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/Abstract )

Complex multicellular organisms are composed of different tissues whose individual characteristics depend on the specific
proteins expressed selectively and differentially by their cell types. These proteins can function as structural cell components,
regulatory enzymes of metabolism, transcription factors, cellular receptors and intracellular signaling components. The incor-
rect expression of such proteins, their expression in the wrong places at the wrong time, or the production of specific proteins or
proteins of anomalous function in abnormal amounts underlies all cellular pathology with a genetic basis. Therefore, knowledge
on regulation mechanisms of protein expression in eukaryotes will contribute to the understanding of the molecular basis of
various pathologies.

The mechanisms of regulation of gene expression operate at the following different levels: transcriptional control, post-
transcriptional control (Processing and Transport of Primary RNA), translational or protein synthesis control, and post-transla-
tional control. The different control mechanisms include the specific sequences in DNA, the existence of enzymes and regulatory
proteins (Recognition Factors) and the chemical modification of DNA, RNA and proteins. Specifically, in heart and cardiac cells
have described epigenetic mechanisms and networks of transcription factors essential for their differentiation, but the epigenome
remodeling of these differentiated terminal cells during fetal development, postnatal maturation and cardiovascular diseases is
unknown. The present review article aimed to provide an overview of the mechanisms of gene regulation in eukaryotic cells and
to show that each of these mechanisms is crucial for the maintenance of cell integrity
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miRNA Micro-Rna

IncRNAs Long Noncoding Rnas

Dnmt DNA Methyltransferase

SUMO Small Ubiquitin-L Modifier
MEF2 Enhancer Factor of Myocytes 2
GSK3p Glycogen Synthase Kinase 3 Beta
Introduction

In eukaryotic cells, the ability to express biologically active
proteins results from different regulatory levels. Genetic regulation
is defined as the processes that affect the action of the gene at the
level of transcription or translation or after these processes are
completed. In these processes, the functional products of a gene are
regulated, allowing a cell to control a structure and function. The
mechanisms of regulation of gene expression operate at different
levels as follows: transcriptional control, post-transcriptional
control (Processing and Transport of Primary RNA), translational
control or protein synthesis, and post-translational control. The
different control mechanisms include specific sequences in DNA,
the existence of enzymes and regulatory proteins (recognition
factors) and the chemical modification of DNA, RNA and proteins
[1,2].

Regulation Levels of Gene Expression in
Eukaryotes

DNA conformation and structure

Chromatin differential compaction affects the binding
capacity of enzymes and transcriptional factors of specific
genes. Chromatin can be divided into two types according to
its staining pattern as follows: euchromatin stains smoothly
and corresponds to genome regions available for transcription,
whereas heterochromatin or dense chromatin is intensely stained
and corresponds to genome regions that are densely compacted
and inaccessible to the transcriptional apparatus. There are
two types of heterochromatin: constitutive, which refers to
chromosomes or part of them that are heterochromatic in all cells
of the same species; and facultative, which involves chromosome
zones that can de-compact in euchromatin in some cells of the
same organism. Because heterochromatin cannot be transcribed,
gene expression in eukaryotes can be repressed by euchromatin
condensation in heterochromatin. All the factors that modulate
chromatin decompaction are not yet known [3-5].

Histone acetylation and deacetylation are frequent covalent
modifications in these chromatin decompaction phenomena.
For example, acetylation of coactivators is involved in genetic
transcripts modulated by thyroid hormones. Acetylation occurs in
the lysine residues of the N-terminal tails of histones, reducing
their positive charge and thus their binding affinity to negatively
charged DNA. Histone deacetylation, mediated by deacetylases,
causes the opposite effect (Re-Compaction) [6-8].

DNA Covalent Modifications
Methylation of Deoxycytidine Residues

Deoxycytidine residues occur in specifically recognized
sequences (5’-mCpG-3’) that are usually grouped into GC-
abundant “islands” within or near regulatory transcription regions.
CpG islands are sequences of approximately 1 kb whose abundance
in the CpG islands is greater than in the rest of the genome. Genes
are expressed strongly when CpG islands are poorly methylated
(Hypomethylated), whereas they are not expressed if the CpG
islands are hypermethylated [9,10]. Methylation inhibits gene
transcription by interfering with the ability of transcription
factors to recognize DNA-binding sites or by altering DNA
conformations, making polymerization of the RNA polymerase
difficult. Methylation of cytosine residues in DNA, especially
at the promoter sites, makes transcription difficult. In mammals,
methylated DNA forms heterochromatin, which is inaccessible
for transcription factors. Therefore, methylated genes cannot
be transcribed even residually, thereby becoming an efficient
mechanism of gene silencing that decreases the amount of DNA
that transcription factors and RNA polymerase must trace to search
for promoters [4,9,11-13].

