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Genomic study of the critical region of chromosome 21
associated to Down syndrome

JuLio CEsAR MonToYA, MSct, JuLIANA SoTo, BSc?, José MARIA SaTizABAL, MD, MSc3,
ADALBERTO SANCHEZ, PhD*, FeLIPE GARciA, PhD®

SUMMARY

Introduction: Previous reports have identified a region of chromosome 21 known as Down ayndrome critical region
(DSCR) in which the expression of some genes would modulate the main clinical characteristics of this pathology. In this
sense, there is currently limited information on the architecture of the DSCR associated.

Obijective: To obtain in silico a detailed vision of the chromatin structure associated with the evaluation of genomic
covariables contained in public data bases.

Methods: Taking as reference the information consigned in the National Center for Biotechnology Information, the
Genome Browser from the University of California at Santa Cruz and from the HapMap project, a chromosome walk along
21 Mb of the distal portion of chromosome 21q arm was performed. In this distal portion, the number of single nucleotide
polymorphisms (SNP), number of CpG islands, repetitive elements, recombination frequencies, and topographical state of
that chromatin were recorded.

Results: The frequency of CpG islands and Ref genes increased in the more distal 1.2 Mb DSCR that contrast with those
localized near to the centromere. The highest level of recombination calculated for women was registered in the 21g22.12
to 22.3 bands. DSCR 6 and 9 genes showed a high percentage of methylation in CpG islands in DNA from normal and trisomic
fibroblasts. The DSCR2 gene exhibited high levels of open chromatin and also methylation in some lysine residues of the
histone H3 as relevant characteristics.

Conclusion: The existence of agenomic environment characterized by high values of recombination frequenciesand CpG
methylation in DSCR 6 and 9 and also DSCR2 genes led us to postulate that in non-disjunction detected in Down syndrome,
complex genomic, epigenetic and environmental relationships regulate some processes of meiosis.

Keywords: Down syndrome; Down syndrome critical region; Genomics; Chromatin architecture;
Epigenetics; Non-disjunction.
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Estudio genémico de la region critica del cromosoma 21 asociada con el sindrome de Down

RESUMEN

Introduccion: Analisis previos han identificado unaregion del cromosoma 21, conocida como region criticadel sindrome
de Down (DSCR) en donde se localizan algunos genes cuya expresion modularia las principales caracteristicas clinicas de
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este sindrome. En este sentido, existe poca informacion
detallada sobre la arquitectura de la cromatina asociada con
la DSCR.

Objetivo: Obtener in silico, a partir de la evaluacion de
covariables genémicas contenidas en bases de datos publi-
cas, una vision detallada de la estructura cromatina asociada
con la DSCR.

Métodos: Tomando como referencia la informacion con-
signadaenel National Center for Biotechnology Information,
el Genome Browser de la Universidad de California en Santa
Clara y el proyecto internacional HapMap, se efectudé un
paseo cromosomico a lo largo de 21Mb de la porcion distal
del brazo g del cromosoma 21, para registrar el niamero de
polimorfismos de nucleétido Unico, el de islas CpG, de
secuencias repetidas, las tasas de recombinacién y el estado
topoldgico de la cromatina asociada.

Resultados: La frecuencia de islas CpG y de genes
referenciados se incrementd en los Ultimos 1,2 Mb de la
regidndistal en contraste con sudistribucién pericentromérica.
La mayor tasa de recombinacion calculada en este estudio
para mujeres se registré en las bandas 21922.13 y 21¢22.3.
Los genes DSCR 6 y 9 presentaron un elevado grado de
metilacion enislas CpG tanto en fibroblastos normales como
en trisémicos. En el gen DSCR2 se observé un alto grado de
descondensacién cromatinica, ademas de metilacion de dife-
rentes residuos de lisina de la histona H3.

Conclusiones: La existencia de un ambiente genémico
caracterizado por tener elevadas tasas de recombinacion y de
metilacion de genes DSCR 6y 9, permite postular que en la
no disyuncion asociada con el SD, operarian complejas
interacciones genomicas, epigenéticas y ambientales que
actuarian en algunos procesos meidticos.

