinostat (Beleodaq™) 2014 PTCL IV infusion of 1000 mg/m2 
once daily on days 1–5 
in cycles with 3-week 
intervals

Thrombocytopenia, 
anemia, GI discomfort, 
pyrexia

Lee et al. (2015)

Chidamide (Epidaza™) 2014 PTCL 30 mg PO twice a week Thrombocytopenia, leuko-
penia and neutropenia

Shi et al. (2015)

Panobinostat (Faryadak™) 2015 MM PO of 20 mgQID for 
2 weeks in cycles with 
3-week intervals for 8 
cycles

Thrombocytopenia, lym-
phopenia, leukopenia, 
neutropenia, anemia, 
severe diarrhea, pyrexia, 
cardiac ischemic events

San-Miguel et al. (2014)
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Table 4   Efficacy of common cancer treatments and new therapeutic options in cancers associated with SM

Cancer Treatment Response References

HNSCC Cisplatin + RT 2- and 5-year OSR: 74 and 54% for Cispl-
atin + RT; 75 and 56% for RT

2- and 5-year DFS: 61% and 36% for Cispl-
atin + RT; 44 and 27% for RT

Forastiere et al. (2003)

Carboplatin + RT 5-year OSR: 22% Carboplatin + RT vs. 16% RT
5-year DFS: 27% Carboplatin + RT vs. 15% RT

Denis et al. (2004)

Gendicine + RT PR: 29% Gendicine + RT vs. 19% RT
CR: 64% Gendicine + RT vs. 60% RT

Ma et al. (2008)

Oncorine + Cisplatin + Fluorouracil ORR: 78.8 vs. 39.6% control Xia et al. (2004)
Lung cancer Necitumumab + Gemcitabine + Cisplatin Median survival time: 11·5 m (9.9 m with Gem-

citabine + Cisplatin)
Thatcher et al. (2015)

Docetaxel + Carboplatin Median survival time: 11.3 m
2-year OSR: 21%
ORR: 31.6%

Fossella et al. (2003)

Gendicine SD rate: 46.7%
PR: 33.3%

Zhang and Lu (2012)

Cimavax-EGF Median survival time: 12.43 m Rodriguez et al. (2016)
Melanoma Nivolumab + Ipilimumab PFS: 11.5 m with Nivolumab plus Ipilimumab, 

2.9 m with Ipilimumab and 6.9 m with 
Nivolumab

Larkin et al. (2015)

Dacarbazine CR: 5%
ORR: 20%
Median response duration: 5-6 m

Serrone et al. (2000)

Fotemustine OSR: 15.2% (vs. 6.8% Dacarbazine)
Median response duration: 5.8 m

Avril et al. (2004)

Rigvir Risk of death was 4.39–6.57-fold lower in 
patients received Rigvir after surgical excision 
in comparison with control group

Doniņa et al. 2015

T-VEC Median OS: 23.3 m with T-VEC (18.9 m with 
GM-CSF alone) ORR: 26% with T-VEC (6% 
with GM-CSF alone)

CR: 10.8% with T-VEC (1% with GM-CSF 
alone)

DRR: 16% with T-VEC (2% with GM-CSF 
alone)

Kaufman and Bines (2010)

Prostate cancer Docetaxel + Prednisone Median survival time: 19.2 m
3-year OSR: 18.6%

Berthold et al. (2008)

Sipuleucel-T OS: 25.9 m Small et al. 2006
AML Cytarabine + Daunorubicin ORR: 62%

5-year OSR: 12%
Burnett et al. (2009)

Azacitidine OS: 14.2 m
1-year OS: 46.5%

Dombret et al. (2015)

Decitabine CR and nCR: 17.8% Kantarjian et al. (2012)
CTCL ECP+

immunomodulatory agents (interferons, reti-
noids)

ORR: 84% (75% with ECP alone)
Median survival time: 74 m (66 m with ECP 

alone)

Suchin et al. (2002)

Vorinostat PR: 30% Mann et al. (2007)
Romisdepsin ORR: 34%

PTCL CHOP 3-year OSR: 41.1% Schmitz et al. (2010)
Belinostat ORR: 25.8%

Median duration of response: 8.4 m
O’Connor et al. (2015)

Chidamide ORR: 28% Shi et al. 2015
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outstanding results and approximately one-third of patients 
experienced partial or complete remission after treatment 
with these agents. Vorinostat and Romidepsin are the two 
potent HDAC inhibitors, which result in significant improve-
ments on the cutaneous manifestations such as pruritus in 
CTCL patients. Acceptable safety profile and available oral 
and injectable dosage forms make them appropriate alterna-
tives to the conventional therapies. Moreover, Romidepsin 
with its prodrug nature seems to have a more convenient 
safety profile. However, these medications did not prolong 
the overall survival and this could be regarded as their major 
drawback. Histone deacetylase inhibitors approved for treat-
ment of PTCL (Romidepsin, Belinostat, and Chidamide) 
would be better reserved for refractory conditions. In this 
regard, Belinostat with multiple routes of administration 
(PO, IV infusion, and IV bolus), tolerable adverse effects, 
and encouraging improvement in the patient’s quality of life 
can be highly recommended as the best second-line treat-
ment option for PTCL. The last approved epigenetic medi-
cation Panobinostat is indicated for treatment of multiple 
myeloma in a combinational regimen with Bortezomib and 
Dexamethasone. Clinical data showed that patients receiving 
this regimen experienced significantly higher progression-
free survival but not overall survival. Moreover, the small 
therapeutic window makes it less suitable therapeutic option 
for multiple myeloma (Table 4).

Conclusion

The use of SM as a warfare agent over the past few decades 
has left many detrimental effects in thousands of people. 
Treatment of its long-term adverse events is still one of the 
pervasive healthcare problems. Cancer as the most serious 
consequence of SM intoxication should be regarded as the 
first priority in medical management of SM complications. 

Currently, the most feasible cancer therapy approaches are 
limited to chemotherapy and radiotherapy. Although the 
development of new strategies such as immunotherapy 
has been strikingly successful, there is still tangible need 
to explore novel therapies to enhance the efficacy of treat-
ment regimens by targeting malignant cells through different 
mechanisms. Considering the origin of the cancer, genetic 
and epigenetic therapies have been efficiently used to target 
defective genes or gene regulation systems. In contrast to 
the conventional therapies, these strategies can specifically 
affect the tumor cells and have minimal effect on normal 
cells. Hence, they can provide a better quality of life for 
patients. Presently available medications with genetic and 
epigenetic mechanisms of action can improve the chance of 
complete remission in some types of malignancies includ-
ing squamous-cell carcinoma, melanoma, lung, prostate, and 
hematopoietic cancers. Noteworthy, SM-exposed individuals 
are at a significantly higher risk of developing these kinds 
of cancers. Therefore, genetic and epigenetic cancer treat-
ments including Gendicine, Imlygic, Provenge, Cimavax-
EGF, Azacitidine, Vorinostat, Romidepsin, and Belinostat 
will yield outstanding benefits for SM-exposed patients suf-
fering from cancer.
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