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Abstract. Irreversible genetic alterations underlying 

human diseases have been widely studied to date. 

However, it is evident that the potentially reversible 

epigenetic dysregulations may also have an impor-

tant role in the disease origin. The studies of epige-

netic mechanisms underlying disease onset, progres-

sion and pathogenesis have been performed in 

various human disorders. The epigenetic approaches 

may reveal useful markers for disease diagnostics, 

classification and prognostics as well as for progres-

sive pharmacological treatment. This review sum-

marizes the studies of epigenetic dysregulations in-

cluding aberrant methylation, histone modifications 

and miRNA alterations in cancer as well as the 

studies  of methylation changes and aberrant histone 

modifications in neurodegenerative, autoimmune, 

cardiovascular and other diseases. The imprinting 

disorders together with the emerging role of epige-

netics in nutritional genomics, environment-organ-

ism interaction studies and in some other fields are 

also mentioned.

Introduction

Irreversible changes in the DNA sequence, including 
chromosomal deletions and gene mutations, have been 
implicated in the initiation and progression of many 
types of human diseases. However, increasing attention 
is now being turned towards participation of epigenetic 
events underlying human disorders. During the life cy-
cle of an organism the epigenetic mechanisms represent 
a heritable, dynamic and reversible manner to modulate 
gene expression. The reversibility of epigenetic aberra-
tions is an important aspect enabling search for the ap-
propriate pharmacological treatment. 

Epigenetic mechanisms determine the phenotype 
without changes in the genotype. Epigenetic informa-
tion is transferred from one generation to the next either 
at the cellular level or at the level of the whole organism 
without encoding the information into a DNA sequence. 
Epigenetic mechanisms operate at the transcriptional 
and post-transcriptional level of gene activity as well as 
at the level of protein translation and post-translational 
modifications. They participate in such processes as cell 
differentiation, morphogenesis, variability and adapta-
bility of an organism and may be affected by both ge-
netic and environmental factors. The two most exten-
sively studied epigenetic phenomena in humans are 
X-chromosome inactivation and genomic imprinting – a 
phenomenon which is characterized by a functional in-
equality between two parental alleles of a gene.

Significant evidence has brought new insights into 
the mechanisms by which the epigenetic machinery pro-
teins regulate gene expression, leading to redefinition of 
chromatin regulation in terms of modification of core 
histones, DNA methylation, RNA-mediated silencing 
pathways, action of methylation-dependent sensitive in-
sulators and Polycomb/Trithorax group proteins (San-
tos-Rebouças and Pimentel, 2007). DNA methylation 
which occurs via covalent modification of cytosines by 
adding a methyl group to a 5’ carbon of the cytosine ring 
located within CpG dinucleotides is so far the most 
studied epigenetic mechanism. Over 85 % of CpG dinu-
cleotides spread out in the genome and located in re-
petitive sequences are heavily hypermethylated/tran-
scription-silenced in the normal cells, a state crucial to 
the integrity of the chromatin structure of the genome. 
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The remaining approximately 15 % of CpG dinucle-
otides are clustered within the short DNA regions called 
“CpG islands”, which account for 1 % of the genome. 
Approximately 40 to 50 % of the genes have CpG with-
in or around the promoters and are largely unmethylated 
in the normal somatic cells (Zhu and Yao, 2007). The 
methylated CpG dinucleotides within promoter regions 
can interfere with transcription factor binding, yet re-
pression of gene expression seems to occur mostly indi-
rectly, via recruitment of methyl-CpG binding domain 
(MBD) proteins. The methylation status of the genome 
is maintained by three methyltransferases (DNMT1, 
DNMT3a and DNMT3b) and S-adenosyl-methionine as 
methyl donor. 

The post-translational modifications of histones occur 
primarily at their N-terminal tail, and include various 
covalent modifications such as acetylation, methylation, 
phosphorylation, ubiquitination and sumoylation. Espe-
cially acetylation and deacetylation of ε-amino groups in 
lysine residues of core histones alter the nucleosomal 
conformation and in such a way modulate the chromatin 
structure and gene expression. The equilibrium between 
histone acetylation and deacetylation is maintained by 
the action of specific enzymes – histone acetyltransfer-
ases (HATs) and histone deacetylases (HDACs). 

The RNA-mediated silencing pathways include ac-
tion of non-coding RNAs and non-coding anti-sense 
RNAs that ensure the X-chromosome inactivation and 
imprinting of some genes, respectively. Other RNA-me-
diated silencing pathways include RNA interference 
and action of small non-coding RNAs – microRNAs 
(miRNAs). The miRNAs function as endogenous si-
lencers of numerous target genes, among others the ret-
rotransposons ensuring the stability of the genome. The 
miRNAs are expressed in a tissue-specific manner and 
play important roles in such processes as cell prolifera-
tion, apoptosis, and differentiation. 

The Polycomb/Trithorax group proteins represent an 
ancient group of chromatin modifiers that constitutes 
a cell memory system responsible for controlling chro-
matin accessibility and maintenance of transcription 
during the first stages of embryogenic life, throughout 
development and in adulthood. 

Disruption of the principal epigenetic pathways can 
lead to silencing or inappropriate expression of specific 
genes resulting in initiation of a new category of dis-
eases called epigenetic diseases. An increasing number 
of human diseases have been found to be associated 
with aberrant epigenetic regulation, including cancer, 
neurodegenerative symptoms, syndromes including 
chromosomal instabilities, mental retardation, imprint-
ing disorders, etc. (Santos-Rebouças and Pimentel, 
2007). Application of epigenetic principles has already 
started to identify and characterize previously unrecog-
nized molecular signatures of disease latency, onset and 
progression, mechanisms underlying disease pathogen-
esis, and responses to new and evolving therapeutic mo-
dalities (Mehler, 2008). Mutations in genes encoding 
the DNMTs and methyl-binding proteins may alter the 

gene methylation pattern resulting in cancer and con-
genital diseases, and altered levels of methyltransferases 
that modify lysine 27 and lysine 9 of histone H3 (H3K27 
and H3K9) correlate with changes in Rb signalling and 
disruption of the cell cycle in cancer cells (Moss and 
Wallrath, 2007). miRNA deficiencies or excesses have 
been correlated with a number of clinically important 
diseases ranging from myocardial infarction to cancer 
(Soifer et al., 2007). 

