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The traditional concept that the phenotype of an organism is the resultant of the genetic code and
the influence from the environment has recently acquired implications not previously suspected.
Evidence has been accumulating showing that the once thought “static” interaction between gene
coded information and its final gene expression is a complex dynamic process that continually
updates in time. These processes are known as epigenetic mechanisms, where a heritable change
in a gene expression is produced without modifications in the primary DNA structure. Diverse func-
tional strategies have evolved for dealing with the existence of double content of DNA information
or lack of allele gene information, such as the case of sexual chromosomes represented by the
unequal X and Y partners. Processes such as gene dosage compensation and gene imprinting
and the functional role of metastable epialleles are just a few of the many complex expressions
of epigenetic mechanisms. In this review, these processes are discussed under the perspective of
evolution, intending to show that they are “flexible” solutions to cover problems arising from the con-
tinuous interaction of DNA and the environment. Finally, these concepts are applied to HSR gene
expression, where evidence from a study of our laboratory working with children of the province of
La Rioja (Argentina) has showed that environmental factors can apparently modify the phenotype-
attributable expression to this gene.
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It has traditionally established that the phenotype is equiv-
alent to the sum of the genotype and the environment.
Waddington proposed for the first time the term “epigen-
esis,” which is defined as the interaction of genes and the
environment, leading to the expression of the phenotype.*

*Author to whom correspondence should be addressed.
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select genes to be or not to be activated in each cell at any
moment. If this were not happening, all cells of an organ-
ism bearing the same genetic material will evolve in the
same way. Also it is possible to think about mechanisms
controlling the transmission of the patterns of activation
and inactivation from one line of cells to the next ones.
This transmission is necessary to keep the daughter cells
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maintaining and evolving the program of cell specializa-
tion. Processes controlling the execution of the developing
program also are called epigenetics.'!!? There is evidence
that the epigenetic changes are inherited not only during
mitosis but also during transmission between generations.?

2. GENE DOSAGE COMPENSATION

A determined epigenetic mechanism arises at the same
time as the evolution of species. In all those organisms
where females and males differ in the number of sexual X
chromosomes, processes have evolved eliminating the dif-
ference in the gene dosage linked to this chromosome.
Thus, the products of these genes are expressed equiva-
lently in females and males. This mechanism is called gene
dosage compensation, and it has occurred via different
mechanisms during the evolution of the species.?? In the
Drosophila melanogaster, both X chromosomes are active
in the female. The dosage compensation is performed by
hypertranscription of the genes of the single X chromo-
some present in males (Fig. 1). The sex determination and
the dosage compensation is under the control of the gene
Sex-lethal (Sxl). Modulation of the activity of this gene
is determined by the ratio of the number of X chromo-
somes to the number of the autosome chromosomes (ratio
X:A).!! The SxI gene operates by means of two sets of
different genes: those acting on the sex determination and
those acting on the dosage compensation. Mutations of the
sex determination genes do not affect those of the dosage
compensation, and mutations on the dosage compensation
genes do not affect those of the sex determination. Genes