Palabras clave: Sindrome de Down;
Region critica del sindrome de Down; Gendmica;
Arquitectura cromatinica; Epigenética; No disyuncidn.
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Down syndrome (DS) is a numerical chromosomal
abnormality, consisting of anextrachromosome 21 and
itisthe mostcommon genetic cause of mental retardation
in humans; the incidence of DS is of 1/600 to 1/1000
live births!. In the city of Cali, a descriptive study
carried out between 1991 and 1995 determined an
incidence of 1.5 per 1000 live births with Down (1/
650)2, avalue similarto that registered in other studies!=.

The embryological etiology of DS is mainly
correlated with the non-disjunction of a chromosome
21 during la maternal meiosis*; this consists of errors
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occurring during the separation of homologous
chromatid pairs. The other cases are associated to
translocations (3%) or mosaicism (2%) generated by
inherited or direct structural alterations of the cygote®.
Inspite of the numerous clinical and cytogenetic studies
on DS, little is still known about its molecular origin;
however, previous studies have shown that the
phenomenon of the non-disjunction is associated to the
alteration of the recombination mechanisms and to
epigenetic processes of chromatin remodeling like
methylation of the CpG islands of chromosome 2158,

Comparisons of the triplicate regions of chromosome
21amongindividuals with DS phenotype have permitted
identifying a common overlap region that contains
some of the candidate genes that could explain the
pathologies associated to DS. This region is known as
Down Syndrome Critical Region (DSCR) and it is
localized in the distal terminal of the long arm of
chromosome 21 (21g22)°. The size of this region, until
2000, was considered to be from 1.6 to 2.5 Mb®1;
however, recent studies have detected a duplication
from 4.3 to 5Mb between bands 21g22.13-922.2 of
chromosome 21, which includes a new candidate gene
for DS (DSCR1/RCANL) localized in the distal region
of the DSCR, associated with cardiac abnormalities!2,

Results obtained from the human genome project
and from other genomes have broadened the frontiers
of knowledge on their structure and function while
offeringanswersto many lingering questionsin biology
and biomedical sciences. Within this scenario, the use
of information technology in biomedical research has
increased significantly inthe last three decades. Within
this current of knowledge, medicine has been influenced
by the amount of genomic and post-genomic data,
which have permitted conducting many biomedical
studies and therapies that could not be performed until
the beginning of this century. Currently, there is a vast
amount of genomic data, many of which are available
on-line, which have enhanced progress of in silico
biology; this trans-discipline permits simulating
biological processes by using software and algorithms,
complementing that obtained experimentally and
increasing understanding of many processes operating
in biological systems®2,

According to the aforementioned, and starting from
the results obtained from the human genome project, it
has been possible to study the structural and functional

27



Colombia Médica

characteristics of vast chromosomal regions through
guantitative and qualitative analysis of genomic varia-
bles associated to genetic and acquired disease. Some
of these variablesare the Aluelements, which belong to
the SINE family (Short Interspersed Nuclear Elements)
and are sequences of 250-280 nucleotides present in
1,500,0009 copies dispersed throughout the genome;
CpG islands that are chromosomal regions enriched by
C-G dinucleotides associated to genome regulating
zones containing bonding sites to transcription factors;
the SNPs (Single Nucleotide Polymorphisms), which
are variations in the DNA sequence affecting a sole
nucleotide (adenine, thymine, cytosine, or guanine) of
the genome. 1314

DNA packaging in nucleosomes and its arrangement
onthe chromaticstrand, generatesaseriesof restrictions
in processes like replication, DNA injury repair, genetic
recombination, and transcription regulation; thus, in
the interphase nucleus, where these processes take
place, chromatin undergoes transient changesthat permit
solving these impediments via very varied mechanisms,
most of which are epigeneticl*. The mechanisms
involved in chromatin dynamicsare complexand include
multi-protein assemblies with acetyltransferase,
deacetylase, methyltransferase, or kinase activities of
some histones, whichare controlled by regulation factors
in precise regions of the genome?S. Thus, the nuclear
chromatin is remodeled to permit or hinder regulated
gene expression. The genome project has also detected
a large amount of functional modifications related to
the chromatin structure, and this has permitted defining
two types of regionsin the genome: a) «active» domains,
whichwould be the regions defined by high transcription
levels, early replication, histone H3 acetylation, and
demethylation of lysine 27 of histone H3 (H3K27)%6; b)
«inactive» domains, corresponding to regions of latent
replication with scant transcriptional activity, low H3
acetylation and methylation of H3K27. The active
domains are rich in transcription starter sites, CpG
islands, and Alu repetitions, whilethe LINE 1and LTR
repetitions are over-represented in the inactive
domains®®. In this context, a genomic environment is
defined as a chromatin zone with differential charac-
teristicsthat includes repetitive sequences, CpG islands,
Guanine-Cytosine content, gene density, among others
used to study at the genome level epigenetic biological
processes occurring as a result of an alteration of
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cellular homeostasis. The systematization of the
information obtained from all these genomic variables
along the chromatin segments is what is known as the
«chromosome walk».