Modification of gene number and structure

The total or partial elimination of genes prevents the
formation of mRNA and the corresponding protein. The presence
of tandem genes implies the multiple copies of a gene, which
increase the production capacity of the required protein in large
quantities as occurs in genes encoding histones and 5S RNA. Gene
regulation is also performed according to the availability of DNA
by increasing the number of copies of an accessible gene [14].
This mechanism is known as gene amplification, which is the
successive repetition of the replication of a specific DNA sequence.
This phenomenon is observed in the amplification of certain genes
whose products are necessary for the development of some insects
and amphibians, such as ribosomal RNA in Xenopus laevis, in
which genes encoding 5.8S, 18S and 28S RNA are amplified from
500 to 2 million copies.

Proteins that modulate transcription

In eukaryotes, both RNA molecules and proteins can act as
regulators. Among the proteins, some are part of the holoenzyme
polymerase, and others are involved in the remodeling of
chromatin. Moreover, a third group of proteins binds DNA to
regulate transcription.

Transcriptional activators: Transcriptional activators are proteins
that bind to distal elements (SDE and Enhancers) to activate
transcription. These activators are specific to a few promoters (will
not be in all cell types), recognize between 6 and 14 bp in the
promoter and usually present the following two structural domains:
DNA-binding domain, which consists of 60 to 100 consecutive
amino acids; and the activation domain of the transcript, which
consists of 30 to 100 amino acids that are not consecutive and
that are classified into three main types. The three main activation
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domain types are as follows: Gln-rich domain, as the SP1 factor
that binds to GC boxes; Pro-rich domain, as the CTF factor that
binds to CAAT boxes; and the Gal4p and Gnc4p acid-rich domain
(Yeast Activators), which loses activating capacity when the
acidic residue is removed but gains activating capacity when the
basic residue is mutated. The presence of these domains converts
them into modular proteins, in which the binding domain and the
activation domain can function independently [3,15,16].

Coactivators and corepressors: The action of a transcription
activator (or a repressor) can be exerted directly on the basal
complex either on the RNA polymerase (one of the TFII or TAFII)
or through an intermediary molecule, which can be a coactivator
or a corepressor. A coactivator contributes to activate transcription,
and a single coactivator can receive signals from different
activators to transmit them towards the basal promoter complex.
The coactivators formed by a single polypeptide chain include
the p160 family, such as steroid receptor coactivator 1 (SRC-1),
glucocorticoid receptor interacting protein 1 (GRIP-1) and nuclear
hormone receptor coactivator 1 (NcoA-1). The coactivators formed
by several polypeptides include the mediator (MED), TRAP/
SMCC, PC2, DRIP, CRSP, NAT or ARC. In contrast, a corepressor
contributes to inactivate the promoter [3,17].

Transcriptional control of gene expression: The transcriptional
control of gene expression includes promoters, enhancing
regulatory sequences (Enhancers), and the interaction between
multiple activating or inhibiting proteins that act by binding to
specific DNA recognition sequences. The regulations can be of
the “CIS” or “TRANS” type. CIS regulation is determined when
the transcriptional regulatory element is part of the polynucleotide
chain where the gene to be regulated is located. When the
regulatory elements are of a different nature and origin than the
genetic sequence to be controlled, the regulation is of the TRANS

type [18].
CIS regulation promoters

The initial step of the synthesis of the three types of RNA is
the location of the RNA polymerases next to a DNA sequence at
the level of the gene promoter to be transcribed. The most complex
of regulatory processes is that which comprises class II genes or
mRNA encoders. Almost all protein coding genes contain two
types of basal promoters and a varying number of transcriptional
regulatory domains. The most frequent promoters are those of the
CCAAT and TATA types, which are known as motifs or boxes
because of their high evolutionary conservation. The TATA box is
located 20-30 bp upstream of the transcription start site. Numerous
proteins identified as TFIIA, TFIIB, and TFIIC (Regulatory Factors
of RNA Polymerase II) interact with the TATA box. The CCAAT
promoter resides 50-130 bp upstream of the transcriptional start
site, and C/EBP (CCAAT-box /enhancer/binding/protein) binds to
this sequence [18]. Another regulatory sequence includes the GC
box. Although promoters are preferably located upstream (5°) of
the transcriptional start, some can be located downstream (3°) or
are intragenic. The number and type of regulatory elements vary
according to each mRNA. The nature of the promoters and the

combination of the proteins that interact with them are part of the
main regulatory mechanisms in inducible genes [15].

Regulatory-enhancing sequences (Enhancers): DNA
sequences can be located upstream or downstream of the gene
thousands of base pairs from the promoter. DNA regions in which
activating actions are exerted are called enhancers or augmentations.
In general, a regulator sequence or enhancer regulates the frequency
with which the transcriptional process is performed. There are also
regulators of opposite action (Silencers or Transcription Dampers).
The simplest explanation of the regulatory phenomenon at a
distance proposes that the DNA molecule is doubled in a loop to
allow the approach of these areas distant from the double helix and
locates the activator protein linked to the enhancer [3,19,20]

TRANS regulation - Transcription factors

Within the transcriptional regulation are Transcription
Factors (TF), which are responsible for performing transcription
preferentially. TFs are nuclear localization proteins that bind to
specific DNA sequences and that modulate gene expression to
participate in the regulation of DNA transcription but without
being part of the RNA polymerase. TFs can act by recognizing
and binding to specific DNA sequences, joining other factors,
or joining directly to the RNA polymerase. When activated, TFs
acquire the ability to regulate gene expression in the cell nucleus
either by activating or repressing the transcription of various genes
[3,21].