responsible of the dosage compensation have been iden-
tified: the male-specific lethal genes (msl+s). Mutations
affecting those genes with loss of their function cause
specific male lethality, because of specific hypotranscrip-
tion of its single X chromosome; while female viability
is not affected, since transcription from any of the two
X chromosomes are not altered. All four involved genes
have been cloned: mle, msl-1, msl-3, and msl-2. The mle
gene codes a protein containing characteristic domains of
the family of the helicases. Gene msl-1 codes a protein
containing an N-terminal domain typical of those proteins
involved in the transcription and structure of the chro-
matin. Gene msl-2 codes for a protein having “zinc fin-
gers” and a domain of the type of metallocyanines. This
protein also has a group of amino acids, in zwitterion-
ionic form, that would be domains possibly involved in
the protein—protein interaction. The msl proteins are asso-
ciated to multiple sites in the polythenic chromosome in
males, but not to the same sites in the polythenic chromo-
some in females. The acetylated H4 histone in lysine at
position 16 (H4Ac16) presents the same association pat-
tern to the polythenic chromosomes as the msl proteins.
This evidence, in addition to the observation that muta-
tions in the msl+s do not give additive effects, supports
the idea that proteins msl and histone H4Ac16 form mul-
timeric complexes specific for the interaction with the X
chromosome in males. Thus, this chromosome acquires a
three-dimensional structure, permitting greater access to
the transcription machinery and thus a double rate of tran-
scription from the male DNA with respect to each of the
two female chromosomes. Genes mle, msl-1, and msl-3
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Fig. 1. Some observed mechanisms of the gene dosage compensation
mechanism in living systems. In the case of the Drosophila melanogaster
(A), genes of both X chromosomes are expressed equally in the female.
In order to compensate gene dosage, genes in the X chromosome in the
male are hypertranscribed. In the case of Caeonorhabditis elegans, genes
in the X chromosome of females are hypotranscribed (B).

are expressed equally in female and male organisms, but
msl proteins are functional only in males. In females, pro-
tein SxI prevents the functions of the msl complex. These
findings suggest that the msl-2 gene is controlled directly
by the Sxl gene. Thus, in females there is not msl-2 pro-
tein, while in males the active msl-2 protein is possible
because of the absence of the SxI protein. Protein msl-2
gives functional specificity to the complex msl in order to
be active only in males.’

In Caenorhabditis elegans gene dose compensation is
performed in females by hypotranscription from its both X
chromosomes?® (Fig. 1). As Drosophila melanogaster, sex
development and dosage compensation in Caenorhabditis
elegans is determined by the initial genetic signal X:A.
This signal determines the activity state of the sdc genes,
which control the sexual determination and the dosage
compensation genes. The molecular analysis of the sdc-
3 gene shows that the protein sdc-3 has two differ-
ent domains controlling dosage compensation and sexual
determination. The dumpy genes (dpy) control the dosage
compensation in Caenorhabditis elegans. Mutations affect-
ing the function of these genes determine the specific
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lethality of the hermaphrodites, as a consequence of pro-
ducing a hypertranscription of the X chromosome, while
these same mutations have no effect on the viability of
males, since the transcription of the single X chromosome
is not affected. Gene dpy-27 has been cloned, and the
product of this gene posses a very high homology with
proteins important to the assembly and structural maintain-
ing of chromosomes of Xenopus, and also to the chromo-
some segregation of the yeast.

In mammals, dosage compensation is produced by inac-
tivation of one of the X chromosomes from the female.?
There exists a dissociation of processes leading to sexual
determination and those of dosage compensation. The sex
determination is based on the presence of the Y chromo-
some and not on the X:A signal. Inactivation of female
embryo is produced on a random basis, while in the
extraembryo tissues the parental chromosome is always
inactivated. The gene Xist has been identified as the induc-
tor of the inactivation of the X chromosome carrying the
gene (cis-inactivation effect). One model explaining the
inactivation effect proposes that the specific transcription
factor of the Xist gene should be in limited amounts, deter-
mining that only one of the X chromosomes can be inac-
tivated. Gene Xist from the mother X chromosome should
be regulated by genomic imprinting during the meiosis
process in the female. This imprinting occurs by methyla-
tion mechanisms. When inactivation of the X chromosome
in the extraembryo tissues is produced, gene Xist cannot be
expressed because of the imprinting. Thus, the transcrip-
tion factor only could activate the parental X chromosome,
which will determine the selective inactivation of this chro-
mosome. As development is progressing, the imprinting
of the mother X chromosome begins to disappear. Thus,
at the moment of the inactivation of the X chromosomes,
both Xist genes, the one coming from the mother and the
other one coming from the father, have the same chance
to be activated by the transcription factor. However, the
limited amount of this factor should be enough to trigger
only one Xist gene and to inactivate that X chromosome
bearing this gene. The Xist gene codifies RNA that joins
to the X chromosome, acting as signals to proteins binding
to produce a change in the chromatin leading to the inacti-
vation. Later, DNA methylation remains in the inactivation
state.