The effort of this article is to overview the recent 
findings concerning epigenetic alterations in various 
diseases that may potentially be used as biomarkers for 
their diagnostics and treatment. The impact of the envi-
ronment and nutrition on epigenetic pathways through-
out prenatal, early or adult life is also mentioned. 

1. Epigenetic studies in cancer

Cancer is both a genetic and epigenetic disease char-
acterized by the breakdown of DNA methylation and 
histone modification patterns, aberrant expression of 
miRNAs as well as by aberrant dysregulation of various 
epigenetic machinery proteins. According to Timp et al. 
(2009), the tumour risk increases by loss of imprinting 
of the IGF2 (insulin-like growth factor 2) gene. The 
possible role of epigenetic alterations in the develop-
ment, progression and recurrence of cancer as well as 
their predictive and prognostic value have been de-
scribed for breast cancer (Lo and Sukumar, 2008), colon 
cancer (Smits et al., 2008; Cooper and Foster, 2009; 
Nystrom and Mutanen, 2009), hepatocellular carcinoma 
(Huang, 2009), endometrial cancer (Jiang et al., 2008), 
pancreatic cancer (Lomberk et al., 2008), bladder cancer 
(Enokida and Nakagawa, 2008), oesophageal cancer 
(Zhao and Casson, 2008), gliomas (Burgess at al., 2008) 
and melanoma (Rothhammer and Bosserhoff, 2007). 
Epigenetic events such as abnormalities in DNA meth-
ylation, histone modification and nucleosome position-
ing could be the major component or sufficient for can-
cer and there is evidence that progression of aggressive 
cancers can be driven by such epigenetic events without 
genomic instability (McKenna and Roberts, 2009). Epi-
genetic alterations of anti-angiogenic molecules may 
have an important role in tumour angiogenesis and can 
be used for the anti-angiogenic strategy of cancer thera-
py (Buysschaert et al., 2008). 

1.1 Aberrant DNA methylation 
Aberrant epigenetic changes including DNA methyl-

ation occur in the early stages of carcinogenesis. The 
status of DNA methylation is both chemically and bio-
logically stable, and one of the most important features 
of cancer methylation changes making them useful for 
cancer detection and classification is that they are tissue- 
and tumour-type specific (Paluszczak and Baer-Dubows-
ka, 2006). DNA methylation markers may be used in 
cancer detection, classification, prognostics, and in the 
prediction of responses to chemotherapy (Verma and 
Manne, 2006; Zhu and Yao, 2009). 
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At the global level, DNA is often hypomethylated in 
cancer. The studies of Seifert et al. (2007) strongly sup-
port the hypothesis of early global hypomethylation in 
bladder carcinomas. Hypomethylation can cause activa-
tion of the normally silent regions of the genome and 
therefore also expression of repeat elements or genes 
that would normally be silent during development, in-
cluding protooncogenes. Hypomethylation of the SATR1 
satellite sequence frequently occurs in the early stages 
of breast tumour development (Costa et al., 2006). In 

head and neck squamous cell carcinomas the smoking 
duration, particularly in tumours lacking human papil-
loma virus sDNA, was significantly negatively associ-
ated with the relative methylation level of LRE1 (Line-1 
retrotransposons), which indicated poorer patients’ sur-
vival (Furniss et al., 2008). The reduction of methyla-
tion of the LINE-1 and Alu elements was found to be 
linked with genomic instability in non-small-cell lung 
cancer, indicating a potential active role of transposable 
elements in lung neoplasia (Daskalos et al., 2009). Hy-

Table 1. Outline of candidate genes that have been shown to be down-regulated in consequence of promoter hypermeth-
ylation in various types of cancer

Candidate genes Type of cancer Exploitability for the disease References

Rb1 Bladder Indicator for progression and development of cancer Malekzadeh et al., 2009

MGMT, p57

Nodal diffuse large 
B-cell lymphomas

Marker for predicting increased overall survival Lee et al., 2009a

P16, VHL, 
DAPK, HP1 and 
DAPK

Hypermethylation of P16, VHL, DAPK and HP1 was 
connected with biologically aggressive phenotype and worse 
prognosis; hypermethylation of DAPK was found to be an 
independent prognostic factor that may be used in 
conjunction with the conventional prognostic factors

Amara et al., 2008

SFRP1, 2, 4, 5; 
SOX1; PAX1 and 
LMX1A Ovarian

Potential as prognostic factors and promising serum markers 
for early screening Su et al., 2009

hMLH1, hMSH2 Potential prognostic marker Zhang et al., 2008

COL1A2 Medulloblastoma
COL1A2 methylation status distinguished infant 
medulloblastomas of the desmoplastic histopathological 
subtype

Anderton et al., 2008

MGMT, p16

Colorectal

Higher methylation detected also in normal colon mucosa of 
older patients Krakowczyk et al., 2008

ADAM23 
The candidate gene was down-regulated during the 
progression of cancer in both colorectal cancer cell lines and 
cancer tissues

Choi et al., 2009

p16INK4a

Breast

Plays a crucial role in the progression of intraductal 
proliferative lesions Liu et al., 2008a

EFEMP1
Possible predictive impact of EFEMP1 expression in primary 
breast cancer – correlation with poor disease-free and overall 
survival

Sadr-Nabavi et al., 2009

FZD9 Acute myeloid 
leukaemia (AML)