Given that there is little detailed information on the
architecture of chromatin associated to DSCR, in this
study, through an extensive biotechnology analysis, a
series of co-genomic variables were evaluated, per-
mitting the characterization of the topological state of
the critical regions associated to DS that would be
implicated in processes of non-disjunction and in epi-
genetic events. The results obtained contributed strong
evidence that the non-disjunction would compromise
extensive regions of the telomeric portion of the g arm
of chromosome 21; these were characterized for having
high-density zones of CpGislands, portions of chromatin
sensitive to treatment with DNAase I, with a variable
degree of methylation of some residues of lysines from
the histone H3; besides having a high intensity of
recombination in regions coinciding with a high degree
of polymorphisms by deletions and insertions.

METHODS

A descriptive bioinformatics study was conducted
in which eight gene sequences were selected localized
inthe DSCR of chromosome 21 between bands 21g22.12
to 21g22.2. The sequences used for the study had been
previously deposited inthe GenBank (http://www.ncbi.
nim.nih.gov), with access codes: DSCR2: NM_ 605296,
DSCR3: NM_006052, DSCR4. NM_005867, DSCR5:
NR_028352, DSCR6: NM_018962.2, DSCRS:
BC070229, DSCR9: NR_026719, DSCR10: NC_000
021. The data obtained from using the distinct
bioinformatic platforms was gathered between August
and December of 2009. For results where we used the
genome Browser from the University of California at
Santa Cruz, we applied the 2006 version.

Chromosome walk in the DSCR. Using bio-
informatic tools available in the web pages for the
United States National Center for Biotechnology
Information (NCBI), the HapMap (www.hapmap.org),
and the Genome Browser from the University of
Californiaat Santa Cruz (http://genome.ucsc.edu/), we
conducted a chromosome walk in a 21-Mb extension
(Graphic 1); this included £8Mb adjacent to each of the
DSCR genes; every 400Kb, we recorded the number of
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Chromosome
Walk
21 Mb DSCR1 {34,900K)
26,460K DSCRS {37,365K)
DSCR9 (37,502K)
37,552K
21q22.12 DSCR3 | ]
DSCR4 (38,348K)
21q22.2 DSCRS (38,378K)
DSCRS8 (38,415K)
21q22.3
DSCR10 (38,500K)
47,520K DSCR2 (39,540K)

Graphic 1. Chromosome walk of 21Mb every 400 Kb
in the DSCR genes of the critical region localized in
bands 21g22.1 (26,460 K) to 21q22.3 (47,520 K). Note
a 4,640 K region of the distal portion of the q arm,
which includes the DSCR genes1 to DSCR2. The
location of each gene on chromosome 21 is shown
in parentheses.

genes, CpG islands, transcribed RNA, Alu elements,
the number of SNPs, and the recombination ratesin cM/
Mb. Additionally, we explored other characteristics
like methylation of CpG islands, identification of
methylation and acetylation sites, and sites hyper-
sensitive to DNAses that would yield the base to define
a genomic environment associated to the DSCR
(Graphic 2).

Values for the recombination rates for the DSCR,
the pericentromeric and telomeric chromatin were
obtained from the deCODE data base (recombination
rate from deCODE, Marshfield, or Genethon Maps)
(deCODE default) asubroutine of the genome Browser.
Values obtained correspond to an analysis of 146
families where 1257 meiotic events were registered and
discriminated by sex; for this work we only used those
values registered for women.