In contrast to bacterial RNA polymerases, eukaryotic RNA
polymerases do not directly contact the DNA promoter but instead
are recruited towards the promoter by specific protein complexes
for each type of RNA polymerase. These complexes are called
SL1, TFIID and TFIIB for RNA polymerase I, RNA pol II, and
RNA pol III, respectively. There are also general TFs, which are
components of the basal transcription complex, and tissue-specific
TFs, which bind to specific promoter/regulatory regions of genes
and regulate the level of transcription from the basal transcription
complex [3,21].

In addition to the DNA binding-domain, TFs may possess
dimerization domains for the non-covalent, reversible interaction
of one protein with another. The interaction of two proteins through
these domains may be a requirement for their binding to DNA.
Therefore, the union of regulatory factors is often cooperative.
While multiple dimeric factors possess two proteins of the
same species (Homodimers), others are formed by two proteins
of different nature (Heterodimers). In addition to dimerization
domains, this type of protein possesses DNA-binding domains and
transcriptional activation domains [3].

According to its structure, different TF families
have been defined
Zinc fingers

DNA-binding structures that require zinc for their binding activity,
and these motifs consist of specific spacings formed by cysteine
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and histidine residues that allow the binding of Zn*" cations to the
protein, producing a coordinative link of the metal in the center
of them. This motif has a finger-like appearance for which it is
commonly known as the “zinc finger” [22]. This type of protein
is usually organized in a series of 9 repeated domains, containing
30 amino acids folded in a simple structural unit around a zinc
atom to which the cysteine and histidine are attached in varying
numbers, resulting in different families. These families include
the cys-cys-his-his (2 Cysteines and 2 Histidines), cys-cys-cys-cys
(4 Cysteines), and cys-cys-his-cys (3 Cysteines and 1 Histidine)
families [22-24]. The most typical examples include the TF of
RNA polymerase II (TFIIIA) and the superfamily protein receptors
of permissive hormones (Steroids and Thyroid). Other TFs that
present zinc fingers are GATA proteins, which are important in
normal cardiac development [25], as well as the MAZ protein,
which is crucial in the genetic expression control of the CD4 cell
surface glycoprotein [22,24,26].

Leucine zipper (ZIP)

The ZIP is a motif that is caused by the repetitive distribution
of leucine residues spaced by seven amino acids in an alpha helical
distribution of the protein [22,27], and this domain is preceded
by a zone of basic amino acids. ZIPs allow binding to specific
recognition sequences of DNA in the form of dimers in areas near
the promoters and activating or enhancer regions of the genes.
Along with additional factors, ZIPs contribute to the efficiency
with which RNA polymerase binds to the promoter and initiates
transcription. In general, all these proteins activate transcription
in a constitutive or regulated manner through post-translational
modification (usually by phosphorylation) in response to external
stimuli. Multiple b-Zip factors are expressed specifically in
different cell types or in a regulated manner depending on the
development patterns, and they contribute to tissue differentiation
[24,28,29]. ZIP domains are present in proteins such as c-myc,
c-fos, c-jun and C/EBP [22].

Helix-Loop-Helix (HLH)

The HLH domain consists of two alpha-helix regions
separated by a region of varying lengths that forms a loop between
them. Alpha-helix domains are structurally similar and necessary
for interaction with protein sequences that allow symmetric
conformation in relation to an axis; as in leucine zipper domains,
this structural class presents a basic region that is in contact with
DNA and possesses a dimerized region of two alpha helices
[22,23]. The ZIP family and the HLH family present a subfamily
of domains known as basic leucine zipper (bZIP) and basic helix-
loop-helix (bHLH) [29], which are characterized by the presence
of an adjacent HLH and ZIP basic domain [28]. These transcription
factors regulate gene expression through their specific binding to
DNA, and they bind as dimers to symmetric DNA sites [24,30].
The basic domain of these proteins controls the binding to the
consensus DNA sequence of CANNTG. This consensus sequence
is referred to as the E-box motif (E-box) and is present in the
regulatory regions of some tissue-specific genes. Examples of this
group of proteins include Myo D, c-Myc, Max, USF, AP4, TFE3

and TFEB [28,31].
Homeodomains

The DNA-binding region of 60 amino acids encoded by a 180
bp DNA sequence is known as a homeobox. Homeodomains are
necessary both for early cell lineage decisions, such as the formation
of the basic body plan of vertebrates, and for late decisions, such
as differentiation and organogenesis [32-35]. Homeodomains have
diverged greatly throughout evolution in eukaryotes, but they all
contain highly conserved residues that may be necessary for DNA
binding [36].
of Gene

Post-Transcriptional  Control

Expression

Although the initiation of transcription is the primary
regulation site of gene expression, the synthesis of the primary
transcript is not the only time that cells control the adequate
production of proteins.