3. MECHANISM OF GENOMIC IMPRINTING

It is well-known that the genomic imprinting mechanism
is defined as the reprogramming of the ovum and sperm
genome to perform equal activation, unequal activation,
or inactivation of certain genes, according to its parental
origin.?’ Even though in mammals the constitution of
the genetic endowment is identical, the functionality of
the imprinted genes is not equivalent. Nevertheless, their
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contribution to a developing organism can be complemen-
tary. The imprinted genes express functionality as hemi-
cygotes due to silencing of their corresponding alleles.
It is speculated that in mammals the imprinting mech-
anism arises from the impossible parthenogenetic occur-
rence, since it is necessary the genetic contribution be from
both parents in order to complete normal development.>
This type of transcriptional regulation gives an evolu-
tive advantage to the individual genetic contributions to
the next generations. In this way, both contributions are
vital by themselves and at the same time crucial in their
combination in order to complete development of the
new organism. Interesting suggestions have been proposed
regarding why this mechanism arises so late in evolu-
tion and affects the most advanced species. These the-
ories emphasize the “conflict of interest” of parents to
their progeny according to the different “genetic endow-
ment” that each of the parents gives to their infants.?
Experiments performed on chimaeras rats show the dif-
ferential contribution of the parthenogenetic and androge-
netic mechanisms to the descendants in the brain cells." 1
Parthenogenetic endowments are expressed mainly in the
frontal cortex, corpus striatum, and hippocampus, while
the androgenetic endowment is expressed in the hypotha-
lamus and the preoptic area. It has been proposed that the
parthenogenetic distribution should be linked to the great
biologic investment that the mother is performing during
each gestation in order to selectively transfer genes that
should contribute to support the qualitative properties to
be expressed as higher brain functions. For example, in
nonhuman primates the maternal expression of imprinted
genes should give the descendants appropriate social cog-
nition ability, and these genes are expressed in the frontal
cortex.'>1* In the case of the androgenote, the genetic con-
tribution appears to be linked to the capacity of males
to fertilize many females at the same time, favoring the
perpetuation of their genes by somatic growth, since the
expression of these genes appears to occur in some brain
areas such as the hypothalamus.>2%37 These interpreta-
tions support at a sophisticated level the concept that gene
redistribution from sexual reproduction gives the species
the capacity to survive in an environment that changes in
unpredictably.

4. METASTABLE EPIALLELES

Programming of imprinted genes occurs during the game-
togenesis and early developmental stages, determining an
epigenetic “state” that remains constant throughout life.
In order to differentiate this programming from epigenetic
states that are labile, it has been defined as a metastable
epiallele.* This refers to changes in the epigenetic state
not depending on parental origin, like the mechanism of
genetic imprinting causing the variability of the expres-
sion of certain genes in the absence of genetic hetero-
geneity. In order to establish changes in the epigenetic