G:C Content and distribution of CpG islands. To
analyze dataregardingthe fine structure ofthe 21922.12
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to 21922.2 region containing the DSCR (21:34.909.
450-41.450.000), we used several subroutines of the
Genome Browser. Data was obtained from corres-
ponding bases; this was conducted by following the
recommendations consigned for each of them. The G:C
content was obtained by using the subroutine that
calculates the G:C percentage in 5-pb windows along
the analyzed region. The graphic representation of this
program is a continuum of peaks and valleys, which
permits -in any zone of the sequence- calculating the
percentage in this window. To define and discriminate
the distribution of free G:C from that included in zones
of CpG islands, we used the -CpG Islands- subroutine
(«Islands <300 Bases are Light Green); this predicts
the existence of CpG islands from the search for
dinucleotide G-C sequences, employing a score of +17
in a region of 200 pb. Scores over 0.6 indicate the
existence of CpG islands. In addition, we explored the
degree of methylation of these islands, using the data
base of the ENCODE subroutine «HudsonAlpha Methyl-
seq»; the program shows the average value of the state
of methylation in CpG islands. The graphic visor
identifies in orange those Methylated CpG islands
(score of 1000), while blue is for non-Methylated CpG
islands (score of 0).

Identification of structural alterations in DSCR.
Toidentify SNP distribution, data consigned in the base
collectively denominated simple nucleotide poly-
morphisms was obtained from the NCBI (http://
www.ncbi.nlm.nih.gov/SNP) and complemented with
those values fromthe 130- SNP 130- construct fromthe
genome Browser. The graphic visor for this program
discriminates the type of SNP by synonymous codon
(green), non-synonymous codon (red), SNP non-
translated (blue), and SNP in intron (black). Addi-
tionally, the SNP Array 6.0 was used, which includes
more than 906,000 SNPs and 946,000 probes to detect
the variation of the number of copies. To complete the
informationonthe insertion and deletion polymorphisms
in the DSCR, we obtained the values consigned in the
data base from the National Human Genome Research
Institute (NHGRI) (deletion/insertion polymorphisms
in ENCODE regions) of the ENCODE project. Use of
all the data was adjusted to the guidelines stipulated by
the NHGRI Consortium (http://www. genome.gov/).

Structure of the chromatin associated with DSCR.
Data on the structural and functional state of the
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8 nucleotide sequences localized in DSCR and depositin the GenBank

Alignment againstthe human genome using BLAT of the Genome Browser of UCSC

CHROMOSOME WALK ALONG 21 MB

Characterization of the

International

oo GENOMIC HapMap
v ENVIRONMENT k .4.‘
s — BLAT Search Genome
s TN Using the database of - NCBI !\_(‘ — I
Recording: P — - - GC‘!'IOIT\D BIOIﬂIOI‘mﬂtICSI

Numberofgenes + CpGlsland +
Transcript RNA + Alu elements+
Number of SNPs

and Recombination cM/Mb

vV V V VvV VY VYV

CpG islands

»Numberof genes (GeneEntrez)

» Distribution of SNP (“SNP Array 6.0”)

Nucleosome occupancy (UW Predicted Nucleosome Occupancy)
Action of free OH radicals on DNA (OH Radical Cleavage)
Hypersensitivityto ADNases (DNasel hypersensitivity (HS) and FAIRE)
CpG islands methylation (ENCODEy NAME 21)

Recombination Rates (Database deCODE)

Graphic 2. General scheme of the methodology applied in obtaining bioinformatics data to characterize
the genomic environment of the DSCR. The Graphic indicates the data bases and subroutines used:
DNasel hypersensitivity (HS): Duke/NHGRI DNasel Hypersensitivity consortium, FAIRE: Formaldehyde-
Assisted Isolation of Regulatory Elements, deCODE: Recombination Rate from deCODE, NAME 21:

National Methylome Project.

chromatin associated with DSCR was obtained from
the DNasel hypersensitivity (HS) data bases from the
Duke/NHGRI DNasel Hypersensitivity consortium, and
formaldehyde-assisted isolation of regulatory elements
(FAIRE) from the University of North Carolina (UNC)
included in the Genome Browser; these data were
complemented with the values fromthe ChIP/Chromatin
Immunoprecipitation to select regulating factors. For
the analyses included in this work, we used the data
from the high-resolution platforms 1% ENCODE tiled
microarrays from NimbleGen by Roche (http://www.
nimblegen.com/). Additionally, we used the Boston
University - ORChiD (OH Radical Cleavage Intensity
Database) subroutine from GBUCSC. This base
provides prediction of cleavage intensity per nucleotide
produced by the action of free radicals on DNA devoid
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of proteins in ENCODE regions. The graphic visor
shows a structural profile from the DSCR DNA.