Alternative Polyadenylation Sites

Something like the alternative sites of transcription initiation
may occur but at the 3’ end. In this case, several sites capable of
being polyadenylated, such as the gene for the immunoglobulin
m heavy chain, are found on the same gene. Depending on the 3’
polyadenylated site, the resulting protein can be anchored to the
membrane or be secreted according to the developmental stage of
the cell [3,37,38].

Alternative Splicing

Alternative splicing is a mechanism that allows a single gene
to code for more than one protein. In multiple cases, more than
one route is known to process the primary transcript, obtaining
structurally and functionally different proteins or isoforms of a
protein. The cuts on the hnRNA must be produced with absolute
precision. Splicing may occur when one or more exons are
removed (Producing A Shorter Protein) or when one or more
introns are not removed (Producing A Longer Protein). A family
of six proteins known as alternative splicing factors (ASFs) is
responsible for recognizing and selecting the places for alternative
cuts. ASFs contain domains rich in serine and arginine (also
known as SR proteins). The mechanism by which the cell selects
the sites is unclear. Some genes coding for transcription factors
in cells in developmental stages can be assembled alternatively,
and the production of one or another variant will determine the
differentiation path adopted by the cell. In most cases, the difference
between alternative splicing products on a single RNA differs in
key regions, which may affect the following protein properties:
compartmentalization, type of ligand to which it will bind, binding
affinity, and catalytic activity if it is an enzyme [3,39-41].

RNA editing (Directed RNA Mutagenesis): Alternative
splicing is the best studied and most usual way of regulating gene
expression at the level of RNA processing, but it is not the only
one. A point mutation of a base in mRNA or hnRNA can alter the
product. A point mutation is not an error, but it is a tool used by
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the cell to achieve a certain protein. In humans, this is the case of
apoproteins B100 and B48. Both are encoded by the same gene
and contain the same exons and introns in hnRNA. When the
gene is expressed in hepatocytes, the hnRNA does not undergo
any modification, and the processed mRNA is translated into
ApoB100. When the gene is expressed in enterocytes, however, a
point mutation is produced that converts C residues to U residues
in the mRNA, configuring a stop codon that codes for ApoB48
[3,42].

Stability of mRNA: Contrary to prokaryotic mRNA, in which
the half-life is approximately 1-5 minutes, the stability of eukaryotic
mRNA varies widely. The length of the poly A tail is directly
related to the cytosolic stability of the mRNA, which is associated
with the protection exerted by this sequence when competing with
the rest of the chain for binding to cytosolic nucleases. The poly A
tail is linked to a protein known as poly A binding protein (PABP),
which protects the sequence from the action of general nucleases
and sensitizes it to a poly A-specific nucleases. As these nucleases
act, the poly A tail is shortened until it can no longer bind to PABP,
and the mRNA becomes susceptible to general nucleases and is
rapidly degraded. Certain unstable transcripts possess predominant
sequences, but not exclusively, in the 3’ regions that constitute
signals of rapid degradation for cytoplasmic nucleases. These
sequences are known as destabilizing sequences, which consist of
approximately 50 nucleotides and are rich in A and U residues. A
group of, cytoplasmic nucleases, known as ribozymes that possess
a small RNA in their active site specifically pair with these 3’end
sequences, accelerating the degradation of mRNA [3,42,43].

Translational Control of Gene Expression

Almost one-third of cytoplasmic mRNA is not bound to
ribosomes even when more than 90% of the ribosomes are active.
The speed at which mRNA is translated as well as the number
of times that it must be translated can be regulated. There is a
general, global or nonspecific control of the translation exerted on
the factors of the translation complex. Specific cases or particular
control of the translation of certain mRNAs are known [15,37].

General translational control: All cellular mRNA present
methylated guanosine capping, and such structure increases
translation. If for some reason of spatial arrangement of the 5’
end of the RNA and capping is not available for its interaction
with the initiation factor eIF4E, translation is decreased. The
activity of the elF2B, eIF3, elF4B and elF4F initiation factors
can also be controlled by phosphorylation, a mechanism that in
turn responds to various stimuli that can be either be physiological
(Kinase Cascade Activating Factors) Or Not (Severe Malnutrition,
Hyperosmolarity, Viral Infection or Thermal Shock). For example,
elF2B is phosphorylated by a cAMP-independent protein kinase
that responds to stress signals and is inactivated by preventing the
formation of the 40S complex. In turn, eIF4F is phosphorylated by
insulin and mitogen-activated kinase cascades, which induces the
activation of the factor, promoting an increase in translation. There
are two proteins (4E-BP1 and 4E-BP2) that bind and inactivate
elF4F; insulin and growth factors phosphorylate these proteins by

releasing elF4F and leaving the phosphorylation sites available
to enhance the stimulation of factor activity as well as protein
synthesis [3,37].