Silencing of the gene by hypermethylation plays a role in the 
evolution of myelodisplastic syndrome to AML Jiang et al., 2009

MGMT Barret’s 
adenocarcinoma

Decrease of protein expression because of the gene 
hypermethylation correlated with advanced stage of the 
disease, lymph node invasion and tumour size 

Kuester et al., 2009

Rap1GAP Melanoma Gene down-regulation promotes melanoma cell proliferation, 
survival, and migration Zheng et al., 2009

BRCA1, p73, 
RARβ, hMLH1, 
RIZI, RUNX3, 
MGMT, TIMP3 
and Reprimo

Gastric

Hypermethylation of eight primarily mentioned genes was 
statistically associated with a particular variant of gastric 
cancer – the signet-ring cell type – and aberrant 
hypermethylation of Reprimo was identified as a potential 
biomarker for early detection of gastric cancer

Bernal et al., 2008

CADM1 Cervical

Detection of dense CADM1 promoter methylation may 
contribute to the assembly of a valuable marker panel for the 
triage of high-risk HPV-positive women
at risk of ≥ CIN3

Overmeer et al., 2008

GDNF, MTHFR, 
OPCML, 
TNFRSF25, 
TCF21, PAX8, 
PTPRN2 and 
PITX2

Squamous cell 
lung

The genes showed highly significant hypermethylation in 
tumour tissue in comparison with adjacent non-tumour lung; 
overall 22 methylation markers have been revealed, several 
of which have not previously been reported to be methylated 
in any type of human cancer

Anglim et al., 2008
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pomethylation of Sat2 (satellite 2) pericentromeric DNA 
at chromosomes 1 and 16, D4Z4 (subtelomeric repeat 
sequence at chromosomes 4q and 10q) and interspersed 
Alu elements is common in primary human glioblasto-
mas (Cadieux et al., 2006). Hypomethylation of PRAME 
(preferentially expressed antigen of melanoma) that en-
codes an antigen presented to specific autologous cyto-
toxic T lymphocytes is responsible for its over-expres-
sion in many human malignancies. Therefore, PRAME 
is an important diagnostic marker for various malignant 
diseases and a parameter for monitoring minimal resid-
ual disease (Schenk et al., 2007). Hypo methylation of 
BAGE (B-melanoma antigens) was detected in colon 
cancer samples, indicating its usefulness as biomarker 
for the disease (Grunau et al., 2008). 

Another class of methylation changes is character-
ized by local hypermethylation of individual genes, 
which is associated with aberrant gene silencing. The 
tissue-to-tissue variation exists in CpG islands methyla-
tion except with regard to the type of the gene methyl-
ated, also with regard to the methylation frequency of 
the specific gene and the overall methylation extent 
(Park et al., 2007). Hypermethylation-dependent silenc-
ing in cancer cells was reported for classic tumour sup-
pressor genes, DNA repair genes, cell-cycle control 
genes, anti-apoptotic genes and genes that prevent ab-
normal activity of developmental pathways (Zhu and 
Yao, 2007). Table 1 presents several recently identified 

candidate genes that have been found to be down-regu-
lated in consequence of promoter hypermethylation in 
various types of cancer, having a potential as detection 
and prognostic markers. Further, in patients with chron-
ic lymphocytic leukaemia, 193 novel sequences that are 
targets for aberrant DNA methylation have been identi-
fied (Plass et al., 2007) and similarly, more than 400 po-
tential methylation target genes offering the possibility 
of performing rational unbiased methylation studies in 
human acute lymphoblastic leukemia have been re-
vealed (Kuang et al., 2008). Carraway et al. (2009) 
found a correlation between the increased methylation 
frequency of nine specific genes and disease recurrence 
in primary tumours, but not in histologically negative 
sentinel lymph nodes of breast cancer patients in the 
first seven years of clinical follow-up. Ordway et al. 
(2007) identified around 200 novel differentially DNA 
methylated loci in order to develop powerful molecular 
diagnostics for breast cancer and found one of them – 
the GHSR gene – that appeared to be capable to distin-
guish infiltrating ductal breast carcinoma from normal 
and benign breast tissues. 

1.2 Aberrant histone modifications
Post-translational modifications of histones affect 

gene expression regulation in such a way that the spe-
cific histone marks serve as binding sites for non-his-
tone proteins, which subsequently induce chromatin 

Table 2. Aberrant histone modifications identified in various types of tumours

Type of histone modification Type of cancer Exploitability for the disease References

Global H3K9 trimethylation

Gastric

Positive correlation with tumour stage, 
lymphovascular invasion and cancer recurrence, 
higher level of H3K9 trimethylation correlated 
with a poor survival rate

Park et al., 2008

Silencing of RUNX3 in 
consequence of increased H3K9 
dimethylation and decreased H3 
acetylation  

Progression of the disease Lee et al., 2009b

Global H3K9 deacetylation Colorectal cancer Probably plays a crucial role in transcriptional 
repression of E-cadherin Liu et al., 2008b

Global H3 deacetylation Non-small-cell lung 
cancer

Appeared to be a potential mechanism for 
silencing of Per1 – a core circadian gene Gery et al., 2007

Global H3K9, H3K18, H4K12 
acetylation and H4K3 and H3K4 
dimethylation

Prostate

The levels of the histone modifications divide 
low-grade prostate cancer (Gleason 6 or less) 
into two prognostically separate groups

Cooper and 
Foster, 2009

Activation of PTEN, CYLD, p53 
and FOX03a by modulating 
histone H3K9 methylation and 
deacetylation

The first report describing a novel epigenetic 
pathway that activates tumour suppressor genes 
by histone modifications in consequence of 
genistein action; better understanding of 
genistein chemoprotective role in prostate cancer