Additionally, we explored nucleosome occupancy
by taking data from the uw predicted nucleosome
occupancy subroutine contained in the Genome
Browser. It contains the predictions of the other scores
of nucleosome occupancy using experimental data from
the A375 cellular line developed by Ozsolak et al.*” In
the browser, the score corresponding toa 50-nucleotide
oligo is assigned to the 26! base. A score of 0 indicates
uncertainty in assigning the data, a score of 1.0
corresponds to a statistically reliable prediction, indi-
cating frequent positions of nucleosome occupancy,
and a score of -1.0 corresponds to a reliable prediction
of low-density nucleosome areas.

Prediction of the degree of methylation in DSCR.
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Cytokine methylation, mainly in the CpG islands, is an
indicator of transcriptional activity given that these
elements are associated to active promoters. To deter-
mine the degrees of methylation of the DSCR genes, we
employed the data obtained viathe NAME 21 project®®.
The methylation patterns of chromosome 21 regions
were analyzed for 190 gene promoters localized along
this chromosome; using for this purpose, the bisulfite
conversion and subsequent sequencing of subclones
obtained from five different types of cells. Throughthis
methodology, the methylation state from 580,427 CpG
sites'® has been measured. For this study, we selected
the data from normal fibroblasts and trisomic fibroblasts
available for some of the DSCR genes.

Statistical analyses. All the statistical analyses were
performed by using the STATISTICA 7 program
(StataSoft Inc. NJ) and the Statgraphics program for
Windows. We conducted a Kruskal-Wallis test to de-
termine significant differences of the analyzed varia-
blesalong the DSCR; avalue of p<0.05 was considered
significant. Through a multiple regression model, we
assessed the correspondence between the recombination
rates, number of SNPs, Alu elements, and genes in the
eight DSCR genes analyzed.

RESULTS

Distribution of different cogenomic variables in
DSCR. The analysis conducted in a 21-Mb extension,
which included all the critical regions reported, from
the most centromeric (DCR1) tothe most distal localized
in a peritelomeric region (DCR2), demonstrated that
the frequency of CpG islands increased in the last 1.2
Mb with a total of 468/3089 (15.2%); in contrast with
the 2.7% (83/3089) of the total localized in the proximal
region near the centromere. The gene distribution was
similar to that registered for the CpG islands, where it
was determined that 15.5% (39/252) was included in
the terminal portion, while 2.8% (7/252) was localized
inthe proximal portion. Upon analyzing the frequencies
of SNPs and Alu elements in the proximal and distal
regions, statistically significant differences were not
observed (p>0.05) (Graphic 3).

For the purpose of discriminating if the distribution
of CpG islands, genes, and Alu elements was
homogenous for each of the eight DSCR regions, we
conducted a multiple regression analysis. This showed
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statistically significant differences for each of the DSCR
genes (Graphic 4).

DSCR gene dispersion according to variables like
CpGislands, Alu elements, and genes revealed greater
correlation in DSCR10 and 8 genes and lower for
DSCR2 (Graphic 4 A). Additionally, for variables like
SNPs, rate of recombination, and Alu elements, it was
determined that the greater correlation was observed in
the DSCR10 and 6 genes, with the lower correlation
coinciding for the DSCR2 gene (Graphic 4 B).

Recombination in DSCR. Taking as a base the
recombination rate (RT) values consigned in the
deCODE data base, an increase was noted in the
recombination rate values within the loci 21g22.12 and
21q22.2, where part of the DSCR is localized (1.9to 5
cM/Mb), in comparison with those proximal near to the
centromere (1.9t02.0cM/Mb) and inthe telomeric (5.4
to 0 cM/Mb) (Graphic 5).

Characteristics of Chromatin Associated to DSCR.
For each of the DSCR genes an analysis was performed
including the most important characteristics of the
structure of the portions of cellular chromatin they
occupy (Graphic 6 A and 6 B).

The DSCR1 that extends between 34,909,450 to
34,909,749 localized in band 21g22.12 revealed that
the G:C percentage is variable with an average of
47.5%; anextensive degree of methylation or acetylation
was not determined on Lysines (K) of the Histone H3
inthe cellular lines fromwhich information was obtained
(GM125 and K562). Toward the central region,
occupancy was observed with a score of 0.75 and very
lowand discreet sensitivity to treatmentwith DNAasel,
Formaldehyde, and OH radicals.