Particular translational control: Translation control depends
on regulatory substances that modify the configuration of a stretch
of non-translatable nucleotides located at the 5’ end between the
cap and the initiation codon, e.g., the translation of the ferritin
messenger that binds to iron for its intracellular deposit. When
cytosolic iron concentrations increase, ferritin synthesis occurs at
high speeds, and iron binds to aconitase or IRF. In contrast, when
these concentrations decrease, the IRF becomes free and binds to
the mRNA of ferritin, forming a loop at the 5’ end that prevents
the binding of eIF4F and the assembly of the translation apparatus,
thereby blocking unnecessary protein production [3,15,37].

Translational Frame Shift

In translation frame shifts, the ribosome shifts the reading
frame at some point in its displacement along the mRNA, moving a
nucleotide backward or forward, thus enabling the same messenger
to produce two proteins [44].

Stop codon read through: In a stop codon read through, the
ribosome jumps the stop codon and continues to read the nucleotide
sequence [45].

Translational Bypassing

In translation bypassing, the ribosome ignores a nucleotide
sequence in the messenger, resulting in the messenger being longer
than the protein because an internal portion of the message remains
untranslated, enabling a single messenger to produce two proteins
[46].

Post-Translational Control of Gene Expression

The nascent peptide of the ribosome can undergo various
modifications according to its subsequent biological function,
including removal of the amino terminal end, export signals,
acylations, methylations, sulfations, glycosylations, prenylations,
vitamin C-dependent modifications, vitamin K-dependent
carboxylations (such as in the case of coagulation factors) or
post-translational cleavages, to become active (which is a way to
control their activity as in the case of some enzymes and peptide
hormones). All these modifications can be controlled by internal
(e.g., Intracellular pH and Molecular Chaperone Activity) or
external (kinase cascades that control phosphorylation) signals.
Any problem in these post-translational modifications can
trigger alterations in the physiology of the cell. Regardless of the
structure and function of the protein, a correct post-translational
folding of the peptides is indispensable because the formation
of secondary, supra-secondary and tertiary structures as well as
the oligomerizations will be responsible for making the protein
functional [3,37,47].

Control Over Protein Stability

Cells can control the survival time of proteins once they
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have been synthesized and modified post-translationally. Although
it is not directly concerning the regulation of gene expression, it
is an extension of the topic. The mechanisms that control protein
stability are not well understood. However, proteins in which the
amino terminals are rich in methionine, serine, alanine, threonine,
valine and glycine are stable for more than 20 hours, whereas those
that are rich in phenylalanine, aspartic acid, lysine and arginine are
stable for less than 5 minutes. This is known as the “N-end Rule”.
The last mentioned sequences are known as “PEST Sequences”,
which are highly sensitive to ubiquitin recognition and are degraded
in the proteasome [48].

Posttranslational modifications play a fundamental role
in regulating the folding of proteins, their targeting to specific
subcellular compartments, their interaction with ligands or other
proteins, and their functional state, such as catalytic activity in the
case of enzymes or the signaling function of proteins involved in
signal transduction pathways. The interplay between modifying
and demodifying enzymes allows for rapid and economical control
of protein function. A similar control by protein degradation and
de novo synthesis would take much longer time and cost much
more bioenergy [49].

Phosphorylation

Phosphorylation is a  strictly  post-translational
modification once the protein is completely synthesized and
folded. Phosphorylation affects OH groups of Ser, Thr and Tyr,
causing a remarkable increase of negative charge in the protein.
Phosphorylation is reversible and frequent. Phosphorylation
occurs via protein kinases by transferring the (y) group of ATP, and
dephosphorylation is catalyzed by protein phosphatases [15,41].

Acetylation

Acetylation is a covalent modification that introduces an
acetyl group in the amino of an amino acid. Acetylation of the
amino terminus Met (which deactivates the sequencing of the
protein) is most frequent, but it can also occur on histone Lys to
change its affinity for DNA as mentioned above [50]. Histone
acetylation has been recognized as an important post-translational
modification of core nucleosomal histones that changes access
to the chromatin to allow gene transcription, DNA replication,
and repair. Histone acetyltransferases were initially identified as
co-activators that link DNA-binding transcription factors to the
general transcriptional machinery. Over the years, more chromatin-
binding modes have been discovered suggesting direct interaction
of histone acetyltransferases and their protein complex partners
with histone proteins. While much progress has been made in
characterizing histone acetyltransferase complexes biochemically,
cell-free activity assay results are often at odds with in-cell histone
acetyltransferase activities. In-cell studies suggest specific histone
lysine targets, but broad recruitment modes, apparently not
relying on specific DNA sequences, but on chromatin of a specific
functional state. Here we review the evidence for general versus
specific roles of individual nuclear lysine acetyltransferases in
light of in vivo and in vitro data in the mammalian system [51].