Kikuno et al., 
2008

Acetylation of histone H3 
promoter region of C/EPBα Pancreatic Indication of C/EPBα as a novel tumour 

suppressor candidate gene 
Kumagai et al., 
2009

Global histone acetylation
Papillary urothelial 
neoplasm of low 
malignant potential

Identification of different patterns  between non-
recurrent and recurrent tumours

Barbisan et al., 
2008

Up-regulation of α-2-
glycoprotein 1 (AZGP1) in 
consequence of global histone 
acetylation

Lung adenocarcinoma 
(AD)

In normal lung, AZGP1 mRNA and protein 
expression were low or absent, whereas in AD 
they were highly expressed

Albertus et al., 
2008
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structural changes or recruit other proteins to do so. His-
tone H4-lysine 16 acetylation, for example, represents 
such a histone mark with crucial involvement in such 
events as transcriptional regulation, chromatin speciali-
zation, chromosome compaction and tumour progres-
sion (Miotto and Struhl, 2007). The enhancer of zeste 
homologue 2 (EZH2) is a highly conserved histone 
methyltransferase that targets lysine 27 of histone H3, 
and this methylated H3K27 chromatin mark is com-
monly associated with silencing of differentiation genes 
in a variety of organisms. EZH2 has a main regulatory 
function in controlling such processes as stem cell dif-
ferentiation, cell proliferation, early embryogenesis and 
X-chromosome inactivation. EZH2 is frequently over-
expressed in a wide variety of cancerous tissue types, 
including prostate and breast (Simon and Lange, 2008). 
It is supposed that the functional link between EZH2-
mediated histone methylation and DNA methylation is 
represented by partnership with the gene silencing ma-
chinery implicated in tumour suppressor loss. EZH2 e.g. 
mediates transcriptional silencing of tumour suppressor 
gene E-cadherin, which may lead to cell invasion and 
tumour aggressiveness as it was observed in solid tu-
mours such as those of prostate, breast and bladder (Cao 
et al., 2008). A reduction of the level of non-histone pro-
teins – HP1 (heterochromatin protein 1) – family that 
recognize H3K9 methylation, an epigenetic mark gener-
ated by histone methyltransferases SU(VAR)3-9 and 
their orthologues, causes chromosome segregation de-
fects and lethality in some organisms and is associated 
with cancer progression in humans (Dialynas et al., 
2008). 

Table 2 presents further aberrant global or specific 
gene histone modifications that have been identified in 
various types of tumours and that can be potentially 
used as epigenetic markers.

1.3 Aberrant miRNA expression
Dysregulation of miRNAs plays an important role in 

the process of tumour initiation and progression (Lynam-
Lennon et al., 2009; Guil and Esteller, 2009) as well as in 
the process of tumour metastasis (Lujambio and Esteller, 
2009). Xu et al. (2008) pointed out the latest investiga-
tions that revealed that epigenetic events were involved 
in the modulation of microRNA expression, contrary to 
some kinds of microRNAs that could also control epige-
netic events and moreover, reciprocal modulation be-
tween microRNA and epigenetic events could regulate 
gene expression and induce tumorigenesis. According to 
Navarro et al. (2009), many miRNAs were similarly ex-
pressed either in the early human lung development or in 
stage I–II of lung cancer development, which may sup-
port the model of cancer as an alteration of normal devel-
opment. The role of miRNA aberrant expression in hu-
man malignancies such as gastrointestinal cancer (Saito 
et al., 2009), lung cancer (Nana-Sinkam et al., 2009), 
neuroblastoma (Schulte et al., 2009) or medulloblastoma 
(Ferretti et al., 2009) has been described. Conventionally, 
the miRNAs that are up-regulated in human cancer are 

designed as oncogenes, while those that are down-regu-
lated as tumour suppressors. 

Table 3 presents the aberrant expression of miRNAs 
in various types of cancer indicating their significant po-
tential as diagnostic and prognostic markers as well as 
targets for anti-cancer therapy. In further studies the cir-
culating exosomal miRNAs were found out to be useful 
as a screening test for lung adenocarcinoma (Rabinow-
its et al., 2009). The miRNAs may have a significant 
role in the regulation of expression of target genes in-
volved in the onset of breast cancer anti-oestrogen re-
sistance, and an improved understanding of this phe-
nomenon could lead to better therapies for this often 
fatal condition (Xin et al., 2009). 

Experimentaly, prediction of miRNA genes is a slow 
process because of difficulties with cloning non-coding 
RNAs. That is why complementary to experimental ap-
proaches, a number of computational tools designed to 
recognize features of the biogenesis of miRNAs have 
significantly aided prediction of new miRNA candi-
dates. The overview of existing computational methods 
for identification of miRNA genes and for assessing 
their expression levels has been documented by Oulas et 
al. (2009). 