The DSCR5 extending from 37,365,228 to
37,367,327 localized in the locus 21922.13, presented
an average C:G percentage of 56%; in this region a
relative methylation was determined of the 3H K4mel
and me3 histone in GM125 cells, as well as acetylation
in the same histone of the K27 residue moderate in the
K562-cell chromatin. Toward the terminal portion of
this gene, nucleosome occupancy was observed with an
average score of 0.56. Extensive zones were not
determined for sensitivity to DNAasel, Formaldehyde,
and treatment with OH radicals.

The DSCR9 extending from 37,502,267 to
37,514,691 and localized in band 21¢22.13 was
characterized because its average content of C:G was of
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Graphic 3. Distribution of the different genomic variables included in the study, registering every 400Kb
the number of CpG islands, genes, SNPs, and Alu elements in a 21Mb expanse (26.460 K- 47.520 K),
localized on the q arm of chromosome 21 included in the DSCR region. The chromosome indicates the
position, in G bands, of the region studied. Green indicates the distribution every 400 Kb of Alu sequences,

blue for genes, red for the single nucleotide polymorphisms (SNP), and orange for the distribution of CpG
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Graphic 4. Graphics obtained from the multiple regression analysis among the number of CpG islands,
genes, and Alu elements in each of the DSCR genes, (R=0.62) p>0.05. A. Dispersion of the DSCR genes

according to the variables of CpG islands, Alu elements, and genes. B. Dispersion of the DSCR genes
according to the variables of SNPs, recombination rate, and Alu elements.
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Graphic 5. Values of Recombination rate (RR) in cM/Mb calculated along 10 Mb of the terminal region of
chromosome 21 (21922.12 to 21g22.3). Rectangles in red correspond to the region where the DSCR is
localized. Values above the rectangles correspond to RR for women obtained from the deEcode data base.

(cM). Centi-Morgan; (Mb) Mega base pair.

52%, with zones with poor methylation of the Histone
H3 in GM125 cells besides acetylation of 3HK27ac in
the first 700 pb of this gene; the region did not reveal
sensitivity to treatments with DNAase |, Formaldehyde,
and treatment with free radicals.

The DSCR3 was localized between 37,552,524 and
37,562,464 within the locus 21922.13 where the avera-
ge C:G percentage varied greatly reaching 62% toward
the terminal region. Unlike the other genes, in this one
a high degree of methylation was determined in 3H4K
mel and me3 in GM125 cells, besides acetylation of
3HK27ac in K562 cells. The chromatin associated to
this gene did not present sites sensitive to standard
treatments to determine fragility of the associated ADN;
additionally, the nucleosome occupancy had an avera-
ge score of 0.45 toward the terminal region.

The DSCR4 whose localization within the locus
21022.13 extends from 38,348,250 to 38,415,286
showed an average C:G percentage of 48%; itis an H3
methylation zone toward the central and terminal
portion, but which revealed a nucleosome occupancy
score of 0.02, hypersensitive areas to treatments with

DNAase I, formaldehyde and cleavage intensity by OH
radicals.

The DSCR6 extending within the locus 21g22.13
(38.378.862 to 38.391.958) presented the highest ave-
rage C:G percentage at 66%; with zones of extensive
H3 methylationin the K27meG and KO6meG positions;
the nucleosome occupancy score was low with an
average value of 0.2 besides the lack of areas
hypersensitive to standard treatments used in this work.

The DSCR8 localizedinband 21g22.13(38.415.449
t0 38.450.481) presented a very variable degree of C:G
percentage; H3 K4mel,2,3methylationin GM125 cells
and modifications in 3HK27ac and 27me. It did not
present a high score of nucleosome occupancy that was
complemented with the lack of regions hypersensitive
to treatment with DNAasel, formaldehyde, and to the
resistance to treatment with OH radicals.