Hydroxylation

Hydroxylation consists of the incorporation of OH groups
into Pro and Lys residues in the case of collagen. This modification
is performed by several hydroxylases present in the endoplasmic
reticulum. The reaction is chemically complex because it entails
the decarboxylation of the OH donor molecule [15,37].

Acylation

Acylation is a co-translational modification, which consists
in the union of a fatty acid to increase hydrophobicity of the protein
and the lipid to anchor the membrane, generally on the inner side.
Acylation generally occurs on Ser, Thr or Cys. Multiple proteins
involved in signal transduction (Ser/Thr/Tyr kinases, G proteins)
are myristylated, which occurs on a N-Glu-X-X-X- (Ser/Thr)-YY
sequence where Y represents basic amino acids [15, 37].

Ubiquitination and Sumoylation

Multiple proteins are targeted for ubiquitination, a
modification consisting of the covalent conjugation of ubiquitin,
a protein of 76 amino acids (9 kDa), to a lysine residue [7,52].
Specifically, the C-terminal carboxyl group of the small ubiquitin
protein is attached to the e-amine of a lysine residue of a substrate
protein through an isopeptide bond. This process has been shown to
be involved in the regulation of many cellular processes including
protein degradation and gene expression and dysfunction of these
processes is implicated in many human diseases [53].

In general, all proteins, including histones, can be poly-
ubiquitinated, which appears to be a signaling marker to degrade
the protein in the proteasome. Lysine mono-ubiquitination, a
modification that is not associated with the degradation of proteins,
can participate in the regulation of protein activity. Certain inactive
precursors of transcriptional factors of RNA-pol 11, are processed
in the proteasome to their active forms in a manner dependent
on mono-ubiquitination, which translates into the modulation of
transcription [48,52].

Sumoylation is a process similar to ubiquitination, but the
conjugated protein is small ubiquitin-related modifier (SUMO), an
11 kDa protein. Histone sumoylation has been related to processes
of transcriptional repression mediated by the recruitment of histone
deacetylase and HP1 [54,55]. Sumoylation also participates in the
attenuation of the expression of transcriptionally active genes,
which will subsequently be repressed [56].

Other Post-Translational Modifications

Prenylation consists of joining terpenoid radicals (isoprene
derivatives) to the Cys of the cytosolic proteins and serving as an
anchor to the membrane. The most common terpenoids are geranyl
(10C),farnesyl(15C)andgeranylgeranyl(20C). TheRasoncoprotein
must be farnesylated to be oncogenic. G-proteins and some
proteins of the nuclear matrix (Laminins) are also prenylated [57].

ADP-ribosylation is a reversible modification on His,
Arg, Asn, Lys or Glu residues using NAD" as a co-substrate.
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Diphtheria, cholera and pertussis toxins nonspecifically ADP-
ribosylate intracellular proteins (e.g., elF-2), thereby disturbing
cell physiology. Similarly, this activity is performed on a telomeric
protein to regulate the assembly and disassembly of the telomere.
In some proteins, Tyr can be sulfated in the Golgi complex
[15,58,59]. This is a key process in the regulation of protein
activities and thus cellular signaling pathways is the modification
of proteins by post-translational mechanisms. Knowledge about
the enzymes (writers and erasers) that attach and remove post-
translational modifications, the targets that are modified and the
functional consequences elicited by specific modifications, is
crucial for understanding cell biological processes. Moreover,
detailed knowledge about these mechanisms and pathways helps to
elucidate the molecular causes of various diseases and in defining
potential targets for therapeutic approaches [60].

Gene silencing

Gene silencing may occur by inactivation by interaction with
a regulator, post-transcriptional gene silencing (PTGS, also known
as co-suppression or gene extinction), and DNA methylation
in vertebrates (directly linked to supercoiling and silencing as
mentioned above).

Post-Transcriptional Gene Silencing (PTGS)

PTGS consists of the specific degradation of the
complementary mRNA of one of the dsSRNA. Degraded mRNAs
are often aberrant transcripts of diverse origins. PTGS is also
known as co-suppression or extinction (quelling). This aberrant
RNA is the substrate of a RNA-directed RNA polymerase that
generates a long molecule of dsRNA, which is known as the
dsRNA trigger and is fragmented by the dicer ribonuclease into
a series of dsRNA 21 to 25 nucleotides in length known as small
interfering RNA (siRNA). siRNA is associated with a series of
proteins to form the RNA-induced silencing complex (RISC)
[61,62]. In this complex, one of the siRNA strands serves as a guide
to locate any complementary mRNA present in the cell to destroy
it by an endoribonuclease of the RISC complex. This mechanism
is extremely conserved among eukaryotic organisms (Protozoa,
Mammals, Plants, Fish, Insects, Fungi, Invertebrates and Humans).
Therefore, PTGS can be a mechanism of regulation and defense,
which is crucial in several cellular processes as follows: defending
against the invasion of intrusive nucleic acids (Usually Viruses);
integrity of the genome because it represses the transposition of
mobile elements; destruction of aberrant mRNA, which would
generate intracellular disorientation; and maintenance of the
supercoiled areas (heterochromatin) of the genome [63]. In some
organisms (for example, in human cells), PTGS manifests as a
transient phenomenon (which ceases with the disappearance of the
exogenous dsRNA trigger), and in others (plants and nematodes),
PTGS is amplified and diffused towards the rest of the cells of the
organism and can become heritable at least for some generations
(in Drosophila and in nematodes, but not in plants).