1.4 Epigenetics and anti-cancer therapy
Current epigenetic therapy has been able to take ad-

vantage of the already mentioned reversibility of the 
epi-mutations. Progress has been made in the treatment 
of haematological malignancies and some solid tumours 
(Cortez and Jones, 2008). The potential use of inhibitors 
of enzymes functioning in epigenetic regulations includ-
ing DNMTs, HDACs, HATs, as well as histone methyl-
transferases and histone demethylases, for cancer thera-
py has been described by Mai and Altucci (2009). 
Inhibitors of HDACs have an emerging role in prostate 
cancer prevention and therapy (Abbas and Gupta, 2008) 
and recently, pharmacoepigenomic modulators of key 
genes and pathways such as promoter methylation 
(MLH1 and BRCA1 genes) and microRNA regulation 
(PTEN/AKT and NF-κB pathways) have been impli-
cated in ovarian cancer chemoresponse (Paige and 
Brown, 2008). Regarding the specific agents, several of 
them appeared to be promissing for cancer therapy: cy-
tidine analogue zebularine – a stable DNA methylation 
inhibitor that has minimal toxicity in vitro and in vivo, is 
an effective inhibitor of p15INK4b methylation and cell 
growth in human AML and the results of a study of Scott 
et al. (2007) extended the spectrum of zebularine effects 
to non-epithelial malignancies; valproate, an inhibitor 
of the class I HDACs, led to significant HDAC2 de-
crease and to cell differentiation in endometrial stromal 
sarcoma (ESS) cell lines, and in cognate cell lines it 
caused significant changes in the cell cycle, indicating 
that the agent might be considered as a potential drug 
target in the therapy of ESS (Hrzenjak et al., 2006); hy-
pomethylating agents 5-azacytidine and 5-aza-2’-deoxy-
cytidine (decitabine) appeared to improve therapies for 
the myelodysplastic syndrome, but the use of several 
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HDAC inhibitors as single agents has proved to be of 
limited clinical efficacy (Jain et al., 2009); DNMT in-
hibitors such as procaine, hydralazine, and RG108 have 
had promising outcomes for cancer therapy, and mela-
tonin, one of the most versatile molecules in nature, has 
a potential to inhibit DNMTs as well (Korkmaz and Re-
iter, 2007). 

2.  Epigenetic studies in neurodegenerative 

disorders

In the nervous system epigenetic codes are critical for 
basic cellular processes such as synaptic plasticity and 
complex behaviours such as learning and memory (Gräff 
and Mansuy, 2008). The cognitive dysfunctions in con-
sequence of aberrant epigenetic changes lead to the in-
duction of diseases such as the Rubinstein-Taybi syn-
drome, Rett syndrome, Fragile X syndrome, Alzheimer’s 
disease, Huntington’s disease and psychiatric disorders 
such as schizophrenia, addiction, depression, etc. 

2.1  Aberrant DNA methylation and 
methylation-related protein expression 

In the neurodegenerative disorders the studies of the 
global DNA methylation patterns have revealed the fol-
lowing findings: no difference in global genome DNA 
methylation of peripheral blood leukocytes between 
schizophrenia (SZ) patients and control subjects as well 
as no association between global leukocyte DNA meth-
ylation and homocysteine levels was found but the ho-
mocysteine levels were higher in SZ patients than in 
controls (Bromberg et al., 2008); on the other hand, the 
tendency to lower content of methylated deoxycytidine 
(mC) of leukocyte DNA was observed in male patients 
with SZ in comparison with controls, showing a signifi-
cant effect of age because this difference was more 
prominent in younger individuals. In females, however, 
no effect of age or disease status on mC content was 
observed. The findings indicate that there is a significant 
sex-dependent difference in the mC content of human 

Table 3. Aberrant expression of miRNAs in various types of cancer

Types of miRNA
Down-
regulation

Up- 
regulation

Type of cancer Exploitability for the disease References

miR-21 + Oesophageal squamous 
cell carcinomas

Mori et al., 
2009

miR-34c, miR-145, 
and miR-142-5p + Lung cancer

Transfection of each miRNA 
significantly repressed lung cancer cells 
growth, indicating antineoplastic effect 
of the miRNAs

Liu et al., 
2009a

miR-1, miR-133a, 
miR-205 
and led-7d

+

Primary head and neck 
squamous cell 
carcinoma (HNSCC)

Low levels of hsa-miR205 were 
significantly associated with loco-
regional recurrence independent of 
disease severity at diagnosis and 
treatment; combined low levels of hsa-
miR-205 and hsa-led-7d expression in 
HNSCC tumours were significantly 
associated with poor head and neck 
cancer survival

Childs at al., 
2009

bsa-miR-21 +

miR-433 
and miR-9 +

Gastric cancer

miR-433 and miR-9 may be used as a 
novel diagnostic tool for gastric cancer

Luo et al., 
2009

miR-106a +

miR-106a level was significantly 
associated with tumour stage, size and 
differentiation; lymphatic and distant 
metastasis; and invasion

Xiao et al., 
2009

miR-23b, miR-100, 
miR-145, miR-221, 
miR-222

+

Prostate cancer

Patients with post-surgery elevation of 
prostate-specific antigen displayed a 
distinct expression profile of 16 
miRNAs as compared with patients 
with non-relapse disease – possible 
marker for early relapse

Tong et al., 
2009

miR-135b, 
miR-194 +

miR-182 + Melanoma

miR-182 expression stimulated 
migration of melanoma cells in vitro 
and their metastatic potential in vivo; 
miR-182 over-expression directly 
repressed microphthalmia-associated 
transcription factor-M and FOXO3 

Segura et al., 
2009

miR-18a - - Hepatocellular

Blocking of ERα (oestrogen-receptor α) 
mRNA translation – promotion of the 
development of hepatocellular 
carcinoma in women by blocking the 
protective effects of oestrogens

Liu et al., 
2009b
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peripheral leukocyte DNA in SZ patients (Shimabukuro 
et al., 2007); the decrease of methylation in entorhinal 
cortex layer II, a region exhibiting substantial Alzheim-
er’s disease pathology, in which expression changes 
have been reported for a wide variety of genes, has been 
detected by assesing the immunoreativity of two mark-
ers for methylation and eight methylation maintenance 
factors (Mastroeni et al, 2008). 