The DSCR10 extending from 38.500.020 to
38.502.708 of the band 21g22.13, registered a mean
C:G percentage of 58% with extensive H3 methylation
and acetylation associated with a low score of
nucleosome occupancy and some short zones with
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chromosome 21, which included the DSCR genes. a. distribution of refseq genes and OMIM genes, CpG
islands, methylation pattern, distribution of SNPs and noncoding repeated elements. Orange corresponds

Graphic 6. Detailed description of different genomic variables along 4.5 Mb of the distal portion of
to methylated CpG islands (metCpG). For SNPs localized in synonymous codon (green), nonsynonymous

codon (red), nontranslated SNP (blue) and SNP in intron {black). b. localization of sites where methylation

and acetylation occurs of H3 lysines in GM125 and K562 cells and distribution of DNAses hypersensitive

sites in GM12878 and K562 cells.
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Graphic 7. Methylation in the DSCR genes in trisomic and normal fibroblasts according to data from the
NAME 21 project. A. percentage of methylation in the DSCR genes. B. Levels of methylation in portions
of 50 pb of the DSCR6 genes and 9 in trisomic and normal fibroblasts. Each box corresponds to 50 pb of

each of the regions.

hypersensitivity to DNAasel, formaldehyde, and
resistance to treatment with OH radicals.

The DSCR2 isthe closest to the telomere, extending
within locus 21¢22.2 of 39.477.821 to 39.478.113; it
revealed an extensive segment of methylation of CpG
islands not found in other genes. A high degree of H3
epigenetic modifications was determined with a
nucleosome occupancy score of 0.2. It should be

stressed that it is also a zone of high hypersensitivity to
treatmentwith DNAasel, formaldehyde and to treatment
with OH radicals.

Methylation inthe DSCR. Taking the data obtained
from the chromosome 21NAME project as a point of
departure, it was possible to explore the percentage of
methylation of CpG islands in normal fibroblasts and
compare it to that of trisomic fibroblasts. According to
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what is shown in Graphic 7A, the DSCR 6 and 9 genes
had a high degree of CpG methylation in both types of
cells. However, for the DSCR6, 62.9% methylation
was registered in normal fibroblasts comparedto 47.3%
in trisomic fibroblasts. In the DSCR9, the trisomic
fibroblasts had 49.6% methylation against 37.2%
methylation in normal fibroblasts. A more detailed
analysis of 50-bp portions of these regions, revealed
statistically significant differences in the methylation
styles for both loci in the two types of fibroblasts
(Graphic 7B). The DSCR6 showed more methylation
in 50-pb CpG portions in both types of cells in contrast
with the same CpG distribution in the DSCRO.

DISCUSSION

One of the effects of the human genome project was
the great volume of data consigned in different data
bases that permitted their bioinformatics management.
Results from these analyses have promoted a new way
of understanding in silico biological phenomena, using
different genomic variables consigned in on-line data
bases. Fromthis approach, 21 Mpb were explored from
the terminal region of chromosome 21 including DSCR.
In this regard, application of bioinformatic tools
permitted analyzing the non-disjunction associated to
recombination mechanismsandto epigenetic processes
in which chromatin undergoes remodeling.

The results obtained revealed the existence of a
heterogeneous structure of codifying sequences and
non-codifying elements, which was asymmetric,
increasing the number of CpG islands and genes toward
the 21922.12 to 21g22.2 region of the distal portion of
the chromosome. Data obtained contributed to the
knowledge of a differential genomic environment for
the DSCR critical region.

Our data also showed that the distribution of the
genomic variables included in this study (genes, CpG
islands, SNPs, and Alu sequences), was different for
each of the DSCR genes; withthe DSCR2 gene showing
greater variation. In this sense, it has been previously
described that the DSCR2 is an important factor
associatedto DS, whichisexpressed indifferent tissues
and fulfills key functions in regulating the function of
chromosome 21*°. The DSCR2 gene codifiesa leucine-
rich protein of approximately 288 amino acids and
interacts with a nuclear receptor (PPARD).
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A series of prior reports show that DS caused by
meiotic non-disjunction of chromosome 21 isassociated
to advanced maternal age; however, even though this
hypothesis is accepted in general terms, unanswered
guestions prevail regarding the role played by other
associated risk factors®2,

Prior studies suggest the existence of complex
interactions between the effect of maternal age and
recombination patterns altered during meiosis®’. In
this study, we noted that the recombination rate in the
terminal region of the long arm of chromosome 21
(21922.12 to 21922.3) presented, for women, high
recombination values, compared to those registered for
men (decode database). Furthermore, the recombination
rate is lower in the 2Mb of the pericentromeric quarter
and the most distal toward the telomere. Integrating
theseresults withthose obtained previously, itispossible
to postulate that the region studied, would be a hot zone
for recombination of portions of the chromatin asso-
ciated to the DSCR.