Gene Expression Regulation by Means of Micro-
RNA

As mentioned above, RNA silencing is initiated from dsRNA,
which may have various origins. In eukaryotic organisms, some
genes do not encode proteins but instead highly structured RNA
with double-stranded portions, which are processed by dicer-type
enzymes resulting in RNA of 21-26 nucleotides known as micro-
RNA (miRNA) [64]. These miRNAs share multiple characteristics
with conventional siRNA, but each precursor RNA results in a
single miRNA. Each miRNA is incorporated into a RISC complex
where it induces its action. The miRNA presents complementary
sequences to that of messenger RNA from different genes and can
promote the cutting of target RNA or inhibition of its translation
depending on the degree of complementarity (Hutvagner). In
plants, miRNA usually binds within the target RNA coding region
with a high complementarity degree, and miRNA mainly promotes
the cutting and subsequent degradation of target RNA. In animals,
translational inhibition predominates, and miRNA usually binds
with a lower complementarity degree at multiple points in the 3’
non-translatable region of target RNA [64-66].

The described genes in which their expression is regulated
by miRNA are frequently transcription factors and genes involved
in development [6]. In A. thaliana plants, serious morphological
and developmental alterations appear with gene alterations
involved in the synthesis and function of miRNA, which indicates
the importance of gene regulation by miRNA. With the discovery
of new miRNAs, it may be concluded that these molecules may
be involved in other cellular processes besides developmental
regulation, such as mechanisms of cellular homeostasis or even
in defense against viruses [67]. In humans, it has been estimated
that regulation by miRNA may affect up to one-third of all genes,
which shows the great relevance of this type of mechanisms in
cellular functioning [68-70]. Gene regulation by miRNA may
have several advantages over other gene regulation mechanisms.
The downregulation of gene expression through miRNA is much
faster than regulation by a decrease in its transcription, which
would facilitate rapid changes in metabolism or localized changes
in specific tissues. A single miRNA can also indistinctly regulate
several genes of the same or different metabolic pathway, provided
that these genes contain complementary sequences to the miRNA,
which facilitates coordination in the expression changes of such
genes. In addition, miRNAs allow easy feedback regulation if
their target genes are involved in the synthesis or function of the
miRNA. For example, the mRNAs of DCL1 and AGO1, which are
genes involved in the synthesis and function of miRNA in plants,
are in turn regulated by miRNAs [66,71].

Mechanisms of Regulation in Cardiovascular
Diseases:

Epigenetic mechanisms and networks of transcription
factors essential for the differentiation of cardiac myocytes have
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been discovered, however, the epigenome remodeling of these
differentiated terminal cells during fetal development, postnatal
maturation and disease is unknown. Glisbach, et al. [72],
investigated the epigenome dynamics of cardiac myocytes during
development and in chronic heart failure, finding that prenatal
developmentand postnatal maturation are characterized by an active
CpG methylation cooperation and histone markings in generic
and cis-regulatory regions for shape the transcriptome of cardiac
myocytes. Additionally, it should be mentioned that pathological
gene expression in end-stage heart failure is accompanied by
changes in active histone tags without significant alterations in
CpG methylation and repressive chromatin tags. Notably, the cis
regulatory regions in cardiac myocytes are significantly enriched
by variants associated with cardiovascular diseases [72].

The regulatory networks that govern gene expression in
cardiomyocytes is being intensively investigated, mainly because
the deregulation of the genetic program has a fundamental role
in the development of a defective myocardium. Epigenetic
modifications and functional RNAs that do not encode proteins
(ncRNA) are important contributors to this process. On the other
hand, the epigenetic modifications that regulate transcription
include posttranslational changes to the histones, the proteins
around which the DNA is coiled, as well as modifications in
the cytosine residues in the DNA, within the histone changes
the acetylation and methylation are the most studied, since they
have been reported to be important in cardiac physiology and
pathophysiology. Understanding the role of microRNAs has also
shown important advances, but the role of long ncRNAs and the
connection between ncRNAs and epigenetic modifications in the
heart are still poorly defined [73].