The methylation status of promoter regions of the 
genes whose aberrant expression may be involved in 
pathogenesis of neurodegenerative diseases has been 
analysed in the following studies: Tochigi et al. (2007) 
did not find hypermethylation of the REELIN promoter 
region in the brains of SZ patiens, even though hyper-
methylation of the REELIN promoter region and the re-
duced levels of its messenger RNA and protein have 
been previously implicated in the pathophysiology of 
SZ; the REELIN gene appears to be of great importance 
in psychiatric disorders as it was reported that the epige-
netic aberration from the normal DNA methylation sta-
tus at the BssHII methylation-sensitive restriction en-
zyme sites in the REELIN gene in the forebrain may 
confer susceptibility to human psychiatric disorders 
(Tamura et al., 2007); in the neurodegenerative disor-
ders, including Alzheimer’s and Parkinson’s disease, 
increasing evidence has linked inflammatory processes 
to their initiation and progression: a lesser degree of 
promoter methylation leading to the increased expres-
sion of tumour necrosis factor α (TNF-α) – a key inflam-
matory cytokine, in substantia nigra pars compacta 
(SNpc) cells of the brain when compared to the brain 
cortex in Parkinson’s disease patients could underlie the 
increased susceptibility of dopaminergic neurons to 
TNF-α-mediated inflammatory reactions (Pieper et al., 
2008); no differential methylation pattern of rDNA 
genes in total peripheral blood cells in Alzheimer’s dis-
ease and elderly patients when compared to the young 
controls has been observed, even though the differential 
methylation status of the human rDNA genes indicating 
a decrease in rRNA gene expression has been previously 
demonstrated in Alzheimer’s disease by classical cy-
togenetic tools (Speranca et al., 2008); increased meth-
ylation of the γ-aminobutyric acid (GABA

A
) receptor α1 

subunit promoter region in frontopolar cortex of the 
brain of individuals who had committed suicide was de-
tected, and this methylation change correlated with the 
alteration of DNMT mRNA expression. The transcript 
of GABA

A
 receptor α1 subunit is underexpressed in sui-

cide/major depressive disorder (MDD) brains (Poulter 
et al., 2008). 

The following studies of aberrant expression of me-
thyl-binding proteins or other methylation-related pro-
teins including DNMTs in neuronal disorders have been 
performed: in Rett syndrome – a neurodevelopmental 
disorder, the genetic loss of methyl-CpG-binding pro-
tein 2 (MECP2) had significant effect on synaptic trans-
missions in several brain regions important for respira-
tory control, causing severely arrhythmic breathing – a 
hallmark of the disease (Ogier and Katz, 2008); accord-

ing to Lahiri et al. (2007), in the development and pro-
gression of Alzheimer’s disease, the environmental fac-
tors operate by perturbation of the interaction of 
methylated CpG clusters within promoters of specific 
genes with methyl-binding proteins, such as MECP2 
and SP1, perturbing gene regulation in a long-term fash-
ion – beginning at early developmental stages and not 
having pathological results until significantly later in 
life (a “Latent Early-life Associated Regulation” mod-
el); over-expression of DNMT1 and DNMT3a in dis-
tinct GABAergic neuron populations as well as in pe-
ripheral blood leukocytes of SZ patients was detected 
suggesting that peripheral leukocytes may become use-
ful for investigation of a diagnostic epigenetic marker of 
SZ morbidity (Zhubi et al., 2009). 

2.2 Aberrant histone modifications 
The following findings concerning the aberrant ex-

pression of enzymes performing the covalent histone 
modifications, including HDACs or histone methylases 
and demethylases, have been found in neurodegenera-
tive disorders: inhibition of HDAC1 activity by p25/
Cdk5 induces aberrant cell-cycle activity and double-
strand DNA breaks that precede neuronal death. It points 
out the importance of maintaining HDAC1 activity in 
adult neurons and the possibility of the pathway to be a 
potential target for therapeutics against diseases and 
conditions involving neuronal death (Kim et al., 2008); 
inhibition of HDAC6 activity increases vesicular trans-
port of brain-derived neurotrophic factor (BDNF), 
thereby increasing acetylation at lysine 40 of α-tubulin 
that is reduced in the brains of patients with Hungtig-
ton’s disease (HD) and in such a way provides for the 
neuroprotective effect. This finding pointed out the pos-
sible therapeutic targets of interest in disorders such as 
HD, in which intracellular transport is altered (Dompi-
erre et al., 2007); the expression of ERG-associated pro-
tein with SET domain (ESET), a H3K9 methyltrans-
ferase, was markedly increased and the protein level of 
trimethylated H3K9 was also elevated in HD patients. 
Modulation of the gene silencing mechanisms through 
regulation of the ESET gene is important to neuronal 
survival and may be a promising treatment in patients 
with HD (Ryu et al., 2006). 

The activity of chromatin modifiers may also be al-
tered by mutations of coding genes: mutations within 
the genes encoding H3K9-specific methyltransferase, 
EHMT1, and H3K4-specific histone demethylase, 
JARID1C/SMCX, have been linked to mental retarda-
tion and autism, respectively. In addition, H3K4-specific 
methyltransferase MLL1 is essential for hippocampal 
synaptic plasticity and might be involved in cortical 
dysfunction of some cases of SZ (Akbarian and Huang, 
2009); a large number of mutated genes that underlie 
mental retardations encode regulators of chromatin 
structure and of chromatin-mediated transcription regu-
lation, including MECP2, H3K4 demethylase JARID1c 
and H3K9 histone methyltransferase EHMT1 (Kramer 
and van Bokhoven, 2009).
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3.  Epigenetic studies in autoimmune, 

cardiovascular, and other diseases

3.1  Aberrant DNA methylation and 
methylation-related protein expression 

Many skin diseases such as common skin cancer re-
sult from aberrant methylation of tumour suppressor 
gene promoters and hypomethylation is the main cause 
of autoimmune diseases such as systemic lupus ery-
thematosus (SLE), subacute cutaneous lupus erythema-
tosus (SCLE), scleroderma, and inflammatory skin dis-
ease (Millington, 2008). Gene-specific hypomethylation 
in T cells, which play an important role in the autoim-
mune responses, occurs in patients with SLE and vari-
ous hypomethylating agents may induce lupus-like au-
toimmunity in vitro and in vivo (Zhou and Lu, 2008). In 
patients with SCLE hypomethylation of DNA, lower 
levels of DNMT1 and DNMT3a mRNAs, and signifi-
cantly higher levels of methylated CpG-binding proteins 
(MBDs) MBD1, MBD3 and MBD4 mRNAs in the 
CD4+ T cells were found out. Further, increased mRNA 
levels of MECP2 and MBD4 in CD8+ T cells were also 
detected. According to Luo et al. (2008), the aberrant 
regulation of DNA methylation in CD4+ T cells is asso-
ciated with SCLE development. Hypomethylation of 
genomic DNA is present in human atherosclerotic le-
sions and methylation changes also occur at the promot-
er level of several genes involved in the pathogenesis of 
atherosclerosis, such as extracellular superoxide dis-
mutase, oestrogen receptor α, endothelial nitric oxide 
synthase, and 15-lipoxygenase (Turunen et al., 2009). 