4

state, metastable epialleles use several resources that in the
end produce hypermethylation or hypomethylation condi-
tioning the expression of genes. However, other mecha-
nisms are present. The epigenetic modifications in these
alleles appear to be associated to retroviral elements.>
There is evidence that in murine cells the intracister-
nal particles A and L1 elements provide a high methy-
lation state with transcriptional inactivity of genes A"
and Axin/*.'6:3 [t is estimated that about 40% of the
mammal genome is composed of retroelements.!® Classi-
cally, active transposons have been associated to mutations
on genes codifying proteins, slicing points in chromo-
somes, recombinations, and rearrangements in the genome.
Also, transposons were able to influence neighbor genes,
modifying the splicing, the polyadenilation patterns, or
enhancers and promoter’s functioning.” It is thought that
the mammal genome defends itself to prevent possible
damage caused by these transposonic elements by epige-
netic silencing.*® It has been proposed that this epigenetic
silencing is performed by the activation of a series of ele-
ments that silence the transposon units by means of repres-
sor RNA, histone modifications, DNA methylation, or
alterations in the condensing and packaging of chromatin.
Some observations, however, suggest that the transposon
elements may perform beneficial functions to the genome.
For example, constitutive heterochromatin is found in the
telomeres and the centrosomes of chromosomes. Both ele-
ments in daughter cells are essential to duplication and
reorganization cycles of the chromosome. The constitutive
heterochromatin does not have transposons elements, but
the centromere is surrounded of a pericentromeric region
rich in transposons elements and retrotransposons.?’ It is
speculated that because of these transposon units and the
corresponding epigenetic silencing mechanism, the com-
plete epigenetic context supporting the appropriate func-
tioning of the centromere is given.!® On the other hand,
telomeres are composed of repetition lines assembled by
a reverse transcriptase using RNA as template, which is
the same mechanism used by retrotransposons to integrate
them into the genome.?' The subtelomeric regions nearby
to the “on line repetitions” of the telomeres are made also
by large fragments of transposonic elements.

5. PERSPECTIVE FROM ADAPTATION AND
EVOLUTION: WHERE IS THE
INFORMATION COMING FROM? WHO IS
THE MESSENGER?

Initially, transposons were considered parasitic elements
by many investigators. Then they were associated with
alterations thought to be deleterious to the genome.” How-
ever, it has been found that transposons could be important
to certain epigenetic mechanisms contributing to the nor-
mal regulation of genomic expression. It is known that
survival of living systems depends on their adaptation to
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changes in the environment. There is a growing belief
that DNA is really a flexible molecule, using external ele-
ments to modulate its own functioning according to the
modifications of the environment. The strongest support
for this idea came from a simple and elegant experiment
where, by means of a plasmid, a gene was inserted into
a bacterium, and its functioning states (alternative, active,
and nonactive) were regulated by environmental modifica-
tions of metabolism and temperature.’! Classical explana-
tions about variation in evolution processes have taken into
account mutation of the genetic material, where natural
selection favored those mutations that somehow improved
adaptation of the organism to the environment. It is rea-
sonable to think that mutations in some genes can give
slow adaptation responses and in others they can give fast
adaptation responses. One of the most strategic organs in
a living system sensitive to these changes is the brain.
However, it can be argued that relying only on mutation
mechanisms could represent a very high risk to the sys-
tem because the efficiency of those genes codifying, for
example, for the rationalizing abilities in humans or learn-
ing responses in mammals might be seriously affected
by adverse localized mutations. One possible way to pre-
serve all beneficial effects gained by “appropriate muta-
tions” in the system should be to improve mechanisms
that leave the primary structure of DNA intact and activate
or silence constitutive genes according to external signals
to the genome, i.e., the epigenetic mechanisms. As men-
tioned earlier, the epigenetic mechanisms also has evolved.
A good example, not considering pleiotropy, is the estab-
lishment of genomic imprinting in mammals. Most of the
imprinted genes codify to key elements in the central
nervous system. Thus, two complementary genomes are
essential to the normal nervous system development and
the absence or alterations in any one of them provokes dra-
matic deleterious changes to the whole system. In order “to

DNA

CH, P| Epig

@ﬁon
l

Environmental change

&«

Transposon

tic change

Fig. 2. Hypothetical mechanism whereby DNA may generate an epige-
netic response after an inducing change is produced in the environment. It
is assumed that changes in the environment are linked to transposons that
by an unknown mechanism carry this information to the DNA molecule.
Methylation processes inactivate expression of imprinted genes, generat-
ing a response that constitutes an epigenetic change.
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explore” what is changing in the environment, the genome
needs an “out-to-in-messenger,” a carrier transporting in
the external information by cytosol or nuclear receptor
interactions activating or suppressing transcription factors.
Thus, transposons that once were interpreted as “parasite
elements” or deleterious factors to the DNA might be sim-
ply the “messengers” serving the genome and contributing
the genome’s power to adapt to changes in the environ-
ment (Fig. 2). It is possible to speculate that silencing
mechanisms, such as acetylating or methylation processes,
could have been defense strategies of the genome to the
assumed invasion of the retrotransposons. In time, a joint
adaptation could be evolved such as that found in the gene
compensation dose mechanism.!” Epigenetic mechanisms
experienced evolution at the same time as the evolution of
species.