Several proteins, other than histones, can be acetylated or
deacetylated by HAT and HDAC. For example, a study that sought
to measure the extent of lysine acetyl identified 1750 acetylated
proteins in MV4-11 cells [74,75], while HDAC, HDAC6 is
located almost exclusively in the cytosol [75,76]. Several studies
that link the acetylation of lysine with cardiac development or the
physiological response (duck) to cardiac stress have shown that the
pivotal actions of HAT or HDAC are mediated by their acetylation
or deacetylation of histone proteins. For example, mutation of
HDAC: of class II, HDACS5 and HDACO results in embryonic or
perinatal lethality with variable penetrance accompanied by defects
of the ventricular septum and a thin-walled myocardium, possibly
due to superactivation of the transcription factor, enhancer factor
of myocytes 2 (MEF2), which are known to interact with Class II
HDAC:S and control the differentiation of cardiomyocytes [77,78].
However, the specific acetylation of histone proteins is also
important for cardiac development and function, as is the case of
the master cardiac transcription factor, GATA4, which is required
for cardiac development [75,79,80] and in the adult heart [81], to
boost gene expression by stimulating the acetylation of histone H3
lysine 27 (H3K27ac) [75,82].

Investigations into the enzymes responsible for deposition
and removal of histone modifications have shown striking
phenotypes in a variety of cardiovascular syndromes. Histone

deacetylases (HDAC) are one of the most widely studied families
of histone-modifying enzymes in the cardiovascular system. These
consist of 4 families, each with different isoforms which, in turn,
have different histones and, in some cases, no targets. historical,
different cellular locations and different biological functions.
Its inhibition has been demonstrated pharmacologically (eg,
with trichostatin A or valproic acid) to prevent the proliferation
of vascular smooth muscle cells [83,84] (with implications for
atherosclerosis [85], attenuate hypertension [86] and improve
ischemic injury/reperfusion and post ischemic remodeling [87-90]
and to block cardiac hypertrophy in the context of heart failure [91-
93]. The molecular dissection of these phenomena, particularly in
the context of cardiac growth, has revealed that HDACs are potent
hypertrophic modulators: the loss of HDAC9 leads to a prodigious
cardiac growth [94]. HDAC4 and 5 regulate the regulation of the
calcium/calmodulin dependent protein kinase II gene, [95,96].
HDAC?2 regulates the activation of the fetal gene GSK3p (glycogen
synthase kinase 3 beta) -Akt-dependent on hypertrophy, [97,98].

Some studies show that DNA methylation plays an
important role in hereditary differences in response to the
metabolic syndrome [99] and may contribute to cardiac pathology
induced by catecholamines [100]. Alterations in DNA methylation
and hydroxymethylation have been found in animals [72,73]
and humans [101,102] heart failure, associated with changes
in the expression of pathological genes. The study of mouse
cardiomyocytes suggests that DNA methylation largely obeys the
structural characteristics of A / B compartmentalization (defined
from gene density, histone tags and other characteristics of open
chromatin), where the dynamics of DNA methylation the lineage
commitment is enriched in compartments A (active) and the
genetic alteration of DNA methylation (through DNMT3a and 3b
knockout) does not alter compartmentalization [103], a finding
supported by the passive relationship between DNA methylation
and chromatin structure, at least in the formation phase [98].

On the other hand, studies on long noncoding RNAs
(IncRNAs) in the heart reveal their participation in the growth
and maturation of development. For example, Fendrr binds PRC2
and the complex Trithorax/MLL group in the mesoderm, and its
exhaustion leads to problems in cardiac and chest wall development
[98,104]. For its part, Braveheart, another IncRNA associated with
mesoderm, binds to the Suzl2 subunit of PRC2 and is required
to adequately differentiate the embryonic stem cells in cardiac
precursors [98,105] and the IncRNA Upper-hand that regulates
the Hand 2 locus in cis facilitates the modifications of chromatin
(maintenance of the super enhancer) and the elongation of RNA
pol II [98,106]. It has been discovered that other IncRNA play
a role in the disease regulation of associated genes. Chaer binds
to the Ezh2 subunit of PRC2, and its genetic manipulation leads
to the alteration of H3K27me3 levels around pathological genes
and cardiac hypertrophy in the mouse [98,107]. An antisense
transcript was found at the B-MHC locus (heavy chain of beta-
myosin) was associated with that locus in a manner independent
of the PRC subunit EZH2 in the context of pressure overload
[98,108]. Interestingly, that same document showed that the EZH2
interaction with chromatin was regulated by the non-coding RNA
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pri -miR-208b, implying a broader role for non-coding RNAs in
the regulation of chromatin [98,109].

In conclusion, the mechanisms of gene regulation constitute a well-
defined complex and a well-structured machinery that guarantees
the maintenance of cell integrity by efficiently controlling several
levels of pathological processes and by improving survival. Atheart,
although many of the regulatory mechanisms are still unknown,
these are very important for the differentiation, maintenance and
survival of cardiac cells.
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