Hypermethylation of specific genes in autoimmune 
and other diseases was detected in the following studies: 
heavy methylation (and histone deacetylation) of the 
FLI1 gene in scleroderma fibroblasts and skin biopsy 
specimens indicates that epigenetic mechanisms may me-
diate the fibrotic manifestation of scleroderma (Wang et 
al., 2006); the killer-cell immunoglobulin-like receptor 
(KIR) genes expressed on natural killer (NK) cells – a 
component of the innate immunity and the first line of 
defence against viral infections and malignancies – and 
on the “senescent” CD28-T cells, both implicated in car-
diovascular diseases, are suppressed by DNA methyla-
tion in most T cells, and DNA demethylation promotes 
KIR expression (Liu et al., 2009c); similarly, the KIR 
genes on the human NK cells derived from cell line 
NK-92MI exhibited epigenetic repression in consequence 
of the densely methylated promoter regions. Treatment 
with 5-azacytidine significantly increased expression of 
KIRs, which resulted in strong suppression of the NK 
 cytolytic activity. This finding pointed out the fact that 
aberrant methylation patterns of the KIR genes during 
NK-cell differentiation and maturation may have impor-
tance for their abnormal function (Gao et al., 2009).

3.2 Aberrant histone modifications
Aberrant changes of the activity of chromatin modi-

fiers were found in the following studies: global histone 

H3/H4 hypoacetylation in active CD4+ T cells and glo-
bal H3K9 hypomethylation in both active and inactive 
CD4+ T cells of patients with SLE when compared with 
the controls was detected, but the global levels of 
H3K4 methylation were not different between the pa-
tients and controls. Moreover, the metabolic NAD1-de-
pendent protein/histone deacetylase (SIRT1) mRNA 
level was significantly increased in active lupus CD4+ 
T cells compared with controls (SIRT1 is an anti-aging 
and anti-inflammatory protein that regulates proinflam-
matory mediators by deacetylating histone and non-his-
tone proteins). Further, it was found that mRNA levels 
of CREBBP, P300, HDAC2, HDAC7, SUV39H2, and 
EZH2 were significantly down-regulated in patients 
with active lupus (Hu et al., 2008); the HDAC gene ex-
pression was reduced in CD4+ T cells of patients with 
type 1 diabetes (T1DM), which may underlie the abnor-
mal immune response of CD4+ T cells resulting in de-
struction of the insulin-producing pancreatic beta cells 
(Orban et al., 2007); alterations in trimethylation of 
H3K4 and to a lesser degree in H3K9 have been identi-
fied in the human left ventricular tissue with retained or 
damaged function, indicating global epigenetic changes 
in cardiac myocytes associated with heart failure (Kane-
da at al., 2009). 

Histone modifications within the specific genes were 
revealed in the following studies: a subset of epigeneti-
cally modified genes in consequence of a significant in-
crease in genome-wide H3K9 dimethylation was found 
in lymphocytes but not in monocytes from T1DM pa-
tients versus healthy control subjects, indicating that 
histone methylation within the identified network might 
have effect on the aetiology of T1DM and its complica-
tions. The analysed genes included CLTA4, but also 
many genes associated with autoimmune and inflamma-
tion-related pathways such as transforming growth fac-
tor β, nuclear factor κB, p38 mitogen-activated protein 
kinase, toll-like receptor, and interleukin 6 (Miao et al., 
2008); the active transcriptional state of the NFκB-p65 
gene connected with the ambient or prior hyperglycae-
mia in diabetic patients and related to the phenomenon 
of “hyperglycaemia memory” is linked with persisting 
epigenetic marks such as enhanced methylation but not 
di- or trimethylation of H3K4 and reduced di- and tri-
methylation of H3K9 (Brasacchio et al., 2009); the lev-
els of SIRT1 were reduced in macrophages and lungs of 
smokers and patients with chronic obstructive pulmo-
nary disease (COPD) due to its post-translational modi-
fications by cigarette smoke-derived reactive compo-
nents leading to increased acetylation of RelA/p65. Thus, 
SIRT1 plays a pivotal role in the regulation of NF-κB-
dependent proinflammatory mediators in lungs of smok-
ers and patients with COPD (Rajendrasozhan et al., 
2008); acetylation of histone H4 associated with cy-
clooxygenase-2 (Cox-2) gene promoter that plays an 
important role in the inflammatory response, as well as 
degradation of HDAC1 was induced by exposure to die-
sel exhaust particulate matters (DEP), which has been 
shown to induce pulmonary inflammation and exacer-
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bate asthma and chronic obstructive pulmonary disease. 
DEP exposure induced recruitment of HAT P300 to the 
promoter of the Cox-2 gene, suggesting that along with 
HDAC1 that plays an important role in mediating tran-
scriptional activation of the Cox-2 gene, acetylation is 
also important in the regulation of its expression (Cao et 
al., 2007). 

3.3 Imprinting disorders
The products of imprinted loci are important regula-

tors of growth and development, and imprinting disor-
ders are associated with both genetic and epigenetic mu-
tations, including DNA methylation changes within 
imprinting control regions (ICRs). 