6. THE EPIGENETIC PROCESSES IN
ACTION: ONE EXPERIMENTAL MODEL

Considering that DNA in living systems can actively inter-
act with its surroundings by epigenetic mechanisms, our
laboratory was interested in examining possible candi-
dates as epigenetic factors present in the environment.
It is known that wherever man can live, he will always
interact with an environment of some determined geo-
logical characteristics. Trace elements are present in soil
and water around the world. It is known that when trace
elements are incorporated into the organism in consider-
able amounts, important changes are produced leading to
cell destruction and death. These are the toxic effects of
elements and are the subject of toxicology. However, it
has been determined that some of these trace elements in
lower amounts in the organism serve important intracellu-
lar processes.> 31932 These biological aspects of earth’s
elements and cellular function interactions are the sub-
ject of medical geology.’® Our laboratory is interested in
studying the HSR (Hand Skill Relative, OMIN 139900)
gene. This gene has been proposed to be involved in hand
skills, cognitive abilities related to hand writing and read-
ing, and brain asymmetry.> What makes this gene partic-
ularly interesting is its easy phenotypic characterization,
which was found to be imprinted.* On studying the pheno-
typic expression of the HSR gene in children coming from
two regions of different geological characteristics, striking
differences in the phenotypic expression were found.? The
geographical region giving the anomalous HSR expression
was that region where metal and nonmetal mine locations
were abundant,” while in the region where these mines
are absent, the HSR expression did not differ from that
reported in the general population.? It is interesting to
note that soil analysis of trace elements in some the region
where the HSR was found modified showed concentra-
tion levels significantly higher than expected.® It can be
speculated that some of the trace elements might be act-
ing as epigenetic factors, inducing methylation processes

5
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and thereby modifying gene expression. By examination
of the methylation patterns of the DNA of children and
comparison of those coming from the trace element rich
zone with those of the control region, preliminary evidence
suggests that there is an alteration in the DNA methyla-
tion patterns® (Fig. 3). However, further research will be
necessary in order to establish a causal link between trace
elements and the modified methylation patterns. Further-
more, some important questions about how a putative trace
element can exert a possible direct action on the DNA
molecule or an indirect action by transposons on DNA still
need to be solved. Experiments are under way in our lab-
oratory addressed to clarify these points, and it is hoped
that with these new data it will be possible to understand
part of the molecular mechanism whereby the genome is
adapting to its environment.

~Hpall ~ Mpal

M R1

R2 Rl R2 N

Fig. 3. Preliminary evidence showing that in the La Rioja study (24),
the modified phenotypic expression of the HSR gene found in region
2 might have a molecular basis. The figure shows a representative
electrophoresis pattern of DNA of children coming from region 1 and
region 2. DNA was extracted from peripheral blood and subjected to
incubation with Hpall and Mpal restriction enzymes. These enzymes can
discriminate the methylated sequence 5'-CCGG-3" in the DNA molecule.
Hpall can cleave the nucleotide sequence when the bases are not methy-
lated; while Mpal cleaves the nucleotide sequence whether or not bases
are methylated. After incubation, electrophoretic runs can discriminate
different fragments where comparison of bands provides information
about methylation in the original DNA molecule. M = molecular marker;
R1 =DNA from child of region 1; R2 = DNA from child of region 2;
N = negative control. Comparison between DNA fragments of R1 and
R2 shows that in R1 there are nonmethylated zones, which in R2 appear
as methylated zones (arrows).
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