Results obtained revealed that the terminal region of
chromosome 21 (21g22.13) is relatively insensitive to
treatment with DNAase | as with other agents, which
permits determining that there are no extensive DNA
unprotected zones in the DSCR. This fact is associated
to the existence of a high degree of methylation and
acetylation of several Lysines of the Histone H3,
configuringagenomicenvironmentthat, viainternal or
external effectors, could alter the local recombination
during meiosis. Ithasbeen identified that recombination
alteration is correlated to non-disjunction both in human
and animal models. Pericentromeric and telomeric
exchanges are responsible for 34% of all the exchanges
occurring in very young women compared to only 10%
inadultolderwomen’. Inaddition, it has been determined
that chromatid exchange patterns in older women, are
similar to those observed when non-disjunction of
chromosomes 21 occurrs’.

In this study, another very relevant genomic factor
was the degree of differential methylation observed
between DSCR genes. The genes with higher degree of
CpG methylation were DSCR 6 and 9 (Graphic 7). Prior
studies have shown that CpG islands exert epigenetic
control duringembryonic developmentand are normally
found in non-methylated state; however under some
pathological situations, hypermethylation of a great
portion of these islands is observed. Additionally, the
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methylation pattern would be correlated with the local
structure of chromatin and its degree of repetition8-20,

A previous work revealed that the existence of
susceptibilities in the exchange patterns is associated
with the origin of the meiotic error and with age; the
highest failures in meiosis | (MI) have been reported in
younger mothers, progressively decreasing inthe group
of older mothers, which mimics the pattern observed in
the disjunction of chromosome 212, Onthe other hand,
the association between the non-disjunction and
recombination hasbeenanalyzedina5.1-Mpbtelomeric
region of chromosome 21. It was determined that the
non-disjunction in telomeric regions occurred more
frequently in the MI of oocytes of young mothers
contrary to an increase of recombination errors in MlI
ina5.7 Mpb pericentromeric portion, which were more
frequent in the groups of older mothers??. It was
previously determined that with increased age the loss
of telomeric portions is more intense, which has per-
mitted postulating the association between age and the
terminal instability of the long arm of chromosome 21.
Additionally, it has been proposed that not only the
chronological age but the progressive loss of telomeric
zones, becomes a differentiating factor among women
young in age but old in telomeric terms. Thus, the
telomeric wear of chromosome 21 is somehow asso-
ciated to the non-disjunction in MI and MII and the
subsequent risk of increased trisomic births in adult
mothers?324,

In conjunction with the results obtained by other
authors, the greatest recombination rate determined in
our study coincided with regions 21q22.13 to 22.2 of
the distal region of chromosome 21 (Graphic 5), in
chromatin areas associated to DSCR2 where we
observed a high degree of chromatin decondensation
and methylation of different Lysine residuesof H3 ina
way that the structure of the meiotic functional apparatus
would correlate with the topologic and epigenetic state
of the chromatin associated to DSCR where, as we have
shown, chromatin undergoes structural remodeling,
very possibly induced by fine epigenetic control. The
failure inthis chromatin remodeling, could be associated
to previously reported patterns of non-disjunction in
MI, which are more frequent in the same oocyte phase
of young mothers.

At the functional level, it has been found that the
expression levels of some of the genes localized in the

Vol. 42 N° 1, 2011 (Enero-Marzo)

critical region (DSCR4, DSCR6; KIR4.2, GIRK2,
KCNE1 and KCNEZ2) are not over-expressed in the
trisomic fetal brain, indicating that the DS phenotype
cannot be simply explained by the effect of gene dosage
imbalance. This is to other genetic, epigenetic factors
also exist, along with environmental and stochastic
events that destabilize the trisomic transcriptome,
generating a series of metabolic alterations®. In
summary, thiswork permitted confirmigand broadening
the genomic and molecular knowledge of non-
disjunction in DS via open-access bioinformatic tools.
These results expand the frontiers of knowledge by
introducing the in silico approach as a complement of
clinical and experimental studies in this syndrome and
in other pathologies.
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