Beckwith-Wiedemann syndrome (BWS) and Rus-
sell-Silver syndrome (RS) are growth disorders with op-
posing epimutations affecting the H19/IGF2 imprinting 
center at 11p15.5. Overgrowth and tumour risk in BWS 
syndrome is caused by aberrant expression of the pater-
nally expressed, imprinted IGF2 gene, occurring as a 
consequence of mosaic hypermethylation within the im-
printing centre, or to mosaic paternal uniparental dis-
omy. A subset of RS cases were recently shown to have 
mosaic hypomethylation within the H19/IGF2 imprint-
ing centre, predicted to silence paternally expressed 
IGF2 in early development (Wojdatz et al., 2008).

It was reported recently that some patients with im-
printing disorders have a more generalized imprinting 
defect, with hypomethylation at a range of maternally 
methylated ICRs. Both partial and complete hypometh-
ylation of 11 ICRs was detected in patients with BWS 
and with hypomethylation of the KCNQ1OT1 ICR in-
volving only maternally methylated loci. Some ICRs, 
including PLAGL1 and GNAS/NESPAS, implicated in 
the transient neonatal diabetes and type 1b pseudohy-
poparathyroidism, respectively, were more frequently 
affected than others (Bliek et al., 2009). 

Hypomethylation of multiple imprinting loci in indi-
viduals with transient neonatal diabetes is associated 
with mutation in ZFP57, which encodes a zinc-finger 
transcription factor expressed in early development 
(Mackay et al., 2008). 

The intergenic differential methylation regions (DMR) 
DLK1-MEG3 and MEG3 at the 14q32.2 that are severe-
ly hypermethylated after paternal transmission and 
grossly hypomethylated after maternal trans mission, 
were grossly hypomethylated in a patient with maternal 
uniparental disomy for chromosome 14 (upd(14)mat)-
like phenotype, in the absence of upd(14)mat and dele-
tion of the DMRs. This finding indicates the occurence 
of an epimutation – hypomethylation affecting the nor-
mally methylated DMRs of paternal origin (Hosoki et 
al., 2008). 

4.  Impact of the environment and nutrition 

on epigenetic regulations

Epigenetic mechanisms may provide a possible ex-
planation for how environmental influences in early life 

cause long-term changes in chronic disease susceptibil-
ity. Prenatal under-nutrition or stresses may be one of 
two developmental pathways that may induce obesity 
causing that individuals develop with central or periph-
eral changes increasing their sensitivity to an obesogen-
ic environment (Gluckman and Hanson, 2008). Methyl 
donor supplementation prevents trans-generational am-
plification of obesity, suggesting a role for DNA meth-
ylation in the developmental establishment of body 
weight regulation (Waterland, 2009). 

Epigenetics became important also in the field of nu-
tritional genomics, which try to fill fundamental gaps in 
the knowledge of nutrient-genome interactions in health 
and disease. Human epidemiologic studies as well as in-
creasing animal models demonstrate that maternal nutri-
tion can “programme” gene expression patterns in the 
embryo that persist into adulthood and contribute to 
metabolic disease (Stover and Caudill, 2008). Folate – 
vitamin B, for example, functions as a metabolic cofac-
tor by carrying and chemically activating single carbons 
for re-methylation of homocysteine to methionine 
(folate-mediated one-carbon metabolism) that can be 
adenosylated to form S-adenosylmethionine (SAM). 
SAM serves as co-substrate for numerous cellular meth-
ylation reactions. Folate is a key for genome synthesis, 
stability and expression. Impairments in the SAM cycle 
induced by nutritional deficiencies alter the genome 
methylation pattern and gene expression level, includ-
ing expression of tumour suppressor genes. Disruptions 
in folate metabolism increase risk for pathologies that 
include certain cancers, cardiovascular diseases, neuro-
logical disorders, and several developmental anoma-
lies. 

Epigenetics should be considered as an important 
emerging application for metallomic studies and ap-
proaches: among a variety of epigenetic factors, essen-
tial nutrients, but also environmental toxins, have been 
shown to affect DNA methylation, modification of his-
tone proteins, and RNA interference. Recent studies 
suggest that epigenetics may be a critical pathway by 
which metals produce health effects (Wrobel at al., 
2009).

Epigenetic modifications of DNA and histones at spe-
cific gene regulatory regions may represent the underly-
ing mechanisms of sex hormone action leading to gen-
der differences in susceptibility to complex diseases 
such as asthma, diabetes, lupus, autism and major de-
pression (Kaminsky et al., 2006). 

Conclusion

One of the major challenges in genetics today is to 
understand the causes of multi-factorial diseases. An 
emerging role of epigenetic dysregulations in pathogen-
esis of various diseases gave rise to the increasing 
number of studies in this field. Deeper understanding of 
epigenetic mechanisms in health and disease, their rela-
tionships with the environmental influences and the way 
how they are associated with the disease phenotype may 
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lead to development of new biomarkers and new appro-
priate therapeutic strategies. Some findings in this re-
view pointed out contradictory results. For example, 
one study concerning DNA methylation alterations in 
SZ have revealed sex-dependent hypomethylation of 
leukocyte DNA in comparison with healthy individuals 
(Shimabukuro et al., 2007), but another study in SZ 
found no differences in global leukocyte DNA methyla-
tion between healthy individuals and patients (Bromb-
erg et al., 2008). As such the differences in the results 
may be due to the various numbers of analysed individ-
uals or the methods used, more extensive and exact epi-
genetic studies must be performed in the future, espe-
cially in the disorders other than cancer. An important 
role in the epigenetic studies will be played by the avail-
ability of new assays for mapping the epigenetic pat-
terns across the whole genome, new strategies for the 
analysis of the obtained data and appropriate epidemio-
logical strategies in order to know how an individual’s 
epigenetic changes may lead to the disease.
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